MPPT Solar charge Controller 
This project was started by Debasish Dutta in India. I am contributing to designing a more advanced  version with greater capacity and more potential applications.

When complete, this controller should be useful for off grid electricity users, control of autonomous  street lights and signs, and many other applications that need medium power levels and efficient reliable operation.
Requirements for MPPT controller Version 4.
I suggest we need a "Version 4" or even an entirely new project, and should engage in a bit of consultation with all of the people you have received comments from, before we undertake the hardware and software design process. 

Changes I see at the moment are: 

1. increase panel voltage rating to allow for panels with 60 cells (ie up to 40 V, so-called "grid connect" panels); 

2. higher current rating, at least 20 amps and preferably 40 amps; 

3. metering current on the battery and load; 

4. improve design robustness to ensure external conditions do not cause any failures; 

5. design that allows multiple controllers to feed into a power distribution switchboard; 

6. Optimal battery management for several different battery types, such as Lead Acid (several variants), NiFe, LiFePO; 

7. Ability to control more than one load output – either to allow for greater capacity, or timing control of when the output is on or off. 

8. Real time clock with date to enable time stamping of statistics and timer control of loads.

9. operational configuration capability (buttons or via WiFi?);

10. greater data collection to get illumination statistics, battery performance statistics, load statistics. 

11. higher battery voltage (to 24 or 48 V)  and associated higher solar panel voltages;

12. much higher panel voltage (to 150 V or so)

13. Multiple Load outputs regulated to close to 12 V

14. Panel safety and overload disconnect 

In addition there are some “internal” matters that are worthy of investigation:

1. focus on maximising efficiency

2. fail-safe software or self-recovery features

3. MPPT algorithm refinements

4. will it all fit in Arduino Nano?
 // we should not restrict to Arduino Nano; it may be other Arduino compatible board which suit to our requirement.
 Arduino Nano, Arduino UNO and Arduino Pro Mini all uses same MCU i.e ATmega328P.But including Pro Mini in final design is better as its size is small and price is less in  compare to other boards with same features.We can test it by using any board ( with ATmega328 MCU ) stated above.

// http://www.arduino.cc/en/Main/ArduinoBoardProMini
Discussion
1. increase panel voltage rating to allow for panels with 60 cells (ie up to 40 V, so-called "grid connect" panels)

The majority of solar panels being sold today have 60 cells and a maximum power point voltage of about 30 Volts. Being unable to use this type of panel would restrict the choice of panels for the user, and very likely increase the cost.

To enable this higher voltage we need to check the voltage ratings of all components, and make sure that the buck converter inductance, capacitors and PWM algorithm are compatible.
// 60 cells or 40V choice is more versatile than others rating solar panels

// So our choice is 60 cells
Keith: As a good example, the Trina Honey TSM-PC05A with 60 cells has a maximum open circuit voltage at STP of 38.1 Volts. Its MPP voltage at STC is 30.6 Volts. If the temperature of the panel is -10 degrees C, the OC voltage rises to 42.5 Volts (calculated value). So our components need to withstand an OC voltage of at least 85 Volts, and work efficiently with an MPP voltage of 61.2 volts or maybe a little more in case the panels are colder than STC (25 degrees C).
2. higher current rating, at least 20 amps and preferably 40 amps; 

Many installations require more power than 50 Watts. A design that allows for up to 500 Watts with a 12 volt battery would be more useful to more users.

To enable higher current we need to make sure the current rating of key components are sufficient, or make a modular design that distributes the extra current across several modules. With higher power the converter efficiency will be a prime concern, in particular (but not only) because of the need to keep components within their allowed temperature ranges. Depending on the number of modules, we may run out of digital interfaces on the Arduino Nano.
// we should choose 40A for more reliable and useful applications
3. metering current on the battery and load; 

Introducing current measuring on battery and load will enable the gathering of more comprehensive statistics, as well as ensure that the current ratings of these interfaces are not being exceeded, resulting in greater robustness.

Design changes include adding additional current metering modules (similar to the Solar Panels metering) and will consume an additional Arduino analogue interface for each module.
// we have to add another Current Sensor at load side
Keith: to meter both battery and load we need 2 more current sensors. The existing device ACS712 should continue to be OK on the solar panel side, although the less sensitive version would be needed. However on the Battery and Load interfaces, the ACS712 is optimised for up to 30 amps, so would not quite meet the requirement for 40 Amps. We need to look at other options.
4. improve design robustness to ensure external conditions do not cause any failures; 

Making the design resilient to incorrect connections (eg polarity reversal), short circuits, overloads, excessive solar panel power will make more customers happy with the equipment. 

This improvement should make use of current metering on the input and output side, and possibly add a temperature measuring device for components that carry high currents (requires another Arduino analogue interface). As well as this the software will need review and change.
// Reverse Polarity to be included, I think others protections already implemented
Keith: I think we also need to add temperature sensor(s).
5. design that allows multiple controllers to feed into a power distribution switchboard; 

Installations with higher power may need to be constructed using multiple sets of panels and associated controllers, feeding to a single battery and load distribution switchboard.

Typical load distribution switchboards use a common Earth bar and multiple distribution ponts for the positive side. The existing design turns off the load by interrupting the Earth side of the load circuit, which is likely to create an Earth loop and would not be effective. The positive side of the load needs to be the one that is controlled. 
// Not getting // need some example 
Keith: I will draw some pictures and make them available soon.
6. Optimal battery management for several different battery types, such as Lead Acid (several variants), NiFe, LiFePO; 

Although lead acid batteries are commonly used in off grid power systems, several other battery chemistries are available. The economics of different chemistries results in a diversity of optimal charging regimes. 

This is mainly a matter of software to implement the best charging regime for each chemistry, and requires a means of operational configuration to select the type of battery currently connected. 
// It’s really an interesting idea which can make our controller more powerful and enhanced the applications area

// LiFePo4 is most emerging now a days .So we should focus more on Lead Acid and LiFePo4 first then include other chemistry

// Need help from some good coder for implementing charging algorithm
7. Ability to control more than one load output – either to allow for greater capacity, or timing control of when the output is on or off. 

Loads may be classified into priority classes, so that if battery energy is at risk of running out, the low priority loads could be disconnected and the battery energy in reserve kept for the high priority loads. 

To implement this requires more than one controlled load output, with associated Arduino control interface and configuration software.

8. Real time clock with date to enable time stamping of statistics and timer control of loads.

A real time clock will improve usability of collected data, and provide more sophisticated control of the load or loads. 

This is a software change to keep track of the time and datel; and requires operational configuration capability to set it correctly.
// by including a RTC, it helps in software for all time related calculations

// DS1307 is most popular module used for Arduino which uses I2C communication for interfacing with arduino

//Arduino can communicate more I2C module by using same pins ( only address of the module to be different )
9. operational configuration capability (buttons or via WiFi?)
 Once we introduce more than one way to operate the controller, it becomes necessary for the user or installer to be able to select the appropriate configuration.

To provide operational control, we need something like 6 buttons (maybe less) and some way to receive the data in the Arduino. Alternatively, it may be possible to do this control via an Application on a mobile device via the WiFi interface.
// At the beginning stage we should implement control from a button and data logging through the WiFi Module. Later we will implement WiFi control
10. greater data collection to get illumination statistics, battery performance statistics, load statistics. 

With the addition of additional current metering and possibly temperature, these will allow two sorts of things: collection of more raw data; and situation-dependent data collection (collecting data when set conditions are reached, such as battery charge or discharge levels, temperatures, power levels, etc.) 

This is a software function, based on hardware added for other reasons.

11. higher battery voltage (to 24 or 48 V) and associated higher solar panel voltages 

Installations that require higher power and energy commonly use multiples of 12 Volts as their battery voltage – typically 24 or 48 Volts. Being able to adapt to these higher voltages would bring this controller into a wider market for solar panel systems.

Design changes involve revision of voltage ratings of components, revision of the buck converter components, and configuration capability. Solar panel voltage needs to increase at least to cover the increase in battery voltage (eg 30 V for 24 V battery, 60 V for 48 V battery).
// Auto detect of battery voltages 12v/ 24V/ 48V 

//This can be easily done by software by detecting the battery voltage. Then updates all the charging set points accordingly
12. much higher panel voltage (to 150 V or so)

Higher power installations commonly need to separate the panels from the controller, because of space restrictions. With greater separation comes either thicker wires over a longer distance, which can be a significant cost; or running multiple panels in series to give a higher voltage but less current, saving cost for wire.

Design changes are to ensure the higher voltage is compatible with all components. Also it is necessary to have a higher focus on occupational health and safety, to minimise the chance of electrocution. This in turn may lead to additional hardware (eg metering) and software changes.

13. Multiple Load outputs regulated to close to 12 V

With the addition of capability for a higher voltage battery, the ability to operate DC loads at 12 Volts is lost. Also all chemistries require more than 12 volts during the charging stage, with the excess voltage over the nominal 12 volts varying from 1 or 2 volts to up to 6 volts. One or more regulated outputs at just over 12 volts (possibly adjustable) would enable the correct voltage to be delivered to DC appliances in an off-grid installation.

14. Panel safety and overload disconnect 

In some countries, the regulatory regime requires solar panel installations to be installed with circuit breakers at least in the solar panel interface, so that a worker can disconnect the panels from Earth and eliminate dangerous voltages. 

A manually switched control that isolates both positive and negative from the solar panels, and which operates automatically in case of excessive current or unbalanced current, could remove the need for a separate circuit breaker at least in some countries. 
Design approach
It is still early days in the design and implementation strategy, but the concept I expect to start with is a modular one, where there is essentially a single buck converter design, consisting mainly of the switching elements (almost certainly MOSFETs), inductor and capacitors, with about a 10 Ampere capacity. Multiple units of these will be combined into the final product to achieve the target capacity. Efficiency is a key requirement. I am thinking of an initial design target of 96% efficiency (ie 4% losses). At 40 Amps and with a 12 Volt battery, this equates to (40*12)*4% = about 20 Watts.  This level of heat generation should be OK without fan forced cooling, especially if we can use some metal heat sinks for key components and there is space for reasonable air flow through the enclosure.  

A modular design should also make the development process a bit easier, since we can do testing on    the  modules without having to test the complete capacity.
Design stages
The first steps of the design are to look at the following:

· digital and analogue input/output requrements for the Arduino Nano 

· inductor sizing, design and its impact on efficiency

· switching element (MOSFET) selection and its impact on efficiency

· operational control interface via WiFi
 Once preliminary decisions are made on these, we can put together a more detailed design description, performance and efficiency modelling, and hopefully start work on example hardware and software.
Keith: I suggest that, as part of deciding on the key converter items (Inductor, MOSFETs, switching period)  the following table needs to be filled in for the selected design with calculated efficiency values for each cell in the table. Notes should be added which can reference information about the main source of the losses, whether the controller is in CCM or DCM, and any other relevant information.

I think we should aim for at least 96% efficiency in every cell of the table.
It is not clear yet whether we need a modular design, or if we can do it with a single buck converter output stage. 

With a single output stage at least, at light loadings the converter will be in Discontinuous Current Mode (DCM). All the analyses I have seen show a much greater efficiency in DCM with a diode for the ground path, compared to the synchronous design with a MOSFET in the ground path (Q2). The use of a diode (ie asynchronous converter) will reduce efficiency at high loads (I expect).  I am interested in exploring alternatives that do not sacrifice efficiency at any load level, such as modular designs, and synchronous operation with the Ground MOSFET turned OFF when it would otherwise conduct current from the output back to ground.
Calculated Efficiency results for first-pass design (fully synchronous at all power levels).
Design using surface mount MOSFETS

	Tabulation 
	T-130-26
	CSD19502Q5B
	
	
	
	

	Panel voltage
	18
	30
	60
	30
	60
	60

	Battery voltage
	12.5
	12.5
	12.5
	25
	25
	50

	Load current
	
	
	
	
	
	

	%           Amps
	Efficiency
	Efficiency
	Efficiency
	Efficiency
	Efficiency
	Efficiency

	1%        .4
	-6.03%
	-8.04%
	-80.96%
	46.79%
	-96.52%
	67.58%

	5%        2
	78.74%
	78.34%
	63.76%
	89.33%
	60.67%
	93.50%

	10%      4
	89.27%
	89.10%
	81.82%
	94.61%
	80.30%
	96.73%

	20%      8
	94.45%
	94.37%
	90.77%
	97.21%
	90.07%
	98.31%

	50%      20
	97.31%
	97.30%
	95.91%
	98.65%
	95.79%
	99.20%

	80%      32
	97.78%
	97.82%
	97.04%
	98.89%
	97.10%
	99.36%

	100%    40
	97.84%
	97.89%
	97.34%
	98.92%
	97.49%
	99.39%

	Overall efficiency average
	77.27%


Design using TO220 through-hole MOSFETS

	Tabulation 
	T-130-26
	PSMN3R3-80PS
	FDP150N10A
	

	Panel voltage
	18
	30
	60
	30
	60
	60

	Battery voltage
	12.5
	12.5
	12.5
	25
	25
	50

	Load current
	
	
	
	
	
	

	%           Amps
	Efficiency
	Efficiency
	Efficiency
	Efficiency
	Efficiency
	Efficiency

	1%        .4
	69.59%
	-8.21%
	-128.73%
	82.10%
	-127.07%
	64.30%

	5%        2
	93.90%
	78.36%
	54.33%
	96.42%
	54.62%
	92.87%

	10%      4
	96.84%
	89.14%
	77.17%
	98.16%
	77.31%
	96.43%

	20%      8
	98.22%
	94.38%
	88.46%
	98.97%
	88.61%
	98.16%

	50%      20
	98.80%
	97.27%
	94.93%
	99.33%
	95.18%
	99.12%

	80%      32
	98.70%
	97.78%
	96.39%
	99.31%
	96.71%
	99.30%

	100%    40
	98.56%
	97.85%
	96.80%
	99.25%
	97.17%
	99.34%

	Overall efficiency average
	78.24%
	
	
	
	


Efficiency target
Having set a tentative efficiency target of 96%, this needs to be broken down into components and an allocation made. With 4% losses to be allocated, I suggest a first cut of this as:

· 0.8% DC losses in inductor at 40 Amps

· 0.8% AC losses in inductor at 40 Amps

· 0.8% switching losses

· 0.4% capacitor losses

· 0.8% for overheads (such as Arduino and other facilities)

· 0.4% unallocated (margin to deal with any items unable to meet their requirement; or bits I may have overlooked). 

With this tentative allocation, these losses can be turned into voltage drops or current draws etc. as appropriate to the specific item. 

I have given a large allowance to the inductor because I see it as particularly challenging. 
Inductor design
I envision the inductor as one or more toroidal cores with windings (based on the V3 design). The key points are that we need to achieve the inductance required to provide a  continuous current to the load, and a low enough resistance to keep the losses within the allowance. 

For the inductor, the most challenging cases is probably when charging a nominal 12 V battery with 40 Amps. The DC voltage drop across the inductor, to give a 0.8% loss, is 12*0.008=0.096 Volts, or 96 milli Volts (mV). With 40 Amps, this means we have a DC series resistance in the inductor of 96/40 = 2.4 milli Ohms. 

Note that this resistance is achieved with 14 parallel strands of copper wire of 0.512 mm^2 area (AWG #20) 1 m long.

At the same time as delivering this low DC voltage drop, the inductor has to provide sufficient inductance to deliver continuous current flow at full load with reasonable ripple current to the load side (battery capacitor, battery and load). The amount of inductance required is a function of the switching frequency. The absolute minimum requirement is the inductance required to keep unidirectional current flowing into the battery/load when the Earth switch is ON and the Panel switch is OFF. For the V4 design with the option of 12 V, 24V and 48V battery voltage, the relationhship between minimum inductance and Earth ON time is shown in the following chart. 
[image: image1.emf]The legend on this chart shows the battery voltage, average inductor current, and ripple current as a percentage of the average current. In the case of the 40 Amp average current and 100% ripple, the current varies from 60 A to 20 A during the Earth ON time. The line for 12 V, 4.167 A, 35% is shown for comparison with the Version 3 design. 

The Time axis can be interpreted thus: for a switching frequency of 50 kHz, and a PWM ratio of 50%, we have a total switching period of 20 microseconds and an Earth ON time of 10 microseconds.  

Generally, the PWM ratio is the ratio of Battery voltage to PV Panel voltage. In our V4 design, we have the following combinations of PV and Battery voltage, with corresponding PWM ratios and Panel ON and Earth ON times, which in turn dictate the minimum overall frequency: 
[image: image2.emf]
The timings are shown for 10 micro Henries as an arbitrary but useful point of reference. 

All these figures are for a 100% ripple factor, which may be a bit too high to ensure proper operation, especially when the battery is being Boost charged with a higher than usual voltage. The maximum Earth ON times are a bit reduced under a Boost charging scenario, see the following amended table:
[image: image3.emf]
These tables show the absolute minimum switching frequency that can be supported by a 10 microhenry inductor and with a 100% ripple factor. In practice we would probably select a higher frequency, which would give a lower ripple factor. 

However a lower switching frequency will result in lower switching losses, and also lower AC resistance losses in the inductor due to skin effect and adjacent conductor currents (see later). Hence there is value in understanding the frequency limits. 

Note that the highest frequency in the above tables is just under 24 kHz. This occurs in the case of charging a 24 V battery with a 60 V solar panel. By analysing this case, we can develop the relationship between inductance and minimum switching frequency, as shown on the next page. 
 Now we have the specific requirements for our inductor – in summary:

DC resistance no more than 2.5 milli Ohms

Inductance and frequency capability falling on or above the line in the chart on the next page – eg more than 5 microhenries switched at 45 kHz or more than 10 microhenries switched at 22.5 kHz, or any other point on that curve. 

[image: image4.emf]
Next we come to putting the inductor design elements together. 

The best performing power inductors are made using a toroidal core made from a powdered iron material, wound with copper wire. According to the datasheet obtained from the Amidon web site (Amidon are a leading manufacturer of cores and inductors) the best material appears to “Number 26”. Cores made from this material are coloured yellow/white, and come in a range of sizes. An applicable sample of dimensions and inductance with 100 turns are given in the table below:

[image: image5.emf]
I started with the T106-26 core, simply because it is readily available and reasonably priced. 

The smallest wire rated to carry 40A is AWG #10 (5.26 mm^2) (table in Wikipedia article on AWG). This wire has a diameter of 2.588 mm, which with laquer insulation would rise to about 2.688 mm. The internal circumference of the T106 core available for a single layer winding is Pi * (14.478 – 2.688/2) = 41.26 mm, so we can fit 41.26/2.688 = 15 turns on layer 1 of the core. 

With this inductor, the length of wire per turn is (OD-ID)+2*W + 4*Wire diameter = 45.4 mm. We also need some wire for the tails that connect to the circuit board, say 30 mm. This gives a total length of 15 * 45.4 + 60 = 741 mm. With a resistivity of 3.277 milli Ohms/m, this gives a coil DC resistance of 3.277 * 0.741 = 2.43 milli ohms, which meets the requirement . (to be less than 2.5 milli Ohms). 

These 15 turns on the T106-26 core, which has a L100 or 900, gives us 900/10000 * 15^2 = 20 microhenries. This means our switching frequency could go down to about 12 kHz. 

Now we need to check the AC resistance, to make sure the AC losses due to skin effect are not severe, and the flux density to make sure that the magnetic material in the toroid will not saturate and become a source of losses and heat. 

Following the information provided in an application note on this subject by Bruce Carsten on the Micrometals web site, we first calculate the ratio of wire diameter to skin depth. First look at a 50 kHz switching frequency. This gives a skin depth in Copper of 0.296 mm, so the ratio is 2.588/0.296 = 8.74. Looking this up on the chart at Figure 10 in Carsten's application note gives us Rac / Rdc = 4.8, so our actual Rac = 2.43 * 4.8 = 11.6 milli Ohms. 

With 50 kHz and 20 microhenries, the ripple current is 7.2 Amps peak to peak, or 2.08 Amps RMS. This gives us an AC voltage drop of 24 mV and a power loss of 50 mW. So this is not a concern. 

Now check a low switching frequency, say 12.5 kHz. The skin depth is now 0.59 mm and the Diameter to Skin depth ratio is 4.37, giving Rac/Rdc=3.0 and Rac = 7.3 milli ohms. However now the ripple current has increased as a result of the longer period. The peak to peak ripple current is 28.8 Amps (72% of the mean current) with an RMS value of 8.3 Amps. So the AC voltage drop is now 61 mV and the AC power loss has gone up to 500 mW (0.1% of the total power). 

This is still within the original target that I (somewhat arbitrarily) set of 0.8% for the DC loss and 0.8% for the AC loss. The DC loss is 0.78% and the AC loss is 0.1%, so the total is 0.88%.

Now we need to check the flux density. The general equation for this is 
Bmax = E (RMS volts) *10^8 / (4.44 * Area (cm^2) * No. of turns * f (Hz)), but there is a sllightly different equation given in the Jim Cox application note, specifically for switchmode power converter inductors. It is Bmax = E (RMS volts during ON time) * t (ON time) * 10^8 / (2 * Area (cm^2) * No of turns).

The two equations yield similar numbers, with the second one giving slightly higher values. 

In our case the calculated flux density Bmax is 352 Gauss at 50 kHz or 1408 Gauss at 12.5 kHz. 

Looking up the chart provided in that application note yields a power loss of 1 Watt at 50 kHz and 3 Watts at 12.5 kHz. The increase at the lower frequency is due to the much higher ripple current flowing through the inductor. 

When we add these core losses to the DC and AC resistance losses in the inductor wire, we end up with 5 Watts (50 kHz) or 7.6 Watts (12.5 kHz). 

The toroid we have been working with is T106-26. When I look up its power rating I find it says for a 40 C rise in temperature this core can handle 2.59 Watts. For a 25 C rise it can handle 1.5 Watts. So although from the point of view of efficiency the 50 Watts loss is 1% andd withing the allocation, it is excessive for the selected core. We need either a larger core, or two cores to distribute the heat. I think it will be desirable to aim for a lower temperature rise (no more than 25 C, for example).
The Cox application note also includes “Winding tables” showing the number of turns of various wire sizes possible in the different core sizes. It indicates a maximum of 11 turns of No. 10 AWG wire (I calculated 15) in a T106 core. It also shows the maximum current in No. 10 AWG as 33 Amps (the Wikipedia entry shows 40 Amps). These factors can be taken into account when re-doing the calculations. 

Our options in core selection seem to be:

· Use 2 parallel T-106-26 cores, and keep the total power dissipation under 3 Watts for a 25 C temperature rise (there are two ways of using 2 cores, so I analysed both ways);

· Use a single T-130-26 core, and keep the total power dissipation under 2 Watts;

· Use 2 parallel T-130-26 cores, and keep the total power dissipation under 4 Watts for a 25 C temperature rise;

· Use a single T-157-26 core, which would allow the total power dissipation to go to 3 Watts.

Looking on Ebay, all of these options are readily available and there is no significant price difference (the single T-130 is obviously a bit cheaper).

I am also concerned that even if it could carry the current, a single AWG #10 wire may be too stiff to easily wind around our toroid. So I will use a composite wire made from several strands of thinner wire, to give both more flexibility, more area for reduced temperature rise and higher current capacity, and possibly reduced loss due to skin effect. 

I put these options together in a spreadsheet for the calculations. The tabulation of the results is shown below. 

	Summary table
	V1.1
	V1.2-1
	V1.2-2
	V1.2-3
	V1.2-4
	V1.2-5

	
	T106, Single wire
	2 inductors T106+multi wire
	2 cores 1 inductor T106+multi wire
	1 core T130+multi wire
	2 cores 1 inductor T130+multi wire
	1 core T157+multi wire

	Input voltage
	30
	30
	30
	30
	30
	30

	Output voltage
	12.5
	12.5
	12.5
	12.5
	12.5
	12.5

	Input power
	500
	500
	500
	500
	500
	500

	Output current (DC average)
	40
	40
	40
	40
	40
	40

	Frequency
	50,000
	50,000
	50,000
	50,000
	50,000
	50,000

	Duty cycle
	0.417
	0.417
	0.417
	0.417
	0.417
	0.417

	Design target:
	0
	0
	0
	0
	0
	0

	Ripple current vs Load current
	36%
	36%
	36%
	36%
	36%
	36%

	Ripple current (absolute, p-p)
	14.4
	14.4
	14.4
	14.4
	14.4
	14.4

	Inductor value (Microhenry)
	10.13
	10.13
	10.13
	10.13
	10.13
	10.13

	Max current
	47.2
	47.2
	47.2
	47.2
	47.2
	47.2

	Min current
	32.8
	32.8
	32.8
	32.8
	32.8
	32.8

	Wire size (wire gauge)
	10
	16
	14
	14
	12
	12

	Wire diameter
	2.588
	1.291
	1.628
	1.628
	2.053
	2.053

	Wire size (mm^2)
	5.26
	1.31
	2.08
	2.08
	3.31
	3.31

	DC Resistivity of one wire (mohm/m)
	3.28
	13.18
	8.29
	8.29
	5.21
	5.21

	No. of wires bundled together
	1
	4
	4
	4
	4
	4

	Diameter of bundle
	2.69
	2.98
	3.70
	3.70
	4.61
	4.61

	DC Resistivity of bundle (mohm/m)
	3.28
	3.29
	2.07
	2.07
	1.30
	1.30

	Total copper area in bundle
	5.26
	10.47
	8.33
	8.33
	13.24
	13.24

	Core dimensions (mm)/Type code
	T-106-26
	T-106-26
	T-106-26
	T-130-26
	T-130-26
	T-157-26

	OD
	26.924
	26.924
	26.924
	33.02
	33.02
	39.878

	ID
	14.478
	14.478
	14.478
	19.812
	19.812
	24.13

	Width
	11.10
	11.10
	22.20
	11.10
	22.20
	14.48

	AI (uH / 100 turns)
	900
	900
	1800
	785
	1570
	970

	Turns for required inductance
	10.61
	10.61
	7.50
	11.36
	8.03
	10.22

	Actual turns
	15
	16
	10
	12
	10
	12

	Actual composite inductance
	20.25
	11.52
	18
	11.304
	15.7
	13.968

	Total length (of wire making bundles) (m)
	0.74
	3.22
	3.11
	2.65
	3.28
	3.27

	(composite) Inductor DC resistance milliohms
	2.43
	1.33
	1.61
	1.37
	1.07
	1.07

	DC Voltage drop in inductor (V)
	0.10
	0.05
	0.06
	0.05
	0.04
	0.04

	Power in DC Resistive loss (Watts)
	3.89
	2.12
	2.57
	2.20
	1.71
	1.70

	Skin depth in Copper at fundamental frequency
	0.30
	0.30
	0.30
	0.30
	0.30
	0.30

	Wire diameter / Skin depth
	8.74
	4.36
	5.50
	5.50
	6.93
	6.93

	Rac / Rdc (from Mictrometals graph)
	4.80
	3.00
	3.00
	3.00
	3.00
	3.00

	Rac (milliohms)
	11.66
	3.98
	4.83
	4.12
	3.21
	3.20

	AC voltage drop in inductor
	0.02
	0.01
	0.01
	0.02
	0.01
	0.01

	Power in AC Resistive loss (Watts)
	0.05
	0.05
	0.03
	0.06
	0.02
	0.03

	Total Resistive power loss in inductor
	3.94
	2.17
	2.60
	2.25
	1.73
	1.73

	Flux density Bmax
	351.88
	164.94
	131.95
	207.24
	124.34
	133.25

	Calculated Core loss for given flux
	188.57
	40.47
	25.72
	64.34
	22.80
	26.24

	Core loss mW/cm^3 from Figure F (see ref at end)
	240
	60
	23
	80
	15
	80

	Volume of core (cm^3)
	4.49
	8.98
	8.98
	6.08
	12.17
	11.46

	Core loss (W)
	1.08
	0.54
	0.23
	0.49
	0.28
	0.92

	Total power loss in inductor (DC, AC and Core loss)
	5.02
	2.71
	2.83
	2.74
	2.01
	2.65

	Power rating of core(s) for 25C rise
	1.47
	2.94
	2.94
	2.01
	4.02
	3.01

	Percent of rating used
	341%
	92%
	96%
	136%
	50%
	88%


The best result is for the dual T-130-26 core used as a single inductor. In this design, 4 strands of AWG #12 wire are twisted together and wound around the pair of cores, as if the 2 cores were joined together as one. The inductor gets the benefit of the wider magnetic pathway with minimal increase in the length of wire needed to achieve that. This gives an inducatance of 15.7 microhenries, and the ripple current will be 23% of the average DC current at full load with a 50 kHz switching frequency.

The total power loss is only 2 Watts, which is well withing the capability of the cores, even though we can expect the temperature rise to be a bit higher than the data sheet figure because the 2 cores are adjacent and heat cannot escape from that interface.

This design uses about 3.3 metres of AWG #12 magnet wire (lacquered wire) which may be hard to obtain without significant wastage. Usually it is sold in rolls of about 22 m. There may be vendors out there who sell it by the metre, this is a matter for further research. 

It is also possible to use 1.5mm diameter magnet wire, which is more readily available. In this case 7 strands are twisted together, requiring about 8 m of wire. Performance is nearly as good as with the #12 wire.

When twisted together, the 4 strands of wire should have the right amount of twist so that each wire has the same amount of length immediately adjacent to the inner part of the toroid. Although not critical (because AC losses are small) this will avoid any increase in AC losses due to encouraging the skin effect to cause an uneven flow of current in the 4 strands.
MOSFET selection
Next we need to choose suitable MOSFETs. There are 4 MOSFET positions in the schematic circuit. They are as follows:
· Q1 – To stop reverse current flow at night

· Q2 – PWM switching Panel voltage to inductor

· Q3 – PWM switching Earth to inductor

· Q4 – switching Load on and off
Q1 to Q3 all require a voltage rating of at least 80V, and Q4 needs at least 60V. To simplify the selection process I considered all to need an 80 V rating. 

If used singly all MOSFETs will need a current rating of at least 50 Amps; however it turns out that this is not a dominant requirement, although useful for finding candidates. 

The critical parameter for all of the MOSFET positions is the On resistance (Rds ON) because they are all in the main current path at one time or another. The second critical parameter for Q2 only is the sum of the rise and fall times when switching ON and OFF. During these rise and fall times, the MOSFET is experiencing intermediate values of current and voltage, resulting in a short term power dissipation pulse. 

Q2 has to switch between Earth and the full panel voltage, so it has a big pulse of power during both switch ON and OFF. Q3 on the other hand is backed up by a diode (either its own body diode or an extra diode added to the circuit) and is only switching between Earth and the forward voltage of that diode. This is much less demanding and only creates a small power pulse. Q1 and Q4 are only switched on and off occasionally (maybe a few times a day) so their rise and fall times are irrelevant.

Taking in suggestions from collaborators on this project, and doing some searching on the Internet, I found 11 candidate MOSFETs, with Rds ON ranging from 2.8 milli Ohms up to 21 milli Ohms. Their rise and fall time sum ranged from 13 ns to 874 ns. 

The full list of codes for these 11 MOSFETs is CSD19502Q5B; FDP150N10A; PSMN3R3-80PS; IRFB4321; NTMFS6B14N; IXTK250N10; FDP100N10A; STP50NE10; IXFH150N17T; AP9970GP; MTY100N10E

Two of these are surface mount devices (the CSD19502Q5B and NTMFS6B14N) which present challenges for our constuctors. The remainder are either TO220 or similar through-hole mounting components. 
I was able to get price quotes on all of these except for AP9970GP and MTY100N10E. Price quotes varied widely between vendors, with a range of over 6:1 for some of the MOSFETs.

For Q1, Q3 and Q4 the main requirement is for a low ON resistance. Several MOSFETs can be paralleled to achieve any required value. The number resulting from the product of Price and RdsON gives a measure of the cost of achieving any given series resistance. 

In terms of Dollar-milliOhms, the five best MOSFETs are:

	MOSFET
	Package
	Unit Price ($)
	Rds ON 
(milli Ohms)
	Dollar – milliOhms

	CSD19502Q5B 
	SON 5*6
	$1.38
	3.4
	$4.69

	PSMN3R3-80PS 
	TO220
	$2.82
	2.8
	$7.90

	FDP150N10A 
	TO220
	$1.00
	12.5
	$12.45

	IRFB4321 
	TO220
	$1.15
	15
	$17.25

	NTMFS6B14N
	488AA
	$2.19
	12.2
	$26.72


For Q2, as well as needing a low ON resistance, low rise and fall times are important. Using multiple MOSFETs does not alter this. The five best MOSFETs in order are:

	MOSFET
	Package
	Trise (ns)
	Tfall (ns)
	Trise + Tfall (ns)

	CSD19502Q5B 
	SON 5*6
	6
	7
	13

	FDP150N10A 
	TO220
	16
	5
	21

	NTMFS6B14N
	488AA
	39
	6.8
	45.8

	IXFH150N17T 
	TO247
	30
	30
	60

	PSMN3R3-80PS 
	TO220
	43
	44
	87


The CSD1950Q5B is a clear winner on both resistance and timing. However being a surface mount package only makes it a challenge for constructors. 

The ne xt choice becomes more complex. For the circuit positions where rise and fall times are not important (Q1, Q4 and Q3), the PSMN3R3-80PS is the best choice. For Q2, the best choice is the FDP150N10A. 

I then did a more comprehensive analysis of a solution using the CDP19502Q5B for all positions, and another using FDP150N10A and PSMN3R3-80PS, checking the power dissipation in each of the 4 transistor positions Q1 to Q4, for each of the panel and battery combinations. That is, Panel voltages of 18, 30 and 60 volts, and batteries of 12.5, 25 and 50 volts (excluding cases where the panel voltage would be less than the battery voltage).

Using the CDP19502Q5B I found it was necessary to have 4 parallel MOSFETS at each of the 4q2.     positions, a total of 16 MOSFETS. 

Using the TO220 MOSFETS, I found it was necessary to use 4 parallel PSMN3R3-80PS in each position Q1, Q3 and Q4, and 12 parallel FDP150N10A for Q2. 

These two solutions are the suggested options.
Capacitor selection
There are 2 critical capacitors in the buck converter design: C1 to provide the interface between continuous current from the panels and the pulsed current through Q1 and Q2; and C2 to provide the interface between the current through the inductor, which has a substantial amount of ripple, and  to provide a steady supply to the battery / load. 
The main issues for C1 are to have sufficient capacitance to keep the panel close to its maximum power point at all times, and to have a sufficiently low equivalent series resistance (ESR) to meet the dissipation loss target. 

The main issue for C2 is to have the ESR low enough to meet the power dissipation target. Voltage ripple at the bnatery is also an issue when running at Float charge mode, because the battery may be getting excessive charge during parts of the cycle.

I set initial ripple voltage requirements at the panel of 0.5 V p-p, and at the battery 0.1 V p-p.

I analysed the RMS AC current flow at full load under each of the panel and battery voltages. C1 has a much larger AC RMS current, and so can have the majority of the power dissipation allowance. Keeping the total across both capacitors within the 0.4% limit requires a C1 ESR of less than 5 milliOhms and a C2 ESR of less than 10 milli Ohms. 

Finding the ESR ratings of commercially available, low cost electrolytic capacitors is not easy. The data seems not to be published. Debasish advised me that the capacitors in the V3 design have an ESR of 35 milli Ohms. 

Hnece I selected to have 8 * 100 microfarad capacitors in parallel for C1, and 4 * 100 microfarad capacitors in parallel for C2. These give capacitance of 800 uF for C1 and 400 uF for C2, which also adequately meet the voltage ripple requirements. 
With these values the maximum power dissipation in C1, across all voltage configurations, is 2 Wats (ie 0.25 Watts per capacitor) and for C2 is 0.3 Watts (ie 0.75 W per capacitor).
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				PWM and timing table						Timing for 10 microhenries

				PV voltage		Battery voltage		PWM ratio		Earth ON		Panel ON		Frequency (Hz)

				18		12		0.667		33		99		7576

				30		12		0.4		33		55		11364

				60		12		0.2		33		41.25		13468

				30		24		0.8		16		80		10417

				60		24		0.4		16		26.667		23438

				60		48		0.8		8		40		20833



&C&A

&CPage &P




_2147483645.xls
Inductor charts

		

				PWM and timing table – Boost charging						Timing for 10 microhenries

				PV voltage		Battery voltage		PWM ratio		Earth ON		Panel ON		Frequency (Hz)

				18		16		0.889		28		252		3571

				30		16		0.533		28		60		11364

				60		16		0.267		28		38.18		15110

				30		29.9		0.997		14		4200		237

				60		32		0.533		14		30		22727

				60		59.9		0.998		6		3600		277
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