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ADVANCE \d6High Voltage DC-DC Converter Output Voltages: 
A NEPTUNE Power System Trade-off

tc \l1 "dc vs ac: a NEPTUNE Power System Trade-off
1. Scope

tc \l3 "Question addressed

tc \l3 "Question addressedThis document addresses the question of what the voltage(s) should be for the output of the high voltage DC-to-DC converters in the NEPTUNE nodes. It has been requested by the Neptune Power System Design Team that the high voltage DC-DC convert output voltage(s) be determined by Sept, 2001 to allow the converter design to proceed.
Background
The high voltage that will be transmitted to the Neptune nodes will be on the order of 10,000 VDC. Each Neptune node will contain a high voltage DC-to-DC converter with an output voltage that is an intermediate voltage (~48-600 VDC) suitable for transmission to the science instruments over the extension cables that will range in length from a few meters to as long as 50-100 km. Each instrument package will either use the intermediate voltage or, more typically, use one or more low voltage DC-DC converters with output voltage(s) that are required for the instruments (+5, +/-12, +24, etc.). The preliminary plan from the feasibility study indicated that there would be 2 output voltages: 48 VDC and 240 VDC. This selection is re-investigated to confirm the preliminary selection or recommend a new selection to optimize functionality, flexibility, simplicity, reliability and safety.
2. Trade-off study participants

Tim McGinnis, Bruce Howe, Harold Kirkham
tc \l2 "Harold Kirkham, Bruce Howe
3. Functional and Performance Design Requirements

Requirements

The requirements of the high voltage DC-DC converter output voltage(s) are to:
· Allow the use of COTS low voltage DC-DC converters

· Allow sufficient power transmission over the longest extension cables for the highest  power instruments that are anticipated
· Allow use of cost effective extension cable with low insulation stress 

· Allow use of extension cable with a size and weight that can be cost effectively installed

· Maximize reliability and minimize complexity of high voltage DC-DC converters

Risks

The technical risk is low. There are several output voltages that would work with good performance and reliability. 

tc \l3 "Decision Criteria

In order of priority: reliability, performance and cost. 
4. Design approaches considered

This study considers three items: the output voltage(s) of the high voltage DC-DC converters, whether 1 or 2 output voltages are required and whether COTS or custom low voltage DC-DC converters will be used.HighHHi

5. Comparison of the design approaches

Features of DC-DC Converters

Use of DC-DC converters are commonly used to convert an intermediate bus voltage to the required voltage to power the instruments. This approach has several advantages:

· the converter is near the load for better regulation
· wide variety of output voltages (1-100 VDC), power capacities, form factors
· inexpensive and readily available

· high reliability, MTBF data available

· ability to build in multiple level of redundancy for fault tolerance

· flexible, expandable, scalable – by parallel and series connections, virtually any voltage or current can be obtained
· able to implement battery charger/UPS by floating battery on intermediate voltage
· COTS input/output filters available 
Typically there is just a single intermediate voltage that is transmitted to all devices in a sub-system, but a secondary voltage is an option. With multiple voltages, the power output capacity for each voltage would need to be predicted and designed into the converters so there would be limited flexibility after the converters were designed.
Table 1 below summarizes the modules available from one vendor (Vicor) that shows the variety of input and out put voltages and output powers that are available.

Advantage of Higher Voltage

When power is transmitted over a cable, there is a voltage drop at the other end of the cable that is equal to the current x the 2-way resistance in the cable (IxR). The power is lost as heat in the wire   (I2 x R). For this reason, power transmission is generally done with the highest practical voltage to minimize this voltage drop and power loss.

	Module
Size
	Output Voltage and Power

	  
	2V
	3.3V
	5V
	12V
	15V
	24V
	28V
	48V
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24 VDC Input

	Maxi family
	160W
	264W
	400W
	400W
	400W
	400W
	400W
	400W

	Micro family
	50W
	75W
	100W
	100W
	100W
	100W
	100W
	100W
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48 VDC Input

	Maxi family
	160W
	264W
	400W
	500W
	500W
	500W
	500W
	500W

	Mini family
	100W
	150W
	200W
	250W
	250W
	250W
	250W
	250W

	Micro family
	50W
	75W
	100W  75W 50W
	150W
	150W
	150W
	150W
	150W
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300 VDC Input

	Maxi family
	160W
	264W
	400W
	500W
	500W
	500W
	500W
	500W

	Mini family
	100W
	150W
	200W
	250W
	250W
	250W
	250W
	250W

	Micro family
	50W
	75W
	100W
	150W
	150W
	150W
	150W
	150W
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375 VDC Input

	Maxi family
	160W
	264W
	400W
	600W
	600W
	600W
	600W
	600W

	Mini family
	100W
	150W
	200W
	300W
	300W
	300W
	300W
	300W

	Micro family
	50W
	75W
	100W
	150W
	150W
	150W
	150W
	150W


Table 1 – Input Voltages, Output Voltages and Power Capacities of one commercial DC/DC Converter manufacturer (VICOR, http://www.vicr.com). Shaded items in the tables are hyperlinks to module specification sheets.
	Source Voltage
	300
	48
	vdc
	

	
	
	
	
	

	Wire gauge
	16
	16
	AWG
	

	
	
	
	
	

	Cable Length
	1
	1
	km
	

	Resistance (1 way)
	14
	14
	ohms/km
	From wire table

	Total Cable Resistance
	28
	28
	ohms
	2 * Cable Length * Resistance (1 way)

	
	
	
	
	

	Voltage Drop
	117.6
	11.20
	vdc
	Load Current * Cable Resistance

	Cable Power Loss
	493.92
	4.48
	watts
	Voltage Drop * Load Current

	
	
	
	
	

	Load Current
	4.2
	0.40
	amps
	

	Load Voltage
	182.4
	36.80
	vdc
	Source Voltage - Voltage Drop

	
	
	
	
	

	Load Power (W)
	766.1
	14.7
	watts
	Load Voltage * Load Current

	Efficiency
	61
	77
	%
	Load Power/(Load Power + Cable Power Loss)


Table 2 – Comparison of power transmission capability using 2 transmission voltages (with the highest load current that doesn’t cause the load voltage to drop below converter drop out voltage -180 V and 36 V, respectively). Note that the efficiencies are different. Shaded quantities are calculated.

Table 2 above summarizes performance of 2 output voltages (300 and 48 VDC) over a cable that is 1 km long with 2 #16 AWG conductors. In this table, the current was adjusted as high as possible with out exceeding the minimum input voltage of the converter. The power transmitted to the load differs by a factor of 40 (the square of the ratio between 300 and 48). 

Results 

Table 3 below summarizes the advantages and disadvantages between several candidate voltages. 
	alternative
	advantages
	disadvantages

	48 VDC 
	· COTS converters are readily available

· Commonly used in telcom industry

· Highest availability of parts
	· As primary voltage, it is low 

· As secondary voltage, it increases cost and complexity

· 36-75 V input range

· low margin before drop-out

	270 VDC
	· COTS converters are readily available

· Good performance for minimizing voltage drop

· MIL spec parts

· 125-400 V input range
	· Limited selection of output voltages and power

	300 VDC 
	· COTS converters are readily available

· Good performance for minimizing voltage drop

· 180-375 V input range

· wide selection of outputs
	

	375 VDC
	· COTS converters are readily available

· Good performance for minimizing voltage drop

· 250-425 V input range
	· Somewhat limited selection of output voltages and power

	600 VDC

(2 x 300 VDC converters in series)
	· COTS converters are readily available

· Better performance for minimizing voltage drop

· Wide selection of output voltages and power

· 360-750 V input range
	· Would require converters to be operated in series which will require extra engineering and components

	1000-2000 VDC
	· Best performance for minimizing voltage drop
	· Would require custom converters

· Would require converters to be operated in series 

· Special cable or higher cable stress


Table 3 – Advantages and disadvantages of different intermediate voltages
Discussion

Converter Efficiency – Converters for all of the voltages in the tables above all have similar efficiency of between 85 - 90%.
System Efficiency – As shown in Howe et al., 2001, the maximum power that can be delivered in a parallel system is obtained when the efficiency approaches 50 percent. As the load increases, the system becomes progressively unstable, eventually reaching a point where the system collapses. In order to maintain some margin, the operating efficiency should not be less that 55-60%.

Industry Standards – All of the above input voltages are commonly used and parts are readily available.
Safety – The lower voltages are somewhat safer for personnel, although 240 VAC is commonly used in households, industry and on vessels and with proper protection and procedures, this is not seen to be a major problem.

An article describing power supply safety standards and the classes of Telecommunications Network Voltage (TNV) circuits and terminology can be found at: http://www.power-one.com/technical/articles/safety_insta_e.pdf. This article states: “Circuits with voltages above 60 V DC or 42.4 V AC peak between any two conductors, or between any one such conductor and earth, stored energy levels of 20 J or more or available continuous power levels of 240 VA or more are considered to be hazardous according to IEC/EN 60950.” However, it also defines “Service Personnel: Persons having appropriate technical training and experience necessary to be aware of hazards to which they are exposed in performing a task and of measures to minimize the danger to themselves or other persons” and gives appropriate safety standards and guidelines according to IEC, EN, UL and CSA standards. With proper design and training, the voltages presented here do not present any operational problems.
Connector/Cable Ratings – There is a wide variety of underwater connectors and cables and connectors that are rated for 600 VDC and any voltage less than this could use standard connectors and cables. Higher voltages require thicker insulation and/or stress the insulation more.
Battery Backup – If it is necessary to build in a battery backup/UPS, the higher voltages present more of a challenge. It is easier and requires fewer cells to build a 48 V battery bank than for the higher voltages. Several DC/DC Converter manufacturers offer a battery charging module that could be used to make a battery backup with a low parts count, for example: http://www.vicr.com/products/datasheets/ds_batmod.pdf. 
Power Delivery to Users – The exact load power requirements and the length ad wire gauge of the extension cables is not known but the power delivery will always be optimized by increasing the voltage. By using a higher intermediate voltage, the the maximum power delivered would increase by the square of the voltage increase - by  increasing the voltage from 48 V to 300 V, a factor of 6.25, the power capacity increases by a factor of 39. 
System Stability – As mentioned above the power system can become unstable at efficiencies of less than 50% - where half of the power is being dissipated into heat in the cable. For a given load power, the current is decreased linearly as the voltage is increased (V x I = Pload). The power loss in the cable is proportional to the square of the (I2 x R = Ploss). Use of a higher voltage will help to keep 

Ploss as low as possible relative to Pload.
Multiple Output Voltages – The added complexity of the converter and other circuitry is probably not justified by the need for a second, lower output voltage. If another voltage is requires, for transmission to an extreme distance, an external converter can be used to increase the voltage to the required level.
Converter Drop Out – When the input voltage drops below a certain level, the converter will drop out. The input voltage range of the converters covers approximately a 2:1 range with the nominal voltage approximately in the middle. A 300 VDC converter will operate from 180-375 volts and a 48 VDC converter from 36-72. The input voltage for a 300 VDC converter can drop by 120 volts and still operate. A 48 VDC converter can only drop by 12 volts before it drops out.
Operating the Converters at the High End of their Range – DC/DC converters typically have a 2:1 ratio of available inputs, e.g. for a 300 V module, the input range is typically 180-375 V. For the same reasons given above, the performance would be improved by operating the converters at the higher end of the range, e.g. 350 VDC for a 300 VDC module. This would allow a 170 volt drop out margin. Since DC-DC converters are constant power devices, a rise in voltage results in a drop in current and, consequently, a reduction in the IxR voltage drop and I2xR power loss in the cable.
MTBF Data Available – The MTBF Calculation for a typical COTS DC/DC Converter is 1,168,770 hours at 25°C and 807,754 hours at 55°C. A typical calculation can be obtained at: http://www.roassoc.com/apps/ap20.pdf. 
Load that could operate without low voltage converter – There are a number of devices that could operate off of the nominal 48 VDC (this voltage will vary due to drop in the cable). A list of devices is not available but it is not unreasonable that quite a few devices could be designed or specified for this voltage. There are significantly fewer devices that would be able to operate off of the nominal 300 VDC without a low voltage converter. However, there are two important types of devices that could operate off of this voltage – DC motors and video lights. 
Brushless DC motors are available in voltage ranges from 140-600 VDC and a variety of power ratings that could be used to power vehicles, drills, drives, pumps or other devices that required motors or actuators without the use of a low voltage DC-DC converter. There are also high efficiency arc lamps available in 100-400 watt lamps that can operate from 190-300 VDC. The video lights and electric motors are among the highest load devices that have been identified and these could be operated without the inefficiency (~90%) of a low voltage converter.
6.
Recommendation

The recommendation is to use either the 300 of 375 V low voltage converters. 
270, 300 and 375 module ranges overlap so it is possible that parts could be used from any of these families.
Consideration should be given to  operating near maximum voltage – 350 V for a 300 module or 400 for 375 module.
Consider should be give to operating with 2 converters in series – 600-800 VDC.
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