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ABSTRACT
Distributed power systems of DC voltages to distributed loads using DC/DC converters is becoming the state-of-the-art in large systems. An alternate AC distributed power system of regulated square waves or PWM waves to distributed loads is proposed for analysis and development. Square wave or PWM distribution system would be at 20KHz-100KHz with an intermediate voltage of +/-48V for safety, or at a higher voltage with smaller conductor sizes and lower I2R losses. Problems and solutions are discussed with the proposed system including design topologies, regulation techniques, high frequency transmission, EMI noise, and safety.

BACKGROUND
Interest in distributed power first came to my attention in the early 1970's with the need to develop methods of supplying power to distributed transceivers on radar antenna arrays where light weight and heat dissipations were key requirements. Next came requirements for SDI rail guns and for the Space Station. Now the interest is for large systems including telecom, ships, aircraft, and large computers. Most of the interest has settled on DC distributed power systems, with only a cursory interest in AC power distribution. This paper proposes viable applications for AC distributed power systems, particularly with square wave or pulse width modulated (PWM) pulsed power distribution.

Distributed power systems (DPS) are replacing centralized power systems as system size and power increase while voltage levels are decreasing. Power requirements for large commercial and 
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Figure 1. Typical Centralized DC Power Distribution System.
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Figure 2. Typical Decentralized DC Distributed Power System.

military systems, such as large computers and electronic systems, ships and aircraft, telecommunications, etc., are increasing and
becoming more complex as systems compete for more computing and data storage and retrieval capability at higher speeds and lower costs. As the system power levels are typically from 300W to 
3,000W levels, and the "point of use" voltages include +/- 

15V, 12V, 5V, 3V and less. The centralized power distribution
system in Figure 1 is low cost and simple, but is becoming less able to provide efficient and quality power, even with remote sense and load distribution. In present and future systems, a larger percentage of the power is for data processing, with speed and power increasing as voltages are dropping below 3 Volts, and even below 2 Volts. The new processors power quality requirements are also more complex. Regulation problems between multiple boards and processors, higher distribution I2R losses, lower PARD noise voltage limits, and lower voltage undershoot limits during load transients, make centralized power distribution less viable and more expensive in cost, weight, reliability, etc.. Low-dropout post regulators could improve power quality with slightly higher distribution voltages, but with the continued burden to distribute multiple voltages at high current. 

The problems of providing well-regulated power to many distributed load boards and subsystems with their individual voltage requirements, has led to the evolution of distributing an intermediate DC voltage level to distributed boards with their own DC/DC converters that provide the local "point of use" voltage power conversion. The distribution of power to distributed loads in a complex distribution system is analogous to distributing utility power over hundreds of miles from high voltage to intermediate voltage and then to "point of use" voltage at the factories, businesses, and households through step-down transformer power processors [1]. Detailed descriptions of DC DPS topologies are found in References [1][2]. A typical centralized DC power system is represented in Figure 1, and a low voltage DC DPS is represented in Figure 2 for comparison.

The intermediate distribution voltage levels for a DPS has design choices from optimum higher voltages of 160-900V with low losses at higher impedances, to safer lower voltages of 12-48V with higher losses and lower impedances, with 48V, 280V, and 380V most popular. Safety standards influencing this choice are in [1].

The advantage of the DC DPS versus the DC centralized power distribution is the ability to distribute an efficient intermediate unregulated voltage that can be easily backed-up with battery power for fault tolerance. Distributed DC/DC converters at the distributed loads provide high quality power to "point of use" with the following advantages:


Distributed DC/DC Converters Advantages

1. Line/load regulation,


2. Local on/off control ability by remote I/O,


3. Local current limit,


4. Local under-voltage protection (UVP),


5. Local over-voltage protection (OVP).

The disadvantages and problems with the DC DPS that were not involved with centralized power distribution, and that may be improved with the proposed AC pulse distribution system, are as follows:


Distributed DC/DC Converters Disadvantages

1. High cost of large quantities of DC/DC converters,


2. Large filter capacitors at each DC/DC converter inputs,


3. High inrush current to input filter capacitors,


4. Interaction potential between DC/DC converters,


5. Stability problems of negative impedances into DC/DC 



converter filters,


6. Stability problems of distribution bus and filter peaking



with large-signal ringing.

Stability and interaction problems are a major concern in a DC DPS because of the negative impedance at the input filter of each DC/DC converter and the distributed filter interaction on the bus. These stability concerns are complex to analyze and difficult to guarantee that no DC/DC converter small-signal oscillations occur, and that no filter interactions occur with large-signal ringing or transients on the bus, under all normal and abnormal conditions. 

The problems of DC/DC converter stability as effected by the input filter were discussed by Middlebrook [3] with a simplified criteria to guarantee Nyquist stability criterion. For additional design and model simulation of DPS, see References [4] and [5]. Filter interactions and testing are discussed in Reference [6]. 

The PDS overall input-to-output transfer function can be expressed as the product of the individual subsystem input-to-output transfer functions (F1 and F2) and a loading factor [4]:





 







(1)

F12 = Integrated system input-to-output transfer function.

F1 = Input-to-output transfer function of source subsystem.

F2 = Input-to-output transfer function of load subsystem.

Z1S = Output impedance of source subsystem.

Z2L = Input impedance of load subsystem.

The DC DPS meet the dynamic load requirements by distributing small power converters close to the loads. The typical converter modules are supplied from a line conditioner gain stage (F1) in series with paralleled distributed converters (F2A-n) as shown in Figure 3. Since most converter modules in this system typically are in the buck-derived family, large input ripple currents require filters at both the system input and the intermediate bus. Distributed intermediate filters required for each converter module paralleled in the (DC) DPS system are more complicated to design than for single module regulators, and those single module analytical design equations are no longer adequate [4].

Each gain subsystem (F1 & F2) is assumed to be stable alone without the addition of the distributed input filters as shown in Figure 3. Middlebrook [3] set a simplified but stringent criteria to guarantee the Nyquist stability criterion for (1) with only a knowledge of the relative magnitudes and not the phase of ZS (source output impedance) and ZL (load input impedance) when:














(2)

If ZL is always positive, as would be the case for a linear regulator, the Nyquist criterion would automatically be satisfied and instability could not occur owing simply to the addition of an input filter. On the other hand, since ZL can be negative for a switch-mode regulator, the Nyquist stability criterion imposed by (2) is not trivial, and with ZS < ZL is only a partial requirement for stability at low frequencies [3].

Failure to meet the requirements of (2) does not guarantee instability, but does indicate that it may not meet the Nyquist criterion and will require more analysis including phase of ZS and ZL.

At frequencies above the negative impedance gain bandwidth or above the open loop gain bandwidth of the voltage feedback loop, the phase and amplitude both shift dramatically. It is possible to have the magnitude of the filter output impedance exceed the magnitude of the input impedance and still have a stable system, but from a practical standpoint the stability margins will probably not be satisfactory for high-reliability applications [6].

Compatibility of the line conditioner to the system is analyzed using ZL and ZS from (1) in Reference [2]:


|ZL/ZS| << 1  for all frequencies: Overall system is stable.









Minimal interactions.


|ZL/ZS| < 1  for all frequencies: Overall system is stable.









Non-minimal interactions.


|ZL/ZS| > 1  for some frequencies: Nyquist analysis is 









necessary to determine 









that stability.

In the (DC) DPS (stability) analysis becomes very difficult. Measurement remains easy and is the recommended way to assure system stability and reliability [6]. The easiest way to perform the analysis is to convert each impedance into an admittance for each branch of interest at the "cut" (measurement point) where the system is to be analyzed [6]. 

Testing for impedance stability analysis is all small-signal AC analysis, and should be combined with large-signal transient response on the bus and DC/DC converters with step-load and line stimulus, including swept frequency with a square-wave or pulses for resonances, peaking, and interaction susceptibility.

Many of the papers written on the DC DPS are directed at the stability issues of distributed filter effects on DC/DC converter loads. The above references and analysis are a summary to indicate the complexity of the DC DPS from a stability and interaction standpoint.

AC DISTRIBUTED POWER SYSTEMS
An alternate power distribution system is using high frequency AC power. The AC distribution system can use distributed transformer/rectifier/filters to replace the DC/DC converters and their input filter capacitors. The distributed filter interaction and stability problems can be eliminated.

As discussed in Reference [1], high-frequency AC is perhaps an idea whose time has come. An interesting note in [1] was a note that the Space Station initially proposed 20kHz transmission to reduce size and weight to line transformers. The concept was replaced with a DC distribution system because of problems associated with EMI generation and power factor control. This project was using high frequency sine wave distribution.
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Figure 3. Typical DC DPS with Distributed Filters.
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Figure 4. Typical AC Square Wave Distributed Power System.

High frequency AC bus distribution is discussed in [2] show the advantage that all converters are at the same frequency, but with
problems of radiated noise and of the need for a low impedance bus at high frequency which is difficult to achieve.

Sine wave high frequency regulated AC distribution has some advantages and can be generated at a fixed frequency with good efficiency for distribution to line transformers with rectifier/filters for "point of use" voltages. The EMI problems can be improved with a low impedance coaxial bus design as shown in Figure 7. The sine wave problem with power factor from an off-line rectifier/filter creates high harmonics and adds

stress on the source generator size and efficiency, as well as adds losses, EMI noise, and transient energy on the system. A resonant rectifier design can improve the power factor problem [7][8].

SQUARE WAVE OR PWM AC DISTRIBUTED POWER SYSTEM
A DPS is proposed with advantages to either DC distribution or to AC sine-wave distribution, by distributing a regulated square or pulse width modulated (PWM) wave are shown in Figures 4, 5, & 6. This proposed system will have the following advantages:


Square Wave or PWM Wave DPS Advantages
    1. No high cost of large quantities of DC/DC converters,

    2. No large filter capacitors at each DC/DC converter inputs,

    3. No high inrush current to input filter capacitors,

    4. No interaction potential between DC/DC converters,

    5. No stability problems of negative impedances into DC/DC 



converter filters,

    6. No stability problems of distribution bus and filter 

peaking with large-signal ringing,

    7. No power factor effects on the bulk power source,

    8. No power factor problems with high harmonic energy.

A Line conditioner or bulk power supply provide regulated pulse power to the AC distribution bus at 20-100kHz. The square wave design is shown in Figure 4 and requires a DC/DC preregulator to a square wave inverter to chop the regulated DC with minimum dead time. The preregulator samples the AC bus power to regulate +/-1%p-p. Load power is from the distributed transformer/rectifiers.

The PWM wave distribution design is shown in Figure 5 for a typical low voltage (+/-48V) distribution. Unregulated low voltage DC is pulse width modulated from a sample of the power bus voltage for +/-1% average regulation at the bus. Load power at each board is after typical PWM LC averaging filters.
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Figure 5. Typical AC PWM Distributed Power System.
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Figure 6. Typical AC Distributed Power Regulation System.

Regulation considerations are proposed for various types of pulse/square wave distribution, with or without isolation transformers to the bus:


1. Direct high voltage to bus,


2. Transformer coupled to bus with low or high voltage.

Types of pulse/square wave regulation include:


1. Offline or PFC to square wave inverter,


2. Pre-regulated converter to square wave distribution,


3. Pulse Width Modulated PWM wave distribution.

All methods are optimized for low losses as a regulated low impedance voltage source on the distribution bus, with low-loss transformer/rectifier sections on the load boards. 

The design goal is to avoid post regulation or minimize the post regulation requirements of dropout losses, and minimize ripple filtering and capacitor energy storage requirement. The design requires special design considerations and challenges as follows:


1. High frequency power distribution and conversion,


2. Low leakage inductance transformers,


3. Low loss transformer cores and AC resistance,


4. Oversized rectifiers for low dynamic resistance,


5. Low ESR and ESL capacitors,


6. Low loss connectors and transmission lines.

The transformer design at the inverter and at each board load is critical because it needs to be a tightly coupled stiff voltage source. Low leakage inductance and high primary inductance to maintain low load current reactance effects low voltage droop during the pulse for low ripple and small filtering requirements. A small choke can be added to maintain continuous current for square-wave during dead time.

Leakage inductance LL in series with the load will subtract reactive voltages from the load by di(load current)/dt(pulse width). Ideally, leakage inductance should be very low, but high enough for the load current to stay continuous through the pulse dead time.

Primary inductance LP effects the pulse flatness as a square wave voltage source to the load. Primary inductance should be large for the primary voltage integral to have little change during each pulse period. Therefore, minimum filter requirements will be required.

Conduction or copper losses and core losses also subtract from the regulation by line and load variations respectively. AC copper losses in the transformer and transmission line or power backplane add to the load regulation problem and overall efficiency. The transmission AC losses may be minimized with strip transmission line, Litz wire, and multiple twisted pairs or coax. Core loss is a problem that requires low flux density and high turns of low-loss material.

Post regulators may be required when tighter regulation is required than can be provided at the loads from simple transformer/rectifier/filters from square wave input or LC averaging filters from PWM wave input. The choices are more flexible including lower cost choices not available with the 

standard DC distributed power system, as follows:

    1. Series regulator with low headroom and fast load response,

    2. Mag-amp regulator for efficiency, reliability, and cost,

    3. Unisolated or isolated (not required) DC/DC converters.

Low dropout series regulators are a low cost solution to the requirement for a low cost and fast load response post regulator. Designs are becoming available for 200mV-500mV drop out for =/> 3.3V at 10A.

Inrush current during system power-up is limited by the line conditioner converter current limit. Inrush current from board hot-plugging can use thermistors or a power FET soft-start circuit. The use of a power FET for soft-start can also be used for a remote power ON/OFF control and to control power shedding during battery power.

Fault tolerance and redundancy are similar for the AC DPS as for the DC DPS. Battery backup topologies are illustrated for comparisons of DC DPS's in Figures 1 and 2, and AC DPS's in Figures 4 and 5. Parallel redundancy is not shown but is applicable in all topologies.

The AC square/PWM wave DPS systems have the added benefit of low energy on the power distribution bus for safety or for critical loads in certain applications. Additionally, the static inverter to the power distribution bus can be inhibited for immediate energy removal from the bus for critical energy sensitive loads or for safety.

2-Phase square wave DPS can use a redundant distribution bus at 90 degrees out of phase to redundant transformer/rectifier power supplies on each board with the added benefit of very low ripple and negligible energy storage capacitor for low energy loads. With no dead time, the load current stays continuous.

Low switching losses are possible with the 2-phase square wave DPS because the inverter switches turn-on into no current, but pick up the load current when the other inverter (90-degrees apart) turns-off into current.

CHALLENGES FOR SQUARE WAVE DISTRIBUTED POWER SYSTEM
Load regulation is achieved with tight-coupled transformers with low leakage, low core loss, and oversized rectifiers from the regulated bus square wave. When higher regulation is required, post regulators with mag-amps or low dropout regulators are used. A power and reactive loss budget is required to achieve the 

design goal, such as the requirement of a typical DCC PWM specification and board below.

 1. Total line/load accuracy/regulation over life

+/-5%

 2. PARD ripple peak-peak voltage




+/-1%

 3. +/-50% load step voltage over/undershoot 



until regulation recovery for about 150mS

+/-3%


Total regulation voltage band



+/-9%

The AC square wave or PWM wave DPS power bus and power backplane is a major consideration and design challenge. Low loss square wave or PWM pulse transmission is a key requirement for the design goal to replace distributed DCC PWM to save cost, space, weight, and reliability. Proposed design solutions are shown in Figure 7, which require low impedance, low-Q, low loss, low radiated EMI, and safety concerns.

Each issue is reviewed and a proposed brief solution method is referenced, such as:


PROBLEM/ISSUE





PROPOSED SOLUTION

1. AC resistive and reactive losses
A. Strip 










transmission line,










B. Paralleled Multi-









twisted pair.


2. EMI/EMC electrical noise


A. Coaxial return or 











shield.


3. Safety






A. Low voltage 











distributed 











square waves,










B. Coaxial











return/shield.
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Figure 7. AC DPS Strip Transmission Line Power Bus & Power Plane.

Low ESR and ESL capacitors are required to meet the design goal to eliminate the need for post regulators. With square wave AC distribution, less stored energy is needed in the output filter, thereby making it easier and less expensive to fit the requirement with new capacitors available today for SMPS. These include multilayer ceramic capacitors (MLCs), multilayer polymer capacitors, metalized polyester film, and electrolytic capacitors, including surface mount. Layout and board design are also critical for low inductance, AC & DC resistance, and parasitic losses. The use of square waves requires a low ESR capacitor of minimum value to support the di/dt for the pulse dead time and pulse droop ripple. Additional filtering is provided by maintaining continuous filter current from the leakage inductance and the addition of a small output choke.

Load fuse clearing and ride-through capability normally requires that the DC/DC converter have an input support capacitor charged to the DC distribution voltage on each board to hold up the converter above the low-line limit or under voltage protection (UVP) to ride-through the fuse clearing period while the power bus is pulled low from a short circuit, and thereby maintain fault-tolerance with all other load boards remaining operational. 

Load fuse clearing time is roughly proportional to the square of the short-circuit overcurrent ratio; therefore, the higher the overcurrent, the faster the fuse clearing. In the DC DPS, the concern for fuse-clearing time is how much energy was taken out of the bulk supply (line conditioner) output capacitor for a line dip above the low-line limit to support the system. 

Some considerations for comparing the fuse clearing and ridethrough fault tolerance of the DC and AC DPS's are as follows:

  1. With the AC square wave or PWM wave DPS, the input 

     rectifiers on each board automatically protect filter 

     capacitor and load from discharge when the bus voltage dips.

  2. The AC DPS has low energy, higher source impedance, 
pulse-to-pulse current limit slowing the time to clear a 


fuse or fault on the bus.

  3. The AC DPS uses high frequency AC which goes through zero 


to help clear a fuse fault.

  4. Ridethrough energy storage on an AC DPS at low voltage
for 


direct VCC, linear regulator, or mag-amp would require large 


capacitor storage at or near the load VCC level, increasing 


the capacitor value by the square of the voltage ratio of 
a DC DPS intermediate voltage.


An example is a 3.3V 100W ideal load on a 48VDC DC DPS bus

 
could support a 1mS ridethrough to the 38VDC DC/DC converter


low voltage limit with 233uF capacitor. 


An example of a similar AC DPS that could support
a 3.3V 


load directly for a 5% max droop would require 188mF. 

An alternative solution to the problem with some benefits of an AC square/PWM DPS would be to use intermediate DC/DC converters at higher voltage, such as 48VDC. The transformer/rectifier would be 1:1 with +/-48V distribution and store ridethrough energy at the 48VDC level with 233uF. The advantage of an AC DPS over the DC DPS could be the distributed AC pulses mitigate the DC/DC converter interaction between DC filters because of the AC bus. 

Another solution would be to provide a current limit circuit with the soft-start FET control for hot-plugging and remote on/off and load shedding control on each board, with or without a fuse. This subject requires more development work and analysis.

SUMMARY

It has been shown that some fundamental problems associated with the DC DPS can be mitigated with the proposed AC square/PWM wave regulated distribution system, are summarized as follows:

  1. Eliminate large quantities of DC/DC converters with savings 


of cost, size, weight, efficiency, heat dissipation, 


reliability, complexity, etc.

  2. Eliminate the distributed filters at each DC/DC converter 


with savings of cost, size, additional stored energy, 


reliability, and complexity.

  3. Mitigate the system and subsystem complex stability and 


interaction effects of distributed filters with DC/DC 


converters all operating at different frequencies and 


changing impedances.

The features, challenges, and problems associated with the development of the proposed AC DPS are discussed and summarized:

  1. EMI problems associated with high frequency AC square


wave & PWM distribution is discussed with suggested design 


solutions using a coaxial bus and shielded power plane.

  2. Low impedance distribution bus design is included in the EMI 


design approach, using a coaxial bus and shielded power


plane. 

  3. Low leakage inductance transformer designs and layouts are 


essential and are discussed. These design requirements are 


similar to any high frequency DC/DC converter designs.

  4. "Point of use" voltage regulation can be provided with low 


impedance transformer/rectifier AC/DC converters, in 


conjunction with low cost post regulators when required, 


such as low-dropout series regulators or mag-amps.

  5. Line conditioner topologies are discussed that provide 


regulated peak-to-peak voltage to a distributed AC bus, then 


to distributed transformers on each load board or 
subassembly. 

  6. Line conditioner topologies that include battery backup 


capability, fault tolerance, and redundancy are discussed.

  7. Voltage levels, safety, start-up inrush, hot-plugging,


remote control, and soft-start are discussed, with similar


design considerations to a DC DPS or improvements suggested.

  8. Fuse clearing ridethrough for fault tolerance was discussed,


with pros and cons of DC and AC distribution, with the need 


for further analysis and research. 
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