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POWER BOARD FOR ILLINISAT-2 PROJECT

Abstract
A design for a power system with applications in Cubesat programs, specifically the IlliniSat-2 project at UIUC, is presented. The power system includes the main converter and maximum power point tracker for battery charging, the buck converter to produce a regulated DC supply voltage, battery protection circuitry and overcurrent protection for each DC bus. A test board is assembled to evaluate the effectiveness of different methods for accomplishing each power board feature. A good design for a buck converter, controller and battery undervoltage/overvoltage protection is found, while the battery charging circuit, cell balancing circuitry and overcurrent protection need future work.
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[bookmark: _Toc355186584]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.
[bookmark: _Toc355186585]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.
[bookmark: _Toc355186586]1.3 Test Board
The space requirements and interfaces required of the final power board in the IlliniSat-2 bus have not been finalized as of now. For the purposes of verifying the correct operation of our power board design, our group designed a test board which includes most of the final modules that are to be included on the power board, but which does not account for space requirements, shape requirements or interfaces with other subsystems. The test board also includes many test points and plug connectors that will not be included on the final board for ease of testing.
Verification of the requirements of the test board found that some, but not all, of our designed modules work in an acceptable way. Specifically, the buck converter, microcontroller, charge/discharge enable and overvoltage/ undervoltage protection on the battery work as specified and will likely be included with few modifications in the final power board design. The battery charging circuit, cell balancing circuit, and overcurrent protection need future work in order to make them meet the specifications laid out in the requirements and verifications.
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[image: \\ad.uillinois.edu\engr\instructional\kearney5\Desktop\FinalPres.png]
Figure 1: Detailed block diagram for the power board. 
Figure 1 shows the block diagram, including power and logic interconnections, for the power test board. All of the blocks in this figure are implemented on the test board. As can be seen in the figure, the controller senses voltages and currents throughout the power board and uses them to enable and disable various sections, including the battery monitoring circuitry, overcurrent protection, and battery charging circuit. The flow of power through the power board is illustrated in Figure 2.
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Figure 2: Power flow through the power board, showing different modules and voltage levels.
Not all of the designed modules for the power board were implemented on the test board due to difficulty of testing and restrictions on time and resources. Following is a breakdown of all the designed modules of the power board, both implemented and theoretical.
[bookmark: _Toc355186588]2.1 Modules Implemented on Test Board
[bookmark: _Toc355186589]2.1.1 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 16. 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
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(2)

(buck mode) or when
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(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:
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And the peak-to-peak current ripple in boost mode is given by:
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Figure 3 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.
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Figure 3: Current ripple for the measured inductances at the measured values of Vin.
Efficiency Prediction: Based on Coilcraft 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
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(6)

And total conduction losses in boost mode are given by
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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.
[bookmark: _Toc355186590]2.1.2 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. 4. The input of range 6- 8.2 V is applied across the input side of the converter. The values for the input capacitor are carefully selected after making calculations.
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Figure 4: 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
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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 the 1539M31-ND inductor as the current rating is adequate for the converter’s specification.
The output capacitor and the requires ESR can be calculated by equations
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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
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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
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A Bode Plot of the type 3 compensator is given in figure 5. Thus the values for C1, C2, C3, R1, R2, R3 were calculated as 270 pF, 3 pF, 560 pF, 100k Ohm, 115 k Ohm and 5.76k Ohm respectively.   
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Figure 5: Bode plot for a Type 3 Compensator.
[bookmark: _Toc355186591]2.1.3 Controller
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.
[bookmark: _Toc355186592]2.1.4 Overcurrent Protection
Current protect for maximum current of 4 A is applied on all the eight buses. The current protection is implemented using ACS716 current sensing and overcurrent protection IC. The ACS716 consists of a precision linear Hall sensor integrated circuit with a copper conduction path located near the surface of the silicon die. Applied current flows through the copper conduction path, and the analog output voltage from the Hall sensor linearly tracks the magnetic field generated by the applied current. The schematic for the one of current sensing and overcurrent protection circuits is shown in figure 6.  
[image: https://lh5.googleusercontent.com/oiVAcq233sFYETLIAXaPEdXZKAlmFdC2mb_mLMPdmr0M--zGNzRcSCfS3On2Kww0Ig898-VTAoA9hJmtEXMBP3PiprrYq9CwzST_VpdI_tAOIcCHTkNp8AM4]
Figure 6: Overcurrent limiting circuit for power buses using ACS716.
The voltage on the Over Current Input (VOC pin) allows us to define an overcurrent fault threshold for the bus. When the current flowing through the copper conduction path (between the IP+ and IP– pins) exceeds this threshold, the open drain Overcurrent Fault pin will transition to a logic low state. The IC is powered using the 3.3 V bus. The limit for the current can be set by setting the correct VOC value.
The relationship between VOC and Maximum current (IMAX) is given by the equation
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where Sens is calculated from the datasheet.
Using the voltage divider the value for the RH and RL are calculated to be 15K Ohm and 1K Ohm respectively. The sensed current value is sent to the microcontroller using the Analog to Digital converter. The same circuit would be used for all the 16 power buses in the system.
This circuit was tested and determined not to be the right choice of sensing circuit for the power board design. The Hall sensor is an accurate current detection scheme, but only at currents in the range above 10 A, which is not the current range that the power board is designed to deal with. Below that range, the current sensing is somewhat inaccurate and the overcurrent protection does not work at all. See Chapter 3 for full testing results.
[bookmark: _Toc355186593]2.1.5 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. However, a design oversight related to the GaN FET operating conditions made them unsuitable for use in the power board, and caused the battery charging circuit to not work as expected. See Chapter 3 for full testing results.
[bookmark: _Toc355186594]2.1.6 Battery Configuration and Switching Circuitry
Our system 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. Figure 7 is a simplified schematic of the configuration of the batteries. The batteries used are Tenergy Li-Ion 18650 Cylindrical 3.7V 2200mAh.
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Figure 7: Configuration of the two-cell battery packs.
The configuration of the switches allows charging and discharging of either battery at any given moment. Selecting which battery is connected to the supply or the loads is just a software matter. 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 is 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 Figures 8 and 9. Battery 1 always has priority, both when charging and when discharging. Note that this is a simplified version of the actual algorithm. The actual algorithm has hysteresis, so that after one battery is fully charged it will not start charging again until its voltage reaches a predetermined threshold that enables it.
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.
Please consult the battery protection circuit schematics for a more detailed look of the implementation of the switching. This circuit schematic is just for one of the battery packs, and the switching circuitry is in the left part of the circuit, implemented with an FDS8978, which is a dual n-channel IC manufactured by Fairchild Semiconductor. Charge and Discharge Enable signals (CEN and DEN, respectively) come from the microcontroller. Under normal operation, both transistors are on. 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 turned off, charging via a charger connected at V+ is inhibited. If DEN is turned off, discharging to a load connected at V+ is inhibited. If both transistors are off, 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. The default configuration does not connect both batteries in parallel at any time.
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Figure 8: Charging Switching Simplified Algorithm Flowchart. The actual algorithm has hysteresis, so that after one battery is fully charged it will not start charging again until its voltage reaches a predetermined threshold.
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Figure 9: Discharging Switching Simplified Algorithm Flowchart. As with the charging algorithm, the actual one has hysteresis, which means that once a battery has been fully discharged, discharging from that battery will not be allowed until its voltage reaches a predetermined threshold.
[bookmark: _Toc355186595]2.1.7 Battery Protection
Refer to the Battery Circuitry in the schematics section whenever necessary (Figure 20). The purpose of this circuit is to inhibit charging when the batteries are overcharged, and inhibit discharge when the batteries are overdischarged or the discharge current exceeds 3.0 A. The schematic also includes the other features of the Battery Protection Board.
The UCC3911 chip is the brains of the circuit. This is a Battery Protection IC manufactured by Texas Instruments. The ratings are 4.20 V overcharge detection voltage, and 2.50 V overdischarge detection voltage. This is just a protection circuit and, under normal operation, the batteries should never reach any of these limits. The upper limit should not be reached because the switching algorithm will stop charging one battery and start charging the other when it reaches 8.00 V, so the voltage of each cell should not exceed 4.0 V. The lower limit should not be reached because the switching circuitry is configured to disable discharging when the voltage of a battery pack reaches 6.0 V, so the voltage of each cell should not go below 3.0 V. The cell balancing implementation described later guarantees that the voltage of each cell in a battery pack is the same.
        • Normal Status: The voltage of both cells is in between the designated ratings. The UCC3911 internal FETs are both turned 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 4.20 V, the UCC3911 internal charging FET is turned off. Charging is not allowed under this configuration. Discharging is still possible as current will flow through its body diode.
        • Status to inhibit discharge: If any of the cells reaches 2.50 V, the UCC3911 internal discharging FET is turned off. Discharging is not allowed under this configuration. Charging is still possible as current will flow through its body diode.
        • Discharge Overcurrent Protection: When excessive current flows through the batteries, the UCC3911 turns off the discharging FET after the overcurrent detection delay time. In this case, discharging is inhibited. 
[bookmark: _Toc355186596]2.1.8 Cell Balancing
Charge and voltage unbalance between cells in series cause cell degradation. Successful balance can increase the useful cycle life of the battery. Since this is a satellite design, energy efficiency is a must, and every system of the satellite has to be designed to minimize energy consumption. Therefore, every kind of passive cell balancing is not satisfactory. Passive cell balancing is based on bypassing some of the current on the overcharged cell thus reducing its charge rate and eventually making all the cell voltages equal. The problem is that the bypass current is being dissipated on a resistor, and the power loss is significant.
On the other hand, active cell balancing is more appropriate for efficiency concerned designs. There are different kinds of implementations. The method we implemented is described below. The schematics of the circuit are shown in Figure 10.
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Figure 10: Cell balancing schematic
The voltage of each cell is compared to each other using differential amplifiers and a comparator with hysteresis (not shown on the schematics). When the cells are balanced, both Q1 and Q2 are turned off, thus no current is flowing through the inductor. Now let’s say we need to transfer energy from BAT1 to BAT2. In this case, Q1 will be turned on and off by a 348 kHz signal. An oscillator controlled by the comparator will be used to control signal EN1, as well as another oscillator will control signal EN2. When Q1 is on, current will flow from BAT1 to the inductor. When Q1 is off, current will flow from the inductor to BAT2 through the body diode of Q2. If charge needs to be transferred from BAT2 to BAT1, an analog mechanism with Q2 and Q1 will be triggered.
The value of the inductor was selected to limit the current to 60-80 mA. Balancing is enabled when the difference in voltages is higher than 50 mV, and it stops when it is reduced to 10 mV.
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Figure 11: Graph showing the hysteresis of the cell balancing triggering system.
[bookmark: _Toc355186597]2.2 Modules Designed Only
[bookmark: _Toc355186598]2.2.1 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 these 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.
 The temperature control system we designed has Kapton heaters with an integrated RTD sensor installed on the surface of every cell. Due to different time constraints, this module was not implemented on our board. The RTDs sense the temperature at the surface of the battery, and the resistance of the sensor is measured with the microcontroller through a voltage divider. See Figure 12 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 deliver 2.6 W at continuous 7.4 V, so the duty cycle of the PWM controls the amount of power. The target temperature of the control system will be 0 C if the battery is charging and -10 C if the battery is discharging. If the battery is disconnected, the target temperature will be -20 C. A simulation of a suggested proportional 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 tuned to accomplish the desired temperature response.
 Under hot conditions, the batteries will suffer damage due to overheating. To avoid this, the microcontroller should turn off the charge enable signal of the battery in which any of the cells reaches 45 C. Similarly, the discharge enable signal should be turned off if any of the cells of a battery reaches 60 C. Both signals are suggested to be turned on again once the temperature goes 2 C below the previous threshold, that is 43 C and 58 C respectively.

[image: https://lh4.googleusercontent.com/uk8VBCfaR3L2AB_gf_91vh6AVv63Qxr5nZqiCuyA5wzV3xQPkJb1Pnrj98m3DxkD4_reuIWr9H-c1bjXrLQjKjfZZon1fJpqnjp9Zg2YzcgD30xJkA7yu3CX]
Figure 12: Temperature control system incorporating RTD sensor measurement and heater implementation.
[bookmark: _Toc355186599]2.2.2 Maximum Power Point Tracking
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. Figure 13 shows the I-V characteristic of the Spectrolab UTJ solar cells being used in the IlliniSat-2 project.
[image: https://lh5.googleusercontent.com/CX4E0gFbKbjeIhSlPfwINW2D_P8_hbK7TTCktt61HJnozM_e8o313TwtfI42_whDmH6OznHVGxd7q2m_mC-c3R20jTK4YCXePSspi-_f7VE3wR3Xrh0VnGJw]
Figure 13: 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: https://lh3.googleusercontent.com/aJVFg32Tjuzgoz9AScMg5ChEruNpjhd1WRm1GCuFE0nvyrjtTQqcETKBoztJNn-R32Nf2Fef24l43inrVw796W-goRILOTyf_3L9DOjZOAc91JO67SvLmrie](13)

Using this information, an incremental conductance maximum power point algorithm is presented in Figure 14.
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Figure 14: 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 Figure 15.
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Figure 15: Top-level battery charging flowchart.
[bookmark: _Toc355186600]2.3 Schematics
The modules are broken up into two test boards. The battery testing board contains all of the modules from Section 2.1 which have to do with battery configuration and protection. The main test board contains the rest of the modules from Section 2.1. Schematics for the main board and the battery board are on the following pages.


[image: https://lh4.googleusercontent.com/5Lx00P9ixt6ZS7DpvvnVqXnJqEA5ldOGieKY-fJvT4ZcE3AHa-pHSdIYXFMV7koiAX9pPP61AIibyWV1a99CIJ7st-gEBBNFmKZpVUFeMrLohNqMli6ayKjC]
Figure 16: Four-switch buck-boost converter (main board).
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Figure 17: Microcontroller and interfaces (main board).
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Figure 18: Buck converter (main board).
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Figure 19: Overcurrent protection (main board).
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Figure 20: All battery circuitry modules.
[bookmark: _Toc355186601]2.4 Simulations
[bookmark: _Toc355186602]2.4.1 Cell Balancing Simulations
[image: https://lh3.googleusercontent.com/s18-8uP5RrK2HC9XkbnK8rlczh128Gm-nBoG5GtHg5MWZdnWgqjQ-hPLzlRgGC9IkTuQ_Eb5C6oCE6pkKQ_a7DlZY8bBwfYwiFemzWH8Mh2Sza8o93j1SLUj]
Figure 21: 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.
[bookmark: _Toc355186603]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 22 and 23. 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: https://lh5.googleusercontent.com/xI7oSCmXxVbfKbEDr7eFKim8FKxQY-9sLQE0h3Dr6ulLE4h6Q3ZFwqlu3_K4MaKPaHB1Q7mNS607jHmp0iLgxd9XkDWMlKs5Z4zU1hsWuBMX9AsfAlq7TjDI]
Figure 22: Simulation model showing control and outputs.
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Figure 23: Simulation model showing “4sBB” subsystem.
Figures 24 and 25 show the results of the four switch buck-boost simulation at input voltage levels of 10V, 15V and 20V. 
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Figure 24: Output (battery-charging) current over the first second of simulation for Vin = 15V.
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Figure 25: 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.
[bookmark: _Toc355186604]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. 26; inductor current and output voltage are shown in Figs. 27 and 28.
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Figure 26: Buck converter simulation setup showing modified power circuit from previous simulation.
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Figure 27: Output voltage of the buck converter over the first second of simulation.
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Figure 28: 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%.
[bookmark: _Toc355186605]2.4.4 PID Temperature Controller Simulations
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Figure 29: 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.


[bookmark: _Toc355186606]3. Design Verification
Testing procedures were performed as per the requirements and verifications table in Appendix A. The following results were obtained for each module.
[bookmark: _Toc355186607]3.1 Battery Charging Circuit
The verification for the battery charging circuit was to ensure that it functions properly as a buck- and boost- converter across its entire range of input voltages. The input voltage range is 7.0 to 22.0 V, and the output voltage range is 6.0 to 8.0 V.
The first sub-verification required a test of the gate drive circuitry to ensure that it accurately passed a PWM output. A 3.3V PWM signal from the microcontroller’s ECCP1 PWM module was applied to the inputs of the LTC4440 gate drivers. Figure 30 shows the result of the test.
[image: \\ad.uillinois.edu\engr\instructional\kearney5\ECE445\GateDrive.png]
Figure 30: Verification of the correct operation of the gate drive circuitry. Channel 1 is the 3.3V input, Channel 2 is the amplified gate drive output.
Although the PWM signal output by the microcontroller was inconsistent (this was verified with the PWM output not connected to anything), the frequency and duty ratio hold steady at the values seen in Figure 30. This inconsistency is not expected to negatively affect converter operation.
The second sub-verification required running the converter to convert a DC voltage to a different voltage. An 8.0V DC supply was connected at the battery side of the converter to power both the converter output (used as the input for the purposes of this test) and the gate drive circuitry. A constant 3.3V was output by G1, a constant 0V by G2, and G3 and G4 were modulated with a positive duty cycle of approximately 60%. Erratic behavior was witnessed at the voltage and current measurements by the DC supply. The supply switched quickly between constant-voltage and constant-current mode, and the voltage fluctuated.
After the test, the GaN fets were observed by the multimeter to be damaged. Resistances in the 50Ω to 100Ω range were measured between the gate and source and between the gate and drain, which should measure as an open-circuit to multimeters when not powered.
A check of the maximum ratings on the GaN FET datasheet revealed that the maximum safe VGS for the FETs is 6V. The LTC4440 gate drivers operate on a minimum supply of 7.0V. Therefore, due to a design oversight, the LTC4440 is the wrong gate driver to power the GaN FETs and the battery charging circuit could not be demonstrated.
GaN FETs were demonstrated to work properly with a function generator input of a 5V square wave. An attempt was made to use a voltage divider on the output of the gate driver, but due to the RC nature of the circuit formed with the transistor gate, it did not reach the appropriate gate-source voltage to work. There was not enough design time to try another gate driver.
[bookmark: _Toc355186608]3.2 Buck Converter
Our buck converter module is supposed to generate a regulated 3.3 V bus from an unregulated bus of range 6V to 8.4V. The output voltage for the buck converter need to be 3.3V with a maximum ripple of 1%. For the purpose of testing , we have a banana pin connector J6 on the PCB board which can be hooked up to to multimeter.
The input voltage can be applied through the external power supply which can be hooked up to the banana pin connector J4. This input voltage needs to be varied from 6V to 8.2 V to check for the correct buck mode operation of the circuit. Figure 31 shows a simplified diagram for testing buck converter module.
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Figure 31: Simplified schematic of the circuit for testing the buck converter module.
The loads of range different values can be connected across the output and the output voltage is measured for each of these loads. The output voltage in all the cases should be 3.3V.
The buck converter design is successfully implemented for the input range of 6V - 8.2V and the output of 3.3V with the ripple of 1%. The efficiency of the buck converter is around 87% which needs to be improved by using snubbers and more efficient Mosfets. Output voltage ripples for different values of input voltage are shown in Figure 32.
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Figure 32: Buck converter output voltage ripple measurements for inputs of 6.0V (top left), 7.4V (top right) and 8.2V (bottom). The ripple measurements are shown in the top right-hand corner of each graph.
[bookmark: _Toc355186609]3.3 Controller
The first controller verification was the ability of the controller to communicate with and be programmed by MPLAB. This verification was not passed at first due to improper connection of the programmer pins in the schematic. Traces had to be cut and rerouted as shown in Figure 33.
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Figure 33: Trace rerouting for the microcontroller programming interface
The traces were also connected incorrectly for the interface with the overcurrent protection, and had to be rerouted as shown in Figure 34.
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Figure 34: Trace rerouting for the microcontroller-overcurrent chip interface
After these traces were rerouted, all microcontroller variations in Appendix A were met.
[bookmark: _Toc355186610]3.4 Overcurrent Protection
The high-level verifications for the overcurrent protection are that it measures and outputs a voltage related to the bus current to the microcontroller accurately and that it trips and cuts off the bus for a current value of 4A. Neither verification for this chip was achieved for the current ranges specified.
The ACS716 IC, which was used for overcurrent protection, has an internal comparator with a reference voltage at a level which makes current monitoring in our range of currents impossible. The chip will not cut off current until the voltage at pin VIOUT reaches 3.12 V, which corresponds to a current of about 44A. This current is much higher than any current we expect to see in the system and does not correspond to the current specification, so there is no way to fix this problem without selecting a new chip.
Furthermore, the Hall sensor which is responsible for current sensing inside the ACS716 is only accurate in high current applications, such as the current range mentioned above. At currents corresponding to the specified value of our DC buses, the current measurements are highly inaccurate and fluctuate.
The current value ranges and Hall sensor considerations were not mentioned in the ACS716 datasheet. Only after talking with engineers at the manufacturer company were we able to ascertain the reason for the lack of tripping and current sensing inaccuracies.
[bookmark: _Toc355186611]3.5 Battery Protection
[bookmark: _Toc355186612]3.5.1 Undervoltage Protection
The undervoltage protection module is designed to inhibit discharge from the batteries when the state of charge of these is too low. The state of charge is inferred from the voltage levels. Our system disables discharging when the voltage of any of the cells in a 2-cell series combination is lower than 2.5 V. The circuit resumes its normal operation when the voltage of both cells is higher than 3.00 V. Figure 35 shows the state diagram of the undervoltage protection circuit.
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Figure 35: Undervoltage protection state diagram.
In order to test this module, the following test was performed. Each cell was simulated using a DC supply and the circuit was loaded with a power resistor. With both DC supplies at 3.5 V, the circuit was operating at normal conditions and current was flowing through the resistor. The voltage of one of the supplies was then slowly decreased. When the voltage was lower than 2.5 V, the protection circuit did effectively shut off the current and no current was flowing through the resistor. Figure 36 shows a simplified schematic of the test set up. The protection circuit itself is not shown on the schematic for clarification purposes.
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Figure 36: Simplified schematic of the circuit for testing the undervoltage protection module.
Table 1: Results of the undervoltage protection test.
	Undervoltage Cut-off Voltage
	2.5 V



This module passed the verifications and worked as expected.
[bookmark: _Toc355186613]3.5.2 Overvoltage Protection
Analogous to the previous module, our system also implements an overvoltage protection that prevents charging the batteries once they have reached a certain voltage level, specifically 4.20 V. If any of the cells reaches this voltage, the circuit disables charging. Once both cells have a voltage lower than 3.75 V, the circuit returns to normal operation. The state diagram of this part of our circuit is shown in Figure 37.
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Figure 37: Overvoltage protection circuit state diagram.
    Unlike in the previous module, the test procedure is a bit more complicated since we cannot use DC supplies to simulate the batteries because they do not sink current. For that reason, a charging battery is simulated with a power resistor. A DC supply is used as an external charger. In the actual satellite, the charger will be the battery charging circuitry controlled by the microcontroller unit. The set up for the test is shown in Figure 38. We first started the test by supplying 8.0 V and using one 18 ohm resistor to replace each of the batteries. The voltage drop across each resistor is 4.00 V under these conditions. Thus, the circuit operates under normal conditions. Once we change the value of one of the resistors to 22 ohm, the voltage drop across that resistor increases and becomes higher than 4.20 V, theoretically 4.40 V. As soon as the voltage is higher than the threshold, the overvoltage protection circuit disables charging, which stops the flow of current, thus making the voltage drop across both resistors zero. Therefore, it is not possible to measure the voltage drop of 4.40 V, and this is just an estimated value. 
The circuit passes the verification since a charging current has been disabled.
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Figure 38: Simplified schematic of the circuit for testing the overvoltage protection module.
Table 2: Results of the overvoltage protection test.
	R1 = R2 = 18 ohm
	V1 = V2 = 4.0 V
	Charging current

	R1 = 18 ohm, R2 = 22 ohm
	V1 = 3.6 V, V2 = 4.4 V
	No current



Note that the voltage drop in the second experiment is an estimated value of what it would be if no protection circuit was installed. Since there is no current, the actual voltage drop is 0 V.
This module passed the verifications and worked as expected.
[bookmark: _Toc355186614]3.5.3 Cell Balancing
The cell balancing circuit was tested by using two DC supplies as the battery cells. The DC supplies were both set to 3.50 V to check that the cell balancing was not triggered. The voltage of one of the supplies was then set to 3.60 V and the current through the higher voltage cell was measured. A 348 kHz signal should be observed if the circuit is working as expected.
The cell balancing module did not work as expected and extra debugging time is necessary to fix the issue. The circuit has an array of op-amps working as differential amplifiers in order to compare the voltage level of the two cells connected in series. The difference between the two cells is fed into a comparator with hysteresis, which triggers an oscillator if the difference is greater than 50 mV and until it is not higher than 10 mV. The reason why the circuit is not working is because of improper operation of the differential amplifiers, which are not outputting the correct signals. There are a number of possible causes. The most plausible is a bad contact between a board pad and a chip pin or, more likely, because there is a connection between parts that should not be connected, maybe through flux or rests of solder. After many hours spent on the lab, the source of the issue has not been precisely determined.

[bookmark: _Toc355186615]4. Costs
[bookmark: _Toc355186616]4.1 Parts
Table 3: Parts Costs
	Part
	Manufacturer
	Manufacturer Part #
	Retail Cost
($/part)
	Bulk Purchase Cost ($)
	Actual Cost ($)

	
	Battery Charging Ckt
	
	
	
	

	Q1-4
	Efficient Power Conversion
	EPC2014
	2.49
	1.35
	9.96

	D1-4
	Diodes Inc
	DFLS160-7
	0.49
	0.15500
	1.96

	U2-5
	Linear Technology
	LTC4440
	4.16
	2.12000
	20.8

	U6
	Maxim
	MAX4373HEUA+
	3.26
	1.54275
	3.26

	L1
	Coilcraft
	MSS1210-104KE
	1.48
	0.63000
	1.48

	R1
	Yageo
	PF1206FRF070R02L
	0.62
	0.07773
	0.62

	C1-4
	TDK Corporation
	C1608X7R1H224K080AB
	0.18
	0.00441
	0.72

	C5-9
	TDK Corporation
	C1005X5RA104K050BA
	0.10
	0.00441
	0.50

	
	Microprocessor
	
	
	
	

	U1
	Microchip
	PIC18F87K22
	5.6
	3.70001
	5.60

	R2
	Panasonic
	ERJ-3GEYJ103V
	0.1
	0.00152
	0.10

	R3
	Panasonic
	ERJ-3GEYJ101V
	0.1
	0.00152
	0.10

	R10
	Panasonic
	ERJ-3GEYJ184V
	0.1
	0.00152
	0.10

	R11
	Panasonic
	ERJ-3GEYJ203V
	0.1
	0.00152
	0.10

	C10-15
	TDK Corporation
	C1005X5RA104K050BA
	0.1
	0.00441
	0.60

	C24,34,35
	TDK Corporation
	C1005X5RA104K050BA
	0.1
	0.00441
	0.30

	U10
	Maxim
	DS1089LU-450+
	1.5
	1.00530
	1.50

	J5
	Kycon
	K61X-E15S-N15
	4.20
	1.81000
	4.20

	J1
	TE Connectivity
	5520250-1
	1.04
	0.56300
	1.04

	J2,J4,J6-8
	Deltron
	571-0500-01
	1.41
	0.95400
	7.05

	J3
	Deltron
	571-0100-01
	1.41
	0.95400
	1.41

	
	Buck Converter
	
	
	
	

	U9
	Texas Instruments
	TPS43000PW
	6.13
	2.40730
	6.13

	L2
	Newark Inone
	59T0278
	1.62
	1.13005
	1.62

	D5
	Diodes Inc.
	ZHCS2000A
	0.72
	0.28875
	0.72

	C24
	Murata
	GRM1885C1H271JA01D
	0.10
	0.00920
	0.1

	C25
	Murata
	UVK105CH030JW-F
	0.10
	0.00920
	0.3

	C26
	TDK Corporation
	C1608C0G1H561J080AA
	0.10
	0.00441
	0.11

	C27-29
	TDK Corporation
	C0603X7R1C471K
	0.10
	0.00441
	0.3

	C30
	Taiyo Yuden
	LMK325BJ106MN-T
	0.14
	0.72000
	0.72

	C31
	Nichicon
	RFSOJ121MCN1GS
	0.92
	0.19601
	0.92

	C32
	Taiyo Yuden
	JMK325BJ226MM-T
	0.55
	0.15600
	0.55

	Q6
	Vishal Siliconix
	SI2304BDS-T1-E3
	0.58
	0.09900
	0.58

	Q5
	Vishal Siliconix
	SI4401BDY-T1-E3
	1.77
	0.73333
	1.77

	R12
	Panasonic
	ERJ-3GEYJ104V
	0.10
	0.00152
	0.1

	R13
	Panasonic
	ERJ-3EKF1153V
	0.10
	0.00152
	0.1

	R14
	Panasonic
	RJ-3EKF5761V
	0.1
	0.00152
	0.1

	R15
	Panasonic
	ERJ-3EKF3742V
	0.1
	0.00152
	0.1

	R16
	Panasonic
	ERJ-3GEYJ102V
	0.1
	0.00152
	0.1

	R17
	Panasonic
	ERJ-3EKF3242V
	0.1
	0.00152
	0.1

	R18
	Panasonic
	ERJ-3EKF4992V
	0.1
	0.00152
	0.1

	
	Current Protection
	
	
	
	

	U7-8
	Allegro
	ACS716KLR-25CB-T
	4.18
	2.48000
	8.36

	C16,C20
	TDK Corporation
	C1005X7R1H102K050BA
	0.1
	0.00441
	0.2

	C18-19,C22-23
	TDK Corporation
	C1005X7R1H152K050BA
	0.1
	0.00441
	0.4

	C17,C21
	TDK Corporation
	C1005X5R1A104K050BA
	0.1
	0.00441
	0.2

	R4, R7
	Panasonic
	ERJ-3EKF1153V
	0.1
	0.00152
	0.2

	R5, R8
	Panasonic
	ERJ-3GEYJ304V
	0.1
	0.00152
	0.2

	R6, R9
	Panasonic
	ERJ-3GEYJ334V
	0.1
	0.00152
	0.2

	
	Battery Protection
	
	
	
	

	U$3, U$4
	Vishal 
	30BQ015PBF
	1.1
	0.43806
	4.40

	U$5
	Fairchild
	FDG6321C
	0.6
	0.18399
	1.20

	U$2, U$13
	Fairchild
	FDS8978
	1.0
	0.35018
	4.00

	C1, C5, C6
	TDK
	C1608X7R1E104K080AA
	0.1
	0.00460
	0.60

	C2
	Samsung EM
	CL10A106MA8NRNC
	0.9
	0.18540
	1.80

	C3
	TDK
	C1608X7R1H331M
	0.1
	0.00460
	0.40

	C4
	TDK
	C1608X7R1C224K080AC
	0.1
	0.00460
	0.40

	C7, C8
	Kemet
	C0603C103K4RACTU
	0.25
	0.04200
	1.50

	U$10
	Rohm
	C0603C103K4RACTU
	0.2
	0.04200
	0.80

	U$12
	Rohm
	2SA1037AKT146R
	0.5
	0.04230
	1.80

	U$11
	TDK
	NLCV32T-101K-PF
	0.3
	0.09720
	1.08

	RF, RG
	Rohm
	ESR03EZPJ102
	0.1
	0.00935
	2.20

	R7, R15
	Rohm
	ESR03EZPJ106
	0.1
	0.00935
	1.00

	R8, R13, R14
	Rohm
	ESR03EZPJ200
	0.1
	0.00935
	1.20

	R3, R5, R6, R11
	Panasonic
	ERJ-3GEYJ105V
	0.1
	0.00152
	2.00

	R4, R22, R17
	Vishal Dale
	CRCW0603510KJNEA
	0.1
	0.00420
	0.74

	R1
	Rohm
	ESR03EZPJ221
	0.1
	0.00935
	0.40

	R2
	Rohm
	ESR03EZPJ103
	0.1
	0.00935
	0.95

	RG
	Panasonic
	ERJ-3EKF8251V
	0.1
	0.00228
	1.80

	RC
	Panasonic
	ERJ-3EKF2050V
	0.1
	0.00228
	0.50

	Total
	
	
	
	
	114.45



[bookmark: _Toc355186617]4.2 Labor
We agreed on a desired salary of $35 per hour.  The amount of time spent researching and developing the Cubesat power board turned out to be more than we expected.  From our lab notebooks, we estimate around 128 hours this semester spent working together.  Individually, we accumulated 62 hours of independent design time.  Using the following formula for estimating cost, our 190 hours of work ended up costing $49,700+.(14)

Total Cost   =   Parts + (Ideal Hourly Salary * (Hours Spent + Shop Hours) * 2.5)
The details of labor cost are given in Table 2.


Table 4: Labor costs
	Name
	Hourly Rate
	Total hours invested
	Total =Hourly Rate x 2.5 x Total Hours Invested

	Sam Kearney
	$ 35
	190
	$ 16,625

	Roberto Suarez
	$ 35
	190
	$ 16,625

	Rachit Goel
	$ 35
	190
	$ 16,625

	Total
	
	570
	$ 49,875






[bookmark: _Toc355186618]5. Conclusion
[bookmark: _Toc355186619]5.1 Accomplishments
Proof-of-concept has been established for the design of several power board modules, including the buck converter, battery protection and controller. Our project provides a strong jumping-off point for the design of the actual power board, which will take into account the space needs of the IlliniSat project, more space environment considerations, and small peripherals that will be necessary for the Cubesat flight which were left out of this project due to irrelevance. Overall, we have decreased the amount of design and background research required by future power board designers by a significant amount, which was the goal of designing and testing a power test board.
[bookmark: _Toc355186620]5.2 Uncertainties
This project has raised an uncertainty as to whether GaN FETs are the appropriate switching device for the power board’s main power converter. There are a few cons to using the FETs that were realized when assembling and testing the board. The cons all relate to the FET’s “bumped die” package, and are as follows:
1. GaN FETs are extremely difficult to solder. I was never able to connect more than three FETs at a time in a way that made them function properly, and often my soldering efforts resulted in shorted pads and I had to start over. Although my soldering skills can be considered amateur at best, we also took the FETs and board to Mark Smart in the ECE Electronics Service Shop, who solders small components every day. He also had considerable difficulty putting the parts on, and when they were all attached I found that one was still not connected properly. This leads to difficulties in testing and an uncertainty related to the amount of time that will be required to assemble the final board and the reliability of the FETs once they are attached.
2. The strength of the solder joint when the FET is attached is questionable. More than once I found that a GaN FET had fallen off the board and disappeared in the process of transporting the board from place to place. The only workable way of soldering the FETs involves putting a small amount of solder on the pad and the die bumps, and using hot air to reflow and attach them together. This leads to an unknown amount of solder contact between the device and the board since the pads are hidden from view. Although the FETs falling off may have been caused by soldering error, I have serious doubts as to whether they will be able to hold up to IlliniSat’s vibration and shock tests.
3. GaN FETs may be more at risk of shorts from tin whiskering. Tin whiskering in solder joints due to the stresses of spaceflight may cause electrical shorts. Since the GaN FETs’ pads are necessarily spaced apart by less than 0.007”, the risk of shorts from tin whiskering is higher than in normally-packaged components.
GaN FETs represent a great accomplishment in FET technology, but until they are available in a package that facilitates a better and easier connection to a PCB, the needs of the IlliniSat project will most likely be better met by another switching device.
[bookmark: _Toc355186621]5.3 Ethical considerations
The purpose of this project is to develop a power board for Illini Cubesat satellite, 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 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.
[bookmark: _Toc355186622]5.4 Future work
Either the gate drive circuitry or the switching devices need to be replaced, per concerns raised in Sections 3.1 and 5.2, respectively. A possible replacement for the Linear LTC4440 is the TI LM5113, which is a half-bridge gate driver designed to drive GaN FETs in a half-bridge configuration. It has a built-in clamping circuit which prevents the gate-source voltage from rising above 5.2 V, guaranteeing the safety of the FETs during operation. If a new switching device is replaced, it should be selected to have a maximum VGS that complies with the output of the LTC4440, so that the driver circuitry does not also need to be redesigned.
The overcurrent chip also needs to be replaced with a conventional current sense amplifier. The current sense amp will use a series resistor, which is the most accurate way to measure current in the range specified for the power board.
Another feature that needs to be implemented in the final version of the board to be launched into space is a battery temperature monitor and control. The board layout design of our system includes the necessary connectors to install RTD sensors as well as Kapton heaters. The thermostat would be implemented in the microcontroller unit and would output a PWM to control the heaters. The next table shows the typical operating temperature ranges for Li-ion technology.
Table 5: Operating temperature ranges for Lithium-Ion batteries.
	Charging Temperature Range
	0 C to 45 C

	Discharging Temperature Range
	-10 C to 60 C

	Storage Temperature
	-20 C to 60 C
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[bookmark: _Toc355186624]Appendix A	Requirement and Verification Table

	Requirement
	Verification
	Verification Status
(Y/N)

	1      1.  Battery Charging Circuit functions properly in both buck- and boost- mode across its entire range of input voltages.
a     

       a. Gate drive circuitry accurately passes a PWM input.


  b.  Converter accurately converts an input to an output voltage either lower or higher than the input.
 c. Converter charges the battery given a constant voltage-ratio command.

	1      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.  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. The input of the converter will be given a DC source; the output will be loaded. Comparison of the duty ratio with the voltage ratio will determine the verification of this requirement.
b      c.  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.
	





a. YES




b. NO



c. NO

	1      2.  Microcontroller works and performs all control functions properly.


a       a.  Microcontroller can be communicated with and programmed via the ICD-3 programming interface which will be included on the test board.

c      b.   Microcontroller successfully controls the battery monitoring circuitry as required (see requirement 6).
       c.   Microcontroller successfully enables the overcurrent protection chips, and reads an accurate current value from them.

	2       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        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     
c     

b. Verify that tests in requirement 5 are able to be completed using enable signals from the microcontroller.

       c. Verify that tests in requirement 4 are able to be completed using enable signals from the microcontroller, and that voltage measured from VIOUT pin of ACS716 chips is accurate.
	




a. YES







b. YES



c. YES

	3. Buck converter
a. Connect the external voltage source on the J4 connector with no load at the output.
b. Set the external voltage to 6 V
c. Slowly increases the external voltage to higher values of 6.5V, 7V, 7.5V and 8V.
d. Go to up to the voltage of 9 V on the external source.

e. Insert a load of 20 Ohm, 10 ohm using the electronic load and repeat set up a to d.

	
a. If the continuity of the circuit is good we should see some voltage at 3.3V bus connector
b. The output voltage of at J6 connector needs to be 3.3V to check the lower input limit.
c. The output voltage at J6 connector should still measure 3.3V to verify the proper feedback and the modulation circuit.
d. We should observe downfall in the output voltage at J6 to verify that the circuit was designed appropriately.
e. We should observe the same results as observed earlier.
	
a. YES

b. YES

c. YES


d. YES


e. YES

	4. Overcurrent Protections
a. Connect the external voltage source on the J4 connector for any input voltage between 6V to 8V.

b. With no load measure the signal at the input pin 16.

c. Measure signals at pin 13.

d. Using a multimeter measure the voltage at pin 14.
e. Now Add a constant current load at the load terminals of the  IC and set it to 0.2A
f. Increase the current load to 0.5A, 0.8A, 1A, 1.5A
g. Keep on increasing the load current to 2A

h. Reduce the current load below 2 A and apply a logic low at pin 16.
	
a. Voltage at the J6 connector should be 3.3 V to ensure proper power input to the current sensing IC.

b. Fault_Enable(Pin 16) should be high to enable the current sensor.

c. The pin should be logic low for current to flow through the IC.
d. For no load condition the value of voltage at this pin should be 1.615V
e. The voltage at at pin 14 should increase to about 1.62 for the highest accuracy.

f. The voltage at pin 14 should be 1.625V, 1.63V,1.635V and 1.643V respectively.
g. (i) The voltage at pin 14 should be 1.615V ,
  (ii) Pin 13(Fault) should be logic low after due overcurrent protection

h.   The value of Voc should be more than 1.615V for current protection to work again.
	
a. YES



b. YES


c. YES

d. YES

e. NO


f. NO
g. NO



h. NO

	5. Battery Switching
a. Charging is only enabled when the charge enable (CEN) signal is active

b. Discharging is only enabled when the discharge enable (DEN) signal is active

c. Both these signals are independent
	
a. When the battery is connected to a charger, current flows into the battery if CEN is active.
b. When a load is connected between the positive and negative terminals, current is supplied to the load if DEN is active.
c. DEN does not prevent charging and CEN does not prevent discharging
	
a. YES

b. YES

c. YES

	6. Battery Protection Circuit
a. Charging is disabled if either cell reaches a voltage of 4.20 V

b. Discharging is disabled if either cell reaches 2.50 V
c. Size
	
a. No current flows into the batteries when any of the cells has a voltage higher than 4.20 V
b. No current flows into the load when any of the cells has a voltage lower than 2.50 V
c. Battery protection circuit fits on top of the batteries
	
a. YES

b. YES

c. YES

	7. Cell Balancing
a. Energy is transferred from one cell to the other if they are unbalanced
	
a. If the voltage difference between two cells in series is higher than 50 mV, the cell with the highest voltage charges an inductor that discharges into the other cell
	
[bookmark: _GoBack]a. NO
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