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�Review Navy Goals for PEBB



¥	The overall Òmore electricÓ goal:

	Òa flexible and scalable ship system architecture and family of modules which significantly reduce acquisition and life cycle costs in commercial and naval applications while meeting all required performance.Ó



¥	ÒThe design engineering effort should be shifted from circuit design to systems design.Ó



¥	The PEBB is Òa single package multi-function controller that

-	replaces complex power electronics circuits with a single device,

-	reduces development and design costs for complex power circuits,

-	simplifies development and design of large electric power systems.Ó

	[Dr. Albert J. Tucker, Director, Ship Structures and System Div., ONR]



�¥	The family of PEBBs should:

-	use common, pre-tested, pre-outfitted, and individually procured modules, 

-	use common submodules and components, 

-	use dual-use components, modules, and architectures, 

-	maximize engineering re-use,

-	reduce ship design systems engineering 



¥	PEBB program goals include:

-	reduced procurement costs,

-	improved reliability,

-	reduced cost and time for systems development,

-	increased power density,

-	substantial re-use of power circuit design,

-	creating U.S. leadership in solid state power electronics,

-	vastly reduced spare parts inventory.



THEREFORE:

¥	Significant system-level benefits could be realized if higher-level (converter-level or application-level) standardized modules were available.

�Overview



¥	Research toward improving power semiconductor device and other PEBB subcomponent characteristics and packaging is progressing on several fronts as part of the PEBB initiative.



	But this device package definition of a PEBB, by itself, is too narrow to meet the Navy's stated objectives.



¥ Faster, higher temperature devices will present new design integration difficulties.  Key to employing these devices at the application level is the use of soft switching technology to reduce both switching losses and EMI.



	Electromagnetic compatibility must be addressed at the PEBB design stage, reducing EMI at its source.



	Early-generation PEBBs should accommodate soft switching requirements.



¥ The goal of flexible and scalable systems of PEBBs points to the need for uniform PEBB specifications and rules for easily combining PEBBs into a power system.

�How many distinct Power Electronic

Building Blocks are needed?



¥ A minimal group of power semiconductor switch configurations could satisfy most application requirements from 1 kW to 1000 kW.��These minimum-complexity PEBBs could be combined with other components to assemble any type of common power converter.



¥ While this approach results in the minimum number of available PEBBs, it requires a large effort by the converter designer to integrate these PEBBs with the other converter components.



¥ A definition of PEBBs as complete converter modules might reduce the converter designer's effort to modifying or choosing software code, to be downloaded at field commissioning.  This would require more up-front engineering.



¥ The term ÒApplication ModuleÓ or ÒAPEBBÓ is suggested to describe a standardized converter module comprising integrated switch PEBBs, filter modules, controller modules, sensor modules, etc.

�¥ Some number of PEBB current rating or power rating breakpoints is expected to be necessary to cover the range 1-1000 kW.  Voltage rating and ÒperformanceÓ breakpoints may also be justified in order to satisfy the cost demands of lower-power consumer applications.



¥ If the controller is field programmable, it may be possible to cover a wide range of inverter and rectifier applications with a few application-level modules, e.g., 1 kW, 10 kW, 100 kW.



¥ This would require PEBBs designed for the highest required bandwidth, surge current rating, etc.  Perhaps the best approach is to design first for the highest possible performance, then later remove features to save cost in lower performance applications if demand is seen.



¥ By its nature as a generic building block, the PEBB or APEBB will not provide state-of-the-art performance, and should not be designed to do so.  Some small percentage of demanding applications, and most high volume consumer applications, will likely continue to be addressed by fully custom power electronics designs.

�The Minimal Switch Building Block



¥ Just two fundamental switch+diode combinations are needed to implement practically all power electronic circuits:
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	VS-1	VS-2	Combined VS	CS



¥ These could be implemented into a single package to form the switch building block  (SWBB).
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¥ In reality, only one diode need be placed on the SWBB substrate if it can be galvanically isolated from the switch.  Connections to the SWBB terminals could then be changed to configure the diode as intended.
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¥ Layout of the devices within the SWBB package could be standardized to develop a generic SWBB that could be used in virtually any power electronic circuit, with the internal diode connection being completed as one of the final steps of an automated assembly procedure.



¥ This concept would minimize the inductance between the switch and diode, which is well known to be a major cause of switch failure.  The complete SWBB could also include gate drive necessities, protection circuits, and control feedback signals.



¥ It should be noted that generic switch building blocks will always be needed to implement novel, extra-high performance, or low market volume converter topologies, e.g., for applications that do not require single phase or three phase sinusoidal AC voltages such as the switched reluctance motor drive, which requires pulsating rectangular currents.

�The Application-Level PEBB



¥ In high-power applications where product volume is low, engineering cost typically dominates the overall system cost.



	A modular approach which specifies a device module, together with a control platform which can perform multiple tasks, is highly desirable.



¥ In medium power applications, a modular approach will again leverage product commonality to reduce cost.



¥ The PEBB concept should be driven by industry, in its efforts to reduce cost, cut down product development time, and increase flexibility.



¥ It seems that such gains can be realized today in low to medium volume applications, but not in high volume applications.  It is thus in this lower volume product category that industrial PEBB applications will initially be found.



¥ In the future, as computer aided flexible manufacturing matures, it is likely that the PEBB concept will evolve downward and will include customization at the power module level.

�Simple Cost/Benefit Analysis Example



¥ A 100 kW inverter for a motor drive application, with a total of 20 units is to be procured.



¥ A custom switch-based design might require $500,000 in non-recurring engineering, and result in a design with $10,000 per unit materials cost.  The total cost of the procurement program will be $700,000, or $35,000 per unit.



¥ A PEBB-based design using an inverter-level PEBB definition, might require $100,000 in non-recurring engineering, but result in a $15,000 per unit materials cost.  The total cost of acquisition is now $400,000, or $20,000 per unit.



¥ Although materials cost may be 50% higher with a higher-level PEBB design (10-20% more likely), the amortized cost per unit is actually much less, 57% lower in this case, for low volume procurement programs.



¥ Additional savings in assembly and commissioning time likely come with the higher-level PEBB-based design.

�Control Structure



¥ The PEBB concept relies implicitly on the ability to cleanly partition the unit architecture along lines which provide a decoupling of disturbances and unwanted effects.
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�¥ In conventional power converter design, efforts at minimizing cost typically lead to controllers with minimum control layers, and a high level of interaction between these layers.



	For instance, in an inverter, the dead-time compensation (at the µs time scale) has a major impact on low frequency harmonic distortion.  Compensation is typically accomplished by modifying the modulator signal from the outer control loops.



	In this case the outer loops cannot treat the inner ÒblocksÓ as ideal transfer functions, and need detailed knowledge of the inner blocks and its interaction with the load.



¥ This indicates some of the difficulties associated with a highly modular structure, as information must be passed between blocks to reflect changing conditions and loads.  Unless this dependency is decoupled, it will be very difficult to realize universal APEBBs.



¥ It is felt that an architecture with several control layers is indicated.



�¥ The innermost module is the switch PEBB which is always bundled with an application-invariant control section.  This controller directly controls operation of the devices, provides a modulator based on the topology and the capability of the devices, and includes all protection and sequencing functions.



	As far as the outer world is concerned, this inverter unit functions as a Òlinear amplifierÓ with a specified gain to the power module output.  It decouples all non-linear effects and simplifies the task of interfacing to it.



¥ The outer loop controller now contains the application dependent part of the controller, which is fairly simple and can easily be customized using a standard library.



	At the same level, there is also a master controller which coordinates communication with a host or the outside world, and has overall responsibility for the motor drive operation.



�¥ The various levels are hierarchical, with the fastest loops inside, and the slowest loops outside.  The available bandwidth at the system interface depends on the bandwidth of the devices, gate drives, and controllers



¥ The inner loops need to have adequate bandwidth to suppress any non-idealities associated with that segment of the APEBB, so that the desired decoupling effect is obtained, and operation across multiple applications can be assured.
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�Soft Switching



¥ ÒSoft SwitchingÓ implies that either the current or voltage in the switching device is nearly zero during the time the device turns on or off.



	The circuits which implement soft switching are either zero current switching (ZCS) or zero voltage switching (ZVS), and may be thought of as snubber circuits with an inherently lossless reset mechanism.



¥ Since the power dissipation in the switch is the product of voltage and current, one of which is nearly zero, soft switching reduces dissipation during switching intervals to much lower levels than does hard switching.



¥ By reducing the switching losses, Soft switching leads to:

¥	the semiconductors can be more closely spaced, reducing parasitic inductance.

¥	or the semiconductors can be run at higher current density, increasing the utilization of the devices.

¥	thermal cycling stress in the device is reduced.

¥	efficiency is increased.

¥	higher frequency operation is possible

�¥ The impact of soft switching on the lifetime and cost of PEBBs remains to be investigated.  These should be among the first questions explored when first generation PEBBs become available.



¥ Soft Switching reduces the high frequency radiated and conducted emissions from a PEBB, reducing the problem of electromagnetic interference.



	Soft switching results in lower dv/dt conditions in the PEBB, so that less high frequency energy is present in the switching waveforms compared to the sharp voltage transitions typical of hard switching converters.



	Any remaining unwanted emissions become less expensive to filter.



¥ Critical for soft switching topologies are:

-	compact, high energy density capacitors.

-	high frequency, high energy density inductors.

-	adequate gate drivers.



	The passive component requirements have been well documented, and are being investigated.

�Example:  Resonant DC Link Inverter



¥ The spectral performance (THD) of a Resonant DC Link (RDCL) converter can be used to estimate the resonant frequency needed to match the performance of a hard switching converter.



¥ The Table summarizes the loss estimates for a 50ÊkVA three phase IGBT inverter with die temp�eratures of 125Ê¡C.  The resonant frequency is 60ÊkHz, the PWM frequency is 10 kHz.



�ACRDCL�(1.4 clamp ratio)�PWM��MAIN DEVICES����Conduction Loss (W)�465�465��Turn-off Loss (W)�189�314��Turn-on Loss (W)�0�314��Stray Inductance Loss (W)�4�0.75��MAIN DEVICE LOSS (W)�658�1094��CLAMP SWITCH LOSS (W)�125�n/a��TOTAL INVERTER LOSS (W)�783�1094��

¥ The main device losses have been reduced 40% by soft switching.  Hence, the inverter module can be packaged more tightly, reducing parasitics and further improving PEBB performance.

�Gate Drives for Soft Switching



¥ Switching frequencies can be much higher in soft switching converters than for hard switching.



	Gate driver circuit power dissipation increases with switching frequency.



	Therefore, soft switching power converters require gate drivers with higher power ratings.



¥ If the gate driver is to be integrated into the PEBB, then consideration should be given to the topologies (soft switching or hard switching) for which the PEBB is being designed.



	Sufficient peak current capability must be available to provide required gate charge in the time needed for ZCS or ZVS.



¥ If the PEBB has been designed for hard switching, the gate driver may be underrated for soft switching applications.  On the other hand if the gate driver is designed for soft switching it can also be used in hard switching applications.



�Medium-Power High-Frequency Magnetics Design



¥	For any resonant power converter design, the resonant inductor plays a crucial role in circuit performance, particularly efficiency.



¥	Development and analysis of high frequency inductors for several medium-power soft switching converters has been performed at WisPERC.



¥ Research in the design of soft ferrite inductors for large power high frequency inductors is ongoing and deserves additional research.



¥ Coaxially-wound transformers have found increasing use in medium power high frequency power transfer, and are beginning to appear in commercial products.  This technology is useful at medium power levels because of the low leakage inductance presented to the circuit.  Ongoing research at WisPERC is identifying more power conversion applications for this technology and improving its manufacturability.

�The PEBB as a System Building Block



¥ Development of converter-level blocks and application-level PEBB modules (APEBBs) is important in attaining the Navy's stated goals.



	Lower procurement cost and reduced spare parts inventory for low volume medium power applications of power electronicsÐtypical Navy and industrial applicationsÐmore than justify the additional materials cost of the general purpose APEBB converter compared to custom-designed converters.



¥ the concentration of control complexity within the APEBB reduces the bandwidth requirement of the system-wide control bus, even allowing autonomous operation of the APEBB in the event the system-wide controller is damaged.



¥ The suggested configuration for APEBBs is multi-layered.

�Example of Module Partitioning



¥ Polyphase motor drive APEBB on a DC distribution system, such as the proposed Zonal Electrical Distribution System (ZEDS) for surface ships.
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¥ The application controller is field-programmable to implement the desired load control strategy, e.g. sensorless vector control for AC drives, and to communicate with the zonal-level or central system controller.

�Application Invariant  Inverter PEBB
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�¥ Standard switch PEBBs, with integrated gate drives, comprise converter PEBBs -1, -2.  The converter topology is arbitrary.

¥ A low-level controller supplies gate drive logic commands, including the modulation strategy appropriate for the converter topology, providing any required blanking time compensation.

¥ Sensor PEBBs, or sensors integral to the switch PEBBs, provide feedback to the application-level controller.



¥ Filter PEBBs complete the APEBB package.  



¥ The ÒPEBB-2Ó may be required for galvanic isolation between the DC distribution system and the load, since galvanic isolation is not a common feature of VSI topologies.



	The ÒPEBB-2Ó could also include provision for local energy storage, e.g., batteries or supercapacitors, to provide greater dP/dt (power slewing) capability to critical loads or to allow four-quadrant operation of the inverter.



¥ ÒPEBB-1Ó is a general purpose VSI module, which could equally well be part of a UPS, a frequency changer, or act as a (unity power factor) rectifier for off-line industrial or commercial applications, replacing ÒPEBB-2.Ó

�The overall performance of the APEBB is determined by its weakest component or sub-PEBB



¥	Extremely fast switching devices do not guarantee improved performance or power density if the heat removal and thermal isolation system is not improved in tandem, or if the bandwidth of sensors and controllers is inadequate.



¥	Energy stored in parasitic inductances causes voltage ringing.  Shorter electrical pathways are needed to reduce these inductances, but higher heat flux may require greater device separation.



�APEBBs must be designed with the overall system operation firmly in mind.



¥ A competitively-priced converter often includes minimal input filteringÑonly sufficient to prevent disturbance of the converter operation due to common power line disturbances (which may be caused by the converter itself).



	When this converter is one node in a multi-converter power system, however, a host of new interactions and disturbances may occur.



	Standard specifications for input filtering or dynamic impedance will be required, so that multiple APEBB converters can be connected to a common power system without the need for system stability studies.



¥ the APEBB should be a true system building block, in a manner wholly transparent to the system design engineer.



¥ some standard output filtering may be required to facilitate parallel operation of APEBBs for higher power load requirements.



¥ The price of this added filtering is a reduced ability to follow load power transients (reduced dP/dt capability) and reduced control bandwidth.

�SYSTEM INTERFACE ISSUES



¥ Power systems, whether AC or DC distribution, are susceptible to instabilities in the supply voltage seen at various system nodes.



¥ All switching power converters create harmonic currents over some frequency range.  The magnitude and extent of these harmonics depend on the modulation strategy and switching frequency.



¥ Natural frequencies of interacting filter elements and parasitic L and C between converters in the system may be excited by harmonic components of converters currents



	This may in turn distort terminal voltages and subsequently cause additional harmonic distortion.



¥ Properly designed input filters, together with active control, for each APEBB connected to the system bus could reduce harmonic currents in the distribution system to an innocuous level.



	Active filters within each APEBB might reduce the necessity for large, expensive passive filter elements.

�¥ A maximally flexible and scalable system architecture would permit the addition of APEBBs at any system node, within the power flow capability of the distribution system.



¥ To minimize the system design effort, a uniform list of PEBB and APEBB terminal characteristics must be developed.



	Every PEBB or APEBB should include the specification of these characteristics as part of its documentation, which could be downloaded over the system communications channels.



	A standard software package could then automatically verify system stability according to some standard algorithms.  



¥ The development of these algorithms, and the set of parameters required for calculation, is an important topic for future research.



¥ Such research will, in turn, require simplified simulation models of PEBBs; these models must include sufficient accurate detail to reflect all the behaviors that affect the distribution bus and other interconnected APEBBs.

�Load Control Limitations



¥ The ability to quickly change the power flow through an APEBB, its dP/dt capability, is clearly reduced by the series inductance of input filters.  



	The need to block converter harmonic currents from the distribution system unfortunately requires this input filter inductance.
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¥ The converter input di/dt,  is limited to the input bus voltage divided by the value of inductance.  With constant bus voltage, dP/dt is proportional to di/dt.



¥ If the inductance required for filtering reduces the load control dP/dt capability beyond an acceptable limit, then some local energy storage within the APEBB becomes necessary.



�¥ Also, any power distribution system has limited dP/dt or di/dt capability, so local energy storage may again be necessary for some loads.



¥ These limitations to changes in converter power are not typically considered during converter design, but are fundamental:  energy cannot be transferred through input filters to a load in an infinitesimally short time because these filters must be designed to block the high frequency components which constitute the (now desired) sharp edged current waveforms.



Additional issues should be considered with a DC distribution system:



¥	the need for galvanic isolation from distribution system to loads, so easily provided by transformers in AC distribution systems, must be carefully considered.  Providing such isolation will add complexity to the APEBBs.



¥	the limited ability of the power system to absorb power at any node may limit the regenerative capability of motor drives on a DC grid.  Local short-term energy storage capability may be required to provide full regenerative capability.

�APPLICATION MODULE INTERACTIONS



¥ To investigate possible mechanisms for instabilities in a multiple APEBB system, a three module system such as might occur on a future ship was simulated.



¥ DC source (ZEDS) voltage:  750 V from a rectified and filtered 400 Hz 3-ph. source.



¥ Connected at a common node are three VSIs with input filters and vastly different ratings:

- 1000 kVA,

- 100 kVA

- 1 kVA.



¥ Switching frequencies are reduced as power rating increases: Äs = 200 Hz,  2 kHz,  20 kHz.



¥ Input filters based on switching frequency, desired cut off frequency and feasibility of large filter components.  For the basis case, ÄbÊ=Ê142 Hz,  500 Hz,  5 kHz.
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�Linear frequency domain analysis

 

¥ The three inverters and the dc source were modeled as harmonic current sources.
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¥ Current gain in any branch can be calculated for harmonic current originating in any other branch.  Of particular interest is the current gain in the Ica branch:  the current into the filter capacitor for the smallest inverter on the system.



¥ The rms current rating selected for filter capacitor Ca would typically be based on the expected small inverter harmonic current alone...

�¥ But in a multiconverter system, harmonic current from the other sources may be magnified because of filter interactions (resonances), and this harmonic current may flow into the small capacitor, causing it to overheat and fail.



¥ The plot shows current gain in the Ica branch from each harmonic source for the ÒbasisÓ case.  Resonant frequencies are clearly seen and, depending on the actual converter or source current spectrum, it is clearly possible to excite a larger rms current in the small capacitor than might be anticipated.
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Harmonic Frequency (Hz)

�ACSL Time-Domain Simulation



¥ Inverters modeled as  sine-triangle PWM converters with ideal switches.



¥ Switching frequencies:

-	1000 kVA inverter:  200 Hz,

-	100 kVA inverter:  2 kHz,

-	1 kVA inverter:  20 kHz.



¥ The input filters and source impedance for the ÒbasisÓ case have the same values as in the linear analysis.



¥ Inverter loads modeled as series R-L.



¥ Comparative simulations

1. Large VSI input filter corner frequency reduced from 142 Hz to 45 Hz.

2. Common DC bus capacitance added.

3. Step reduction in load on large VSI.



¥ Component values for comparative simulations.



Case�Cbus�CconvC�RloadC��Basis�1 nF�5 mF�0.179��1�1 nF�50 mF�0.179��2�2 mF�5 mF�0.179��3�1 nF�5 mF�1.79���Component values for the basis case



Lconva�25x10-6��Lconvb�1 x 10-4��Lconvc�2.5 x 10-4��Rconva�4 x 10-3��Rconvb�.5 x10-3��Rconvc�1.5x10-4��Cconva�41x10-6��Cconvb�1 x 10-3��Cconvc�5 x 10-3��Lloada�0.01��Lloadb�5 x 10-3��Lloadc�6 x 10-4��Rloada�210��Rloadb�2.1��Rloadc�0.179��Lsource�40x 10-6��Rsource�0.05��Cbus�1 x 10-9��Lrfilt�2 x 10-4��Crfilt�2 x 10-3�����Circuit Values (units:  Henry, Farad, Ohm)





¥ The following two plots show simulation results using the basis case parameters.

¥ The system voltages are seen to fluctuate by approximately ± 70% about the nominal value of 750 volts.  This is clearly unacceptable.



¥ The filter capacitor currents for each converter input filter are larger than would be expected if each converter were the only load on the bus.



The worst case is the smallest filter; its RMS filter capacitor current is an order of magnitude larger than the corresponding RMS load current.  Without careful system design, the interactions between these converters would cause input filter capacitors to fail.
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�¥ Next the filter capacitor for the 1 MVA converter is increased ten times.  This filter break frequency is now reduced to 45 Hz from 142 Hz.



¥ Linear circuit analysis results:  Current gain in the small filter capacitor due to harmonics from the largest converter is reduced by almost 2 orders of magnitude from the first case.
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¥ This result is confirmed in the ACSL simulations.  There is a substantial improvement in the system voltages and a reduction in the filter capacitor currents.  The DC bus ripple voltage is clearly reduced.  The filter capacitor currents are of the same order as their respective load currents.
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�¥ Secondly, a large common bus capacitance was added (2 mF) to decouple the input filters.



	This situation is somewhat artificialÑeven if there is a large bus support capacitor placed in the system there would still be line impedance between the support capacitor and the converters so the converters would still not be completely decoupled from each other.



¥ Linear circuit analysis results:  The current gain in the smallest filter capacitor is substantially reduced over the basis case at high frequencies (above about 5 kHz), but at low frequencies the gains are comparable.  Some improvement would thus be expected in the waveforms.



	But there are frequencies below 5 kHz present in the system, due to the low switching frequency of the large converter (200 Hz) and the 142 Hz large filter cutoff, which would continue to affect the quality of the system voltages.
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¥ The ACSL simulation system voltage plots confirms the linear analysis expectation.  There is seen to be some improvement over the base case, but the voltage still fluctuates approximately ± 30% about the dc value.



¥ The filter capacitor currents are seen to be reduced, but they are still higher than one would expect with any of the converters on the bus alone.
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�¥ Lastly, with the basis case circuit values, the large converter load was step-reduced by an order of magnitude.



¥ This is seen to result in about the same amount of improvement as increasing the filter capacitor on the largest load.



¥ Since inverter harmonic current amplitude is proportional to load, this result demonstrates that the instability seen in the basis case simulation at full power was caused by harmonic currents exciting poorly damped system resonances.

�� EMBED Word.Picture.6  ���

Figure 6.2-12.  Case Three System Voltages
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�Simulation Conclusions



¥ These preliminary studies show that there can be unacceptable interactions between converters of substantially different sizes when placed on the same bus.



¥ The interactions demonstrated so far are mainly due to the large injected harmonic current from the largest load interacting with other converter filters.



¥	One solution demonstrated in this simulation is to provide a large input filter for even the largest load.



¥ Note that these simulations did not take into account any control loops on the converters.  The interaction problem will be compounded when regulators for the converters are also considered.  The converter operating points will continually change to adjust to changes in input bus voltage.  The control interactions, in conjunction with bus voltage variations, could cause the entire system to be unstable.

�¥ An issue to be investigated further is to determine where the necessary filtering in an APEBB based system should be provided.  It may be necessary that each APEBB have on board a required amount of input filtering.



¥ If additional filtering is needed on a particular system, the system designer could add an external filter module.



¥ To truly benefit from the modular concept of PEBBs, specifications and characteristics of APEBBs must be agreed upon with the system impacts of the decisions considered carefully.

�EMI ISSUES



¥ One factor which increases RF EMI is increased device switching speed.  As devices become faster, alternative commutation strategies such as soft switching become more essential.



¥ At the PEBB design stage, a high frequency model of the PEBB can be used to identify the sources of emissions within the PEBB and the coupling pathways between the PEBB and the system in which it is installed.



¥ One coupling path for conducted EMI is through the heat sink.  The capacitive coupling inside the PEBB or outside the PEBB between the heat sink and the environment is an important consideration at the design stage of the PEBB module.



¥ It has been proposed that many additional functions will be integrated into the PEBB such as the gate driver, device protection and modulators, to name a few.  These additional  electrical connections between the PEBB and the system provide a path for EMI to be conducted into other systems.  Optical isolation for all interface signals is one approach to preventing this coupling.

�Distortion Due To Modulation Energy



¥ Audio frequency EMI produced by switch modulation patterns and conducted through the load can interfere with other electrical systems and may damage equipment.  Such common-mode currents may damage systems wiring and machine bearings.



¥ All modulation strategies, PWM, PDM hysteresis, etc. introduce unwanted distortion in the output voltage of a voltage source inverter.  This distortion can be associated with the modulation technique as opposed to the RF EMI due to the device switching characteristics.



	Soft switching allows higher switching frequencies, impacting the spectral distribution of the modulation energy.  Random soft switching converters present a much different distribution of the modulation energy compared to periodic soft switching topologies.



¥ Because of the higher performance potential for soft switching topologies, design of PEBBs for soft switching converters is a very attractive direction for PEBB design.

�Complementary Technology Needs



¥ The desired gains in power density that come with higher frequency operation may be hampered by auxiliary technologies as much as by power device limitations.



¥ New semiconductor devices are expected to turn on and turn off current in a fraction of the time needed by presently available devices.  They are also expected to be capable of operation at higher junction temperatures.  



¥ To best utilize this high switching speed to realize high modulation frequency requires control of the switch state modulation pattern at this same high frequency.



¥ The gate drive must supply voltage and current accurately and repeatably, on the same time scale as the switching speed.  



¥ The control signal to the gate driver, including any required galvanic isolation, should be a fraction of the device switching speed.



¥ Any calculations required to implement the modulation pattern, including any compensation for blanking time, must be equally fast.  

�¥ For increased switch modulation bandwidth to be useful, the current or voltage control loops must have similar bandwidth.  This requires current and voltage sensors, with galvanically isolated output, which have response times on the order of the switching speed.



¥ For example, if a new SiC device switches in 20Êns (vs. 200 ns for present day IGBTs), then a switching speed of 200 kHz (vs. 20 kHz for the IGBT) is feasible at medium power levels.



	Gate drives and sensors must then be ten times faster than the present standard in order to make full use of this increased switching speed.  These fast sensors are also critical for device protection.



¥ If the increased maximum junction temperature of SiC is utilized to increase the switching speed still further, then the need for faster enabling technology becomes more pronounced.



¥ The increase of junction and case temperatures will also require improved heat transfer and thermal isolation techniques.

�RDCL Converter Design Issues



¥ The modulation strategy used is pulse density modulation.  Implementations of PDM include current regulated delta modulation for controlling the output current and sigma-delta modulation for controlling the output voltage.



¥ The spectrum of the output of the inverter will help choose the switching frequency to meet some desired spectral performance limits.



	Since the modulation can occur at higher frequencies in RDCL converters, because of ZVS, the modulation noise can be reduced.  



	Alternatively, the modulation noise level can remain the same and the efficiency can be improved.  



	Losses vs. output spectrum are the basic design trade-offs to be considered when choosing the resonant frequency at the inverter design stage.



¥ Since the RDCL converter switches when the voltage is zero, high dv/dt does not exist, eliminating a substantial high frequency EMI source.  The RDCL presents an improvement to the entire spectrum output by the converter.

�¥ To take advantage of the attributes of this topology several design issues are important.



¥ The resonant inductor includes high frequency components in addition to the DC current it delivers to the inverter.  Also, there is broadband current at the modulation frequency.  The switching frequency is a random variable; it produces a broadband distribution of energy around the average switching frequency.  



¥ When designing the resonant inductor the losses must be kept down so that the second order oscillator isn't overdamped.



¥ The resonant capacitors affect the switching losses.  In this regard there is a trade-off between the clamp switch and the six inverter switches.  Design equations have been developed  which help select the optimum inductor value and capacitor size for a given resonant frequency.  These design equations focus on minimizing the losses in the inverter.



¥ The gate drive requirements are increased in the RDCL converter because of the high switching frequency.

�Soft Switching Case Study



¥ Bi-directional passively clamped RDCL converter, rated 20 kVA.
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¥ Input:  sinusoidal 3-ph. 205 VLL at 50-750 Hz.



¥ Output:  nominal 205 VLL at 400 Hz, with V/Hz control possible.



¥ A second order filter is used to filter unwanted modulation energy.



¥ soft switching at a resonant frequency of 100 kHz allows the filter size to be reduced.



�¥ Sinusoidal output at 400 Hz:  THD in the first 20 harmonics is less than 2%.
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�¥ The output current high frequency emissions are low (the emissions above 1 MHz are at the same level or lower than what is seen in the figure).



¥ The EMI limit identified by the dashed line in the figure represents the broadband conducted EMI limit specified by MIL SPEC 461A.
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�Converter Efficiency



¥ Full load efficiency is 93%.



¥ At no load, losses exist in the converter to operate cooling fans, provide control power, and to maintain resonant link operation.  These remain constant, regardless of output power.
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�SUMMARY



¥ To meet Navy objectives for the PEBB initiative, modular PEBB elements should encompass the range from individual switching devices and components to converters, and beyond to complete application-level controllers (ÒAPEBBsÓ).



¥ The PEBB definition should remain flexible, so that improved circuit topologies and new types of motors or actuators can be used.



¥ A hierarchical structure for PEBBs is critical to realizing the flexible and scalable system architectures at the heart of the Òmore electricÓ ship, and will also reduce procurement costs in both military and industrial applications.



¥ By hierarchically partitioning the application-level APEBB, it becomes possible to incorporate an improved performance inverter, perhaps based on SiC devices, in an existing APEBB without changing the application-level control, the system-level communications, or the input side converter.  The improvement to the APEBB can be transparent to the system-level controller.

�¥ A layered structure also allows maximum flexibility at each tier so that U.S. manufacturers can employ new technologies, from power circuit components to new circuit topologies, to competitive advantage in the domestic and global markets.  Thus U.S. industrial competitiveness will be enhanced.



¥ Hardware and communication protocol standards should be developed in conjunction with industry.



¥ Further research is needed to develop rules that guarantee multimodule system stability, and to develop the list of characteristics which all PEBBs  specify to use those rules.



¥ Input filters for each APEBB on the system will be required to prevent interactions between modules.  Passive component requirements for these filters may decrease as increased switching speeds enable higher bandwidth active control of the input voltage node.  



¥ dP/dt limits, because of input filter inductances, will limit the rate at which electromagnetic actuators can change load velocities unless a local energy storage device is incorporated into the APEBB.

�¥ The use of soft switching techniques reduces both switching losses (and hence junction temperature cycling) and RF electromagnetic emissions.



¥ It is important that lower-level PEBBs be designed with soft switching in mind.  Gate drives must be adequate for high frequency switching.



¥ Passive components for existing soft switching converters have not yet been optimized; this should be the subject of further research.  



¥ Early design and test of PEBB-based soft switching inverters using the first generation of switch PEBBs should be supported.



¥ All known soft switching circuits have limitations in actual implementation.  Further research into improved soft switching topologies is recommended.
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