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2. DOE STTR Phase 2 Research Final Report Overview 
The overall intent ofthe Phase 2 v h w a s  to: 

0 Develop a high-power (>lOkW) active power conditioning system (APCS) testbed for photovoltaic or battery- 
supposed appbtkms that will correct for non-linear load cumnts, using fiber optic magnetic field sensing 
tecbr~ology to provide high&mdwidth, load- waveform infonnationto the control circuitqy, and 

Develop an electro-optical hybrid power electronics module (E€)-HPEM) that contains an embedded optical 
magnetic,field sensor elepent to monitor and control power delivery through the device. 
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System Test Bed Mimnam and Interface 

Task 2: Design, Develop, and Test the Electro-Optical 

Task 3: Design, Develop, &Test the APCS Testbed 

Task4: Integrate andTesttheE1-cal and Power 
Electronic sllbsystems. 
Task 5: Compare/Contrast Advantages &Fiber Optic 
sensing C!odiguration Over cowentonal Sensing and 
contml Loop Methodologies 

Task 6: Deliver Apcs Testbed to NSWC for 
M p d e n t  Perfkrnmnce Validation and PEBB 

s- 

Interfacing 

Task 7 Develop Sol-Gel Thi~t-Film Mateds and 
characterize Same 

Task 8: Design and Model Electro-optic Hybrid Power 
Electronics Module 
Task 9: Design and Fabricate Electro-optic Hybxid 
Power Electronics Module optical Support System 

Task 10: Iutegmte & Demonstrate Electro-Optic Power 
ElectronicsModule 

2.1 PHASE 2 RESEARCH W U C l k D  8 RESULTS 

Table 1 smmarhs  the original phase 2 research goals, and is followed by a listing of additional work that was 
conducted. 

Table 1. Phase 2 research o b j e b s  and results. 

dCompleted. 

4 Completedwith limitations 

4 Aueqted. 

4 Completed only with respect to performance to 
convaifiollill sensors Unable to complefe for closed- 
loop operatioa 
~NSWCCDonlywantedthefibersensors,notthe 
APCSTestbedSSuccessNlycompleted. 

dcompleted. 

dCompleted. 

dcompleted. 

dCompleted. 

Additionally,thephase2programaccontpIishedthefoll~ 

1) 4 development ofa pre-pmduction optical current sensor for elecbical current monitorin& 
2) dpartialry fanded 3 mndents at V i  Tech duringthe perFonnanceofoftheirs Degree reqnirements, 

andfundedfult-time one student, redkgmtheawardofhis Master's Degree. 
b 

3. Task I: Determine APCS Testbed Performance Requirements. 

3.1 MOMATION 

The motivation for this work was to design a digitally controlled, combination active filter and photavoltaic (PV) 
genention system The basic system drucaae, shownas a block diagram in Figure 1 consisted ofa 0.9 kW PV 
array with a nominal uutput voltage of56 V, interfaced to the 360 VDC link by an isolated full bridge m m .  

DISTRIBUTION STATEMENT 
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0.9 kW PV 
Amy Bridge DC/Dc Six-Switch phase 6Ok 

utility 

Flgure I .  PV',ciive Filter W e m  Block Diagram 

The DC link was then a m n d  to a bidirectional six-switch converter that would allow the energy generatedby 
the PVarrayto be sent to the three phase utility grid at208 Vline to line. The bidirectional annaterallows the 
system to provide active filteringcapabilities, bath mning PVgemration and when the PV energy is not available. 
The effective COntMil of an active filter to correct for higher order harmonics requires that the bandwidth ofthe 
amtroller be as higb as possl'ble therefore the 0veraU controller delay, which indudes sensor delay, is minhizd  
Because of the importance of delay, this application was chosen as a suitable platform for * t h e  
suitability of the fiber uptic sensars to Control applications. This work iwolves the design and analysis of the 
control scheme for this system, the implementation ofthe active filter part ofthe system, and the limitatiuns of 
a c t i v e h a n n o n i c ~  'on The PVportionofthe system was not implemented due to adesign problem. 

3.2 A C M  FLTER CONfROL STRATEGIES 

' h e  active filter relies on the arntrol system to paform the required tasks. The controls dthe systems are 
i l x l p l d  in three stages: signal conditioning, compensati~ and generation ofthe gating signals for the 
switchingnetwork.TheftnststageiwolvesthesensingandconditioningofvoltagesandaarentsinthesystemM, 
thattheycanbeasedt0conrpletetheremainderoftheandrolfunctions.Thesecond~isthe~1~~dthe 
required- * signalsfiomthe infomtalion&tahedmthefirststageoftheconlr~lla. 'Lhereare twobasic 
classidicationsofthemethodsthathavebeendevelopedto accomplishthis task, frequencJr domaintechniqnes and 
time domain techniqnes. 'Ihe final stage ofthe control scheme involves producing the proper gate signals to the 
s w i ~ ~ l l e t w ~ s o t b a t t h e  commands fromstage twoare injected into the power system. There are 
sewmi methods ofw-mluding Itinear- ammtorvh1tage controt sliding mxie current 
~tro~hysteresisandfazy-basedcurrentcontfol. 
Generatingtheco- - signals canbethe most complex part ofthe control system for anactive f i k .  The 
literaturehasgivenmauydiffetentmethodsofcalcalatingthecompensatmg - carmlts or voltages for controlling 
active filters. Most of the calculation methods are comprrtationally intensrVe * andarethereforeverydifficultor 
hpossiile to implement as an analog controller. With the tecent revolutions in DSP speed increase and cost 
Feductionithasbecomepracticalto~l~theseco~lexcalculationsinrealtimedigital~ol systems. The 
frequency domain methods are especially computationally interwe . becausetheyrelyonperfonningFourier 
analysis in real time. Because ofthis increasedcalculationbmden, the literature seems to favor the time domain 
calculation rnethods for the compensation calculation stage of the amtroller. The time required to calcolate the 
compensatingannponentsaddstotheoverslldelayinthecontrolsy~decreasiogtheatlowablebandwidthofthe 
cxmlmller. 
The current control method also has alarge impact on the overallbandwidthofthe conmb. Acornparison of 
Some ofthe methods including the linear rotating reference frame anrest controller, digital deadbeat ammt 
amtmIler, and hysteresis current amtrollerasbeendoaunented2. The results h m  the compahm showed that the 
best d t s  were achieved with the hysteresis amtroller because the delay inhereat m the amtroller was the least. A 
large number ofthe control methods proposed for active filters utilize the hysteresis method for the CmTent control, 
but~methoddoeshaveMnne~.whenhysteresisbasedaurent~lisused,thescvitching~ 
ofthe converter is not fixed but varies stochastically during the cowezter operation. This varying switching 

* 

frequency can lead to difliculty when sizing the output inductors of the active filter and the gemration ofanwanted 
~ I K 4 I U X O l l t h e U t i l i t y g r i d .  

' B s i  K. A I - U ~  md A ~handrq "A ~evicw of ~ct ive ~i for power ~uality ~mprovtment," LEEE nmsdms OpI Industrial 
Electronics. Vd. 46. No. 5, October 1999, pp. 960-971. 

* S. BW, L. ~alesani P. Mattavea "campans~n . of Current control Teclmiques for Active Filter Applications,'' IEE 
Tranactions ~n Industrial Electronics, VOL 45, NO. 5, Wok 1998, Pg. 722-729. 

, DlSTRlBUilON STATEMENT 

USE, DUPLICATION, AND WSCLOSURE OF THE INFORMATION IS RESTRICTED ON "IL€ PAGE 



' ,  
C 
i, 

Page 7 

Thereare amulthie of different methods that haw been proposed for the control ofan active filter. Some of the 
mezhods combine and orsimpli@ the three steps listedbefm thatare necessary for a amtrol scheme. One example 
is the Unified Constant Frequency Integration Cmtrol method. llds method has a fast response and a amstant 
fkqumcy so the problems with hysteresis are avoided. 
I!. 
4. Task 2: Design, Develop, and Test the EIectro-Optical Subsystem. 
This section of the report describes the fiber optic current tradwer that was designed as part ofthe Apes 
devellopment effort. 

4.1 PmwwFmcnm 
Airak'si5bexopticdledrical current transducer (FOECT) is designed toreplace existiogcarrent sensofs, transducers, 
atid- ttansfonners in SpPIicatons ranging firom mnitoring load currents in electrical power lines to 
providing Beedbadr information in highaergy power c l m c  cowerters. The FOECT is exknsve - lyusedin 
applications reqrtiring intriosic voltage isolation, immunity h m  dectromagnetiC hterfkmce, or where physical 
constraintsprechtdetheaseofconventionatHall ,~~~orathetamentm~devices.  
The FOECT can snpport measmement &aments ranging from a fm m i l k q x s  tote!nsofthousandsof~ 
withnegligible change in site or weight. Each transducer uses wtremely small, lightweishtoptical aystal to 
meamaethe~withinagivenrange.Varyingthe~softhe~permitsvariatiansmthemeaslnement 
range.'Lhe3mplid~oftbisareenormous-a15kV, lOOOAtransformerweighing32~povndsamnowbe 
repIacedwithatcmdncerdghing28pm. Fllrthermore,becausetheenbFOECI'assemblyases~ 
axqmnents, large cost reductions forthe units canbe reatized due to economies ofscale resufting from high- 
volume m z m u f h m .  

4.2 ~ECONDARYFONCTK~N 

Airak's FOECT atso serves an imprtant secondary fb.nction-it measures the temperature of the surruunding 
c m h u x n t  This fuuction is desctibed indetail below and has hqmtant implicatians (e .g., a singletmsducacan 
s i m w  monitor both the magnitude ofa load CaTZent passing tbmugh a conductor and the temperature dthe 
conductor, which helps to aptimize power delivery Operations). 

4.3 BASIC THEORY OF OPERATION 

The method ofuSingoptical Crystats to detect a change mamagnetic field is not new. More than 150 years ago Sir 
Michael Faraday discwered that whenlinearypolarized light traveled throa,ghflint glass that was exposed to a 
magnetic field its p k  ofpolarization rabted. This proply, now hown as the Faraday tffht, is widely wed in 
thefiberuptictelecanmmnicationfield topreventrenected light energy firomcoupling back into alight source and 
charrging source parameters such as f i q m c y  orpower output Ifthe Faraday materhl is pr;loed in the path ofa 
magnetic field, such as m e  gematid by current flow, the plane of polarhation rotates ma known and predictable 
fashion By monitoringthe rotationoffhe incidentpolarizaticm state, adirectmeasurementofthemagnetic field 
bmsitycanbeirrfened. ~e~dpgovera ingth i sphenome~i sbes t s ta tedas :  

O=WZ 
where 8 is the measured angle of totation ofthe field, Vis a constant known as Verdet's constant, His the applied 
magneZic field, and I is the optical pafh length. All crystalline materials exhibit the Faraday e f f i  but the 

3.2 e 4  (deg/un-Oe), while in ferromagnets (e.& such as used by Airak) the value can be on the order of6.0 c+S 
(deg/cm&). Equation (1) is important because it states that the Faraday rotation €9, and hence sensitivity ofthe 
aystal, inaeases as the Verdet amstant increases. It atso states that the longer the aptical path length I, themore 
Faraday rotation (semitbity) that will result for a given field. Ebth of these parameters are important in designing 
the transducer because they give Airaktwo degrees offreedom to optimizer a sensor for aparticdarqplidm 

magnitude varies greatly. For -le, the Verdet coflstant for a Si% uystal (eg. optical fiber) is approramate ' r y  

C. Qho, T. Jh, and K. M. Smedley, "unified Constant-firequency Wegration of Threephase Activeqmver Filter with Vector 
Opexaticm,'' Power Electronics Specialists conference, VoL 3,2001 Pg. 160S-1614. 
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0 = V f H d  

Finalpy, iflvoptical paths exist around the cmdwtor, the total current in thecontfuctor is 

Appficationsthatrequirehighersensitivitywrapahighermunberofoptical~tmnsamundthe~beiag 
monitored. lpIo wxqimk, Nxtehase (www.nxtDhase.com) and KVH (www.kvh.com) are exploiting this approach 
for electrical power markets (see section 10). 

Usingoptical fiber as a sensor method is bpradid m many applications because it is not feasible to intermpt 
power by d i s m  the condudm, installing the fiber ad assembly, and then reconnechng * theconducm. 
Anotherdhdmmge of an au-fit)er sensor is that m plactical use, the 1m loops that comprise the fiber ad 
assembly that cncircle the CondUctM canbe no smallex thau 4-5 cm m diameter- which significmtly limits 
application of the technology to larger wires. violation of this condition tppicauy results in cxtremery high 
tempuature se&Mty, Which thenappears asanrmdesiredrotationofthe state ofpolarization ofthe desired signal. 

Bulk glass is another nmterial that exhibits a Faraday && An advantage ofthe use ofbulk glass is that the sensor 
can be fabricated from materials with a higher Verdet wnstant than normal optical fiber, which improves the 
sensitivity to the Muencing magnetic field These bulk crystals canbe anndedby healingthem slowly in an oven, 

tlmnseb bulk-glass sensors are relatively mechanically stable both intemperaane and mechanical hading. Bulk 

ABB (www.abb.com) is one company that has ProQlced products using this appach (see Section 10). 

Despite these appar&admn@es over optical fiber, bulk-glass sensors mrfferfmmtheir own set of limitatiuns. The 
tramham mamf&md Grombdk glass are large, relatively on the same or& as the all-optical fiber sensors 
Previausry described Bulk glasses are not fmgnetic, hence their Vadet amstan6 are lower than the latest 
crystalline materials, which restricts their applications to extrendy high current measurement. Additionally, 
o b ~ ~ ~ p l e ~ ~ ~ a ~ ~ ~ m ~ ~ ~ ~ ~ ~ ~ ~  
h a s b e e n ~ ~ b y s o m e r e s e a r c h e r s , ~ t h e r e a r e l i m i t a t i o n s o f a S i n g t h i s ~ ~ ~ i n a p p l i c a t i a n s t h a t  
arperienCe tremendous temperatme fluctuations. Finally, assembly and alignment of bulk-glass sensors has 
bistoricallybeenperformedbyhand, resultingintremendous labor coststhatprecludetheirwidespmdase. 

As previously stated, fkmmagudc materials (e.g., bismuth- and Wumdoped yttrium-inm-garnet 
@i'l&Y$k&)) have mu& larger Verdet constants per unit thickness thau simple fiber optic cable or bulk-optc 
crystals. Theresultofnsingferromagneti 'cmaterialsisthatamuchsmallerFaradayrotatorisrequiredtomeasurea 
given magnetic field Strengllz and the outcome is that a whole elass of redncedaize magneto-optical transducers 
is enabled. Methods to grow these materials are well establishedand directly rmpport other- specifically 
optical telmmmdcafions, hence tremendous ecoMmies of scale are realized that surpass that ofbdk-giass and 

letting thembake, then slowly coolin& which can release internal stresses. Reducing intemal sbresses imprwes the 
optical and mechanical properties ofthe uystal, which is desirable for mam&%mg aswellascaliMoa By 

glass can be made relatively iIGqX&w, which portends well for mass production comepts using these sensors. 

rival the  ofo optical fiber. 
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Figure 2. 
mppr t  clmnps attached to a 4 4  A WG comhctor. 

Airak's optical current transbr and cable 

Airak's &cal technology (shown in Figme 1) 
differs si*cantly from both the optical fiber and 
bnlk-glass technologies descrii  b e .  
Spe&icaUy, it is not necessary for the transducer 
to completely encircle the co- being 
manitored. Rathertllanperformanintegratianof 
the magnetic field, the sensor samples a point m 
the magnetic field using a crystat at a location that 
ispredetermrned - bythesensorholder(see 
Appendix A for a more detailed drawhgs and 
furtherexplallation). Furtlmmow becanse the 
magnetic field is generally lmiform in magnitude 
near the snrface of a circular amdudor, the 
sensor's physical location on the con- is 
inrelevant 
Thew of highly SenSihiveFaraday materials and 
Airak's configuration also enables interesting 
capabiMes not available with either optical &er 
orbulk-glassmethodsdavrentsensing. 

ny V(&) = -B- 
aono  

Equation (5) shows anintembgrelalionshipbetween the VerdetconsEantandthe wavelength ofthe light passing 
through the Faraday crystal (ignore the ather variables for the puqoses of this discnssion). If basically states that 
the Verdet anstant is a function of the wavelength (color) of the light; hence TWO different values of the Verdet 
constantwillbereportedifthewavelengthis&mgedaudeverythingelseremains~ Thisveqimportant 
relationship can be erpIoited to ~ ~ I t a n e o n s I y  me8511m cnrrent and temperature. Due to the Verciet 
~'sdependenceonwiivel~wemhavetwoequationsandtwonnknowns, 

Due to the required division a digital signal processing system is the best candidate for the el-c fimction for 
this tqpe of sensor. 
Havitng established the ability to tiimultan&y monitor changes in tmpaatm, as well as changes in magnetic 
field, it is now possible to directly monitor the temperature of conductor as well as the load ClllTent passing 
through the conductor. Figure 3 shows an exploded view of Airak's htegmkd optical current and tempecdture 
sensor. For simplicit@, only those components directry ixtvolved in the heat-transfer process are idenlitid As 

DlSTRlBVFlON STATEMENT 
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previouslyestablished, the transducet reports thetempmtm ofthe Faraday crystal 3. TheFaraday crystal is held 
in place by an a' * crystalonrier2,whichissecuredtoan * * msorbodyl. Ifthemafaceofthe 
um~beingmonitoredisinphysical contact with the aluminum b!ensorbody 1, then this heat is"srmk" and 
sumnmdsthe Faradaycrystal3. 

Figure 3. Erploded view of Air&% integrated optical current and Figure 4. Physical dimensions ofAirak5 
tempriafurre sensor. integrated optical nurent and 

temperature m r .  The wjor units 
shown are centimetern. 

Figure 4 shows the physical dimensions of Airal's tmmduax. As shown, the alumhum sensor body is 25.4 mm 
longandthediameteris12.7mm. S u p p o r t f e r m t e s ~ ~ 5 m m ~ e a c h e n d o f t h e a l U m i m r m s e n s o r  
body. The device canbe made d e r a n d  lighter, which would furtherincrease thenumberofpossiile nxomthg 
locafiolq but, to date, Airak has not made these ~ d m .  
The following features dkhgukh the FOECT from other types of ament transducers and transformers: 

Sensor size is tndependent of carrent range. In genera& amat transformers, transducers, and related 
sensors must be sized aamding to the mapitde ofthe curreat that they monitor, as well as to the 
magnitudeofthe systemvoltages in whichthey are installed. Airak'simwher, due tothe inherent 
isohtion afforded by optid fiber, does not repuire sny special pkagingor insulatingbetow 19.2kV. 
Furtbmm, because sensitivityis amtrolledbythetbicknessoftheFaradaycrystal the overall sizeand 
weight ofthe transducer do not change as afunctionofthe measurementrangc. 
Frequency response is limited only by the signal procesSing electronics. Traditonal transducers are 
i n c a p a b l e o f p r w i d i n g b o t h h i g h ~ r a n g e a n d h i g h ~ c y r e s p o n s e .  Thisisasignfmm 
limitation that limits their nsefutness m highvoltage or highcnrrent applications, such as Tmsnhionand 

orfanlt Iocatianapplica.ti~. W ~ t r a m f i - & ~ ~  - ~ o m o m t o n n g  
devices ratedfor lo00 Aare'typicallylimitedto less than25 kHz response. Hall&& dewices forthe 
same range are limited to about 250 kHz. contrasting this, Airak's FONT fkpency response is 
fimhm&@timitedbythe signat p r o c e s s i n g ~ n i ~  notthetrrmsduoer, which suggests that it is an 
ideal magnetic field and current sensor for T&D monitoring, faultanrent lomtion syskms, power 
e l m c s  applications, and other highwer, closed-loop control and monitoring Systems. 

Transducer packaging mpports automated manufacturing. The cylindrical, Symmetric design of the 
transducer rmpports ammated assembly and ca l i ion ,  a ttemendons advance in State6f-thea-t for 
optidtf i 'berrs .  ~matedmamrfactlningreduces labor and material ax& enables npmbhty  .. in 
camralioq and improves overau s e x l S 0 r M t . y .  

. .  

The use of optically&mpamt ferromaguetic crystalline materials enables a whole new set of feaaveS for 
monitoring cunent that are not p s i i l e  with conventional or annmercially available optical lmmimm, and the 
result is a breakthroagh technology for magnetic field or aurent sensing. 

Deeter, M.N., Rose, AH, Day, G.W., ''Fast, Sensitive magnetic-field sensors based on the f$radayeffect in YIG", 4 

J. Lightwave Tech, 8 (12), pp, 1838-1842, December 1990. 
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Figure5. FOEcrlineartdetail 

4.4 FOECT LINE ART AND DETAns OF OPERATION 

&axRetainedad..  
la, l b  Inputandautplltfurcationtube 9% 9b: spacer 
2a,2bCollimatotouterhousing 10  Faraday rotatar material 
3% 3lx Hollm-core tube 11: Faraday rotator material Carrier 
*4lxa4dhqtube 12: Locking* 

5% 5b: Input and ontputoptical fiber 
6&6lXG"lenS 

13: Sensorhousing 

14% 14b: Sensor housing tensioning screws 
7% 7b: Polarizing material 

4.4.1 FOECTqPeratian 
With refereme to Figure 5 and Figure 6, the device in accordance with a p r e f e r r e d  theinvdmisa 
inmsmhix mapeto-optical sensor that canbe operated ineithernm-reciprd mode or m rpciprocal mode. In 

modelighttraverssirrmlGmeonsl yinoppshgdirectionsthroughthesensotassembly. Ncmdprocalmodecanbe 

tneamement resolution or vibration immunity is the gaverning goals. In tither mode, optical aperation ofthe 
deviceisthesame. 
The operation of the device in n o n d p r d  mode is as follows. Light umgy, such as that from a semiconductor 
laser and whi& represents and optical wavefront, enters the current sensor assembly through furcation tube la 
contaiming an intanal optical -Sa. The optical fiber5a is held in place via capillslrytrrbing4a, and the capillary 
tubioela/optical5aisopticallybondedtoaquarterpitchgradedfndexlens6a, whichexpandsandcolbnates 
the light beam The capillary tubing5aand graded index (GRIN) lens 6 a m  held secure m the assembly by a 
holloware tube 3a and ILon-feTzoUs collimator outer housing 2a. The light is then Projected through polarizer 7% 
which is held securely in place by retaheddjjuster 8a This polarizer 7a establishes an arbitrary but fixed state of 
polarization for the incideat optical e o n t  

The Faraday rotatormateriat 10 is held mapreferred orientation within the sensor assembly by the Faradayrotator 
material carrier 11 and locking pin 12. The Faraday rotator material carrier 11 is hollow and is aligned with the 
propagating light wayefronf fiom polarizer 7a. Situated between, and axially aligned with retaine//ajuster Sa and 
Faraday rotatormateriat carries 11 is aspacerga, which isusedto slightlyo~thepolarizer7afromtheFaraday 
rotator material 10. The propagating light wayefront frompolarizer 7a travels through spacer94 is incident upan 
theFaraday rotator material 10, andexits through the Faraday rotator material Carrier 11. In the ptesence of a 

non- mode, light only travels in one direction through the current sensor assembly, whereas inrtxipud 

asedto simnlifv signal processingandto reduce Systemcost, Whereas reciprocal mode is nsedwhere higher 

. 
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magnetic fieldthis lightwave will umkrgo arotationofthepolarizadon &ate establkhedbypolarizer 7a. This 
rotationis proportional to the strength ofthe magnetic field intersecbng * the Faraday rotator material 10 in the same 

The propagating light now passes through 8LLotheT spacergb, which is positioned tvdallybetwea the Faraday 
rotator material carzier 11 and another retainetadjuster 8b. This retahedadJuskr 8b holds anather polarizer 7b 
whose transnrssl * -011 axis is in the same plane as polarizjer 7a but is rotationally affset by an amount that is 

Faday rotator material 10 into apobkationamponent that varies the intenSity of thepmpgbng * wavefbntasa 
function ofthe applied magnetic field The remaining components ofthe sensor are a mirror image of the assembly 
previdydemibed. The~~opticatwavefrontfrompolarizer7bisincident~thegraded-inbexlens6b 
andis refocusednponthe opti4fkrSb. Froahere thelight is sent downtheoptical fiber!% and furcation tube 
l b  where is eventually cowezted to an electric current by a photodiode and then is processed by an electroIlics 

directimasthe~onofthepropagatinglightwave. 

~ ~ b y t h e s y s t e m c o n f i g u r a t i o a  Thispo~7bsanestoseparatethepo~mrotatiminducedbythe 

signalproce&gcircuit 

Rgure 6. FOECTeXpIodedview &tail. 

4% 4b capillarytllbe 

6&6b:C3RINlenS 
7% 7b: polarizing material 

5a3b:Input’andoutputapticalfiber 

~~~~~ 

9q9b: spacer 

11: Faraday mor llmt&al carrier 
12: Loddngpin 

10 Faraday rotator material 

13: Sensor housing 
1% 14b Sensor housing tensioning screws 
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4.5 REPRESENTATIVE FOECT ELECTRICAL CURRENT PERFORMANCE DATA 

Figure 7, FOECTsmall-signd liman.&. 

Figure 7 shows the small-sigd linearity of thebsmsducerwitha 60-Hz SirmSoiQl excitation. As can be seen, the 
response of the tmsduax is extremely linear for smafl Variations m sigual nxpome, with a 0.99943 c&Kuent of 
correiationbetweenthetransducer-audalinearawefit. 

umardulv 

I * , . .  
I * #  
* # I  

I .  

F@re 8. FOECT khrge-signul linear@. 
Figure 8 shows the largeaigaal linearity of the transducer with a 60-m sinusoidal excitation As caube sent the 
response ofthe transducer is linear, but as the magnitude ofthe excitation hcmses, a sli,ghthyskre& develops. 

is purely a function ofthe materials that Comprise the Faraday ratator material and m no way limit the 
usefulpess ofthe tmsducer. The coefficient ofcorreMonbetween the transducer output and alinearcurve fit is 
0.9936 for the representative data shown. 
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6. Task 3: Desfgn, Develop, and Test the APCS Testbe&. ,. 

6.1 SYSTEMOVERVIEW 

This sectiondesuii the hardware used to implement the Apcs system. The d m  ofthe system to the 

Figure 9. Bbck &agranz of qystem connection to the 
utility and load 

utility gd is shownin Figure 9. 

 his portion ofthe reportistakenfimm chapter 2 ofa timisthat ~.esulted -this  ark: L. we, r)esign end~nalysis ofa 
Grid Comected Photovoltaic aeneratiOn System with Active Filtering Function’’, Master’s Thesis, Virginia Polytechnic Institute 
&State Univemity, March 14,2003. 
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Variable 

LbYL 

I€% 153 It? 

I b h L  

Figure 10. Block diagram of PVgenerator/mtive$lter. 

Desai@ion 
The cumnts flowing &om the Source (or 
utility). 
The cmrents flowing out of the w/ac$ive 
filtersytem. 
The CUlTemnawing illto the load. 

16.8 A + 

Figure 11. PV may connections. 

5.2 P V ~ Y  

The 0.9 kW PV array that was selected for the system 
wnsW-dthree parallel amnections ofthree Siemens SRlOO 
panels amneckxi m Series as shmn m F i p  11. 

Eachdthe SRlOO solarpanelshas amaxirmunpowerratingof 
lOOW, which occufs at a rated voltage of 17.7V and a rated 
current of 5.6A The panels have an open Circuit voltage of 
22Vand a hnt circuit current of6.3A A picture of one of the 
panels and the V-I curve for each panel is shown in Figure 12. 
The V-I curves have a n m - W  shape. It canbe seen in the 
figure below that the curve tends to slide down as the solar 
intensity decreases, and the curvt slides to tzle I& as cell 
rmrEacetemperatmeincreases. InthesyStemdesi~thePV 
array voltage and output current are sensed by LEM voltage and 
ban cxlrmtt timsol& lespeakly. The voltage and ctlrnent 
variables from the sensors are fed into the digital amtroller 
through A/D channels toteusedfor theMPPTamtrol scheme. 
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Figure 12. Semens IOOWPVpanel and V-I clcrves 

6.3 ~TODCCoNVERlER 

The DGto-Dc amverta power stage selected for the system has a topology tbat is an isolated full bridge 
implemented with lOOV, 75A MOSFETs (Advanced Power TecblogieS APTlOM19BVR). shows the schematic 
of the converter. The original design was for two 5kW converten operated in ponallel to provide lOkW for the 
inverter stage. In this application the cawerteronly needs to provide 0.9kW, so only one side dthe converter is 
used. Theboard designed is shown iu Figure 14 with only one sidepopulated. The Capacitor across the input of the 
converter shown in the schematic is actuaIlytbtee capacitors m the circuit 8s canbe seen inFigure 14. The bulk 
ca.pacitorhelps to *thembus duringtransierds and the CQmmuml 'on capacitors are placedas close to the 
balftPridgesaspossibletominimhinductance , so they can prevent the output capacitance of the switches from 
ringirng with the bus inductance duringswitchcommutation. 

Figure 13. DclDc wnverter schemutic. 

Figure 14. DcIDcconverterpower stage. 

A TI UC3895 phase shift modulation control cbip performs the full bridge switch modulation. The phase shift 
modulatonschemecanprwidezerovoltageswitchingby~thecnergyinthetransfonnerlealcageinductance 
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and the output filter indmtof. TIE d &tml ofthe duty cycle of& 
the controhthat is passed throllgh a low pass fllterto act as aD/A charmel and amnectd to the controller chip. 

5.3.1 GateDrive 

istbrcmghaPWMchannelh 

The gate driversusedfbrthe MOSFETs in this converter are the same ones used in the iWeaer stage so 

Figure 15. Gate drive scheme 

An Agilent HCPL316Japtically isolated gate diive chip was usedto design the gate drive. The optical isolation of 
the gate drive IC provides isolation fbrthe dRices that are tiedto the upper rail andallows all ofthe devices to be 
turned &with a negative voltage. In this design the gates of the devices are tmned on with +15vandturned of€ 

sl4)ply as well as the control circuitry is derived ffom the input voltage using the lmdiary pawer supply shown in 
with-SV, ~hicharepmvidedbythe f lybd~p~wer shown inFigUre 16. Tlhe paWerfOrthe drive p o ~ e r  

Figure 17. 'Lhe 8wtili;Lty p e r  suppIy is a nybadr that was designed using a Power Integrations Top Switch 
integrated control and MOSFET IC. The awciliary power sqqly also supplies the +5V that is required to nm the 
logic in the gate drive IC. protection against averrwrent conditions in &device isprovidedby the gate drive IC 
withdesatmation protectioIL The gate drive IC has aamstautcurrent that f m  amltage drop across a 
resistor and diode that are comwtedto the collector or drainof the switdhgdevice. When the device turns on, the 
current source charges the blankingcapacitorto the voltage across the device plus thevoltage drop ofthe diode and 
the voltage Ctrop 8cfoss theresistOt. The blankingcapcitwchargingtime gives the device eaaughtime to turn on 
aqIetely. Ifthe total voltage at the desatpinis above 7Vthe device is tamed offand the gate drive IC feeds back 
afaultsigdto the controller. The gate driveIC will also gointoa Wtcoditionifthe gatedrivepawerslrpply 
voltage drops below 11V. When a h l t  occurs, the gate drive IC mustbe reset nmagain 

Figure 16. Gate &epaver sip&. 

V. MatkWik, J. A &balk, R B. Ridley, F. C. Lee, md E. €I. Cho, "Small-Signal Analyak of the Phasc-ShiAed PWM Comater," IEEE 
Ttamactia on Power ElccEronics, Vol. 7, No. 1, Jarmary 1992. pp.128-135. 
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The output ofthe DUDC co~~erter must be above 350V so the transformer designboosts the voltage up to this 
level. Thelransformer was designedto use anETD49 core andhas 4 primarywindings and40 seamday windings, 
*a turos ratio of 1:lO. 
5.3.3 OutputFilter 
The output filter &sip was based onprovidiagell~ opacitance to act as energy storage for the active filter 
firnctian d the  system. The calculaticm for the size dthe DC liuk capacitor for the active filter is based 011 
controllingthevoltagechangeoftheDclinkrmderworsecaseoperatingoonditions. Itisassumedthatwhenthe 
a c t i v e f i l t e r i s p r o v i d i n g ~  'on at the hulamental line freqaency for dkplamnent power factor (DPF) 
corredion,thenthecapacitarischargedand~twiceperlinecycleandthatthechargeand~~times 
are ewen Based on a cb@dkchrge balance, the following equation is used to detmmne * thecapacitancevalue 
for the DC link7: 

The change m DC link voltage is high at 40V, but it is assumed that the COIltrol loop fm the DC lintcvoltage will 
help to hold a tighter voltage band A 2.7mF, 450V aluminum electrolytic Capacitor was chosen fix the DC link of 
the system. 

Based on the propowl conlrollex, it was desired to have a wide bandwidth for theDC/DC converterautputvoltage 
loop. To help ensure a wide baudwidth was possiile for the mnvertm, the resonant point afthe output filter was 
chosen to be 850Hz. This resonant point fix the filtaresuEted inan inductance value of 131s The drawbds of 

(DCM). By operatiag in DCM the major bene& ofthe phase shifted fbll bridge topology, zero voltage switching, is 
lost. 'Ihis trade offwas made to allow for the proper Operation of the praposed mntml scheme. 

usingttdsautputfilterdesigoisthattheDC/DCconverterwillalwaysaperate~thediscoIltirmaus condwtimmode 

Ld, J. S., "Active Power Filter@ far Harmonic Compensations," lTRI Short Count, ullit 7 on Power Quality md Thtec-phase Power F a a r  
Cmection, March 1647.2000. 
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5.3.4 Passiveclamp 
The outlineapart m Figure 13 is apassive clamp that contmls the voltage overshoot that occurs duetoa resonanoe 
between the capacitanceofthe~erdi& and the leakage inductance ofthetrimsfomes. Thecmxsha&occnrs 

the voltagebegins to rise and is clampedw the diode toprevent excessive voltages. The size ofthe clamp capacitor 
determhes how high thevoltage will go. After the voltagebegins to decrease the clamp capacitor discharges to the 
nominalDClinkvoltage theclampresistor. ~6o%ofthecIampenergyisdissipatedmtheresistorand 
therestisdeliveredto 

when the diodes turn ofX and requires that the diodevoltage rating be inmami. whenthe rectifier diodes turnoff 

6.4 I-ACTWEFILTER 

The power stage for the kertedactive filter part ofthe system is a 6awitch topology that is rated at lOkVA As 
discussed in Section 5.3.1, the same gate drive Cirarit is used in this power stage as theDC/DC comxter. The 
auxihypawer slrppfy is also the same as intheDC/DC converter. Mernational RectifierIRG4F"71UD W V ,  
6OA IGBTs with integrated d-md diodes used 8s the devices in the inVeaerlactive filter 
stage. Fi,gure 18 shows a  schematic^ 'onofthepowerstage. 

Figure 19. Imrtw/&eefilter F e r  stage. 
Rgure 18. Imerter power stage schematic. 

Apicane ofthe upper side ofthe power stage is shm mFigure 19. The PC board has cOmpOnentS onboth sides 
and the DC linkbus andautputbusesare infegmdirdothePCbmrd. ThethreecapaCitols shmacrosstheDC 
link in the schematic S E  the conmu&& 'on capacitm that axc placed as close to the Cormplementary pairs of power 
devices as possiiIe to minimi7evoRage OverShOOt and ringing ondevice tnrn of€ 
5.4.1 Outpnt Filter Inductors 

phase outputs ofthe power stage. The purpose of the inductors is to filter the m&ching compmts out ofthe 
outplrtarrrents ofthe iweaeractive filter, The inductor size wasdesignedtolimitthecunentrij~pleto2.5Aata 
switching Etequency of 32kH~, a DC link d360V and a line-to-line antput voltage d294Vpk. 

Included 8s part dthe ilmxtedactiive filter power stage am mter inductors that are placed m series with the three 

To size the indnctors, first a calculation was done based on the real power that d d b e  flowing from the PVanray 
to the grid, then an assulllption was made that the 5thharmonic wouldbe the worst case current for the active filter. 
Based on a lOkW non-linearload it was assmnedthat 5kVAofmcfivepowercouldbe ckxhted through the active 
filter. It was then asswnd that 60% ofthe 5kVA w d d  be at the 5th harmonic and the inductors were designed 

* L H. Mweene, C. A Wright, M. F. ScblcoM, "A 1 kW 500 kHz Frontad Comrerter for 8 Distributed Power W l y  S m "  IEm 
T d o n s  on Power Electronics, Vol. 6, No. 3. July 1999. pp. 398-407. 
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basedonthatcutmI€. ’hoMagnetics@MPP58866-A2 
125p cafes are used in each inductor and the winding 
consist of 54 tnrns of 3 strands of 17 gauge wire. The 
measuredindactance ofthe completed inductols is 815aH. 
Figure 20 shows the power stage cormected to the output 
fikrinductors. 

The controller for the system is based on ahigh performance 
Texas Instnrments 32bitfloatingpointDSP. l k e  parh la r  
DSPamilychosenfortheprojectwasdesignedfor 

includedwiththe DSPdo not meet the requirements for a 
typicalpowerelectmd~controlsystem. Athirdparty, 
configurable &Iphtercardwas chosento intedke the DSP 
tothesystem. 

communicationsapplicatiions,andthereforetheperipherals 

Figure 20. Power stage w i a  outputfiuer inductors. 

Texas Instnrment’s TMS32OC6701 DSP core was chosen for the controller for this system to ensure that a suff&nt 
amountofpr~powerwasavailabletonotonlycontrol thesptem,buttoalsoprovide signalprocessingfor 
the~opticanrentsensorsorrtputs.Thespeci6icationsoftheDSPcorearegivenbelaw: 
DSP core: TMS320C6701 
*32Bitfloatingpointpor 

133 MHzmaximumclockspeed 
32,32 bit registers 
8 independent t o n u n i t s  (6 ALU’s and 2 MAC‘S) 

*Up to 8 simultaneous 32bit fixed point instructionS per cycle 

5.5.1 DSPBoard. 

*Up to 6 s h n u l w  32 bit fl0atingpOintoperationS per cycle 

Glue-less interEdce to synchronous and asynchronous memory 
Host port interhce 

-2lslllticbarmelbufferedserialports 

4 DMA channets 
To shorten development time, the evaluation module @VM) for the TMS32OC6XXX € d l y  was chosen as the 
Controuer board for the system- Texas Jm&mex& builds the EVM and it includes the following fatum: 
EVM module: 

1 bank of64K x 32bit 133 MHz S B W  memory 
2 banks of lM x 32bit 100 MHz SDRAMmemory 
Cormectiontothememory bus via daughter card oonnector(allm up to 3Mmore memory) 

*cormectiOntotheperipheralinterfacebusViada~cardco~ 
The~~~cardconnectorsontheEvMallowthirdparty~ionboardstobeeasilypluggedintothesystem. 
5.5.2 COIltrol Periphd Danghter Card 
A Signatware, Inc. AED-106 daughter card was chosen to provide the necessaty peripherals for the control system. 
Figure 2.13 gives a diagram ofthe EVMboardandthe AED-106 and their connections to ahother. 

DISTRIBUTION STATEMENT 

USE, DUPLICATION, AND DISCLOSURE OF THIS INFORMATION IS RESTRICTED ON TITI.€ PAGE 



0 . .  

b '. 
Page 21 

a 
8 
8 
8 
I 

I 

I 

I 
I 

! 
: 
: : 
I 

Figure 21. Block diagram of EKUattdAD-IO6 boar&. 
The -106 board has the following features: 
oXilinx\T~XCV300seriesFPGAfbrinterfaciagthememoryandperipheralbusdromtheDSPtopeaipheralsfor 

2 banks of512k x8bit Flash memow forboat loading and program storage. 
4 THS1206 4 input 12 bit A/D converters, alluwing6MSPS each 
0 ~ ~ ~ ~ 0 ~ ) ~ ~ ~ ~ t h e ~ o f ~ ~ ~ l ~ ~ m a ~ ~ ~ .  

The FPGA on the daughter card allaws good flerribility in the Contronetdesisign. All ofthe 16 A/D CQIlVertersare 
buffered in the FPGA to allow for proper synchronization between the sampling and the traasfer to the DSP 
memary. The FPGA also prwides avery flexible digital Yo configuration Inthis design, as discmedin Chapter 
4, several ofthe digital YO pins on the daughter cardwere used as thePWM channelsfor the power device gak 
signals to the hater. Another digita! Yo pin was set up as a PWM ChaMel and passed tbroughan extenral low 
pass filter to provide aD/A converter for the amtrol signal to the DC/DC COIlyerfer corn1 chip. Au ofthe fault 
signals fiomthe iwertergak drivesare OR'edtogethertoand fed badcto one ofthe digital Yo pins. Another phis 
used forthe same purpose forthe DUJXamverkr. Two digital Yo pins are usedtoprovide reset signalst0 the 

5.5.3 A/D converter Signal conditioning 
Texas Iostnmzents THS1206 A/D COLNerters are usedon the daughter card These A/D converters have a maximum 
sampling rate of6Msampldsec. at 12-bitresolutioa There 8 f e  4 AD chips and each chip has 4 charmels that are 
sampled s i m d m l y ,  then the values are umverkd sequentially by a muxed 12-bit A/D converter and storedm a 
local bufferbefo~being transferred mer a padel bus to tt FIFO bufh  in the FPGA input voltage range for 
the Am ConverterChaMels is -1 Vto+l v. 

controlapp~ons. 

. ~ 2 4  confgurable digital Yolines. 

gate drives oneachofthepower stages. 
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AlldtheanalogsignalsusedinthecoIltrolsystemcomefromtitherLEMvol~or~~~. T h e m  
LV-25, 1o-5ooVnns voltage sensur is used for a l l  voltage measnrements; and the LIEM LA-55, SOArms CUlTent 
sensor isusedfotall cunentnmsmmm. Additional charmelsofthe AID axmters are reserved forthe Airak, 
Inc.fiberopticanrentsensors. TheolltputuftheLEMsensorsisacmeptmthelOmArangetbatisproportionalto 
the measured variable. The amditioning &wits that we= designed to htedace the Id?M sensars to the A/D 
cowertersprovide abwten resistor to convert the current signal from the sensor to avoltage signal within the ixtput 
range ofthe AID converters. Apic4.m oftheamditioningcircuitS is ShowninFigure 22. Exslmple schemaficsof 
the conditioningcircuits are ShoWninFigure 23. 

Figure 22. Analog signal conditioning circuits. 
The first circuit schematic is usedto measure AC qwntitiesanddoes not&e$ themeasured signal fmmzero. To 
fully\Itilizethe inputrange ofthe A D  wnverkm, the Dcquantities areofktto -1Vas m the second schematic in 
Figure 23. In the si@ conditioning Circrrits an iastnnnentab 'on amplifier is used to make a differential 
measuremeLLt on the burden resistor. Two LM347 op-amps are used to provide af&et fix the DC Circuits and to 
allow ad- ofthe &set to zero in the AC Circaits and to -1Vinthe DC Circuits witha potentiometer. A final 
opamp isusedineachcircuafixafirstorderlowpass, anti-ahingfilterforthe A/Dchannels The cutoffofthe 
1owpass~~issetatonehalfofthesarnplingfrequencyoftheAIDcharmets. Afkrthesignatpassesthnmghthe 
antidiasing filter, it is connected back to the daughter card through a Natiwal In&mmts breakout box The 
breakoutboxalso providesthe wxmectionsfotthedigitalv0. 

&e 

Figure 23. Signal mndtioning circuit schematics. 
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5.5.4 DigitalMerface 
The digital VO on the controller are interfaced to the systemthrougha htional Instnrments break- box and then 
through the interface board. The cable from the breakout box plugs iuto the large cxnmector on the interface board 
and the signals are split up tobe sent to th6 inverteractive filter power stagethrougb J2 and theDc/DCconvcrter 
through J3 and J4. Asecond orderlow-pass filter is placed m series with the PWMsignal that amtrols the duty 
cycle to the D O C  corrverter to fonn a D/A converter because the amtroller on the Dc/DC COINerter requires a 
0.5V to 3.5V signal for the duty cycle control 

6. Task 4: Integrate and test the eiectroaptical and power electronic subsystems 
(join Tasks 2 and 3). 

6.1 PVARRAVMODEL 
one of the mbtakes made in this work was 811 ixtqmpx simp- assmption about the behaviar of the Pvmay. 
It~assumedthatthebehaviotwourctbesimilartoanideslrvoltage~inserieswitharesistor,andtheori,ginal 
controuer design was based onthatassmnption. Laterm the design, a mofe accurate model of the PVmaywas 
&eloped and used m the controuer simdationn. 

A more accmate model ofthe PVarray was later developed using the datasheet information for the Siemens PV 
m~esthatweretobeusedinthesystem. T h e m o d e P ~ m t h e m o d u l e ~ d a t a t o b e u s e d t o c r e a t e a  
model of the entire armyto be used in simulatians. The &dation model was implexnentedas a Mast file for use in 
the Saber simdationpackage. An example simulationofthe PVarray model is shown inFigure 24 where a resistive 
load is swept from it low value to close to a short circuit condition *model becomes Ilumericalfyvxnstableas the 

load approaches a short circuit and 
thefffote the model cannot be used 
for simalations that may require 
Shm circuit conditions. The 
wavefbnns in Figure 24 show the 
voltage source region, the current 
source region and the transition 
region Where the maximum power 
pointexists Asthepowerprofile 
shows, the maximum power of the 
model is 8% lower than the rated 
power of the actual PVarray, butthe 
basic behavior of the array is 

6.2 DClDC CONVERTER 
MODEL AND CONTROLLER 

At the beginning of the design 
process an incorrect assuntption was 
made about the behavior ofthe PV 
anay as discussed previously and 
the DCDC converter control design 
was based on that assumption. The 

4a 4.1 U 4s U M *a U U M U 

& 

Figure 24. Load sweep shdation of the PV arruy mo&L 

A D. Hausen, P. Serarscn, L. H. Hansen, and H Bindner, "Models for a Standalone PV Syxtcm," Wind Energy and Atmospheric Physics 
DeprntnnenfEle~~DesignmdControlOioup.~N~~L.boratory,,Roskilde,Ikmnak,Deocmber2000 
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control loop for the fmnt end DC-I)(: converter was developed using Saber. The model for the converter was built 
in Saber based on the avenged SWitchmQdel proposedby Tsai". Initial simulations ofthe converter showed that in 
the operating range available Erom the PV array, the convexter would a~ways aperate in the discontinwus 
conductions mode. 
Because the Dc/DC co~lveztet bad already been designed when the problem with the model was discovered, the 
decision was made to not iqlemmtthe PV- and DCDC cowerterin hardware. More work needs to be done 
to either redesign the DUDC converter or add a M e r  between the PVarray and the DUDC converter to allow the 
DUDCco~~voltageloopbandwidthtorenminhighenoughfortheproposedcontrolscbemetowork. 

lo E T& USmallSignal md Transient Analysis o f 8  Zero-VoltapSwitd~ed, PhaseGcntrolted PWM Conveatex Ushg Avorrged Switch 
Model;" IEEE TrrmJactions on InQstry Applications, Vol. 29, No. 3. ky/June 1993. 
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Bandwidth. Table 3 provides an ovemiew of technologies that dkc t l y  compete with A b W s  optid transdncer 
technology. As established in Section 9, Airak's transducer has a bandwidth in excess of 30 MHz, and by tailoring 
the Faraday clysbl composition this response can be made at least as high as 700 MHz. Wire-wound technologies 
scrffertwo limitatians: as they get largeram losses increase andfiequencyresponse decreases. Forwire-wound 
transducers in the lO00-Arange the maximum Eresuency response is typically less than 25 kHz, and this will 
decrease rapidly as the size ofthe transdncei increases. Halleffect trarisducefi, while exhiiting higher frequency 
response, suffer in that devices capable of measuring DC magnetic fields or DC current typicalIy are reshicced to 
less than 10 kHz response and h i & e r d  Hall4kct transducers capable of monitoring AC signals have an upper 
bandwidth limit of 250 m. 
Simultaneous AC & DC Measurements. With resped to AC and DC measurements, only Airak's transdncer is 
capable of s i m u l M y  measuring a steady-state DC oset in ma@c field or current and reporting an AC 
magnetic field or anrent at the handwidths listed. Any DC present in a measmement signal wi l l  cause a wire- 
w d  tmsducers' core to saturak, which will introduce huge measuremmtemrrs (if not render the 
IlSe1eS.S). 
Voltage Range Airak's transducer, as ShaM in Figure 2, has been tested through 6 kVand is capable of operating 

transdhrcersareused inelectricaltransrmsn * 'onapplicationsaslargeas 1.2MV,thisisonlyachicvab1ewithoil-~ed 
assemblies. Hall&& transducers are typically less than 2 kVfor devices in the 3- to 3OOO-A range, largely due to 
theirisolationandinslllidionrequimn~. 
Dynamic Range Thedynamicr;mgeofAirak'stmmluaxisextremeIyhig4 due largelytotheoptical natureof 
thedevice. Advanced sig.nalprocessing methods, as well asadvanced optical snppaa ccmf@dons candzive the 
dynamic range mexcess of 120 dB (power). In COllfIilsf wire-wonnd- are typically limited to 60 dB 
(power) total dynamic range, duetoef€kcts such as seIfkatingand samatiun Hall4ectdevices have a larger 

semicond~or~buttheyslillfBl1sho~ofopticalmethods. 
Accuracy. The accuracy of Airak's transducer and oftraditional W e e d  devices is comparable, due largely to 
advanced sigMl processing techniques. conventional w i r e - w o u n d  techtlologies, especially in higher voltages, suffer 
due to the same effects that limit their dynamic range (see Aspendix C). 
Intrinsically Isolated. The all-fiber irdercormection of Airalr's trimsducer provides a natural separationbetween the 
conductor being monitod and the equipment pedorming the meamring. The resuEt is an extremely safe 
measMemeDt device, especiay. compared to the other technologies. This intrinsic isolation is far different than 
*wound or Halldkct devices, which typically reqnire substanbal ' in sol at ion as voltage in^. 

Instan on Energized Llne The quick anmddisconuect feature of Airak's lramdmx, canpled with the intrinsic 
isolation, aIlow it to be d k d y  umneckd to energid lines, relatively independent ofthe power flowing through 
the he. Neither wire-wound techno!ogies nor €IaIl&a technologies can be c o m d  to energized lines due to 
safe tyand~graundingproblems.  

S b  AspmhUSlycstablis~ Airak'stransd=is 35 mminlexlgthand 12.7mmindiametes, independentufthe 
field being monifozed or the voltage on the line to which it is attached Neither the W & w d  nor Hall&& 
technologies canmaintain a amstaut size as system power levels change due to iucmsed demands amcerning frill- 
scale meamement range, isolation, and &@. 

Weight. The weight of AiralCs transducer is fixed at 28 grams, completely independent of the field being 
monitored or the voltage on the line to which it is attach& Again, neither wire-waund nor Hall4kct technologies 
can mahtain acom!mt weight as system power levels change because of isolationand s a f i i  requirements. 

Reliability. The allqtical nature of Airak's technology Fmpnrves overall bansducer reliability. Wire-wound 
transducers, especially those that are used at high voltages, typically contain insulatiag ails that break down over 
h e ,  reducing their mean-time4etween-Mm. Halleffect transducers are subject to stress Wgue, e s p e d l y  in 
bighex voltage emiromnents, causing a significant decrease in reliability for applications abuve 1 kV. 
Price. The price ofthe Airak transducer is amp cven when current magnitude or system voltage level increases. 
The cost of wire-wound and Hall&& technologies increases rapidly as system voltage levels increase. 

atleastthrongh192kVwithno~~requiremenfs f o r ~ ~ i s o l a t i o n , o r m ~  Althoughwire-wound 

dynamic thantbeirW&wdcounterparts, due in part to advandsigoal processingas well 8~ the all- 
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8. Task 6: Deliver the APCS testbed to NSWCCD for independent performance 

EM. odda 

valildation and PEBB interfacing. 
overthecounreoftheprogramitwasdeterrmned * that N S W O  was not tquigped nor were they funded& evaluate 
the performance ofthe AFCS testbe& Despite this, NSWCCD was able to secure partialfimdingtoevalnate the 
optical cunent sensor. As aresult, a COntpleteFOECI'sensor system that was developedonthe Apcs program was 
delivered to NSWCCD for evalnation in September 2002. The technology has been proven and a letter ofsnppoa 
from NSWCCD follows: 

From: Head. Machinery FIesbarch Oepartmeftt (M), Naval SurFace Warfare Center 
To: Mr. Paul Grems Duncan, Presldent 

hirak Inc. 
9058 Eudid Avenue 
Manassas, Virginh 201 lCJ-5308 

SubJ: Potential tor hrderock Divislan Partnerhg wlth Almk 

Deer Mr. buncan; 

The Machlnery Research and Engineering Directmte, Naval Surface Warfare Center 
Crarderodc Divislan (NSWCCO) is the Unlted States Navy's bborabry for the 
development of ship machinery systems and the inaenr[ce enginaaring to support these 
systems in the Reet Wilh the development of the mone electric Navy shipboard 
electiSca1 monltorfng requlraments Wnl haease, and NSWCCD is axlstantly seeking 
IntKwative approachas to solve this challenging problem 

Nmk has proposed to devebp bw-oost optical s e w o ~  that monltor current for fast 
detedlon d elecfrbl faults in shipboard elecbicia? power dlstrlkftfon systems. Your 
developmen! a4 lowcost optical 4rensws that cauld potentiany meel the bandwidth end 
elecirlwl lsolstlan requbaments of this demanding onvirannrent and the assodatad 
transducw system has potential for Navy appliwtbn 

NSWCCP can provkfe support of A h k  optid sensor developments urder a work for 
prhrate partles agreement NSWCCO participates in these agrcclments to support 
tedhnkal capabilities essential fbr the Navy, to sopport dual use and tachnology transfer 
opportlmities, reduce tutal OnHnerShEp cost for the Department of Defense, incream 
national cmpeUtkncss, 8nd suppart regional emornic dwslopment. If Airak 
chooses, NSWCCD Is prepad to dmuss ~e prrrcess In greater detail. NSWCCD 
could pwfcle Alrak assistance thmgh the we of test equipment test faclftties, and 
engineering expertise to prwlde guldance on methods to nrggldke transducer and 
electro-optical s;rsterns for the rigors OT the shipboard anvimnment. 

NSWCCD wlshes Afrak, Inc. success with their researoh and cornmerdatlzetim efbrts. 
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9. Task 7: Solgel thin-film maten'als development and characterization. 

9.1 lMPoRTANCE OF THE RESEARCH 

As powerdectronics cwtirme to decrease in size andcosf the need for small, lowast, high@' noise- 
imrmanecurrentsensorsQamaticallyincreases. Itis~beUevedthatthenextgenerarionofhybridIntegrated 
Power Electronics Modules (IPEMs) will introduce many new technologies such as active theanal control, 
integratedgate drivers with active Wdt anddv/dtcontrol and integrates curzent sensors. Thefeedbadccxmfmk 
from current sensors makepossile to generate risk-fiee powermodnles. Enpineefiare investigatingvarious ament 
sensing technologies intensiveyto serve as candidates for integration into the new generation ofpower electronics 
module. The shunt resistor, though small in size andcheap in fabrication pice, requires Galvanic isolationand have 
large insertion loss, which canbe costly in long mn Current transformem need iron cores and are largely affected 
by E M  noise, which make them an unlikely candidate for htegmtion. These two limitations are also applied to 
Hall-d%ctsensors. Thaughonernayremwethe inmcoresfromtheHall e!ffect-basedsensortips, their datively 
low AC bandwidth (10 to 200 KHz)" could be another disadvIlntage for the applicatiaas m power modules. 
w m  wireless magnetoreslsttve * *  -basedanrentsensorr;haveahigh-speedworlring~ * *on12andmay 
afferaperformance ssperiorto~ofstandardopen-loapandclosed-loopHalltffect-basedcurrent semns, sothey 
cauld be one of the candidates of&egr&edcurrentsensors forthe next gemration ofpower modules. But -have 
limitations m large noise environments, less acmacy, &%it non-lkarity and non-zero of€%&, as well as 
~ i o n a n d h y s t e r e s i s .  
I s i t p o s s i b l e t o d e s i ~ a n d d e v e l o p i l l t e ~ c n r r e n t s e n s o r ~ ~  ' sensingtechniqaes? Ifpossile, 
how good are the magneto-optical se~sors as a candidate in the next gemration dIPEMs, especially when 
compared with the other techniques meach specific c- * 'on? Inthisresearchreport,wewillleverageour 
lessorns learnedfrompastresearch&~ with~crristiogresearchresults to e m t l i i  in replying these Qnestions 
w i t h ~ o f t h e ~ a d v a n o e s i n ~ , o p t i c s , M E u s , a n d d ~ ~ p r o c e s s i n g .  
Thereare~concernsthatneedtobeinvestigatedif~~calanrentsensorsaretobensedinintegrated 
power modules. The key parameters are (1) sensitivity, (2) workable bandwidth, and (3) accmcy. Each will be 
cli!mssed: 

9.2 SENSmViMOFMAGNETO.OPLlCAlSENSORS 
Fora- 'cal ruration material in a basic pohimetric detection scheme as shown inFigure 25, when the 
rotation angle is small (which is the usual case in a 'cal sensor applicaiiion) we have the signal changes 
fromthedetector: 

optometer . I 

Mdmal 

Figure 25. Schematic diagram of system setup for determining magneto-optid rotation. 

J. sedgwick, W. R Michalson, andR Ludwig, "Des@ of a digital gauss meter for precision magnetic field memumneat", 

I2S.E. Russek, J.O. Oti  S. Kaka, and EY. Chen, "High-speed chu&ew& . 'on of submimeter giant magnetoresistive 

IEEE TransactianS ~n W d t i t k i  and Measuremenf 47 (1998) ~~972-977 

devices", J. Appl. phys.. 85 (8) pp4773-4775 1999 
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where 10 is the intensity of photodiode module laser source, V is the Verdet CODstant of the sensing mated, A 
the absorption cueflicient ofthe sensing material, R, the responding of the polarizing cube beamsplitter W o r  the 
polarizess, Rd the responding ofthe phbtodiode detector, and C the bther si@ a t t m u a t i d ~ c a t i m  in the 
optical path. From theprwious equation, when A * l = l ,  we have the maximum signal changes firom the detector: 

M-=Io*-  *AB*R,(A)*Q(A)*0.368C 

Fnnnthis equation we know that M(A) = VIA@) is an irnpaaant parameterto indicate the maximum sensitivity of 
a given material and is called magnetoqtical f i p  of merit ofthe material. m e  larger M(A) is, the larger the 
maximum signaI changes we can get fromthe detector, as long as we can optimize the length ofthe sensing material 
along the field direction to be I = 1/A. TherefoE the determidon of M(A) is crucial for selection of the operating 
wavelength and enbancement ofthe sensilivity of the m o r .  

A@) 

9.3 WORKABLE BANDWIDTH 

ThewoIlringbandwidthisanatherimportantccmcernin~licati~ofthe~et~~cmrentsensorbecausea 
high fresuency switching power module could need a response speed up to several MHz. The response behavior of 
themagnetoopticalratationmaterialsof~dependson&mainWandampingordomainwallresonanceinthe 
same way as the magnetic s n s c q t i i .  Theory and experiment show that the speed of operation is limited by 
rehation ofreswance &kc& to ripper between lo6 to 109 Hz As examples, two (BiTbMFeGa 5012 

fqxdively, as shown m F i i  26.'3 ~ d ~ ,  the roll+f€fireqnency should be the highest wotking speed 
pointafamagmmpo 'cal sensor made use of the sensing material. Forthe sensing materials with hrge damphg, 
thecat+Efireqnencyhasarelationshipof 

films grownby StanQrd liquid Cpitaxy techniques have the 3 dB mll4fireqnencies of8x1@ and 7x1 J Hz, 

314 112 4 
whereM,isthesattnatonmagnetization,K istheuniaxidanhtmpyenergy,l isthethiche~s,anddisthe 
damping of the sensing material. From this equation it is obvious that the cutdF fresuencies can be obtained by 
mxhizingthe magnetbtionandbyminimizingthematerialthickness, the miaxial anisotropy, and the damping 
This could pruvide us some useful prediction for selecting rare earth ions doped to the p e t  composition. For 
example, fnnntheresponse speed point ofview, terbimis not it good choice because it haslarge damping thrmghit 
is the best choice for tempram stability and theref' a cOmptOmiSe must be reached for our realistic application. 
Since these requirements offen show d c t w i t h t h o s e  for higher smitivity, a comprolllise must be reachedfor 
each potential application 

l3 R WoKe, E. M Ororgy, R A. Liebeman, V. J. Fmtello, S. J. Licht, M. N. Detter and G. W. Day, YIigh fkquency magnetic 
field seams based on the Faraday effect m gamet thick fXms'', -1. Phys. Le&, 60(17) 2047 (1992). 
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Figure 26. OptiCar respoase vsfiequemy of appliedfleldfir lwo (Bil'B)3(FeGa)SOl2@ts 2 and 3. 
< 

9.4 ACCURACY 
Among several parameters restrict absolute accuracy of an integrated smgmtM@ 'Cal sensor, the ILon-zero 
tempemm sensitivity is the most concerned one because power electronic devices are heat- especially as 
power density increases within an integrated power module. The magnetic field/cment sensor must be able to 
tperate wera specified temperature range. Unfartunatly, theFenaday rotation ofthe r a r e 4  iron garnets is not 
amstant over this kmpemtm range. Tbe temperahae COefFicent of Faraday rotation in bismuthdoped 
COmpOSitioIlS is typically 0.06 to 0.08 degreePC compared to 0.04 degreePC m YIG. 
TheFaradayrotationof~iron~isgivenby 

where W), D@) and A@) are the =P-oPt= * coefficients, llqe&dy, of the c 
(-)? d ( tekhdd)  and a (octabdd) subIaUices. These d c i e n t s  contains small magnetic fermand 
an electric dipole term that is siguifiantly affected by Bi substitution through mperexchmge and s p m d t  
interactions. Md(T)? a n d M . a ~ a r e ~ ~ ~ o n m a g n e t i z a t i o n s  ofthe rmblatlices. The 
first klea for decreasing the high tempame aepenaenCe ofthe Bi-induced Faraday rotation is to adjust therest of 
the constituents of the garnet to compensate for the large tempatm aependence of the Bi-induced component. 
However, the Bi-induced componenf is so strong that the other constituents have only a minor dikct. The one 
additive atom that makes a slight difference is "b (tedium). The heavy ~IIC earths such as 'It have their magnetic 
moment aligned antifikrmmagneticallyto the net iron Mice moment, witha weak coupling to the iron sublattices (d 
and a) that causes the c rmblattce magnetization to vary sharply, approximately as ln. This resuEts ina large 

temperature coefticient d m  in the region of interest. 'Ib is an unusual element, as it has a krge 
negative C@), sothe coupling ofthe c lattice magnetization to the Faraday rotafionis siguificant. The entkFaraday 
rotation ofthe tet.bium iron garnet (TbIG) arisesfromthe c Wce c~ntdmticm. TbIGhasbothaFaraday rotationof 
opposiite sign to that ofthe heavily Bidoped iron garnets and high temperahrre depndeme.l4 When these two 
effects; are w m b i i  the Tb incorporation reduces the net Faraday rotation, but m ~ e  so at low temperatures, 
reducing the effective temperature coefficient ofthe Faraday rotation in the nmterial The temperature co&icient of 
the Faradayrotationis depeuht anthe ratio ofBito Tb. It is possible to obtain amaterial with zero tenpmhm 
co&cients, but it requires alow Biwncahtionand hence results malm specific rdatioILiS Taking into account 
these resnlts, (Bil'b)@eGa& is one of good candidates to Optimize the BiAb ratio and obtain a reduction in the 
tempepature coefficient as compared to compositions with no Tb. 

l4 KanaQ, O., Minemoto, H, and Ishimka S. "Mixed m-earth iron garnet (TbY)IG for magnetic field sensom" J. ML Phys. 
61, p. 3268,1987. 

Hmda, Y., Ishikawa, T., and Hibiya T. "Tempesature dependence of Faraday rotation for Bigubstitllted Tb iron garnet films" 
J. Miagn. Soc. Jprz 11, p.361.1987. 

MSTRlBVnON STATEMENT 

USE, WPUCATION, AND MSCLOSURE OF THIS INFORMATION IS RESTRiCTED ON rmE PAGE 



L . 
Page 3 1 

In order to be a viable sensor, map%mph 'cal materials with larger Vedet coI1stiMts, lowerabsorprion and hrger 

probes and their integralion. Lower absorption implies the of less optical power, which lawers the 

figuresofmeritare~mordertoenhancetheFadayrotationrespanse. LargerVerdetamskmtsinCreaSethe 
sensitivity of rotationmateM, permits thinner sensormate&lsandthereCim is crucial formh&mhtianofthe 

costs. Rareearth- yttrium ion garnets me) e bmerti e t c o n s o m t s  and large iigures &merit 
and they can be prepared on silicon (Si) or gadolinium gallium garnet (GGG) ahtmtes by a sol-gel 
processing. 
In our opinion, the sol-gel approach is an eumomic and promisiagway to E.lbricate the probes for onchip sensing 
application since a considerable body ofexperimental work, including experience m our lab, has shown that doped 
YIG films canbe mccaddly applied to Si or GGG substrates. Sol-gel pnx;essing usually includes two steps: first 
is preparationaf sol followed by cootting and armealingthe hlm on the subsmta. 

Pmamtion of Sol: 

16.11.18 

The procesSing of BkYIG films requires careful control of many parametenr to prorfuce bath an optically and 

control ofsolution pH, Variation of Bi or Al substitution, and the viscosity control by heatingtime and kmpemhm. 
The S Q h l t  COIlcenfrafi 'onofthestartingsolwillaffecttheresnltant~becausetheamowrtafshrinkage~ 
dryingand the thickness of wathgdFectthefilmquality. Acidity or pHaffects the Qaalitgof the sol obtained- 
heaihg and also the coating after firing. A low pH makes the sohrtian smceptiile to precipitation ofrmcornplex 

&with the GGGor Si sabstrates whilekeepingthedesiredpmpertieS at acceptable levels. Heatingcan COrrtroI 
thevisoosityof the sol andinduce gelation V i c o n t r o l  is important as it affects the thickness andlmifbrmity 
of the coated films whetherby spincoating or dipping. 

mechanically viable sensing Illaterial. Intrinsic to the ampsitiion is the solvent cmimtmh 'onofthesmtingso~the 

ions while ahigkrpHkeeps the ions in the cornplexstates. The amountofBi or Al substitdm willdetermtne - t h e  

O P O Q Q I D D  

tm- 
(4 

Figure 27. X-ray difiactim CyRD) resuhfiom (a) glass substrate without sol-gel film, (b) glass substrate with a 
$Ira and (c) a GGG substrate without sol-gelfilm. 

16Kqi Matmmto, Satoshi !h&i, Yasunori Yamanoh, Kazuhiro Yamaguchi, Toshitaka FujK and Yo& Asaham, 
''BWt& and ehanimrm-substituted YIG singlecrystal tilms gadolinium @UIII g a ~ 1 ~ 3  singlecrystal 
dwtmks", J. AppL Phys., 70 (3) 1991, ppl624-1629. 
T. Taychj.q T. Sei, tnd H. Kanka, "Sol-gel prepadon of MO CTtFeprr) thin film showing optcWagnetc &e&', J. OfNonayrtalline 
dds" 1478~148 (1992) ~~463466. 

Eiji Kato, Tadanori Sei, and Toshio Tsuchj9, "Reparaton of highly orientedthin tilm exhiibiting amqpboph 'Cal effect in 
Bi, AT doped YIG", J. of the ceramic Society of Japan, 102 (9) 1994, pp818-821 
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cQat.in~andalmealin~affillnson~: 
Bothspiminganddippingcanbeusedtoproducecoatings. SpirmingprwidesthirmercoatingsoverthatofctipPing. 
DryitngandarmealingaretheihalstepsinthefabMonaffilmson~. Inoneofaurorgerimerds, a sol 
solvent was obbined following the forrrmla BilsY&e& with nitrates af the me2al ions. To impmve sol-gel 
d o n ,  ethylene glycol and etlryl acethy1 hcetate were mixed together wfth the selected projmlion. To ensure 

then, soaked in diluted nitrate acid with ultrasonic shakingfor anather hour. Finally, the substrates were washed 
withde-ion water and dried under a dqinghood. 
After spinning the sol solution on the treated snbstraks, the films were heated to 500 “c slowly to drive off the 
organic solvents and Na. The dried films were then heated rapidly to about 700 “C to avoid magkmik 
Precipitatingout to form hematite at around 650 “cbefore densiticatianandcrystallizationinb the game€ stmtme. 
The later pat afthe hearing prucess has to be controlled carefnlly in order to ensure Bi substiadion and 
qstdbtionitlto the Garnet structure. Smooth, crack-fke films were obtainedon GGG, !3, and glass rmbstrates. 

x-ravdifii.actiion m) resalts: 
The crystafline structureofsol-gel films was checkedby a !khtagXDS2000 Autormrted X-ray 
L, radiation I =  1.5406OA). For comparison, diffraction data on the subscrates without the coated films were also 
collected as shown in Figure 27. The x-ray diffraction results are from (a) glass submate without sol-gel film, (b) 
glass mbstmte with afihn, and (c) a GGG mbstmte without sol-gel film. Because the peak near 11 degreesin (b) 
appears m(c), we canamcludethatthehlmcqstal structure is similartothatofthegamet Howevx, in this 

‘CalresponseOfthethiIlfilmsWaSchedredosingtheopticalsetup,nOarnclusivedata 
were obtained After predicting the response calculation, i twasbe l ievedtba t the~ were too thin(lea3 thano.1 
micron) to prodnce tmy detectable Faraday rotation 
&amine electron microcow( smresults: 
In lMother reseafch atkmpt, thinfilmfdonvia sol-gel processing was begun with mixing afprecursors. A 
liquid solution was spuncoated upon a mbstmte following the mixing ofthe components. Spin rate and t h e  were 
varied to determine optimum parameters to prepare a film that would remain uniform and crack firee upon 
annpktionofprocessing. ~ ~ e ~ w a s p e r f o r m e d t o i n ~ t h e t h i c k n e s s o ~ t h e d e p o s i t e d f i l m s .  Finally, 
heathgthematerialinanattempttoformthedesiredaystallinemataialwasperformed Oncethespincoatingwas 
annpkted the sample was placed h a  furnace andheated to a temperaane -the Cuxietempmtm ofthe 

results are shown inFigure 28. Lawtemperature (1WC)treatedfilmswere exposedto lowerprocesSing stresses as 
wellcospossessingsoh.enttherebyallawingeasierre~onto occur. Thisexplaiuedthesmooth s u r f a c e f m  
seen in Figure 28(a) with respect to porous sutrface fa- in Figure 28(b). 

crack-free and strong adherent thin films, the IQIbsmm Were ldtnLmicaI lyc leaned  in acetone for one horn, and 

yttriumiron oxide -this indaced aymllidon. The filmsurfhas were checkedusiuga SEMand- ‘ve 

Rgure 28. SEMshowing smooth sair$ace of a low temperature (150°C) treatedfim (a) and porm featured m$me 
of a high temperature (900°C) treatedfim e). 

Our expimental work is preliminary. For further systematic study to grow high qualily thin- the following 
focus is presented: 
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i . . Page 33 . Theissueoffilmcrackiagneedstobefurtheraddressedthrough~mmtheooncentratr 'on ofthe 
Sol. 

VariationintheinitialpHvalnesneedtobeseudiedtodetemnne pH levels at which films of 
accepbblequalitycanbeobtained 

intanded W a n d  Si substrateswhile keepingthedesiredproperties at acceptable levels. 
The &ecS of spin coating speed and drying time on the thickness and q d t y  of the films lxodwed 
needtobedetermine& 

0 

0 TheamauntofBiorAls&&utionneedtokdetermrned * foi the best crystal lattice match with the 

0 

More systematic rmaEyses of the effects of drying and m n e d i n g f l e s  on the c&a&mtm * -  

crystallized- 
ofthe 

Figure 29. Opticar bench setup for determination of magneto-opticol rotation 

neoretical basis: 
Inadual ~ e l - p o ~ c  detection scheme correspondingtothe opticalbench setup mFigure 29 andthevector 

~~oninFigure30,suppose~theincomingelectricvectarofthelaserbeamEg makesanangleofa 

w i t h t h e x d i r e c t i o n p ~ r .  Af€erpassingthroughtherotationmaterial, theelectricvector E oftheoutgoing 

taserbeamisrotatedbyanangie 8 withrespedtotheori~vedor E o .  Assmnethattheabsorptioncueffiuent 
oftheFaradaymaterialis A,thicknessofthematerialis J,wehave: 

-+ 

-+ 

-+ 

4 y  
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Since photodetectors only detect the light hmsity, which is the square ofthe electtical field vector, we have the 
signal h m  the xdekaor: 

pOxl=pozP 7 PxI=P*f 9 and 

l b l = p o Y 1 2  9 151 +Yf 

Signal from the y-detector: 

Ifthere is no absorption by the material, signal changes detected by the x- andy4etectors are: 
d l , = I , - I ~ x a c E , 2 - ~ ~ = ~ 2 ~ ( a + B ) - ~  2 2  ax (a)=-sin(2a+B)sin6 

My = Iy -Ioy ~t Ey2 -QY2 =&2Sin2(a+8)-& 2 . 2  an (a) oc sin(2a+B)sinB 

Since the material absort7s light, the achml si@ changes detected by the two detectors are: 

M*, = I * , - I I ~ ~  Oc -sin(2tz+e)sine.e-A1 

MI,, = I * ~ - I * O ~  Qc sin(& +e sine.e-A' 

Ifthe Vera constant ofthe ratation material is V the rotation angle willbe: 

e = m  

A?: a-Sin(2a+VBI)sin(VBI)-e -Al 

A?; .csin(2a+ml)sin~I).e-~~ 

Enserttheabovecquationitltothetwoequationsforsi;gnal~wi~absorption,wehave: 

If we set a= 45q and assume that 8 =FBI is very d compared with 2a (W), then 

Them;urimumvaluesarepmportionalb V I R :  

(APx)- oc-V/A 
(MIy)- = V / A  

In the W s t i c  applications, M(A) = V(A) /A(%) fbr a given rotation material and is therefore very important for the 
maximum sensitivity that could be attained This is known as figure ofmerit oftbe matariat 

When determiuing the Verdet constant, after we find rehive values of Eb,,E&,,Ei, E i h m  the raw data of 
I;x ,I& ,z; ,z; , we use the c q u a t i ~  of: 
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to determine e.  Finally the Verdetconstant ofthe sensing matierial can be calculated h m  

V = B / B l  

Experimental&: 

Two types of crystals were analyze& American-gr0x-m crystals fkm Deltronc Crystal Industries ofDover, NJ and 
R u s s i a n c r y s t a l s ~ d e d b y M O D I S o f R e s t o n , V i w e r e c ~  ' byasetupasshommFigure29. The 
American (BiYbl%hFe& uystal is grown by LPE and it has a Verdet constant about 5.33O/(G-cm) at 780 ma Its 
absorption coefficient at this m1ength is about 73.6 cm-', so it has a figure of fnerit of O.O724O/G at 780 nm. 
While for shorter wavelengths such as 633 mn and 543 mn, its Ve&t amshmts are rmdetectable usingthe setup 
because the absorptionaMicient is too high todetect a si@ TheRussian cqstal is most likelya dilutedbismuth 
doped YIG and its Verdet collstatits are shown m Figure 31 at wavelengths of543 nm, 633 MI and 78onm. Its 
absorpticn.~coefficients areshown inFigure 32 and figures ofmerit are shown inFigure 33. 

I 
0.01 - 

W~velength (m) 

Figure 31. Ver&t constant of k%e Russian crystal. 

Rgwe 32. Absorption cot$?cient of the Russian crystal. 
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0.006 

0.004 0.007. 9; 
f i' L/ 

Figure 33. Figure of merit of the Russian rrystal. 
b 

10. Task 8: Model hybrid package layout for design analysis. 
Iibdehgwas acc~qlished using FEMLAB to dewntim the magmtic field &ributimin a commercial half 
bridge power modalefhm Semilwn (with apart number SK 100 MBlO).  This wotkwas reqniredbecause it was 

where to pnt the sensing tip in a power module. Figure 34 shows the mashes of finite 
' resultofmagueticfielddistribrrtion element modeling dthe Semilam modnle. Figure 35 shows the 

atongtheperpendicular(z)directionwhesloneswitch~thehalfbtidgeiSONandtheotheriSOFF. 

. 
impdantw- 

180 

Figure 34. Finite elemental mocieling of a Semibon power mokl. 

._.... .- .. ....... ... .. .. . .. ....... . . .. 
I 

4.01' I 
0 0.01 0.02 0.03 0.04 

Figure 35. ' MoCieling results-magnetic field distribution (z direction) 
switch is on. 

in the Semikron module when one 
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b .  

I1.Task 6): Design the hybrid 
package sensor and optical 
support system. 
Based upon the resu€ts &Task 8, it was 
possl'ble to locate the aptimum location fbr the 
m a ~ c a l s e n s o r g y s t a l .  Thefigureto 
the left sho ws the actual Semikonmodulewith 
the electto-optic element and a schematic of 
whereitwaslocated 

Rgwe 36. Sensor i&on and correpnding electrid schematic 
L 
12Task 10: Integrate and demonstrate the electroaptic hybrid power electronic 
module. 

12.1 DC CURRENT SENSING 

Inm DCameatexperhentnSingthe semikronmodule, S1 was gatedONand S2 waskept OFF contimmdy as 
shown h Figure 36. ~ d i n g l y ,  the magnetic field distrr'bution is about the same as the modeling result m 
Figure 35. Inthe sensing test, the maximzrm curreat flowingthmugl~ S1 is about 16 A when the voltage ofpower 
sn.pply is 20 V. A LPE grown garnet crystal @iYb"b~e& (the American crgstal) with a thiw of 0.475 mm 
was used at awavdength of780 nm. Forcaqmkm, the magnetic lield in the powermoduIewas also measmed 
directly by aGauWTesla meter. The whole setup for DCauTent sensing is shown m Emr! Refemce soume not 
found.. The msvrimUmread€iomthe Gaud'esla meter is dmt 15 G. In the test, the American aystal is put in at 
the pint where the measured value reaches its maximm, which is ahcident with the modeling result In the 
ex@umt, the linear sensing signal changes are readEromthe dual4amel opmwkr. Usingthe Verdet amstant 

the c a l M  magnetic field- curve is plotted m Figure 38. FromFigure 38 one can see that the sensing data 
matchwellwiththedatareaddiredyfromthe~&meter. 

about 5.33°/(G*cm) from the American crystal at 780 nm, which is detemmd - inthe- * 

f 
0 

I 
Figure 37. Stup for DC current sensingjFom 
the & m i h n  module. 

saurceDrainCurrent(A1 

Figure 38. The DC current sensing data #om the Semikron 
module. The square data are calcula#on results based on the &at- 
channel optometer readings, while the triangte data me read 
direct&jF.om a Hati-eflect G M e s l a  meter with a resolution 
about 0,l G. 
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i. 

12.2 Ac CURRENT SENSING 

In the AC current sensing experiment, an optical bench setup 8s shown m F i p  39 was used to test the AC 
responses ofthe sensing material. The Russian aystal and the 633 nm laser diode were used in this e x p h e n t  
The~ofelectnicalcircuitpartandthe~sensingpartdthe~areshowninFigure40andFigure41, 
mpedively. The conbrollinggate signals arq fhma simplegate driver circuit and is not included inFigure40. The 
duty cycles are about W! for each of he MOSFET switch and the te&g frequency is from about 1 KHz to 10 

the x- andy- as shm mFigure 41, respectively. The two sensing signals (a 1 and2) were sent to a 
portable oscilloscope; the results fbr different fmpencia are shown m Figure 42, Figure 43, and Figure 44. At the 
same time, thewltages readacross the 1.2 nresistor (Ch 3) as shown mFigure 40 is-also sent tothe oscilloscope 
for comparison. "kmaically, when the porznizingdirections ofthe polarizerand the beamsplitter have across 
orkntation of45 degree, the two sensing Signals fromthetwo photodi- shouldhave identical shapes but 
have opposite AC magnitudes. Additionally, the shape shouldbe also similar tothe signals read from the 1.2 i2 
r e & t o r A e s p i t e t h e d i f f e r e n c e i l l ~ ~ .  Thesesituationsareabaut~at1owfiequencesunder10KHzas 
Shawn in the oscillographs. However, at any fresuencJr higher than 20 KHz, no sensing signals are detectable 
because ofthe following three reasons: 1) the signal ofswitchingcarrent itselfattenuated muchat higher fiquemy 
(see the changes of Ch 3 signals when ftequency getting higher). 2) The s w i e  current omshoo& in the power 
module become higher at a hig;herfkquemy (also see Ch 3 signals). 3) 'IbearrrentdetectoreleCtricaI loops pickup 
the EMi noises from the switching electrid circuit andthe sitoationbecome worse at a higher &quency (see Ch 1 
and 2 signals). 

KHZ. -0 current sensing sigoalsarereadfimlthevoltage changes across the two 100 m resistors cormected to 

-.. 

I 

Figure 40. TcIe eledrical circuit part of the AC current sensing 
test 

Figure 39. Setup for getting signal changes 
#om a commercial p e r  module working at a 
continuous switching mad?. - 

Figure 41. The opticd sensing pari of the AC current sensing &st. 
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Figure 42. AC current sensing results@om a portable osdlloscope at I KHz. 

Rgure 43. AC current sensing resulb@om a prtable osallbmpe at 5 KHz. 

Figure 44. AC current sensing results @om a portable osdlloswpe at I O  KHz. 
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12.3 CONCLUSION 
The techniques for applicatom of ‘calcurrentsensorsinintegratedpowerel~onics~~@)EMs) 
ax iarvestigated in this research repox?. Growthofgarnet film by a sd-gel psoctsshg shorn the possibilityand 
viability to fhbricate lxmgn-tical seflsing probes directly in power devices. An optical bench for F* 
rotation - ’ o n h a s b e e n s e t u p . ? o ~  * theverdetconstantsandfi~ufmeritsofsensing 
materials. The setup was s m u x s i ~ y  ElpBiied to two different types of Paraday uystals. Usingthe characcetized 
crystals, aDC current sensing setup has been used to detect the magnetic field ina commercial power module. The 
results ofthe DC current sensingexphentfr’omthepower module match well withboth finite element modeling 
and direct& measufing results. Using the same commercial power module, techniques for AC current sensing were 
also immtigated. The AC current sensing resurts show that the signals are detedable up to 10 KHz ftom the 
pre- optical bench setup. The problems at higher lhqmcies ?.hat resufted m discussed and more 
errperiment;bm m high-fkquemy applications is required In summary, the preliminarg investigations on 
magneto-optical sensing have shown that the sensor0 based on this technique could be very promising and 
effective for integration in the modern and advanced generation of JPEMs though much work sfrill left to do. 
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