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Abstract

The US Navy has been researching integrated electric propulsion systems for many years.  The economic advantages of the integrated electric architecture are well recognized and such systems are used throughout many sectors of the commercial marine industry today.  In addition to the economic advantages, there are military benefits to the ship when an integrated power system (IPS) architecture is adopted.  Those include increased reliability and survivability, reduced signatures and greater flexibility and capability to support upgrades.  

The present developmental program aims to leverage off the commercial marine industry by adapting proven technology, where applicable, to the warship environment.  However, in some areas, commercial marine technology is inadequate to meet the more stringent military requirements of warships.  In those areas, developments were undertaken to create technology that is capable of meeting the warship requirements in an affordable manner.  Most of those developments, direct current zonal electrical distribution and high power (20 MW) pulse-width modulated (PWM) motor drives, for example, have resulted in technological leaps forward in many areas of electric propulsion, power conversion, packaging, signatures and control. 

A full scale IPS land based engineering site (LBES) was constructed to demonstrate the system architecture and feasibility of chosen technologies for a warship application.  This paper discusses the requirements that led to these technology improvements, some of the technological advances, test site construction, test site construction improvements, system integration issues and presents the results of the LBES system tests conducted in 1999.  Additionally, design issues such as Electromagnetic Compatibility (EMC), acoustic signatures, power quality, development of open interface, standards and validation of computer design models will be presented.

Introduction 


The US Navy has been researching integrated electric propulsion systems for many years [1].  The economic advantages of the integrated electric architecture are well recognized and such systems are used throughout many sectors of the commercial marine industry today.  In addition to the economic advantages, there are military benefits to the ship when an IPS architecture is adopted.  Those include increased reliability and survivability, reduced signatures and greater flexibility and capability to support upgrades.  


The present development program aims to leverage off the commercial marine industry by adapting proven technology, where applicable, to the warship environment [2].  However, in some areas, commercial marine technology is inadequate to meet the more stringent military requirements of warships.  In those areas, developments were undertaken to create technology that is capable of meeting the warship requirements in an affordable manner.  Most of those developments, direct current zonal electrical distribution and high power (20 MW) pulse-width modulated (PWM) motor drives, for example, have resulted in technological leaps forward in many areas of electric propulsion, power conversion, packaging, signatures and control. 


The technology development necessary to meet the stringent military requirements demands an incremental build and test program to validate the design concepts and reduce the risk of introducing new technology aboard a naval vessel.  Typically, after shore-based testing, the US Navy will conduct at-sea trials of an advanced technology, such as the integrated power system, by backfitting an existing ship with the new technology prior to proceeding into production with the new system.  However, because the IPS is an architecture, not simply a set of components, it is inextricably linked to the overall ship design.  This close coupling between the power system and the ship design make a backfit application very unattractive from both a cost and performance standpoint.  


An affordable alternative is to develop a partial ship-set of full scale hardware and conduct testing ashore to validate the performance predictions.  When combined with a set of comparative naval architectural studies to verify the ship impact advantages of the system, risk of introducing this advanced technology can be reduced to an acceptable level.  The Full Scale Advanced Development (FSAD) portion of the IPS program was intended to prove the IPS concept and demonstrate with “ship-like” hardware the feasibility of the system for a military ship application.  Although the hardware is not designed for qualification tests, shipboard standards were specified where significant development was needed to demonstrate risk reduction.  Examples are shock, magnetic and acoustic signatures, EMC and power density.   

Test Site Development


The NSWCCD-SSES Advanced Propulsion and Power Generation Test Site (APPGTS) has been under development since January 1993.  Although originally planned for testing of the US Navy’s Intercooled Recuperated (ICR) gas turbine engine development program, the facility has proven its versatility, having provided a venue for performance testing of the Advanced Turbine System (ATS) compressor for Westinghouse Electric Corporation prior to being converted for testing of the IPS.  The facility was first operated in July 1997 when a General Electric LM 2500 gas turbine engine was brought into operation in support of the ATS test program.  This established many of the test site support systems including the fuel, start air, cooling water, lube oil, inlet, exhaust and module cooling air systems, module fire suppression system, and control air systems, as well as the computerized facility monitoring and facility control systems.

The APPGTS (shown in its IPS configuration in Figures 1 and 2) is capable of supporting both the IPS and ICR Programs simultaneously.   During ICR testing, the IPS LM 2500 generator was removed and replaced by the ICR, a shaft torquemeter, and a high speed waterbrake.  IPS testing continues for the propulsion motor as well as the ship service distribution system (SSDS) via a facility power feed.   The entire site is supported by a main machinery pad, which is large enough to support the LM 2500, generator, motor, waterbrake, and electrical equipment platform.

To date the APPGTS facility systems have supported engine operations up to 32,000 SHP. The fuel system consists of two 175,000-gallon fuel tanks and conditioning equipment that provide nearly 40 GPM of purified fuel to the test site.  Facility cooling towers condition the cooling water used for waterbrakes and heat exchangers.  The facility cooling water system is capable of providing 5200 GPM of water to the APPGTS to support the cooling loads of the IPS test.  

The site was converted from the ATS compressor test configuration to the IPS test program configuration during 1998.  This involved replacing the ATS compressor with the IPS generator, electrical equipment platform, associated IPS electrical equipment, low speed waterbrake, and propulsion motor.  In order to support the objectives of the IPS test, the APPGTS facility monitoring system and facility control system were expanded.  In addition, the LM 2500 was updated from a hydro-mechanical fuel and variable stator vane control to a fully electronically controlled system more compatible with a generator set application.

Test Site Integration


During the installation and commissioning stage of the IPS program, various system integration issues were encountered.  This section addresses some of the major integration issues involved with the generator, propulsion motor converter, Supervisory Control System and certain ship service distribution hardware.

Generator High Resistance Grounding -

The PGM-1 generator is a three phase, wye connected, 21 MW, 4160 V synchronous generator with a high resistance neutral point grounding system.  The original grounding system utilized a grounding transformer with a secondary resistor to limit the ground fault current to 10 amps for 10 seconds prior to tripping the generator circuit breaker.  The protection relay measures the voltage developed across the secondary resistor to detect a ground fault.  The transformer/resistor grounding system is a standard momentary duty industrial means of ground fault protection for lower medium voltage applications (i.e., 5 KV). 

The PMM-1 propulsion motor converter has three, non-isolated six-pulse rectifiers that convert the supply 4160 VAC to 5600 VDC for the DC link.  The  SCR (silicone controlled rectifier) devices in the rectifier
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Figure 1:  APPGTS

have an unique thermally conductive, electrically insulating layer between the power device and the water-cooled, grounded heat sink. [3].  During factory testing, failures of the insulating layer were experienced due to manufacturing defects in the material.  However, the power source experienced no problems due to the ground faults.  When the PGM-1 generator was used as the source, a failure of the SCR insulating layer tied the SCR to the ground via the heatsink in the converter and the grounding transformer circuit of the generator.  Since transformers only transfer AC current, the result was a catastrophic failure of the grounding transformer.  Analysis revealed that the earth fault current on the grounding system was primarily DC, which saturated the grounding transformer.  No limiting or detection of the ground fault current occurred because the protection relay was not able to detect the ground fault with the earthing resistor connected via transformer to the ground circuit.  This was corrected by installing a high voltage grounding resistor directly from the neutral to ground so isolation for any type of fault can be obtained from a protection circuit specifically designed to detect the presence of either AC and DC neutral voltage or current.  

Transient Unloads -

During IPS system testing, one of the tests conducted was step unloading of the PMM-1 (propulsion motor module) at 25%, 50%, 75% and 100% of its rating to observe the power quality of the SSDS system.  This is a significant system transient as the PMM-1 rating of 19MW is nearly that of the 21 MW generator (PGM-1).  The system was set at a steady state condition before the PMM-1 input circuit breaker was tripped and the system response monitored.  When performing a 50% step unload, the PCM-4 functional equivalent module (FEM) tripped off-line.  Analysis of the data revealed the PCM-4 FEM tripped on over-current.  This event was not a significant concern since it occurred with a FEM unit which was not designed for the IPS system.  Essentially, the FEM could not control (raise) its impedance quickly enough to prevent an over-current condition.  Follow-on testing with the complete PCM-4 must validate that the transient unloading does not affect the operation of the PCM-4 FSAD unit. 


Figure 2:  One-line diagram of IPS FSAD Test Configuration

LM2500 Flameout Event -

During a high power commissioning run (90 % of rated power or 24,000 HP) of the motor, an instability in the PMM-1 converter occurred causing the unit to trip off-line.  Shortly thereafter, a loud bang was heard and operators manually tripped the engine.  After evaluating the data, the conclusion was that a flameout in the gas turbine engine had occurred.

In response to unloading, the LM2500 Fuel Metering Valve (FMV) was commanded to its minimum position by the engine controller to prevent an engine overspeed.  After the engine speed dropped below its nominal speed of 3600 RPM, the FMV opened again at a level required to maintain nominal speed at no load.  However, the fuel manifold pressure fell below the acceptable level that is normally maintained when the FMV is commanded to minimum.  Analysis of the event indicates that the transition of the fuel metering valve from 90% to 0% may have caused insufficient fuel flow to sustain ignition, resulting in the flameout.  When the FMV re-opened and injected large amounts of fuel into the engine, the bang resulted from re-ignition of fuel in the hot section of the engine.  

A safety trip circuit was installed, as an interim solution to allow continued high power testing, that would perform a normal stop of the engine if the PGM-1 or PMM-1 circuit breaker tripped above 50% motor power again.  Although the fuel valve was expected to prevent flameout, the US Navy along with the manufacturers of the gas turbine and engine controller has since determined that an overly aggressive fuel rate schedule control was implemented to support the FMV design.  This design aspect had just been addressed recently by the manufacturers in the first commercial ship applications of gas turbine generator sets via a more moderate fuel rate schedule.  The design engineering from this cruiseliner application are being adopted into the fuel rate control schedule of the PGM-1. 

PMM-1 Converter Power Regulation Instability -


As the PMM-1 converter attempted to develop nearly full rated power, it’s PWM inverter current output became unstable due to insufficient DC link voltage to provide a modulation depth within maximum operating limits.  This lower than expected DC link voltage was initially thought to stem from an error in the phase reference for commutation of the supply bridge.  It was also thought that just rescaling the motor current limitations would correct this problem because the DC link voltage is only slightly reduced near rated power.   However, that adjustment and even the addition of a compensating term in the Sigma control software to increase the operating margin for a greater stability ceiling proved to be inadequate.


Not until recently was it realized that the effect of the negative resistance characteristics of the machine bridge control (resistance is lowered to reduce voltage drop) had actually been countered from the resulting increase of current in the DC link.  This current increase occurs because more voltage drop or droop from the inductance and capacitance is produced in the DC link than the supply bridge compensation control is capable of countering.  Accordingly, the PWM modulation depth simply increases until it reaches its maximum limitation in a cyclical diminishing returns effect near full rated power.  Thus, the inverter output current eventually becomes unstable despite the control features designed to maintain correct DC link voltage throughout the power range.  


The proposed solution for this problem involves adding a dampening control term to respond to the calculated value of DC link current and compensating the firing angle of the rectifier as required to correct the anticipated voltage droop of the DC link before it actually occurs.  Such a control approach is achieved via estimating the DC link current from the difference between the converter’s input rectifier current and inverter output current.  This provides a 90 degree phase advance relative to the original DC link voltage feedback control scheme due to the inherent 90 degree lag of current to voltage.

Harmonic Filter Inductor Overheating -


During testing the inductor for the harmonic filter exhibited fuming from not having its insulation fully cured via baking by the manufacturer.  Although this was disconcerting, the real concern for the inductor was the overheating experienced at higher power levels of the PMM-1.  The inductor reached an overtemperature condition within about half an hour whenever the power levels were well above about half of the rated power of the PMM-1.  This overheating occurred despite the current loading and harmonic current content from the PMM-1 being well within the design specification limits of the harmonic filter.  Since such a limitation makes it awkward to operate the PMM-1 at higher power conditions and prevents heat runs with the PMM-1, the inductor was removed from the harmonic filter and sent to the manufacturer for analysis.


Upon review of the inductor by the manufacturer, the inductor was rebuilt to decrease the heating losses.  This was achieved by retaining the winding, but replacing the iron core with a design that increases the quantity of blocks to improve its cooling characteristics.  In addition, the coil shields were shortened to reduce the fringing effect (magnetic flux leakage around edge of shield) and associated heating.

Test Results

Steady State Performance - 

The intent of the steady state system testing was to determine the efficiency of the components in the system as well as characterize the power quality of both the main (4160 VAC @ 60 HZ) and ship service (450 VAC @ 60 HZ) power systems.  This was done in terms of harmonic content and steady state voltage and frequency performance over the entire operating range.  This was conducted with and without the harmonic filter, but the propulsion power without the harmonic filter was not as useful since it was limited to less than 15% of rated power.  The PMM-1 was also tested under normal (15 phases) and abnormal operating conditions (10 and 5 phases) to prove that the power quality could be maintained within acceptable levels.  PMM-1 testing was also limited to the power level obtained during commissioning, which was 90% of rated power.

The harmonic power quality requirements for the main power system are driven by the need to protect the PGM-1.  The power quality interface goals for the IPS FSAD LBES are listed in Table 1.  Most of these goals were relaxed requirements derived from commercial standards.  The test results for the main power system were well within the steady state interface design goals established for voltage and frequency of the 4160 VAC 

TABLE 1:  Steady State Main Power System Interface Goals and Results

CRITERIA
NOMINAL

VALUE
STEADY STATE

PERFORMANCE
STEADY STATE

RESULTS

Frequency Level
60 HZ
+/- 5 %
+ 0 % / - .1 %

Frequency Droop
3.3 % @ rated power
+/- 1 %
3.3 % @ rated power

Voltage Level
4160 V
+/- 10 %
+ 2 % / - 0 %

Voltage Droop
3.0 % @ rated power
+/- 5 %
Within – 1.5  %

Over power range

Current Harmonics

(PGM-1 design limit)
NA
291 A  or 8 % of

5th IHD  @ rated power
185 A or 7.2 %

@ 5th IHD

Voltage Harmonics

(PCM-4 design limit)
NA
Any IHD < 8 %

THD < 10 %
11th  IHD @ 8.9 %

THD @ 18.5 %


Figure 3:  Generator Voltage and Frequency Regulation 
power source (see Table 1).  The resulting frequency

droop for the PGM-1 from no load to near full load conditions essentially matched the constant droop slope predicted for the design setting of 3%.  However, the voltage droop characteristic setting of 3.3% did not result in the expected constant droop.  This is due to the power factor correction effect of the harmonic filter as shown in Figure 3.

The current waveform of the PMM-1 is a classic square wave shape typical of six pulse rectifiers.  However, the voltage waveform of the main power system has much more pronounced peaks and notches than anticipated.

Figure 4 depicts the total harmonic distortion (THD) of the measured current (ITHD) at various power levels for PGM-1 and PMM-1.  During system integration, the DC link voltage control scheme was changed just prior to testing.  The final DC link voltage control scheme varied from a minimum of 70% of rated DC link voltage for lower power levels below about 50% of rated power at the PMM-1 to a maximum of 93% of rated DC link voltage at rated power of the PMM-1 as depicted in Figure 5.

The trend of the PGM-1 (main bus) and PMM-1 harmonic currents over the power range of the PMM-1 are similar since the PMM-1 is the primary load and source of the harmonics for the PGM-1.  The harmonic currents in the PGM-1 are significantly less than in the PMM-1 because the harmonic filter absorbs a large portion of them.  However, since the harmonic filter is tuned to the 5th order harmonic current, the 5th and 7th order harmonic currents are more attenuated at the main bus than the higher order harmonic currents.

Figures 6 and 7 plot the harmonic current in terms of Total Harmonic Distortion (THD) and Total Demand Distortion (TDD) for PGM-1 (main bus) with filter and PMM-1, respectively.   The harmonic distortion term can be misleading at low power levels since the value is referenced or determined as a percent of the fundamental.  Thus, at low power levels the low fundamental current makes the relatively low harmonic content appear larger than it really is because the harmonic currents do not necessarily decrease at all or as rapidly as the fundamental current, which declines linearly.  It should be noted that harmonic distortion is an acceptable term for harmonic voltage since generator voltage is relatively constant and does not vary appreciably with loading like the current; i.e., they are both based on essentially a rated value.  The following definitions for IIHD and IIDD are provided below for clarity:


Figure 4:  Total Harmonic Distortion of Current



Figure 5:  DC Link Voltage Reduction Control Scheme


Figure 6:  Harmonic Current at PGM-1


Figure 7:  Harmonic Current at PMM-1

· Harmonic Distortion of Current:  The ratio of the root-mean-square (RMS) of the harmonic current to the RMS value of the fundamental current, expressed as a percent for either individual (IHD) or total (THD) values.

IIHD =  IH / IF
ITHD = ( H>1 IH / IF

where IH is the harmonic current

 at any given frequency for a given power level

and IF is the fundamental current 

for the same given power level

· Demand Distortion of Current:  The ratio of the RMS of the harmonic current to the RMS value of the rated or maximum demand (rated) fundamental current, expressed as a percent for either individual (IDD) or total (TDD) values.

IIDD =  IH / IF AT RATING

ITDD = (H>1 IH / IF AT RATING

where IH is the harmonic current

 at any given frequency for a given power level

and IF is the rated fundamental current

As illustrated in Figures 6 and 7, the harmonic current THD is greater at the lower power levels due to the decreasing fundamental current as power decreases and the relatively constant level of harmonic current present.  Similarly, the harmonic current TDD shown in the Figures 6 and 7 provide a more realistic indication of the harmonic content at power levels far less than rated power than the harmonic current THD.

The harmonic currents of PGM-1 and PMM-1 under rated power conditions at predicted rated and measured reduced DC link voltages are compared in Figure 8.  As can be seen from the predicted harmonic content of the PMM-1, the 5th and 7th harmonic currents dominate and the higher order harmonic currents (above the 13th) are relatively insignificant under the rated DC link voltage control scheme.  However, the higher order harmonic currents measured at the PMM-1, especially above the 11th, are much greater for the reduced DC link voltage control scheme due to the increased rectifier firing angle effects.  In fact, every harmonic current (at least to the 25th) is greater at the PMM-1 with the measured reduced versus predicted rated DC link voltage control schemes.  Similarly, the higher order harmonic currents at the PGM-1 (11th and above) remain much greater for the measured reduced versus predicted rated DC link voltage control schemes.  This occurs because the harmonic filter is mainly effective for attenuating the 5th and 7th harmonic currents and has minimal effect on the higher order harmonic currents.  Although the 7th harmonic current is essentially the same for the PGM-1 under predicted rated and measured reduced DC link control voltage schemes, the 5th harmonic current is significantly greater for the measured reduced versus predicted rated DC link voltage control scheme.


Figure 9 illustrates how the harmonic content of the individual harmonic frequencies vary erratically rather than linearly at the PGM under the reduced DC link voltage control scheme.  For instance, the greatest 5th harmonic current occurs at 90% of rated power, but the 7th, 11th, 17th and 23rd harmonic currents are greatest at 20% of rated power.  Similarly, the 19th and 25th harmonic currents are greatest at 10% and 50% of rated power.  The magnitude of the higher order harmonic currents become much greater in the converter at the lower power levels due to the rectifier current becoming discontinuous with the reduced DC link voltage control scheme. 

Figure 10 compares the original and revised predictions of harmonic current TDD against the measured harmonic current TDD at the PGM-1 with the harmonic filter.  The original prediction of harmonic current THD was essentially a constant level since the rectifier-firing angle was held fully open throughout the power range.  As a result, the harmonic current TDD for the original prediction depicts a linear trend with respect to power throughout the power range.  The revised predictions were developed to reflect the impact from the reduced DC link voltage.  A significantly higher harmonic current content was expected with the reduced DC link voltage due to the contributions of the 11th, 13th, 17th, 19th, 23rd and 25th harmonic currents that are increased from the DC link voltage reduction as previously mentioned.  The measured data tracks relatively well with the revised prediction, especially in the middle of the power range.

Harmonic voltages in a system are the result of the harmonic currents flowing through the system impedance, which is typically dominated by the generator reactance.  Since the generator reactance is dependent on the frequency of the harmonic current, the frequency dependence of this generator or system source impedance and the resulting harmonic voltage THD relationship are shown below:

VTHD = (H>1 (IH * ZH )2
where    ZH = ZF * H

and ZF is the fundamental impedance and

ZH is the generator subtransient reactance XG’’  


Figure 8:  Comparison of Harmonic Currents with Different DC Link Voltage Control Schemes


Figure 9:  Comparison of Harmonic Currents under Reduced DC Link Voltage Control Scheme

Figure 10:  Comparison of Predicted to Measured Main Bus Harmonic Current TDD


Figure 11:  Comparison of Predicted and Measured Main Bus Harmonic Current THD

Since the impedance increases significantly with the harmonic order, relatively small levels of higher order harmonic current can have a significant impact on the harmonic voltage THD.  For example, the projected 11th harmonic current at rated power is 1.85% IDD11, but the measured 11th harmonic current at 70% power was 3.82% IDDI1.  This difference in harmonic current in this example can have a significant impact on the voltage THD since the impedance at the 11th harmonic is 11*XG’’ (i.e., the impact is the difference in current IDD of 1.97% being multiplied by a factor of 11).  
Figure 11 compares the original and revised predictions against the measured harmonic voltage THD at the PGM-1 with the harmonic filter.  The measured data shows a decreasing harmonic voltage THD as power decreases at the lower power levels despite an increasing harmonic current THD.  Again, this occurs because the measured harmonic current TDD decreases as the power decreases.  The measured harmonic voltage THD decreases as power increases above the half-rated power because the firing angle in the rectifier increases sufficiently to decrease the higher order harmonics more than the revised predication indicated.  

There is a significant difference between the measured harmonic voltage THD and the original and revised projected harmonic voltage THD.  The original projected harmonic voltage THD was based on the predominant harmonic currents at only the 5th and 7th.  These original projections do not include the higher order harmonic current contributions, such as 11th, 13th, 17th, 19th, 23rd and 25th.
The revised prediction for voltage THD shown in Figure 11, agrees closely with the measured values except at the higher power levels.  The revised prediction is greater than the original prediction because the higher order harmonic currents are greater from the phasing back of the PMM-1 rectifier.  A more thorough simulation with higher order harmonic currents has since been performed to more accurately compare the model to the empirical results gathered from the completion of FSAD testing.  

The comparison of voltage waveforms from the PGM-1 and PCM-2 (RSAD) shown in Figure 12, dramatically illustrates the ability of the power conversion modules PCM-4 (FEM), PCM-1 (FEM) and PCM-2 (RSAD) to improve the power quality delivered to the user loads.

The harmonic power quality requirements for the ship service power system are given in MIL-STD-1399 as less than 3% IHDV and 5% THDV, but the IPS goal is 2% THDV.  At 50 % of rated power of the PMM-1 the harmonic content of the 450 V port bus was 0.83%.  However, it should be kept in mind that this bus consisted of a functionally equivalent PCM-4 and PCM-1 modules that were never designed for the highly distorted input waveform. The full scale or FSAD PCM-4 and PCM-1 that will be used in the next testing phase are specifically designed to withstand such input waveforms.

Propulsion Power Factor and Efficiency -

The power factor on the main bus is shown in Figure 13, but it is difficult to illustrate further detail due to the harmonic distortion effects.  The power factor of the PGM-1 is a leading .95 when the harmonic filter is initially applied.  PMM-1 loading brings the PGM-1 power factor to unity at about 10 % of the PMM-1 rated power due to the dominating effect of the lagging PMM-1 power factor.  Since the power factor of the PMM-1 increases slowly at power levels below 50% of its rating, the loading of the PMM-1 decreases the power factor seen at the PGM-1 to a minimum of about .75 at 40% of rated power of the PMM-1.  Because the PMM-1 has a higher rate of power factor increase above 50% of its rated power, the power factor seen by the PGM-1 continues to rise and peaks at about .93 lagging as the loading of the PMM-1 increases to its full rating.

As of the date of this writing, the power factor analysis has been limited due to the difficulty in accurately determining the active and reactive power components with highly non-sinusoidal waveforms.  Given the power factor is a function of active (P) and apparent (S) power, the power factor can be written as a function of theses powers and the phase displacement power factor (kph) and the harmonic distortion power factor (kd) as [4]:

S = k*P      where k = kd* kph.
Apparent power is represented as 

S = [(PF+ PH)2 + (QF+QH)2]1/2
PF is the active power at the fundamental frequency and PH is the active power of all the harmonic frequencies.  However, for motor loads PH is essentially zero since no productive real work actually occurs at the shaft of the motor (i.e., only shaft vibration from opposing torques and motor heating are created).  In resistive or lighting loads, this active power realizes real work via creating heat or light.  Similarly, QF  and QH are the reactive power at the fundamental frequency and the reactive power of all of the harmonic frequencies as follows:  

P = PP + PH  and  Q = QF + QH
and

kph = PF / SF  and  kd = PH / SH


Figure 12:  Comparison of high voltage Main bus and low voltage Ship Service Bus Waveforms

Figure 13:  Propulsion Power Factor Trend Over Power Range

In order to determine the distortion and displacement power factors, the apparent, active (fundamental and harmonic) and reactive (fundamental and harmonic) powers must all be measured accurately.

The efficiency of the propulsion system, the PMM-1 converter and motor, were found to be much more difficult to determine than initially expected.  Typical instrumentation accuracy for current and potential transformers of 0.3% and limited monitoring of all the associated cabling caused the accuracy tolerance for higher power measurements to be in the order of several percent, which is comparable to the efficiency losses at these power levels.  Accuracy at lower power measurements were further exacerbated by the emphasis on power measurements at rated power, which leads to an accuracy tolerance comparable to much more than the entire efficiency value in itself.  Figure 14 is based on the data taken and shows PMM-1 efficiency to be about 90% throughout most of the significant power range.  More accurate efficiency measurements (.25% vs at least .75%) will be obtained during the completion of FSAD testing to improve the confidence in the calculated predictions.

Dynamic Performance -

The purpose of the dynamic system testing was to characterize the power quality at the main (4160 VAC @ 60 HZ) and ship service (450 VAC @ 60 HZ) power system levels in terms of voltage and frequency response to major propulsion load changes.  The load step testing rate was constrained by the PMM-1 converter loading ramp rate of 2% of rating per second due to the limited commissioning work satisfactorily accomplished before system testing had to begin.  The unload step testing rate was conducted by opening the circuit breaker to the PMM-1.  Both ramped load and drop load tests were performed with all fifteen phases of the PMM-1 as well as with and without the harmonic filter on line.  The functional equivalent PCM-1 and PCM-4 of the port bus were used with the PCM-2.  Ramp load and drop load testing were conducted at propulsion power levels from zero to 90% of rating in ten percent steps and from 25% and 50% of rating to zero, respectively.  The port SSDS bus was not available for ramped load step testing above 50% of rating.  Again, testing without the harmonic filter proved to be of limited value since system operation is limited to 15% of rated power without it.


Figure 14:  Propulsion Efficiency Trend Over Power Range

The test results from the 50% drop load event were well within the interface design goals (see Table 2).  The transient voltage response for this event was a + 5% excursion with 0.6 seconds required to resume steady state performance levels.      The frequency response was + 5% with 1 second required to resume steady state conditions.  Although the SSDS port bus was not functional for the 50% drop load event, the SSDS performance at the 25% drop load event dramatically illustrates in Figure 14 the potential capability the SSDS has for improving the power quality delivered from the main power system.

The ramped load testing was particularly unstressful for the PGM-1 and essentially no significant voltage or frequency excursions occurred for the 2% of rating per second load ramping rate of the PMM-1 converter.  A 10% of rating per second has been the established goal for the converter ramp rate when available (1% is typical of commercial steam driven ships). 

Acoustic Testing -

The objective of the acoustic testing was primarily to obtain structureborne noise (vibration) data on the PMM-1 motor (Figure 16) and the PGM-1 generator (Figure 17).  Airborne noise was also measured for both units.  The structureborne acoustic requirements and measurements were developed in the standard MIL SPEC format of one-third octaves. The airborne noise requirements and measurements were in standard MIL SPEC format of whole octaves.  Airborne background noise from the PGM-1 made it virtually impossible to determine the PMM-1 motor airborne noise levels.  There were also significant structureborne background noise sources that made analysis of the PMM-1 motor data difficult.  The foremost of these was from the cooling fans for the PMM-1 and the water brake, but the other PMM-1 motor support auxiliaries were significant contributors as well.  However, the acoustic performance of all of these PMM-1 motor auxiliaries could be greatly improved in a naval application since they were simply commercial design units that were not optimized for noise quieting.  

TABLE 2:  Transient Main Power System Interface Goals and Results

CRITERIA
NOMINAL

VALUE
TRANSIENT

PERFORMANCE
TRANSIENT

RESULTS

Frequency Level
60 HZ
+/- 10 %
+5 % / - 0  %

Frequency Response
NA
1.5 seconds
1 second

Voltage Level
4160 V
+20 % / -15 %
+5 % / - 0 %

Voltage Response
NA
5 seconds
.6 second


Figure 15:  Generator Response to 50% Drop Load Event


Figure 16:  PMM-1 Structure Borne Noise Goal and Measurement Band

The structureborne noise requirements were met for the PMM-1 motor, except for the highest band spectrum.  The airborne noise requirements for the PGM-1 were also met, except for the lowest band spectrum.  No detailed analysis of the airborne noise of the PGM-1 has been developed yet since the initial acoustic analysis of the FSAD LBES did not address it.  As expected, the high frequency structureborne noise in the PMM-1 motor is dominated by the 2 KHZ PWM switching frequency of the inverter in the PMM-1 converter.  

Electromagnetic Testing -

The intent of the electromagnetic interference (EMI) testing was to characterize the radiated electric and magnetic fields and conducted cable emissions from the equipment and cabling.  The only EMI requirements for the FSAD LBES were self compatibility, which was proven by its successful operation.  Since the military requirements for EMI are primarily developed for low voltage and power consuming equipment, not power producing equipment, the requirements of MIL-STD-461 are not directly applicable to the high voltage and power of the IPS power system.  At this time there has been no effort to tailor MIL-STD-461 to applications of equipment in power generation and distribution systems, the MIL-STD requirements were used for comparison purposes only.  

The primary focus of the conducted emissions testing was to confirm common mode current levels in the ground cabling between the PMM-1 converter and motor and to PGM-1 via its high resistance grounding circuit.  The common mode current measurements indicate that the PMM-1 ground plane return cables are functioning as designed, containing most of the common mode current created from the PWM switching of the PMM-1 converter.  The PMM-1 ground plane return cables provide a low impedance path between the converter and motor to minimize stray current at the grounding connection of the PGM-1.  The bulk cable emission testing between the PGM-1/PMM-1 and PMM-1 converter/motor revealed the expected high frequency currents associated with the 2k HZ switching frequency of the PWM inverter.

The radiated electric field testing was not conducted due to the high ambient background fields present at the LBES.  Additionally, the site is too large to be conducive for meaningful measurement.  This is a particularly difficult issue to address with large systems that are awkward to properly enclose or to isolate individual equipment that needs the rest of the system to operate.  The up-side to this is that the IPS equipment did not add significantly to the background electric fields measured.  

However, the radiated magnetic field was easily measured and present in substantial levels due to the nature of the high frequency, voltage and power in the main power system.  Although these measurements were made at distances appropriate for low voltage and power electronics (7 cm) according to MIL-STD-461, they can be extrapolated to more suitable distances more typically associated with access for high voltage and power cabinets (1 m).  Accordingly, the FSAD LBES cabinets are not expected to cause EMI problems with other nearby equipment or cabling as long as a 1 m standoff distance is maintained for access purposes.  The power cabling, however, could easily be routed within 50 cm of other equipment and cabling and this may very well be unacceptable.  Generally, sensitive electronics and control cabling are located away from high voltage and power cables, especially propulsion power cabling that is also rich in high frequency elements.  Unfortunately, additional testing is not planned during the completion of FSAD testing due to funding constraints.


Figure 17:  PGM-1 Structure Borne Noise Goal and Measurement Band

Magnetic Testing -
The purpose of the magnetic testing was to measure the magnetic signature of the various major components and cabling of the FSAD LBES.  Principally, this investigation focused on the propulsion converter and motor of the  PMM-1 and the SSDS converters.  These measurements consisted of DC and low frequency magnetic fields and broad band frequency magnetic fields up to 250 HZ.  Although the FSAD LBES was an environment with considerably higher steady state and dynamic background DC magnetic fields than normally experienced for magnetic field testing, it was possible to nullify the constant ambient magnetic field and limit obvious dynamic interference sufficiently to acquire rough order magnitudes.  There were no design requirements established for any of the IPS equipment in the FSAD system.

Both the propulsion motor and converter exhibited significant DC and low frequency magnetic signature levels.  This was expected due to the magnetization of the motor and fields associated with the DC link in the converter, particularly the reactor.  Although the DC magnetic signature for the motor remained constant as motor power varied, the DC magnetic signature of the propulsion converter continually increased proportionally as motor power was increased.  Conversely, the magnitude of low frequency magnetic components increased proportionally as power increased in both the propulsion motor and converter, but at a level several times greater than the motor for the converter.  Neither the propulsion motor or DC link reactor in the propulsion motor converter were designed to minimize magnetic fields 


Similarly, the SSDS DC bus displayed significant DC magnetic signature levels as load was applied and removed or converters shutdown under load.  Unfortunately, low frequency magnetic components were not measured for the SSDS due to the limited testing availability of the SSDS.  As with the propulsion converter and motor, strong magnetic fields were anticipated from the SSDS DC cabling and DC portions of the converters.  This was expected because the DC cabling arrangement was not configured in the LBES for field canceling.

Power Management -

The power management testing was conducted to demonstrate that the supervisory control system (PCON) would adequately control the allocation of load under various power availability and loading changes.  PCON is designed to manage the load demand based on set priorities and the amount of power available.  When the power allocated was changed to be less than what was being demanded, PCON properly responded according to the loading priorities by lowering the power demand on the PMM-1.  It should be noted that PCON reserves or allocates power for loads based on priority whether or not they are on line.  However, since PCON does not automatically reinstate load demand, the loads with the next highest priority will not be provided power when additional source power becomes available until a manual command is also initiated to place that particular load on line.  This prevents dated commands from being acted upon just because power has now become available.  Thus when PCON was allocated more power during this test, PCON only responded by permitting the next priority loads to be activated when commanded. The PCON load shedding feature was also successfully demonstrated on both propulsion and ship service loads.

Modeling Results –


This model was developed to simulate the steady state and transient conditions of the FSAD system so further study of the FSAD system could be obtained without actually requiring physical operation of that system.  The steady state simulated waveforms for the current and voltage from the model track quite closely with the measured waveforms for current and voltage.  However, a number of significant discrepancies in the model have been identified.  Transient modeling has not been attempted  yet.  

One of these key discrepancies includes a voltage droop setting error from the inconsistency in the behavior of the PGM-1 voltage droop control mode.  Another stems from the inability to correlate the model to a common operating point of the FSAD system in terms of PMM-1 power level, PGM-1 frequency and voltage and rectifier firing angle.  

A slight difference in harmonic filter parameters from increased inductance (10%) in the FSAD system due to mutual inductance also was a major factor in causing some misalignment between the measured and simulated waveforms.  This increase in inductance significantly decreased the performance of the filter to attenuate the 5th harmonic.  

In addition, snubber parameters for the rectifier were not included in the model.  This was corrected and improved the correlation of the modeling results to measured data.  Similarly, the parameters of the DC link appeared to be incorrect as well and were adjusted to reflect a more accurate depiction of it.  However, such changes to the DC link have little impact on the steady state performance since they are more influence on transient responses.  

Perhaps one of the most important problems identified was the inadequate instrumentation accuracy for current and voltage measurement of the FSAD system to support the modeling validation effort.  This instrumentation limitation and other errors due to rectifier leakage current, improper current division or scaling and cross-coupling made it very difficult to establish accurate measured data.  

Modeling and instrumentation improvements are expected to continue with more validation during follow-on testing, including transient performance.  

Conclusions 

The results speak for themselves.  Initial FSAD testing was highly successful.  An integrated system designed to meet military requirements was assembled and tested, demonstrating the feasibility of integrated power systems for military applications.  There are numerous lessons learned and improvements to be implemented for an actual shipboard system but the concept has been conclusively proven.  Furthermore, the IPS LBES is now ready to support specific design applications and technology insertions.

Recommendations

There is much work remaining.  When the PGM-1 is reinstalled and available again in the spring of 2000, FSAD testing will commence.  The issues raised in the test site integration section above have been completely addressed as much as possible before FSAD testing resumes.  The motor will have also been fully recommissioned to its rated power (25,000 HP).  Most of the testing of the SSDS, additional power management and additional dynamic and steady state testing remain to be completed.  As newer technology components become available, they will be incorporated into the test site for system testing as well.  When further results are available, they will be reported upon.  
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