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Parts Selection

Throughoutwhat follows, someassumptionsre madeconcerningthe umbilical voltage range,umbilical maximum
current,batterymaximumchargecurrent,etc. Most of theseassumptionarestorein this variable

asu (* assumptions x) =
{uvmin - 17.75 , uvnom - 18, uvmax - 20, uimax - 5,
vbatmax - 4.2 x4,
vbatcutoff -» 3 x4, vbatmin - 2.5 x4, ibatmax - 4,
isysmax - 3,
fmin - 255*3 | fnom - 300*"3 , fmax - 345*"3 };

Issues

ShouldQ2000be adualor singletransistor?
Whatvaluesshouldbe usedfor outputshuntanddelayelements?This amountgo definingloadcharacteristics.)

How will the4-wireCAN busbe powered?
Is the EMI layoutcorrect?Are theferrite chokesin theright place?
Connectorgalwaysconnectors)
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Battery Board (BAT)
(100)

Connector(s)

m CF1
Switch Craft 712A

Umbilical connectoon rocket.5A max.

m CN100
Phoenix 2.54mm "Euroblock"” screw terminals, 4 contact

For therecord,theseconnectorsaretoo big andvery inconveniento use,requiringmuchtime andaccesgo getwires
in andout. Theyarerated6A perleg, whichis nice.

m CN101
?7?? Not yet selected

We are consideringa high density PCB connectoron a daughterboardto makethe transitionto flexible cable.The
reversewould occuronthe APSboard.

Integrated Circuit(s)

m U100
LTC4150IMS (industrial temp. range), MSOP-8

Batterychargecounter.
TheLTC4150is anintegratedbipolarvoltageto frequencyconverterdesignedor monitoringbatterycharge.
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m U101
MAX399EEE (industrial temp. range), QSOP-16

Analog multiplexerfor individual cell voltagemeasurement.

Capacitors(s)

m C100
4.7uF 25V 1206

Filter capacitorfor batterycurrentshunt.
Theimpedances on order4k, the manufacturerecommendd. 7uF

/. (R>4"3, Co 476 } (x Hz *)
2 7RC

8. 46569

Thebreakfrequencyis only 8.5Hz! Well, hopefully,fastspikesaveragdo zero.

We'll assumdhe manufactureknowswhatit’s talking aboutandstick with 4.7uF. Theleakageon the capacitorshould
be <10nA . Thisis within therangeof ceramiccapacitorsTypically the leakageon ceramiccapsisn’t given.However,
may instrumentshavea 10MQ impedanceand 10nA acrosslOMQ produceslOOmV,which is easilydetectableso if
pressedve canmeasureheleakage.

m C101
4.7uF 25V 1206
Supplybypasscapacitoffor batterycurrentcounter(U100)
Manufacturerecommendd.7uF. Sincewe areusingthis valuealready thisis fine.

m C102
0.1uF 50V 1206

Bypasscapacitorfor U101, batteryvoltagemultiplexer.

The mux is poweredthrougha 2k impedance(SeeR102, R103). Becauseof this a bypasscapacitorprovideslocal
energyfor possiblefast transitions.lt also makesthe designerfeel better. The value chosenis one on hand.A 25V
ratingwould work, 50V is morefun.
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Resistors(s)

R100
P10MCT-ND,10m£ 1W 2512 (Panasonic ERJI-M1WSF10MU)8.16%$/10

50mV shuntfor batterychargecounting.

The bestthing in the DigiKey catalogarethe PanasonicSMT thick film resistors At 5A the dissipationis 1/4W, soa
1/2W resistoris a possibility but the 1/2W packagesare +300ppm/T for the lower values. The 1W packageis
+100ppm/C for 10m() . MaybelW is betteranyway.

R101
1M 5% 1206

Passiveshutdownrfor batterychargecounter.

Whenthe batteryis disconnectedR101 pulls downthe SHDN\line on U100. Arguablea 100k could be usedhere,but
a 1M is sufficientsincemaximuminput currentsfor CMOS:is typically ~100nAand100nAacrosslM is only 100mV.

R102, R103
1k 5% 1206

Avalanchecurrentlimiting resistors.

The analogmux U101 is runningtoo closeto it's ratedvoltage(operatingvoltage16.8V, rated17V). So somevoltage
breakdownis possibleduringtransientsFortunatelythe supplycurrentis only 1uA on eachleg, sovoltagedropis nota
seriousproblem.

The no-latch—ugurrentratingis 30mA, assumel00%overvoltage

17 7 30*-3 (% Ohms %) // N // EngineeringForm

566. 667

Voltagedrop

%« 1*"~6 // EngineeringForm (* Volts x)

566. 667 x 106

Goingto 1k will raisethedropto 1mV. Thisdoesn’tseematall serious.
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m R104
1M 5% 1206

Passiveshutdowrfor batteryvoltageanalogmultiplexer.
SeeR101.

m R105
20.0k 1% 1206

Bottomendof batteryvoltagedivider.

R105 togetherwith R106 form a resistivevoltagedivider to scalethe maximumbatteryvoltageinto the 0-5Vrange
usableby the PIC's A/D.

Initially, scaling0—20V— 0-5Vseemddesirableput 20V is closeto 20.48V,andscaling20.48Vto 5V resultsin even
20mV quantawhichif easy,s convenient.

Find therequiredresistanceatio

R106 5 R105
—— /. Solve [ , R106][1]
R105 20.48 R105 + R106

3. 096

In standardralues61.9k/ 20.0kworkswell. The Theveninimpedances

/. {A->61.9*"3 | B- 20*3 } // N// EngineeringForm

A+B

15. 116 x 103

Which is closeenough.
20V across2k limits theinput currentto

20 / 61.9*3 // EngineeringForm (* amps *)

323.102x10°6

Seemgreat.

m R106
61.9k 1% 1206

Top endof batteryvoltagedivider. SeeR105.
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m R107, R108
1k 5% 1206

Chargecountemparanoiaesistors.
Theseresistordimit fault currentsfrom the batteryinto the PIC to non—damaginigvels.

The top voltagepresenis about20V. The PIC canwithstandabout20mA into a pin. Theraw calculationimpliesa 1k
resistor. Assumingl00pFof straycapacitancécertainlytoo high) a4.7k givesatime constanof

100*"-12 % 4.7*"3 (% seconds =) // EngineeringForm

470. x10°°

This is actually a bit of anissue,the INT\ pulsewidth is 1us minimum. It is prudentto keepthe pulse edgescrisp
comparedo the pulsewidth, soa 1k soundssafer.

m R109, R110, R111, R112
4.7k 5% 1206

Paranoiaesistordor batteryboardto PIC interface.

Unlike R107,R108,the needfor speedon theselines is minimal, so for extraprotection,raisethe valueto 4.7k (See
alsoR107,R108).

Miscellaneous

m B100

Panasonic_Lilon_Precautions.pdf, ApfiD02, recommendsstoring after chargingto 50% of capacity,and charging
onceperyearto preventover—discharge.

m RT100
2322-640-66103BC1482-ND0.61$ Radial Lead
Batterythermistor.

The '4007 hopesfor a thermistorwith a Low / High temperatureesistanceatio of 7:1 . If thisis the case,R2010=
RT100[Max]. The manifestvoltagethresholdsare

Vcold - Vprobe /2;

Vhot - Vprobe / 8;
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The datasheetgivesVprobe= 4.5V nominal,Vcold £4%, Vhot+8%.
The prospectivaunit hasR[25°C] = 10kQ+3%, B[25C, 85C]=3977K10.075%(datashee23226403.pdf)

The manufacturerof our batteriesstupidly doesnot indicate an allowable temperaturerange for chargingon their
datasheetWe will assumeherange0°C to 45°C, which is somethingof anindustrystandardor Li+ batteries(Seefor
examplePanasonic_Lilon_Charging.pdfpril 2002.) (BTW, dischargetemperatureshould be between-20°C and
+60°C, with specialprecautiondelow-10°C,seePanasonic_Lilon_Precautions.péfril 2002.)

Usingthedatasheetalueswe canfind theratio of resistancealuesat thelimit temperatures.

rteq = Ex [/3(1 1)]
4 == T )l

c2f =273.15 ; (% convert Celsius to Kelvin =*)

(» Assumptions about temperature *)
tempasu = {TO » 25 + c2f , RO - 10*"3 ,
B - 3977, TLow - 0 +c2f , THigh - 45 + c2f };

(* low temp resistance *)
roval = (rteq /. T - TLow /. tempasu ) (* ratio — dimensionless *)

3. 39004

(* high temp resistance *)
rdsval = (rteq /. T -» THigh /. tempasu )
(= ratio — dimensionless *)

0. 432345

rOval /r45val (* Low/High resistance ratio  *)

7.84105

This is moderatelycloseto the 7:1 ratio that the '4007 requiresfor the simplified thermistorcircuit. (Seethe '4007
datasheep.17.) Try this, leavethe high temperaturehargingcutoff at 45°C, andmovethe low temperatureutoff up
to a7:1ratio. If this outbelow5°C, thenall is well, andwe’ll just usethe simplecircuit. (Thoughin any casewe should
layoutfor the extraresistorrequiredfor the morecomplexcircuit, justin case.)

B TO

Teq = ——;
B+ TO Log [r]
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- c2f (% display in degC =)

2. 14535

(Tlowset = (Teq /. r »rdbval *7 /. tempasu ) (* degK x))

2°C is no problem,sousethe simplified circuit.
Calculatethethermistorresistancatthelow temperatureetpoint

30264. 2

Rlowset = (ROxrteq /. T - Tlowset /. tempasu ) (¥ Ohms x)

Thecloseststandardralueis 30.1k. Thenominaltrip pointsare

(» cold trip %)
Teq -c2f /. r »30.1*3 /RO /. tempasu (x degC =)

2.24904

(» hot trip  =*)

45. 1385

Teq-c2f /. r »30.1*3 /7 /R0O/. tempasu (x degC =)

Seemaalright.

F100a, F100b

Bussmann SFT-10.0A,10A, proprietary package(SMB??) (DigiKey

283-2439-1-ND1.53%)

Batteryfuse..

The mainpurposeof this deviceis to preventthe batterypackfrom explodingin the eventof a catastrophishortcircuit.

The nominal pack capacityis 4A-Hr, figuring a maximumdraw of 10C or 40A, we settledon a 40A fusible link. It's
importantthatthefusing currentberatherhigh becauséf thislink blowswe haveno poweratall.

The internettold me that fuse currentof a wire «« D*1.5, 12Gagecopper(0.0808"Dia) fuses@ 235A, sok = 10232.

(16GageAl meltsat87A) This meansa 40A copperfusiblelink hasa diameterof

Solve [40 = 10232 Dia 1>, Dia | [1, 1] (+ Inches )

Di a > 0. 0248161
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24gahasnominaldia. 20.1/1000" 22gais 25.3/1000"

10232 #1° & /@ {0.0201 , 0.0253 } (% amps =)

(29. 1578, 41.1757)

Soaccordingo this, 24gais severelyoversizebut 22gais aboutright.
The currentdensityat the fusepointin 22gais about

921 / (7 (0.0253 %255 /2)2) (x» amps/mm )

125. 959

In inductorcoils 4A/mm”2is conservativeWhatis a decenffigure in PCB’s?Linear Tech’san53.pdfsez50A perinch
width of 10z copperis conservativeFiguring 10z copperas0.0343mnthick, thisis a currentdensityof

50 / (25.4 %0.0343 ) (+ amps/mm )

57. 3908

Clearlythere’salot goingon. Any roll-your—owsolutionwill be problematic.

A searchhereandthereand mostly DigiKey revealsthatthereareno 40A surfacemountfuses.Soi suggesthis. Use
two parallel 10A surfacemountfuses.In fact we haveno good datato suggesthat parallelfuseswill sharecurrent
well, butit seemsclearthattheywill sharecurrentsome.A 10A fuseis sufficientto run our wholeload (about3A) soit
couldbearguedhatparallelfusesservereliability throughredundancy.

The fusesof interesttypically withstand100%overloadfor aboutl secondso ata minimumwe cansurgeto 20A for a
shortperiod,which is alreadypretty high current.If currentsharingis good,the ~1ssurgewill be 40A, whichis about
whatwe want.And if onefuseis totally ineffectualwe still havel0A fusingwith multiplied reliability. This seemsk.

Little fuse hasa 1206 10A fuse (Cat# 04660'0.NR)but its interruptrating is only 35A which may be lessthanthe
batteriescapacity.The BussmanrSFT—-10.0As bigger,butinterrupts300A, which is morelike it.
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Avionics Power System (APS)
(2000)

Connector(s)

m CN2000
Phoenix 2.54mm "Euroblock” screw terminals, 4 contact

m CN2001
Phoenix 2.54mm "Euroblock” screw terminals, 4 contact

m CN2002, CN2003, CN2004, CN2005
Phoenix 2.54mm "Euroblock” screw terminals, 4 contact

Integrated Circuit(s)

m U2000
LTC4007EGN, SSOP-24

Internallythe chip fixes severaparameters

fixed = {Vref - 1.19, Vflag - 0.397 , iprobe - 11.67*-6 };

Datasheetl007f.pdf,diagramp.8 is not very clear.Using LV2 numbering this is how it works. The batteryvoltageis

sampledby pulling 11.6 A throughR2005.Thevoltageatthe BAT pin is therefore

-35. 1267 x 1073 + Vbat

Vbat - R2005 = iprobe /. fixed /. R2005 - 3.01**3 // EngineeringForm
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This is assuminghe recommendedalue of 3.01kfor R2005.The 35mV dropis addedbackbeforethe batteryvoltage
is appliedto themux. The35mV dropis nottoo largeto greatlyeffecttheaccuracy.

100 » 35*0~-3 /14.4 (* (% of battery voltage *)

0. 243056

Theinternalthresholdgor the demuxedvoltageare
0.708V—-4owbat,1.105V—--chargerestart,1.19V —-maxcell voltage,1.28V —-overvoltagegprotection
In our case(4 x 4.2V), thesecorrespondo per—celloltagesof

{0.708 , 1.105, 1.19, 1.28 } 4.2 /1.19

{2.49882, 3.9, 4.2, 4.51765}

The correspondingoltagesfor a4—cellpackare

%« 4

{9. 99529, 15.6, 16.8, 18.0706}

The chargingcurrentis measuredby R2003,the high sidevoltageof R2003is sampledhroughR2004.CA1 adjuststhe
currentthroughR2004until the voltageat pin CSPequalsthe voltageat the BAT pin. The net effect of this is thata
current proportionalto the instantaneoughargingcurrentflows out of pin PROG. This currentis convertedinto a
voltageby R_PROG(R2007/R2008)C2004togetherwith R_PROGfilters out the fast componentsof the charging
currentsignalto produceanaveragevalue.

Each switching cycle is normally terminatedwhen the |_CMP comparatordetectsthat the instantaneougharging
currenthasreachedhethresholdvalue.Whenbulk charging the currentthresholds setby CA2

The currentinto the CSPpin is

icspeq = (icsp /. (Solve [
ichg * R2003 - R2004 % icsp == -iprobe % R2005,
icsp 101, 17 // Simplify ))

i chg R2003 + i pr obe R2005
R2004

%/. {ichg R2003 - 0.1, iprobe R2005 - 0.035 }

0. 135
R2004
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If we assumehe voltageat PROGis 1.19V during bulk chargethenthe voltage on the high side of the internal 9k
resistoris

1.19 +9*"3 *%

1215.

1.19
" R2004

%-1.19 /. R2004 - 3010

0. 403654

Sothe estimatednstantaneoushargingcurrentsignalacrossthe internal9k when the chargingcurrentis just equalto
theintendedmaximumaveragechargingcurrentis 400mV.

CA2 monitorstheaveragechargecurrent,andadjustd_th sothatthevoltageat PROGis 1.19V.

Theway thisworksis thevoltageat| TH (Vith) keepsrising until its valuedivided by 5 is justlargeenoughabovethat
the resultingAi currentthroughthe inductor,combinedwith the switch timing, producesan averagecurrentequalto
thatwhichresultsin avoltageof 1.19V onthe PROGpin.

vprogeq = icspeq  rprog

(i chg R2003 + i pr obe R2005) r pr og
R2004

dvokeq =icspeq =9000 (= voltage across 9 k resistor *)

9000 (i chg R2003 + i pr obe R2005)
R2004

This is all easyenoughwhat’'smissingis thetiming issuedor the currentthroughtheinductor.

During ton the voltageacrosshe inductoris (Vin—Vbat),duringtoff it is simply (Vbat). The datasheetclaimscircuitry
suchthat

Vin - Vbat
toffru = (toff »_—)'

Vin «f
Where( 1/f = ton + toff )

Sincethevolt-secondsnustbalancdn steadystate

ton x (Vin - Vbat ) == toff *Vbat /. toffru // FullSimplify ;
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Solve [% ton J[1, 1]

Vbat

tonaf\ﬁn

Thetotal Ai in theinductoris simply

dieg = (ton = (Vin -Vbat) /L /. %// FullSimplify )

Vbat (-Vbat + Vin)
f LVin

If we assume valuefor theaveragenductorcurrent(iavg), thenthe peakinductorcurrentis just (iavg + Ai/2 )

Assumingthatiavg is the currentresultingin vref on the PROGpin, the voltageacrosshe 9k (dvdiok), ata given Ai/2
(call thisdi2) is

Vref ==vprogeq /. ichg -iavg (* closed loop vprog value =)

(i avg R2003 + i pr obe R2005) r pr og

Vref —=
re R2004

dvdi9k ==dv9keq /. ichg -iavg +di2 (* peak voltage across 9k =)

9000 ( (di 2 +i avg) R2003 +i probe R2005)

i k ==
dvdi 9 R2004

Solve [{% %%, dvdi9k , iavg 1[1, 17 // FullSimplify

9000 (di 2 R2003 r pr og + R2004 Vr ef )
R2004 r pr og

dvdi 9k -

Now, with the differential gain acrossthe 9k andthe inductortiming relationsit seemswe know everythingaboutthe
linearizedbehaviorof thisloop.

To keepthe batteryfrom discharginghroughthe inductor,the off-phasés terminatedby the | REV comparatoif the
voltageacrosghe 9k falls below17mV. Assumingrecommendestalues this occurswhenthe currentreaches
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Vref ==vprogeq /. ichg - iavg

(i avg R2003 + i probe R2005) r pr og
R2004

Vr ef ==

17*"-3 ==dv9keq /. ichg - iavg *a

17 9000 (i pr obe R2005 +i avg R2003 o)

1000 R2004

Solve [{% %%, a, iavg ]1[1, 11 // FullSimplify

o (17 R2004 - 9000000 i pr obe R2005) r pr og
9000000 (-i probe R2005 r pr og + R2004 Vr ef )

%/. R2005 » R2004 /. rprog - 26.7*"3 /. fixed // FullSimplify

o - -0.297305

Thatis —30%of its setmaximumaveragecurrent.
For thatmatter,the setmaximumaveragechargecurrentin termsof resistorvaluesis

iavgmaxeq = (ichg /. Solve [
Vref == vprogeq |,
ichg 111 // FullSimplify )

-i probe R2005 r pr og + R2004 Vr ef
R2003 r pr og

A slightly trickier issuethanthe setcurrentis the trip point of the nearlycharged=LAG\, which occursat the internally

fixed thresholdof Vflag=397mV.The correspondingurrentat this thresholds

iflageq = (ichg /. Solve [
Vflag == vprogeq ,
ichg 1011 // FullSimplify )

-i probe R2005 r pr og + R2004 Vf | ag
R2003 r pr og

Investigatetherecommendedaluecase:
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iflageq  /iavgmaxeq // FullSimplify

i probe R2005 r pr og - R2004 Vf | ag
i probe R2005 r pr og - R2004 Vr ef

rncthc = (* Relative Nearly Charged THreshold Current
(%/. fixed /. R2005 - R2004 // FullSimplify )

. 67952,
-101971. +1. rprog

*)

Plot [% {rprog , 0, 35*"3 }1;

0.3}
0.25¢
0.2}
0. 15;
0.1;

0. 05¢

5000 10000 15000 20000 25000 30000 35000

rncthc /. rprog - 26.7*"3

0. 0972335

Clearlythevalueof R_PROGcoupleso the nearlychargedcurrentthresholdaswell asthe peakchargecurrent.

In thedatasheet(p.13-14anexamplewith R2004/R2005= 2.49Kkis given.

rprogru = Solve [iavgmaxeq ==imax, rprog ]1[I1, 17

R2004 Vr ef

FPTO8 = T ax R2003 + 1 pr obe R2005
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Well, maybei don’t needthis therprogrule now, butit's goodto havearoundanyway.Fromthe example the maxavg
chargecurrentis

iavgmaxeq /. fixed /. R2005 - R2004 /.
{rprog - 26.7*"3 , R2003 - 0.033 , R2004 - 2490 }

2.4824

SinceR_PROGis unchangedrom the nominal case by the ncthld equation the nearly chargedtrip point remainsat
10%I1_MAX.

Thedifficult partof theexamplés in theobscurdastparagraph.

"Thereareothereffectsto consider.

The voltageacrossthe currentcomparatoiis scaledto obtainthe samevaluesasthe 100mV sensevoltagetarget,but
theinputreferredsensevoltageis reducedcausingsomecarefulconsideratiorof theripple current.

Input referredmaximumcomparatothresholds 117mV,whichis the sameratio of 1.4xthe DC target.

Input referrediREV thresholds scaledbackto -24mV.

The currentat which the switcherstartswill bereducedaswell sothereis somerisk of boostactivity.
Theseconcernscan be addressedby using a slightly largerinductorto compensatdor the reductionof toleranceto
ripple current.”

Taking thesepointsin order,reducingR2004increaseghe currentflowing into pin CSP.Thereforethereis no differ-
encebetweerthe nominalandexamplecasein termsof the voltagesof internalcomparatorandcontrolloops.

The 2nd point mentions"input referredsensevoltage"”. Really have no ideawhat this means.The only thing that is
reduceds thevoltageexcursioracrosghe senseesistor

0.033 x2.5 // EngineeringForm

82.5x10°3

82.5mVinsteadof 100mV,sowhat?

Don't know wherethe 117mV camefrom. Certainlyfor somecombinationof conditions117mVwill bethe propertrip
point. Theratio 1.4~ .117/ 0.0825is a misunderstandinglheripple is measuredboveandbelowthe averagecurrent,
sothecorrectl.4xratiois actuallyatrip voltageof 0.0825* 1.2=99mV acrosghe shunt.

Thereversehresholdof coursealsoscalesThe currentat which the switcherstartsis unaffected.

ChargerStart-Up:

When the chargeris enabled,t will not beginswitchinguntil the ITH voltageexceedsa thresholdthat assuresnitial

currentwill be positive. This thresholdis 5% to 15% of the maximumprogrammedturrent. After the chargerbegins
switching, the variousloops will control the currentat a level that is higher or lower than the initial current. The
durationof this transientconditiondependsipontheloop compensatiorhutis typically lessthan100.s

Hmm, ok, think abouttheinductor/switchtiming
Duringtheontime, theappliedV-s are

tonx (Min-Vbat)

During off
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Also

—-tof f « Vbat

ton+toff =1/f

Thedatasheetlaimstoff is forcedto be

Vi n - Vbat

toff - Vin o

Thereforethe V-s duringoff are

Vin - Vbat ) )
-toff «Vbat /. toff - ——— // Simplify
Vin «f

Vbat (Vbat - Vin)
f Vin

AssumingV-s balance

%-+ton (-Vbat +Vin ) == 0 // FullSimplify

(Vbat -Vin) (Vbat - f tonVin)

==0
f Vin

Solve [Vbat -f ton Vin =0, ton ][1, 1]

Vbat

ton - at
Z ¥ Vin

Theaveragecurrentis 1/2 way betweerthe Al

Ai »>ton * (Vin -Vbat) /L /. %

Vbat (-Vbat +Vin)

A= fLvin

If wetargetAi =0.4* i_avg(seedatashegp.15)
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icspeq /. {ichg R2003 - 0.0825 1.2, R2005 -» R2004}

0. 099 +i probe R2004
R2004

%/. fixed /. R2004 - 2490 // EngineeringForm

51.429 x10°°

icspeq /. {ichg R2003 - 0.1 *1.2 , R2005 -» R2004}

0.12 + i probe R2004
R2004

%/. fixed /. R2004 -» 3010 // EngineeringForm

51.5371x 106

| think this paragraptwasnot written by the sameauthorasthe precedingones.It containsseverakerrorswhich seemto
stemfrom the fact that the previousauthorcalculated'input referred"voltagesacrossthe shuntand presentedhoseas
thresholdsfor variousfunctionsof the IC, whenin fact the actualthresholdsare takenfrom the currentsourcecon
trolled by CA1, which hasno directknowledgeof shuntvoltagesatall.

Fromnow on this paragraptwill beignored.

U2001
LTC4412ES6, SOT-23-6

Batterypowersaturatingectifier controller.

U2001 monitorsthe voltageon the umbilical positive conductorandthe batterypositive conductor. Whenthe battery
voltageis higherit turnson Q2004,which is connectedasa diode,therebyeliminatingthe typical voltagelossacrossa
forward conductingdiode.

The LTC4412usesa linear regulatingloop to controlthe FET, whenturnedon, the FET is not actuallyin hardsatura
tion, ratherthe forwardvoltageis regulatedo 20mV (minimum 10mV). Thereforethereis maximumRdsonfor a given
load current,that will just allow the FET to reachthe desiredvoltagewhenon. If we assumesA as the maximum
currentthatresistancés
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Rdson_Max - Vf /imax /. {Vf -» 10**-3 , imax - 5}
EngineeringForm (* Ohms )

Rdson_Max — 2. x1073

//N//

This valueof resistancés difficult to achievein theyear2004with a convenientlysizedP-FETA typical candidatés
the Vishay Si4429EDYfeaturingan Rdsonof 10.5m at 10V, 25C (8.6m typ.).

At thecurrentsystemoad,theachievablesoltagewith this partis

31.5x10°3

Rdson % isysmax /. Rdson - 10.5**-3 /. asu // N // EngineeringForm

Which is prettygood. Thedissipations

% isysmax /. asu // EngineeringForm (* Watts

94.5x10°3

*)

In theworstcase assuminglOCtemperatureise,the dissipationwould be

0. 34125

i 2 Rdson25 % 6T /. {i -5, Rdson25 —» 10.5**-3 , 6T » 1.3 } (+ Watts *)

Figuringd = 80°C/W theimplied temperatureiseis

80 » % (* degC =*)

27.3

Which is consistentvith theassumptionsnade.Sothis partwould work.

A prettyreasonablguestionis whatis the maximumallowableRdsonthatwill still handlethe maximum5A?

Let ¢ betherelativechangdan Rdsonasthetemperatureeviatefrom 25°C
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Solve [

Tj =Ta+6+i2 Rdson25 % (1 +6 (Tj - T0)),
Rdson25 | [1, 11

Rdson25 - - - Ta-Tj :
i2(1-TOs5+Tj &) 0

Assumingatypical so8transistor

%/. {Ta-»60, Tj -150, i -5, T0O-»25, 6§6-5*-3, 6580} // N//
EngineeringForm (» Ohms *)

Rdson25 - 27. 6923 x 103

m U2002, U2003, U2004, U2005
LTC1154CS8, SO-8

Powerswitchesfor systemloads.

Considered_T1910, very high off current(2.5mA Max). Likewisethe LT1161. Consideredhe LTC1981,which has
the right package(SOT-23)but no current limiting, and only 7.5V maximum supply voltage. Consideredthe
IPS511/512which currentlimits at a semiconvenientA, but hasan Rdsonof 0.150hmamaxanda minimum current
limit of 3A. ThelPS5451is similar but goesway too far the otherway with a maxlimit of 50A eventhoughits continu

ousoutputcurrentrating is only 4A. (BTW if you wantto understandR’s IPSline, readtheir designtips dt99-4and
dt-99-6.We alsocheckedTl, Vishay, Maxim, SGS,0OnSemi(the NIS5102is aninterestingdevice),Micrel, National,
Toshiba,Infineonandtheinternetandfound nothingbetterthanthe LTC1154,which s far from ideal. The packageas

too big (so8)andthe single FET driver hastoo many pins devotedto inputs(3), but it will run at 20V(barely),does
currentlimiting with a somewhatreasonabld 00mV+25% shunt(shouldbe 50mV) andit drawstoo much off current
(20uA max). The LTC1153is almostidentical but featuresautomaticresetafter a delay programedby an external
capacitor.

Sincethe VGS may approach?5V, a logic level FET probablywon’t work. A 25V ratedpart probablywill. Also a
zenerdiode could be used(15V probably).A supplyfilter is recommendedo power the switch during shortcircuits
(datasheefig.8p.10).

Transistor(s)

m Q2000
Si4429EDY, SO-8

Input FET for batterycharger.This FET operatesas a saturatedectifier. Its main functionis to preventcurrentflow
from therocketinto the umbilical.

Currently (v0.5) the schematicstill showstwo FETsfor Q2000.I’'m ambivalent.7A is alot, but we probablywon't see
7A for quiteawhile,if ever.Somebodyelseneedgo tip my mind.
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The primary selectioncriterion for this FET is R_DSON.The full umbilical currentflows throughthe FET. Sincewe
may decideto pushthe umbilical a little bit, we shouldfigure the entireload, system+ battery,andseeif we cansatisfy
the dissipationlimit usinga P-FET.

The maximumgatedrive for Q2000is clampedbetweerbV and6.5V, soalogic level FET is recommended.

Flipping the DigiKey catalogsuggestshe TPC8106—-HThe R_DSONis < 24m(} . Assumethermal resistanceof
100C/W

imax - ibatmax +isysmax /. asu

i max » 7

Pmax - imax 2 rdson /. %/. rdson - 0.024

Pmax - 1. 176

Tjmax for this partis 150C,assuming5C ambient.allowabledissipationis

150 - 65
100

// N

0. 85

BTW, the '4007 regulatesthe forward voltageto 50mV. At 7A, the minimum achievablevoltageis 168mV, so the
transistor ratherthanthechip, is thelimiting factor.

A singletransistoris marginalfor 6A. Two transistoreasilyhandlethefull load current.Usetwo parallelFETsandsee
if anyoneyells.

Nope,changedny mind. Sizeit for 5A.

100 %52 %0.024 (% Temp rise [C] #)

60.

Thisis still plentyhot, anda fair amountof wastedpower.Staywith thedualtrany.

Sincewe havethe Si4429EDY ,we will useit, andskip the dual trany. Evena single TPC8106(TPC8106—-HCT-NL
would work (seeU2001)butthe’4429is a cleanersolution.

m Q2001
FDS4435, SO-8
P-FETbuckconvertemainswitch.

A reasonablglaceto startis with dissipationin the’4007. The allowablejunctiontemperatureon the’4007 is 125C.
The estimatedhermalresistancés 90°C/W. Figuringmaxambientof 60C,the allowabledissipationis
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125 C-60C 7
90 C/W

0.722222 W

Half thiswould be muchmoreprudent.Try to limit dissipatiorto around300mW.
Thedissipatiorequationis givenin the'4007 datasheethe parametepf interestis thetotal gatechargeof bothmosfets

Pd=Vin (f Q+io) /. {Vin »uvmax, f »fmax, io »5*-3 } /. asu
/. Pd-0.3;

Solve [% Q][1, 17 // EngineeringForm

Q- 28.9855x 1079

This gatecharges to be calculatecassumingV of gateswing,andthefull Vin onthedrain.

The TPC-8106°-FETgickedfor the INFETshave 33nCtotal gatechargeunderthesecircumstancesNot great. The
TPC-8109%ptimizedfor higherspeedis betterin this regardwith 28nCtgc.

Thedissipationin the P-FETis givenin thedatasheetas

Ppfeteq = v imax < (1 +6T) Rdson + 2 Vin < imax Crss f;
in

Forthe’8109 theworstcasedissipationis

Ppfeteq /. {Vbat - vbatmax , imax - ibatmax , f - fmax} /. asu
/. {Rdson -» 0.02 , 6 - 4.76**~3 , Crss - 290*"-12 , T - 40}

6.39959 2001 Vi n2
Vi n 2500000
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Plot [% {Vin, 175, 21}];

0.65¢
0. 64
0. 63+

0.62¢

]

17.5 18.5 19 19.5 20 20.5 21

%%/. Vin - 20 (» Watts =x)

0. 64014

Interestingly for this casethe dissipationis split almostexactlybetweerconductioranddrive losses.
The questionis, cana P-FETbefoundwith lesstotal gatechargethatstill hasareasonabl®dson?

Try:

IR: S14435DY-NDs0830V 0.0201.50%

IR: IRF7705-NDTSSOP-80V 0.018(0.030@ 4.5V) 1.65%

IR: IRF7424-NDs0830V 0.013(0.022@ 4.5V) 2.01$ >50°C/W no avalancheating
Si4431ADY
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pcandi =
" Unit " "Rdsone6V" "é&" "qQ "Crss " " $"
"TPC-8109" 0.02 4.76*"-3  28*"-9 290*"-12 1.26
" S14435DY " 0.025 3.13*~-3  27*"-9 270*"-12 15
"IRF7705 " 0.025 2.5*"-3 35*"-9 270*7-12 1.65
"IRF7706 " 0.028 2.5*"-3 33*"-9 207*-12 O
"IRF7726 " 0.028 3*/\-3 30*"-9 220*-12 O
"|RF7424 " 0.017 3.9*"-3 48*"-9 410*-12 2.01
" Sl4431DY " 0.037 4.5*"-3 15*"—-9 114*"-12 o
"|RF7416 " 0.025 5*1-3 40*"-9 410"-12 0o
" IRF7406 " 0.06 =8 24*1N—9 220*"-12 O
" NDS9435A 0.062 3.6*"-3 7*7-9 70*"-12 o
" NDS8435' 0.035 4.3*7-3 33*"-9 370*-12 o ;
"NDT456P 0.038 3.75*-3  34*"-9 355 -12 O
" ZXM66P0O3N8 0.032 5*n-3 40*"-9 279*-12 O
"ZXMP3A16G  0.055 3.5*"-3 16*"-9 116*-12 o
"ZXMP3A16N8 0.05 3.6*"-3 16*"-9 116*"-12 o
" FDS4435" 0.025 3.5*"-3 20*"-9 202*~-12 O
" Si7421DN " 0.03 4*N-3 18*"-9 133*7~-12 O
" Si4435BDY "  0.029 4*7-3 23*"-9 200*"-12 O
"Si4431BDY"  0.035 AFI=] 16*"-9 190*-12 o
" Si9435BDY"  0.055 4.2*7-3 11.5*-9  116*-12 o
" Si6435ADQ"  0.04 =8 19*7-9 166*"-12 o
" Si4835DY " 0.027 4.5*"-3 22*"-9 220*"-12 O

Soreally, the TPC-8109s aboutasgoodasanything.The ‘4431 is interestingbecauset takesthe load off the '4007.
The ZXMP3A16Cis availableasa dualwith aboutthe sameratings(ZXM3A16DNS8).

Ppfetdiseq =
Ppfeteq /. {Vbat - vbatmax , imax - ibatmax , f - fmax} /. asu;

Ppfetdiseq /.
{Rdson -» 0.037 , 6§ » 5*-3 , Crss - 114*"-12 , T - 40, Vin - 20}

0. 722592

Vin f Q /. {Vin -suvmax, f »fmax} /. asu /. Q- (28 -12.5 ) 1**-9

0. 10695

So goingto the '4431 actuallyimprovesoverall efficiency. Conductionlossis up about80mWw, but dissipationin the
'4007 dropsbetterthan100mW.This is realgoodbecausét would be niceto movedissipationout of the chargerchip.
A slight problemis thatthe Si4431isn't DigiKey’able. Try another32m( P-FET?
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Try IRF7416,IRF7406,NDS9435ACT-NDNDT456PCT-ND.

Ok, for eachcandidate®-FETcomputeanddisplaythedissipationin the IC, FET,andthetotal dissipation

Picgceq = (Vin f Q/. {Vin »uvmax, f - fmax} /. asu);
(» power in the IC due to gate charge =)

pfetpowr [rw_] : = Module [ {Pic , Pfet },
{rw[1], Pic = (N[Picgceq /. Q-rw[41]),
Pfet = (Ppfetdiseq /. {Vin - 20, T - 40,
Crss - rw [5], 6 » rw[3], Rdson -» rw[2]}), Pic + Pfet }

pfetpwr /@ Drop [pcandi , 1] // MatrixForm

TPC-8109 0.1932 0.64014 0.83334
Sl 4435DY 0. 1863 0.676147 0. 862447

| RF7705 0.2415 0.66768 0.90918
| RF7706 0.2277 0.64248 0.87018
| RF7726 0.207 0.664358 0.871358
| RF7424 0.3312 0.716763 1.04796
Sl 4431DY  0.1035 O0.712646 0.816146
| RF7416 0.276 0.85584 1.13184
| RF7406 0.1656 1.21056 1.37616
NDS9435A  0.0483 1.03055 1.07885
NDS8435 0.2277 . 959789 1.18749
NDT456P 0. 2346 . 979248 1.21385
ZXM66PO3N8 0. 276 . 824112 1.10011
ZXMP3A16G 0. 1104 970752 1.08115
ZXVP3A16N8 0.1104 896832 1.00723

FDS4435 0. 138
Si 7421DN 0. 1242
Si 4435BDY 0. 1587 . 672922 0.831622
Si 4431BDY 0.1104 . 755424 0. 865824
Si 9435BDY 0. 07935 0.99145 1.0708
Si 6435ADQ 0.1311 0.828384 0.959484
Si 4835DY 0.1518 0.671078 0.822878

606048 0.744048
. 614544 0.738744

Oooooooo0o




APS_BAT-Components

Sort [% (#1[4] < #2[41) & // MatrixForm

Si 7421DN  0.1242 0.614544 0.738744
FDS4435 0.138 0.606048 O0.744048
Sl 4431DY  0.1035 0.712646 0.816146
Si 4835DY 0.1518 0.671078 0.822878
Si 4435BDY 0. 1587 0.672922 0.831622
TPC-8109 0.1932 0.64014 0.83334
SI 4435DY 0.1863 0.676147 0.862447
Si 4431BDY 0.1104 0.755424 0.865824
| RF7706 0.2277 0.64248 0.87018
| RF7726 0.207 0.664358 0.871358
| RF7705 0.2415 0.66768 0.90918
Si 6435ADQ 0.1311 0.828384 0.959484
ZXVP3A16N8 0.1104 0.896832 1.00723
| RE7424 0.3312 0.716763 1.04796
Si 9435BDY 0.07935 0.99145 1. 0708
NDS9435A  0.0483 1.03055 1.07885
ZXMP3A16G 0.1104 0.970752 1.08115
ZXM66PO3N8 0.276 0.824112 1.10011
| RF7416 0.276 0.85584 1.13184
NDS8435 0.2277 0.959789 1.18749
NDT456P 0.2346 0.979248 1.21385
| RF7406 0.1656 1.21056 1.37616

On the basisof the lastmatrix, 1st Fairchild FDS44352nd Si4435BDY (scaredof obsolescenparts),3rd Digkey’able
TPC-8109(Currentlyscaredf the Si7421dueto unknownpackage.)

Q2002
TPC8009-H,SO-8

N-FETbuckconvertersynchronouswitch.

Similar to the P-FETQ2001,the gatechargeof this FET causepowerdissipationin the '4007. The main differencein
termsof powerdissipationis thatQ2002switchesatlow V_DS, sothe gateto draincapacitancés notsignificant.

The datasheetsuggestan FDC645N
Try sot-6:TPC6002,; tsop8:, IRF7603; sot223|RLL2703,IRLL3303,NDT451,NDT453; so8:TPC800%c
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"Unit " "Rdsone6V" "é&" "Q "
" FDC645N' 0.029 3.3*"-3  17*"-9 o
"TPC8013-H' 0.0065 4*N-3 30*"-9 i
"NDT453N' 0.035 7.5*\-4  20*"-9 o
ncandi = "TPC8009-H" 0.011 4*"N-3 18.5*-9  0.81 .
"NDT451AN  0.042 3.8*\-3  14*"-9 o
"IRLL3303 " 0.039 5*n-3 225*-9 o
"IRLL2703 " 0.056 4*N-3 11*"-9 O
"IRF7603 " 0.044 5*1-3 12*"-9 o
" TPC6002" 0.029 5.3*"-3  9*"\-9 |
Vin - Vbat 2 _
Pnfeteq = ———— imax“ (1 + 6 T) Rdson;
Vin
Pnfetdiseq =
Pnfeteq /. {Vbat - vbatmin , imax - ibatmax , f - fmax} /. asu;
(= Actually vbatmin & vbatmzx can’ t occur together ! =x)

nfetpwr [rw_] : = Module [ {Pic , Pfet },
{rw[1], Pic = (N[Picgceq /. Q-rw[41]1),
Pfet = (Pnfetdiseq /.
{Vin - 20, T-40, 6-rw[3], Rdson » rw[2]}), Pic + Pfet }

nfetpwr [ncandi [3]]

{TPC8013-H, 0.207, 0.06032, 0.26732}

nfetpwr /@ Drop [ncandi , 1] // MatrixForm

FDC645N  0.1173 0.262624 0.379924
TPC8013-H 0.207 0.06032 0.26732
NDT453N 0. 138 0. 2884 0. 4264
TPC8009-H 0.12765 0.10208 0.22973
NDT451AN 0. 0966 0.387072 0.483672
| RLL3303 0.15525 0.3744 0.52965
| RLL2703 0.0759 0.51968 0.59558
| RF7603 0.0828 0.4224 0. 5052
TPC6002 0. 0621 0.281184 0.343284
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Sort [% (#1[41 < #2[41) &] // MatrixForm

TPC8009-H 0.12765 0.10208 0.22973

TPC8013-H 0.207 0.06032 0.26732
TPC6002  0.0621 0.281184 0.343284
FDC645N  0.1173 0.262624 0.379924
NDT453N 0. 138 0. 2884 0. 4264
NDT451AN 0. 0966 0.387072 0.483672
| RF7603 0.0828 0.4224 0. 5052

| RLL3303 0.15525 0.3744 0.52965
| RLL2703 0.0759 0.51968 0.59558

m Q2003
Eliminated v0.5

Originally intendedo preventbatterypowerflowing outthroughthe umbilical, this functionis redundantvith Q2000.

m Q2005
ZXMN2AO1F, SOT-23-3

Saturatedswitchcontrollingtrickle charge.

The selectedN-FEThasVdss_max=20VRdson=120M @ 4.5V. This is probablymore thanwe needhere,but we
alreadyhavesome.

m Q2006, Q2007, Q2008, Q2009
TPC8013-H,S0-8

Powerswitchesfor variousloads.

Since we have changedthe power controls to high-sidedrivers + N-FETs,we need N-FETs.These are cheap
(0.95%@10pBndhavedecentRdson(5m), andok Vgs_max(20V).

Rdson_max@ 10V@25C= 6.5m(), Tempcois 4.2E-3soRdson_max@100Cis

6.5*"~3 % (1 +4.2*~-3 (100 -25)) (* Ohms %) // EngineeringForm

8. 5475 x 103

If welimit to 1/3W dissipationthe maxDC currentis
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N (173) /% (» amps *)

6. 24482

This seemdine.

Diode(s)

m D2000
MA2Q705, NMiniP2 (This device is in the PSAS Eagle Library)
Schottkydiode,augmentsynchronouswitchQ2002.
A 1A Schottkyof sufficientvoltagerating (~30V) shouldbe adequate.
Onthe SPSwe useMA2Q705,’4007 datasheetuggestMBRM140T3.

"Unit " Vrmax Imax \i trr
"MA2Q705 30 1.5 0.37 50*-9
"MBRM140T3 40 1.0 0.36 ]

{{Unit, Vrmax, |max, Vf, trr},

1
20000000 }'
{MBRML40T3, 40, 1., 0.36, o} ]

{MA2Q705, 30, 1.5, 0.37,

| sayusethe SPSunit. The MBR is a little smaller,a little lesspowercapable(fine for this application)but the differ-
enceis notenoughto justify stockinganotherpart.

m D2001
1N4148WCT-ND,SOD-123(Can also get 1N4448HWS in SOD-323)

RocketReadysignaldiode.

Prior to launch,the umbilical poweris disconnectecndthe umbilical power positive conductorpulled to groundby a
4.7k or greaterresistor.Oncethe FC on therocketdecideghateverythingis "go" it releasedts launchhold by raising
the Rocket_ReadyRckRdy)line to ~5V. This signalis conductedy D2001ontothe umbilical powerpositivecondue
tor. D2001maybeasilicon planersignaldiode.A minimum50V ratingis prudent.

We selectthe 1N4148,sincewe alreadyusethem.Theratingon this diodeis 75V, SOD-123®ackage.
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m D2002, D2003, D2004, D2005
1N4148WCT-ND,SOD-123(Can also get 1N4448HWS in SOD-323)

Shortcircuit protectionspeedup diode.

If the overloaddelaycircuit is used,this diode may be includedto bypasshe resistorandactivatethe overloadprotee
tion whenthe voltageon the currentsensingshuntreaches7’00mV (x7 overload).Possiblya Schottkydiode could be
usedhereto reducethe shortcircuit thresholdcurrent,but the leakageshouldbe carefully evaluated SeeR2036for
detailsof the overloaddelaycircuit.

m D2006, D2007, D2008, D2009
1N4148WCT-ND,SOD-123(Can also get 1N4448HWS in SOD-323)

Gateturn off diodes.

If the soft-ondelay circuit is used,this diode mustbe includedto bypassthe network resistanceand acceleratehe
dischargeof the outputtransistor’'syate.

m Z2000, 22001, Z2002, Z2003
Diodes Inc. BZT52C15SDICT-ND15V Zener, 3.44/10, SOD-323

Gateprotectiondiodes.

Sadly, manymodern,and evensemi—moderircuits are designedor low voltages.Thereis somehopethatthe situa

tion will improvewith the adventof 48V automotivesystemsbut for now working above12V is often a problem.In

this castthe chargepumpon the LTC1154,essentiallya tripler, doesnot regulateits outputvoltage,so at highersupply
voltagessuchasusedherethereis a possibility that the outputtransistor'sgatemay suffer voltagebreakdown.These
Zenerdiodeslimit the gatevoltageto 15V. The extracurrentdrawnfrom the gatedriver is not a problemsinceit is a
high impedanceource andratedfor smallcurrentdrains.

The diodeschosenare 15V unitsin SOD-32%ackageswhich arefairly small but shootableandwe alreadyusethis
packageelsewhere.

Inductor(s)

m L2000a, L2000b
DRQ125-6R8

Buck convertempowerstoragenductor.
Fromthe’4007 datasheefp.15)theinductorcurrentrippleis

Vbat ) _

1
Al » — Vbat (1— -
fL Vi
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diLmax = (Ai /. %/. {f - fmin , Vi - uvmax, Vbat - vbatmin } /. asu)

0. 0000196078
L

The maximumVolt*secondsappliedto theinductoris justdiLmax* L or 19.6Vus.
TargetAi maxas0.4* iavg max

Solve [diLmax == 0.4 xibatmax /. asu, L][1, 1] // EngineeringForm

L > 12.2549x10°6

Meaningthat12uH is aworkablevalue.A hairmorewould bea hair better.

The inductor mustnot saturatecarrying peakcurrent. This meansat leastthe DC value + Aimax/2. Also the coreand
copperlossegnustbereasonabldndustrystandardestimateeasonabléossedo be suchthatproducea 40°C tempera

turerisein theinductor.Typically thisworksoutto lossef abouthOmW/cm3 of corevolume.
Just’cuz, hereis the RMS valueof atrianglewavewith DC offset

ton t ) o o 2
(j (— (imax -imin ) +imin ) dt +
0 ton

toff toff -t . )2
j (— (imax -imin ) +imin ) dlt)/
0 toff
(ton +toff ) // FullSimplify

1
3

(i max? +imaxinin+inin?)

irms - V% /. {imax -»iavg +Ai /2, imin -iavg -Ai /2} //
FullSimplify

Al 2

irms > [iavg?2 + 5

Hmm, i gues<DC termswill alwayshit thebound.

Hunted and peckedquite a bit, couldn't find a decentinductor. So have decidedto use whatevercombinationof
coiltronics DRQ serieswill work. The DRQ125'sare closebut a bit too small so will usetwo in series.Herearethe
specqfrom <DRQ_Specs.pdfPM-43151/04)
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"PN' "LO" "Irms " "lIsat " "Vs"
"6R8" 6.588 6.64 868 120
DRQ125= Drop [ "8R2" 8.048 554 786 133 , 1];
"100" 9.654 535  7.17 146
"150" 1535 427 569 184

Lower inductancevaluesare excludedbecauseof excessivecurrentripple. Larger valuesare excludedbecauseof
insufficientlrms current.

Computethe Vs fraction

(diLmax =L /2) / (DRQI29AIl , 5] % 1**~6 )

{0. 816993, 0. 737137, 0.671501, 0.532822}

Usethe"Irms Deratingwith CoreLoss"graphto estimateheallowablelrmsloss@ 300kHz

allowlrmsloss = {0.71, 0.77, 0.81, 0.88 };

Usingtheallowablelrmslosswe canfind theacceptablemscurrent.

DRQ125[All , 3] = allowlrmsloss

{4. 7144, 4.2658, 4.3335, 3.7576}

So15:H doesn’twork.
TheactualRMS currentdependsomewhabn theinductanceUsinginitial inductances

(diLmax =L) / (2 » DRQI29AIl , 3] #1**~6 ) (+ amps =)

{1.47649, 1.76966, 1.83251, 2.296}

aproxirms = 1/16 + 98 /12

{4. 02264, 4.03249, 4.03483, 4. 05454}

Thesearenegligibledifferences.
Thetotal powerlossfor eachinductorcombinationcanbe expressedsa fractionof the +40°C loss.
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1 - allowlrmsloss (» core loss fraction *)
+ (aproxirms / DRQI125AIll , 3]])2 (» actual Irms loss fraction *)

{0.657018, 0.759818, 0. 758778, 1.02163}

This resultindicateghatthe 6.8:H inductorsaretheleastlossyeventhoughtheyhavethe greatestoreloss.

Checkthe6.8:H inductorsfor reasonableness.
The minimuminductanceat 20Cis

L-> (2%x6.8**~6 ) »0.8 // EngineeringForm

L >10.88x10°°

Don't expecttoo muchinductancdossat cold temperaturenoneat high temperature.
At peakcurrentthefractionof Isatis

(diLmax /2 +4) /DRQ129[1, 4] /. %

0. 564642

At this saturatiorlevel theinductancdossin negligible.

At 100C, which is the max expectedtemp, the core loss will probablyincreasebut the allowable marginis ~50%,
which maywell beadequate.

It really seemdike two 6.8:H unitsin serieswill work.

All thetriesbelowfailed.

API-DevlevarxHCT.pdf>p.1the HCT-503eemsossiblelt’s surfacemountin sortof anundesirablavay.

<arnold/coretran.pdf>is a good reference,the whole directory for that matter. See also <ferronics/*>. The
<magnetics_inc/®lirectoryis alsovery informative(e.g."InductorDesign..."<sr—1a.pdf>).

<coiltronics/DR_Specs-PM-4310.ptdfe DR125is big enoughlt's a shieldedbobbin~1cm.
This sucks.Maybebuy a core?

Note that the '4007 datasheep.15 mentionsthat Ai shouldbe < 0.6*iavgmax.This is becausdhe IREV comparatoi
will cut off the currentwhen the reversecurrentreaches —0.3x iavgmax (typ,), thereforeif the ripple exceeds
0.6*Aiavgmax,the negativecurrentexcursiorwill beclipped,andthe chargemwill notregulatedownto zerocurrent.

The constraintontheinductorare
L > 12uH (1QuH marginal)
Isast = 6A
Low corelossat 300kHzandfull current.(Lessthansay250mwW?)
Low copperossatfull current.(Lessthancoreloss.)
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To figure this we needthe Inductance/turnselation.Saturatiorflux density.Corelossfigures @300kHz.Window area
andfilling fraction.Coreto ambientthermalresistanceAnd that'sit.

Theindustrystandardnductancdormulais

AL N2

L[uH] -
(AT => 76000

(» AL in pH / 100 t «)

Arnold, API-DevlevanMagneticsinc.TDK, FerroxcubeEPCOS?

Arnold doesn’tmakeferrite toroids?

Ohyeah,API isn't acoremanufacturer.

ferroxcubeselector  <http://www.ferroxcube.com/prod/assets/fertor.htm>
powerferrites <http://www.ferroxcube.com/prod/assets/powapp.htm>

For toroid selection,TDK hasthe skimpye137.pdf.

Magneticsinc.hasa decentcatalog<FC-601.pdfXtoroid dataon p.139) so at the momentthey’re ahead(They also
have a salesoffice in Seattle.)p.6 Recommend#$aterialsF,K,P,R.Looking at p.13it looks like R-typeis the best
choicefor loss. The Ferroxcubecatalog<HB2002.pdf>is also quite good. p.33 offers an fxBmax graphthat suggests
3C96materialwould be best(Thisis notbornout by moredetailedanalysisPossibly3F3,3F357?).

Magneticsoffersinterpolationparameter$or corelossusingthis equation

MagincCoreLosseq = ax (f /1000)C % (B/1000)9 % 10*1-3 :
(* Watts / cm’ *)

Wheref isin Hz, B is in Gaussandthe powerlossis Wattspercubiccentimeter.
Herearethelossparameterfor Magneticamaterialsat 300kHz

" Material " "a" "c" "d"
" 0.0573 1.66 2.68
MagMat = | " K" 0.00113 2.19 3.10 |;
" P 0.0434 1.63 2.62
"R 0.036 1.64 2.68

Magpwr [row_1] : = {row [1], MagincCoreLosseq /.
{f - fmax, a—>row|[2]] c »row [3], d »row [4]} /. asu}

Magpwr [MagMat[3] ]

[K, 2.04598 x107° B3 1}

Magpwr /@ Drop [MagMat, 1]

[{F, 8.52971x10°8 B %8} (K 2.04598x10°% B3 1},
[P, 8.20606x1078 B2 62} (R 4.76789x1078 B2 68}}




APS_BAT-Components 37

Plot [Evaluate [%[All , 271, {B, 1000, 3000 },
PlotStyle - {Hue[0], Hue[l /6], Hue[l /3], Hue[2/3]}];

175;
150+
125
100+
75+
50|

25¢

1500 2000 2500 3000

SotheF materialis ruled out. The R materiallooksbest,butthe K materialhasdesirablestability if its lower permeab#
ity (aboutl/2) canbetolerated.

Following the MagneticsIncprocedurgp.38) Assumes0%winding factor, 500 circularmils peramp.
Usel =12uH, i = 6A (couldusel0/5but conservative)

Ferroxcube<HB2002.pdf>p.6 givessymbolsandunitsfollowed by explanations.

Sincei can'tfind decentdesigninfo (thoughi’m sureit’s rightin front of me)i’ll work it out.

Lru = (L ALN?);
For a toroid, Effective Area (Ae) is just Area (A). The minimum areais alsoequalto (A). The effectivelengthis just
theaveragecircumference.
Inductorformulaassumingoroidsandno air gaps(A in cm”2and/ in cm)
L =0.47x10°8 “éNz ul N

[H, B=0.4r

[Gauss],

H=0.4Ni /7[Ce], E(xenergyx) = TL[J],

Vc = A’ (» core volune in cmd )

Must not saturatgB < Bmax),musthaveminimuminductancelLetk = 47/10, Let ee= 10E-8

ui N

NFaradayru = [Solve [B== , N] I1, 1]])

B¢

N
Y R




38

APS_BAT-Components

L-kee /. NFaradayru

AB2 ee s

L e S E—
- i 2k p

Li?2
E==—2—/. %/. {A->Vc /¢, B- Bmax}

Bmax?2 ee \c

E ==
2k pu

CoreVolru = (Solve [% Vcl[l, 11)

2KEu

Ve —» =5 —
Bmax< ee

Soknowingsomethingabouttheenergystored (L i 2 / 2) for agivenmaterialimpliesa minimumvolume(Vc).

Well, let’s try somethingor materialK, R, 3C96,3F3,and3F35.(Note, 1mT = 10 Gauss)

"Material " "Perm" "CorelLoss [chm3]" "Bsat [G]"
" K" 2500 610 3950
Mat = "R 4500 520 3600
" 3C96" 4000 430 3700
" 3F3" 3250 400 3300
"3F35" 1890 300 3700

Permeability@ 1000G,Corelossis @ 300kHz,100C,1000G,Bsatis at 100C.

The corelossfiguresarefor sine waveswith peakamplitudesof 1000G.The K materialseemsnferior, otherwiseit

lookslike atradeoff betweerpermeabilityandcoreloss.

The corelossformula abovesuggestsan approximately2.6 powerlaw relation betweencorelossandflux density.In

our casewe want corelossesunder100mW/cm”3which meansa factor of 5 lessthanthe 1000Gfiguresin the "Mat"
table. (Note that the tabledlossesare for sine wave amplitudesexpresseds peakvalues,i.e. the field excursionis
+1000Gto —1000G.)To get a factor of 5 reductionwith a 2.6 powerlaw, the peakfield shouldbe reducedto 100G

G/57(1/2.6)= 538G.Whichis nottoo bad.

Ourtargetecturrentrippleis 0.4*4A = 1.6A, expresse@sa peakvaluethisis 0.8A.
Magneticsincgivestoroid dataasAL in mH/1000t,and{a,b,c} = {OD, ID, H} in mm.
Comparingnductancdormula
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u AN2 AL 2
Solve [k ee ( ) , AL][1, 17 /.
¢ 1000 \ 1000
{ee - 1*"-8 , k>4 x/10}
AL & 4A/71u

Estimatetherequiredcorevolumefor the 3F35material

Vc /. CoreVolru /.

{k>47/10, u»1890, E»Li?2 /2, Bmax- 500, ee »1*-8 } /.
{i 56, L5126} // N (% cnm® %)

410. 408

Well, that'swrong.

Try a"big" toroid. (OD, ID, H) = (25.4,15.5,10)mm.In R material AL = 2220[mH/1000tfiguring u = 2300.

2220 , N 2
Solve [12-6 = —— (——]) , N] //N

1000 * 1000

{{N> -2.32495}, {N-2.32495}}

Call it 3t

2220 N 2

—— (—) /. N- 3 // N // EngineeringForm
1000 ' 1000

19.98x 106

Basically2QuH.

The currentvariationcontributingto corelossis only 0.8A, seeabove

ui N
!

B-04 x /.

155 +254
2

{u—>2300, i 508, N3, ¢ }(* Gauss *)

B - 1079. 71

We werelooking for 500G, butremembertheinductances increasegometoo.
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diLmax /. L » 20*-6 (* amps =x)

0. 980392

Iteratingthisin

ui N
!

B-04 x

155 +2.54

} (» Gauss =)
2

{u—>2300, i 2%/2, N3, ¢

B > 661. 585

This is pretty good. Unfortunately theseferrites saturateat about3500G,and scalingthis to 5A (the max DC current)
implies 6600G ,whichis too much.Try doublingthe corevolume.(36,23,10) AL = 2030

2030 N 2 . .
— (—) /. N- 3 // N// EngineeringForm

1000 ‘' 1000

18.27 x10°6

diLmax /. L » 18.3**~6 (% amps *)

1. 07147

i N
Bo04 7o

. 3.6 +2.3
{u—>2300, i -5, N-o 3, I—)ﬂT} (» Gauss =)

B - 4677. 97

That'sprettyclose,butthisis aHUGE core.Un—gappetbroidsarejust notgoingto cutit.

Ok, coiltronicsDR125series®¥DR_Specs—-PM-4310.pdf>
Oops,beenupdatechow DRQ series<DRQ_Specs.pdf>
Anyway, this couldreally work DRQ125-156(h parallelmode(datasheeDRQ_Specs.pdf)

15.3%4H @ 0A, 250mVrms
4.27Armsfor +40°C conductiorloss
5.69Afor 30%inductancdossat 20°C
29.8n) max@ 20°C



APS_BAT-Components 41

18.4Vus @ 100kHzfor lossequall0%of losscausing+40°C temperatureise
12.5mmsquarex 6mmhigh

Assumethe inductanceis decreasedby the DC currentnot the AC (a slightly invalid small signalassumption)The
inductanceat4A is

4/5.69

0. 702988

Fromthe OCL vslsatDRQ125graphtheresultinginductanceas 97% of theinitial value.Conservativelyuse95%.

0.95 %15*"-6 (%= H =) // EngineeringForm

14.25x 1076

diLmax /. L » 14*"~6 (x amps =*)

1. 40056

Peakcurrent

4 +%)/2 (» amps *)

4.70028

Looksgood.
The appliedVolt*secondss justAi * L

diLmax =L // EngineeringForm

19. 6078 x 106

Bettercheckthis. Fromcalculationsabove the appliedVolt*secondsare

Vbat (Vin - Vbat )
f Vin
This increasesvith decreasing Vbat. With Vin?

/. {Vbat - vbatmin , f - fmin } /. asu;
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Plot [% {Vin, 17.75 , 20}];

0. 0000195+
0. 000019+

0. 0000185

/. 5 19 19.5 20
0. 0000175

SothemaximumVs are

%%/ . Vin -» uvmax /. asu // EngineeringForm

19. 6078 x 106

This valueagreeswith the previouslycalculatedsalue.(Of coursethe calculationis redundant).
Readingthe"Irms Deratingwith CoreLoss"graphfor 20Vus, the Vs factoris

20/18.4 (x 184 from the table above «x)

1. 08696

Call it 109%,thederatingis 52% @ 300kHz,meaningthe V-s losswill accountfor 48% of thelossrequiredto raisethe
temperatureg-40°C. Sincethe 100%ratedcurrentis 4.27 Armsthis mustbereducedo.

427 *V0.52 (* amps =*)

3.07914

Unfortunately, this is lessthan the RMS currentwe are using, so this part is undersized However, increasingthe
inductancea little bit while sticking to the samecasesize would work by cutting the coreloss, but two parallelunits
would berequired.
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Capacitors(s)

m C2000
0.1uF, 50V 1206

Input bypasscapacitorfor low—powetbatterychargercircuitry. This cap.is a commonbypasscap. The manufacturel
recommend®.1uF, soundsyood. Thevoltagerating shouldbe 25V minimum.50V is a muchsaferchoice.Ceramicfor
low costandgoodhigh frequencyperformance.

m C2001a, C2001b
10uF, 50V, Y5V, 1210 muRata 490-1891--1-ND1.24/$10

Buck converterinput capacitor.

Maximum ripple currentis 1/2 load current=~2A . Not a problemfor ceramicunits. The maximuminput voltage
(hopefullynotincludingsurge).

20uF@ 25V Pan:1210x4X5R 2.9%;Pan:1812xX5R 6.11%;Pan:1210x'5V 2.48%
Mu:1206x4X7R 2.47$;Mu:1210x2X5R 3.54%;Mu:1210x2Y5V 1.93%

20uF@ 50V  Pan:1210xZF 1.52%;Mu:1206x4Y5V 1,7$;Mu:1210x4X5R 8.79%
Mu:1210x2Y5V 2.258%;

ThebestX5R @ 25V is 1210x2,3.54%,thebestY5V is 1210x2,1.93%$.So @ 25V, Y5V savesnoney,but notspace.
Thebest(andonly) X5R @ 50V is 1210x4,8.79%.For Y5V, 1210x2for 2.253.

So,if 25V is ok, X5R is the bestchoice.If 50V is requiredthe spacedoublesunlessY5V is used.

Well, estimatethe voltageripple.

Al
AV > e /. {Ai »2, f 53003 , C>20"-6 } //N

AV - 0. 333333

It doesseemtruethatwe’d like to hold theripple no morethanthis. Allowing 1/2V of miscellaneoutoss

uvmin -1 /2 -vbatmax /. asu

0. 45

uvnom -1 /2 - vbatmax /. asu

0.7
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This is on the borderline for Y5V, which canloose60% of it's valuewhenhot. (Howeverthe toleranceon the muRata
units is +80-20%so we could still be ok.) If we’re careful not to loose more than 1/2V anywhereelse,everything
shouldbe ok. At worsttheumbilical voltagecouldbe bumpedo 20V, butthatis notdesirable 19V is probablyfine.

We could go with 25V, and maybeshould,but with transientissuesuntil actualmeasurementare done,don’t do it,
stick with 50V.

m C2002a, C2002b
10uF, 50V, Y5V, 1210 muRata 490-1891--1-ND1.24/$10

Buck convertemutputcapacitor.

Absorbsthe outputripple. This hasa lot to do with EMI, but therecould be 2nd orderefficiencyissuesThe datashee
givesanRMSripple currentformula

. Vbat
Aiouteq = 0.29 Vbat (1- > )/(Lf);
in

Aiouteq /. {Vin » 18, L » 10*-6 , f - 300*"3 }

Vbat

0. 0966667 (1 - ) Vbat

Plot [% {Vbat, 10, 16.8 }];

0.25¢

0.15¢

11 12 13 14 5 16

So theripple increasewith decreasingatteryvoltage.It will alsoincreasewith increasinginput voltage. The worst
caserippleis therefore
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Aiouteq /. {Vbat - 10, Vin -» 20, L »10*-6 , f - 300**3 } (* amps =*)

0. 483333

Estimatingtheripple voltage

Al
AV » R /. {ai >% f > 3003 , C-> 10*-6 }

AV - 0.161111

It's notthatit wouldn’t beniceif thiswassmaller.Of coursethisis worstcase The datasheetuses2QuF, Ok, spendthe
2.25%,andlayouttwo caps.Thatwill gettheripple downto ~80mV.Add someferrite beadgo theoutput.

m C2003
0.12uF 1206

Currentloop compensatiogapacitor Soft—Startapacitor.

The manufacturerecommend®.12:F, this is fine unlessthereis a transientbehaviorissue.As a soft—start0.12:F
gives abouta 2msdelay (datasheep.14). This is probablyadequateThe planis to havethe PIC hold off the charger
anyway.C2003couldbeincreasedolelyfor soft—starthut thatseemsisky becaus®f transientissues?

ThevoltageatITH is neverabovelQOV.

m C2004
4.7nF 1206

Low pasdfilter elemenfor currentsettingpin "PROG".
The datasheedoesnot suggest time constanthoweverall theexamplesise

f -

/. {R->26.7"*3 , C->4.7""~9 } (x Hz %)
2nxRC

f - 1268. 27

Thisis alongtime comparedo the switchingfrequency.

fnom /f /. %/. asu

236. 543

Maintainingthe sametime constantvith R2007= 30.1k
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C- /. %% . R- 30.1*"3

2 n Rf

C-4.1691x1079

No problemstickingwith 4.7nF.

C2005
15nF 1206

Low pasdfilter for umbilical currentshunt.SeeR2002.

C2006
1uF 1206

Hold capacitorfor batterythermistor.

The LTC4007batterychargerchip implementsa pulse—-basetthermistormeasuringschemeThis savesan IC pin atthe
expensef alargerfilter capacitor.

During the first phaseof thermistormeasurementhe '4007 NTC pin is driven positive to approximately4.5V. This
stateis maintainedor thetdrive period.At the endof the drive period,the NTC pin is placedin a high—impedancstate
andthe voltageacrossC2206is measuredy the chip. The measuremerperiodis given by tmeasuréelow,whereRrt
is the chip’s mastertiming resistorR2009.

tdriveeq =127.5 %20 *Rrt »17.5*-12 ;

tmeasureeq =10 xRrt %= 17.5**-12 ;

The main constrainton C2006is thatthe voltagedroopduring tmeasurenot be excessiveDuring normaloperationthe
'4007 is eitherdriving the NTC pin to ~4.5V or NTC is briefly disconnectedor measurementd.herefore excluding
voltagedroop,the voltageon C2006is alwayscloseto the desiredvoltageacrosshethermistor.

In this case,the worst voltage droop is when the thermistoris hot. The voltage droop on a capacitordrainedby a
resistor(R) for time (t) is

-t
vdroop == VO (1—Exp[ﬁ]) /. {R-R2010/7, VO Vdrive /8}

1

7t
Vdr oop == 3 (1 —e‘CRZUl'U) Vdrive
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a7

Solve [% C][1, 17 // FullSimplify

- Solve::ifun : Inverse functions are
bei ng used by Sol ve, so sonme solutions may not be found.

7t

- — 8Vdroop
R2010 Log |1 T ]

C-

SetVdroopto 10mV

%/.
{Vdroop - 10*"-3 , t - tmeasureeq , R2010 - 30.1*"3
/. Rrt (+ See R2009 =*) - 453*"3

C-1.02778x10°°

, Vdrive -»45}

Soa 1uF capacitowill droopat mostaboutlOmV. This seenfine.

m C2007
1uF 1206

Low pasdfilter for umbilical presenceletect.

Whenthe umbilical plug is presentthe umbilical detectline (the third contacton the umbilical receptacle)s floating.
When the umbilical plug is removed,the detectline is connectedo the umbilical power negativeconductor.Two
signalsfrom the PIC, Umbilical_Check(UmbChk), and Umbilical_Detect(UmbDet), monitor the detectline. When
detectionis enabledthe UmbChkline is broughthigh, if the umbilical plug is presentC2007chargeso Vdd, other
wise it remainsgroundedDuring a launch,asthe rocketleavesthe pad,the umbilical is pulled out andthe voltageon
C2007rises.Oncethevoltagecrosseghe high level input threshold the PIC detectdossof the umbilical aspart of the

launchdetectdecision.

Sincethetiming of the launchdetectis somewhatritical, we want the transitionon UmbDetto fairly fast, but nottoo
noisy. As a thought,if  wasaround10ms,the transitionshouldbe completewithin 3 time constantor about30ms.If

theaccelerationwas20geejn 30mstherocketwould move

1
d—>—2—at2 /. {a»20%10m/s2, t 303 s} // N

d-0.09m

Thatis, aboutl0cm.Thatseemsaboutright. If thedriving impedancevas10k, therequiredcapacitolis

Cot/R/. {R>10"3, t -10"-3 } // N

C->1. x10°6

Which is right aroundwhatwe’re looking for.
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m C2008
0.1uF, 50V 1206

Bypasscapacitorfor U2001.

The manufacturemints (datashee#t412f.pdf p.7) that bypassingmay be required.This cap. is a feel-goodvalue to
guardagainstunlikely strayinductance.

m C2009
1uF 1206

Low pasdfilter elemenfor batteryvoltagemeasurement.

Really just a noisefilter. If R2028is setto 4.7k, the batteryvoltagedivider impedancds 15k, so total sourceimped
anceis 20k. The batteryvoltageshouldchangeonly slowly, soalongtime constanis ok. Try 100ms.

C-0.1 /153

C-6.66667x10°°

That's a bit large. We are alreadyusing 1uF filters on the thermistor.Stick with thatand get a ~10mstime constant,
whichis fine.

m C2010, C2011
0.1uF, 50V 1206

Input/Outputbypasscapacitors.

The hopeis to minimize the receptionand transmissionof high frequencynoise. The value seemsreasonablethe
voltageratinga prudentminimum.

m C2012, C2013, C2014, C2015
???(~0.01 uF???) 1206
Overloadresponselelaycapacitors.

The value of thesecapacitorswill dependon the natureof the loadsthat are powered.However~1msdelayssuggest
0.01uF capacitorsSeeR2036for moredetails.

m C2016, C2017, C2018, C2019
222(~0.1 uF??7?) 1206

Soft-Ordelaycapacitors(SeealsoR2042,R2046.)

Thesecapacitorsprovide the energystoring elementfor the RC turn on delay circuits providedfor eachAPS output
powerswitch. For variousreasonst’s conveniento keepthe valuesof the circuit’s resistordixed and controltheturn
on speeddy varyingthe capacitors.
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The theory is very simple. The mosfetturns on when its gateto sourcevoltage reacheshe thresholdvalue. Once
enhancedsufficiently to carry the initial load currentthe gateto sourcevoltageremainsapproximatelyconstantasthe
gatevoltagerises(sourcefollower) until the sourcevoltagenearshe drainvoltageandthe transistorenterssaturation.

Using the delay network associatedvith U2002 as a concreteexample,when U2002 beginsdriving the GATE pin,
C2016chargeghroughR2042until the voltageon C2016reacheshe mosfetthresholdvoltage.By this time the GATE
pin hasreachednearlyits final value,in our caseprobablyabove20V. As discussedn its section,R2046 doesnot
greatlyeffectthetiming of theturnon phase.

Oncethe mosfetreacheghresholdandbeginsto turn on, the voltageacrossR2042is equalto
(V_GATE -Vthreshold)which we ball-parlestimateas20V. Theinitial dV/dtis therefore

20
R2042

/C2016 /. R2042 -» 100**3 // N // EngineeringForm (* V/s x)

200. x10-6
C2016

Sincethe FET is actingasa sourcefollower during this phasethe load will experienceapproximatelythe sameinitial
slewrate.Of coursethe slewratewill decreasevith increasinggatevoltage,butsincethe GATE pin voltageis consider
ably abovethe supply,thevoltagevs timeis graphis fairly linearcomparedo the normalRC chargingcurve.

m C2020a, C2020b
10uF, 25V, 1210
Filter andhold-upapacitorgor LTC1154high sidedrivers.(SeealsoR2030)
At aminimumC2020muststoreenoughchargeto fully turn off all four high sideswitches.

Thetotal turn off time is on order10QuS. The maximumsupplycurrentis around50QA perdriver, so 2mA total. The
requiredchargeis

2*A-3 % 100**-6 // N (* Coulombs =) // EngineeringForm

200. x1079

If weallow a10V droptherequiredcapacitancés

%/ 10 // EngineeringForm (* Farads =)

20. x107°

This valuepresentsio problem.
Thelargestconvenientapacitotis a 1QuF, 25V ceramicunit. Which providesan RC time constanof
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R2030 x 10**-6 (% seconds =) /. R2030 - 6.8 // EngineeringForm

68. x10°°

This is a bit short. Puttingtwo capacitorin parallelput the time constantover 10QuS. In onetime constantthe mini-
mumyvoltagewill still beabove5V, sothisshouldwork.

Resistors(s)

R2000
100 5% 1206

In-rusHimiting, low—pasféiltering resistor.

During hot-plugevents,preventsDC overshootto the '4007. Also forms a low passfilter. The draw on the 4007 is
under5mA. Assumethetargetvoltagedropis 50mV

50*"-3 /5*-3

10

A 10Q resistormight be appropriate.The dampingfactor must be adequateThe main constraintis the maximum
overshootWe assumean input stepfunction of 20V with the voltageon C2000= 0V. The maximumvoltageallowed
onthe’4007's DCIN pin is 32V, sothemaxallowableovershoois 60%. Thisis good,it soundsniceandhigh.

The equationfor aseriesLRC circuit in termsof currentis

4

1 RC
+ 1
LC LC

i +17 =0

The genericequationis

w%x+2wn X’ + X7 =

Comparingterms

1 R

C
27 Jic!

{U.)n — L,
VL C

The maximumovershooffor anunderdampedystem(¢ < 1) is givenin mostintroductorycontrol books,i usedKuo,
eq.(6-96)
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FindRoot [0.6 == Exp[—yrg/'\/l - g2 ] & 21}]

{€ - 0.160493}

Soadampingratio over0.16is ok

1 RC
Solve [g= — . L], 11
2 fLC
L, SR
4 2

%/. {R- 10, C-»0.1**~6 } /. £ - 0.16 // EngineeringForm

L - 97. 6563 x10°°

This meanghatif theline inductancas less than10QuH, the overshootwill beacceptablel0QuH is quitealot for stray
inductancegevenin alongline. Thesituationis probablyfurtherimprovedby increasinghe valueof C2000.

m R2001
20mQ 1% 100ppm 2512 1W 8.16$/10 P20MCT-ND

Umbilical currentshuntresistor

U2000’s datasheet4007f.pdf,Fig.8, p.17 statesthe currentlimit will beginwhenthe voltageacrossR200is 100mV.
Soab5A limit would be

0.1 /5 // N (* Ohms %) // EngineeringForm

20. x1073

The powerdissipateds

52 * % (x W %)

0.5

Which is high enoughto worry about.
Selectthe 1W 2512from Panasonic
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Consideringgoingto 8 amps
Measureheumbilical connector@ 5.84A,got ~0.390Vdrop. It waspleasantlywarmto thetouch.

5.84 %x0.39 (% Watts )

2.2776

Powerdissipatiorinto theairframeshouldbe excellent.Theresistancés

0.39 /5.84 (+ Ohms %)

0. 0667808

At 8 amps

64 x % (x Watts =)

4.27397

| think thisis ok, butwe needto try it.

Here’'swhati think. Use4 x 50m(} resistorsn 1/2W 1812 packagesUsethe Stonehengéayoutwith wide flangesfor
powerdissipationandwire it either20m() or 12.5m dependingnthe eventuakurrenttarget.

m R2002
5k 5% 1206

Along with C2005,formsanRC filter networkfor the umbilical currentmeasurement.
The datasheetecommend$k and15nF,soundggood. The 3dB frequencyis

/. {R-5000, C- 15*-9 } // N // EngineeringForm

2n7RC
(* Hz =*)

2.12207 x 103

This is well belowthe switchingfrequency.

m R2003
20mQ 1% 100ppm 2512 1W 8.16$/10 PSONACT-ND

Batterychargecurrentshuntresistor
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Sincethe accuracyof the '4007 is only about4% (5% over temperature)errorsaround1% over temperatureare not
significant.A 100ppmresistorovera 100Cspanis only 1%. 1% initial accuracyalsoseemsadequate.

Somethingcameup sizingthetiming resistor sowhat’sbelowwasmodified. SeeR2009.
Following thedatasheesetthe dropat maximumchargecurrentto 100mV.

0.1 /4 (» Ohms %) // N // EngineeringForm

25. x1073

2 *% (x Watts =*)

0.4

SinceDigiKey doesn’tcarry 25mQ) 2512’s,makea 25m() with 2 x 50m() in 1210size.The overall packagewill be of
similar size,andthoughtheratingis only 1/2W insteadof 1W with the 2512,the dissipationcanactuallybe betterdue
to the opportunityfor morecopper.

Also the errorsfor resistordn parallelcombineusing
Ox \2 2 ([ OX 2
) rov® (7]

X =f[u, v], ox2 = ou2 (a—u e

Let Rp bethe parallelcombinationof RaandRb
Ro= ((Raza)t+ (Roxp)~t

((% a)*(ﬁa

Rp = ququ

If « =8, andRa= Rb,thisreducego

% (RaJ_r %)

Soparallelingresistorsmprovesaccuracyasyn .
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m R2004
2.94k 1% 1206
Along with R2005,measuresoltageacrosshatterycharge—curreshunt.
This resistorcouplesinto the currentcontrolloop (seeU2000).For calculationsseeR2009.

m R2005
3.01k 1% 1206

Battery voltagesenseresistor.Fixed currentis sunkthroughthis resistor.Apparentlyto satisfycommonmoderestric
tionsof CA1. Theresultingvoltagedropis compensatei theresistorvaluesis 3.01k,sostick with that.

m R2006
6k 5% 1206
Partof the currentloop compensationAlso setsthe gaininside the currentloop, whichis servoedut.

The manufacturechoosesk. Absolutelyno known reasono changethis unlessproblemsare observedwith transient
behavior.SeealsoC2003.

m R2007
30.1k 1% 1206

Currentprogrammingesistor.
Thevaluefor R2007wasselectedn thecalculationsor R2009as30.1k. Thetargetcurrentis 4A .

m R2008
51.1k 1% 1206

Trickle—currenprogrammingesistor.
Seriouslydischargedatteriesarefirst trickle charged Thetargetcurrentis C/10or ~400mA.

0.4 == iavgmaxeq /. fixed /.
{R2003 -» 0.02 , R2004 -» 2940, R2005 - 3010 };

Solve [% rprog ][1, 11

rprog - 81123. 8
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rorog -30.1*"3 /. %

51023. 8

51.1kis plentycloseenough Onecouldarguefor 49.9Kk.

m R2009
453k 1% 1206

Charge-Timeettingresistor Minimize straycapacitance.
Recommendedalue270k,timing accuracy+15%
Thetimer periodis givenby

TRt /1.54x10° (» Hours )

This mayalsobe expresseds

Tru = (T->10*227 *Rrt % 17.5**-12 (% seconds *));

1/ (T/ (3600 Rrt )) /. Tru

153269.

Therangeof periodexpectedy the manufacturers betweerl to 3 hours.
R2009alsoinfluenceshe drive/ measuretimesof thethermistometwork.

tdrive > 127.5+20 «Rrt «1. 75x 1011

tmeasure » 10 «Rrt »1. 75x10-11

Referringto the "ChargeCharacteristicsgjraphon the batterymanufacturer'slatasheet
<DS_BT31930297.pdfp.2,thetotal chargetime after the currentfalls to C/10is aboutl hour.Whenthe’4007 detects
C/10, it setstheremainingchargetime to 1/4 of the maximumchargetime. The total chargetime at the C/1 ratefrom
the graphis 3 hours.The 3/4 hourtop—offperiodis very closeto correct,but may slightly imbalancehe packovertime.
Although, aspackcapacitydecreaseghis tendencyis somewhaself-compensating.

If the chargecurrentmeasuringshuntcanbe scaledto the samevalueasthe umbilical measuringshunt(20m(}) andthe
FLAG\ thresholdreducedo C/20,the 3/4 hourtop off would beaboutright.

Referringto the "ChargeCharacteristicsgraphagain,working forwardsfrom the C/20 level, the time to finish charg
ing is about3/4 hour.

Attemptscalingof rprog
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Solve [0.05 ==rncthc , rprog 1[1, 1]

rprog - 30442. 4

With a20m) chargecurrentsenseesistorwe would scaletheinputresistorsalso

iavgmaxeq /. fixed /. R2003 - 0.02 /. R2005 - 3010 /. %

0. 00164244 (-1069. 34 + 1. 19 R2004)

Solve [%82:== 4, R2004]1[1, 1]

— | Part::partw: Part 1 of {} does not exist. |

{301, 1]

Thecloseststd.valuesare2.94kand30.1k.

rncthc /. rprog - 30.1*3

0. 0545263

iavgmaxeq /. fixed /.
{R2003 -» 0.02 , R2004 -» 2940, R2005 - 3010, rprog -» 30.1*3 }

4. 05529

This looksprettygood.lt justifiesa 3 hourtime out.

3%3600 =T /. Tru

10800 == 0. 0234881 Rrt

Solve [% Rrt 1[1, 17 // EngineeringForm

Rrt - 459. 807 x 103

Saynextlower std.value(453Kk)
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(T/. Tru /. Rrt -»453**3 ) /3600 (* Hours =)

2. 95559

m R2010
30.1k 1% 1206

Drive / Measureesistorfor LTC4007battery—temperatuneeasurement.
SeeRT100for explanation.

m R2011
10k 5% 1206

Protectionresistorfor umbilical presenceletectcircuit.

If the PIC connecteddirectly to the umbilical detectline, various nasty things could happenexposingthe PIC to
excessivevoltagesandcurrents A 10k resistoris smallenoughthatit shouldnot interferewith the measurementf the
umbilical detectiine, yetit shouldlimit anyfault currentsto acceptablyow values.

m R2012
10k 5% 1206

Pull up resistorfor umbilical presenceletect.SeeC2007for explanation.

m R2013
2204 5% 1206

Emergencycurrentlimiting resistorfor Rocket_Readgignal.

If anything"bad" happensthis resistortriesto saveour PIC. It shouldbe aslarge aspossiblewithout interferingwith
the Rocket Readgignal.

AssumelV of "margin” desirable Assume’HC CMOS logic levels.Minimum at the groundcomputeris 3.15V. The
diodedrops720mV max.Assumel0 maxfor cableresistanceand4.75V minimumsupply,
Vdd-0.7Vminimumoutputvoltage,and4.7k minimumpull-dowrresistor.

) Rpulldown
Vground == (Vdd - VPIC - Vdiode )

Rpulldown + Rcable + R’
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Solve [% R][1, 17 // FullSimplify

~ Rcabl e Vgr ound + Rpul | down (-Vdd + Vdi ode + Vgr ound + VPI C)
Vgr ound

R-

%/. {Vdd - 4.75, VPIC » .7, Vdiode - .72, Vground - 3.15 }
/. {Rpulldown - 4.7*3 , Rcable - 10}

R - 258. 571

Assumethat20mA s badfor the PIC, R = 2200 would protectagainstvoltagesup to

20*-3 %220 // N

4.4

Admittedly thisisn’'t avery high voltage.Still, it's betterthannothing.

m R2014, R2015, R2016, R2017, R2018, R2019, R2020
47k 5% 1206
Pull up resistordor LTC4007digital I/O lines.

In somecaseqe.g. FLAG)) the pull up resistoris presento translatethe voltagesusedby the '4007 to thoseusedby
the PIC. When usedas a voltagetranslator,the '4007 outputis open—collectofThe pull up is connectedo the PIC’s
Vdd supply,thusbringingtheline up to Vdd whenthe’'4007’s outputis de—asserted.

In othercaseqe.g.EN\) the pull up bringsa signalinto the '4007 to a valid logic stateevenif the PIC, for anyreason,
setsit's outputline to a highimpedancestate(alwaysthe caseémmediatelyafter power—omeset).

The pull up valuesusedhereareproject-widestandardssupposedlya compromisebetweemoiseimmunity andpower
consumption.

m R2021
Eliminated v0.5

Pull up resistorturning off Q2003.(Q2003hasbeeneliminated.)

m R2022, R2023, R2024, R2025
10k 5% 1206
Paranoiaesistordor high sidedrive inputs.

Theseresistorsare questionablelf the supply polarity was reversedhey would limit currentinto the PIC, but every
thing would be pretty muchdestroyedat that point anyway.A possibleusewould belimiting currentflow in the event
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of voltagebreakdownin the high sidedrivers. This is a very seriousfault, but it is possibleand theseresistorsmight
savethePICin this circumstance.

Theseprobablycould be 47k, but 10k seemganoreconservativeThe voltagedropis negligible,so only noiseimmunity
really matters10kis plentyof currentlimit.

m R2026, R2027, R2028, R2029
10k 5% 1206

Paranoiaesistordor high sidedrive statusoutputs.
Also seethe commentdor R2022.

Theseresistorsare less convenientthan R2022, etc., becausehey force fairly high value for the pull up resistors
R2050-2053yutthat’'sok. | justwonderif thesearenecessary.

m R2030
6.2Q2 1206

The no—blow-upo-stay—-amesistor.(SeealsoC2020)

Therearetwo functionsfulfilled by R2030.Thefirst involvesthe voltagerating of the LTC1154s.Theyarerated18V
maximumoperatingvoltage,andwe arerunningthemat 18V. Thereforewe wantno powerglitches.To this endR2030
actsasalow pasdilter.

As a further complication,if a shortcircuit on anoutputline wereto bring the busvoltagebelowthe minimumoperat
ing voltageof the '1154s,which is 3.5V, they would not be ableto turn off the output FETsandinterruptthe short,
probablydestroyingsomething.

The solutionto boththeseproblemss to usethelargestR andC possibleandaffordable.

The R value (R2030)is limited mostly by the voltagedrop. Any voltagedrop acrossR2030subtractsrom the current
sensingshuntvoltages.For this reasornthe drop on R2030hasbeensomewhatrbitrarily limited to 10% of the current
limit thresholdvoltageof 100mV. Sincethetypical quiescentiraw of the’1154 at 18V is 40QuA, andthereare4 units,
the maximumresistoris

10*"-3 / (4 *400*-6 ) // N

6. 25

There is somerisk that the currentdraw could be considerablyhigher than calculatedhere due to manufacturing
variation. In the worst casethe drop would be abouta factor of 2 greater but this is very unlikely, andnot fatal. Note
howeverthatthe supply currentriseswith decreasing temperatureWhich meansthe currentlimit will rise by asmuch
as10%asthetemperaturelecrease® —25CThis seemok.

m R2031
Not Installed

Extraresistorfor complexthermistorcircuit. Presentlynot used,seeRT100.
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m R2032, R2033, R2034, R2035
???(shunts) 2512
Outputcurrentmeasuringshunts.

The outputsof the APS are protectedagainstover—current®y monitoring the voltage acrosstheseshunts.Whenthe
voltageacrosshe shuntreaches 00mv£5% andsustainghis voltagefor a minimumtime setby othercircuit compe
nents,Theaffectedoutputis shutdownuntil resetby microprocessocommand.

The maximumDC currentfor eachoutputis about6A (SeeQ2006).Therequiredshuntis

1 /6 // N (* Ohms %) // EngineeringForm

16. 6667 x 1073

The maximumpowerdissipationn the shuntduring steadystateis

0.125 2 /% (% Watts *)

0. 9375

Probablywe won’t everrun this much currentthroughone output. Howevera 1W resistoris still prudent.The 2512
sizewill handlelW andthe 2512padcanbearrangedsothat1206andgreatempackagesnay be solderednto the same
location.

For commonloadcurrentshe shuntvaluesare

{0.1 7 {4, 3, 2, 1, 0.5 }} (* Ohms %) // MatrixForm

(0.025 0.0333333 0.05 0.1 0.2)

The correspondinglissipationsare

0.01 /% (» Watts =«) // MatrixForm

(0.4 0.3 0.2 0.1 0.05)

Note, thatsincethereis somevoltagedrop acrossR2030(typically 10mV) The actualtrip currentswill tendto beabout
10% higherthancalculatedbutthisis effectis still smallerthanthe +25%accuracyof the LTC1154.
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m R2036, R2037, R2038, R2039
22?2(~100k???) 1206

Theseresistorsalongwith capacitorsC2012-C201%rm 4 separatalelay networks.Eachnetworkfilters the current-
sensesignalfor oneof the APS outputpowerswitches By addingdelayto the current—-senssgnalbrief overloadsare
preventedfrom tripping the over—currenprotectionand shuttingdown the load. Oncetripped, a load’s power switch
mustberesetby the APS—-PlMheforepowerto theloadis restored.

Sizing the over—currendlelayinvolved at least3 considerationsOneis the powersource which is oftena Li+ battery
pack.Normally we do not want a singleload fault to bring the batteryvoltagebelow the minimum requiredto operate
the system,which suggests fairly brief delay.Also the outputswitch itself is an N-channeinosfetandis subjectto

safe operatingareaconstraints.Finally, most often, the actualload will set the most stringentoverload protection
requirements.

The actualdelay beforea load is shutoff is a function of both the RC delay and the magnitudeof the overload.The
LTC1154datasheetlt1154.pdf>fig.5 p.9, providesa graphshowingthe shutdowntime in RC-time—-constanhitsasa
function of overloadmagnitude.

The actualvaluesfor theseresistorsrequiresknowledgeof the load characteristicsHowever,~1msdelaysarereason
able.A 100kresistorand0.01uF capacitorarereasonablstartingpoints.

m R2040, R2041
47k 5% 1206

Pull up resistordor batterychargecountersignals.
Speeds notabig issuesincethefalling edgeis whatcounts.Useour rocket—standar7k.

m R2042, R2043, R2044, R2045
100k 5% 1206

Turn ondelayresistors.

Certainloads, particularly thosewith large input capacitorsdraw severaltimes their steadystatecurrentwhen first

switchedon. Sinceour outputpowerswitchesare high speedsolid statedevices (which we like). Thereis a possibility
that certainloadswould trip the over—currenprotectionduring startup. To preventthis eachhigh side outputdriver’s

gatepin drivesan RC filter which slowsthe voltagerise on the outputtransistor'sgatethuslimiting the turn—orspeed
of the output,

The LTC1154datasheesaysthatthe partcanturn on anlRLZ24 in about10Qus. TheIRLZ24 hasa total gatechargeof
around20nC,sothe’1154 is sourcingabout

20*"-9 /100*-6 (* amps %) // N// EngineeringForm

200. x10°6

The datasheendicateshisis correctfor 18V drive, seethe"GateDrive Current"graphp.5.

After subtractingthe mosfetthresholdvoltage ~(2-5)Vthereis a maximumof about20V to drive a resistorsuchas
R2042.To keepthedrawunder20QuA the maximumvalueis
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20 /% (* Ohms %) // EngineeringForm

100. x 103

In fact this valueisn't really marginalbecausehe voltagesaren’treally reaching20V during turn on andit’s not that
critical, andalsothe datasheetisesthis value,sofine.

The only reasonnoticedto changethis value would be to reducethe size of the delay capacitorif it wereto become
inconvenienthyarge.

R2046, R2047, R2048, R2049
100k 5% 1206

Gatedampingresistor.

When the soft—oncircuit (seeR2042,C2016)is usedtheseresistorsconnectthe mosfetgateto the delay capacitor.
Connectinga mosfetgatedirectly to a capacitordrivenby a high impedancewill typically causeoscillationsbecausef

the Miller capacitanceThis resistorpreventsghoseoscillationsby forcing the transition—inducedurrentsfrom the FET

to thedelaycapacitorto besmall.

The interestingquestionat the momentis whatvalue of resistorshouldbe usedhere?Oftenwith high impedance~ET
drivers a value of 1k is used.In fact a Linear Technologiesapplicationnote on high side drivers (an—-53.pdfp.3)
suggestexactlythatvalue.Onthe otherhand,everyotherexamplein the app.noteandin the LTC1154’sdatasheetise
a 100kresistor.Sincethereis no explanatioranywhereor this, we will now makeoneup.

Experienceandreasonsuggesthat 1k is sufficientto preventoscillations.Thereis no particularreasorto believethat
100k would be harmful, exceptof coursethatit will slow the rate of turn on. However,the whole point of the soft-on
circuit is to retardthe turn on rate, so that’s not really bad. A typical FET from the datasheehasa total gatecharge
around20V of 20nC.Thisis sortof equivalento a 1nFcapacitor Thetypical delaycapacitor{SeeC2016)arerunning
morethan100timesthis value. Thereforewe expect,f the two resistordor exampleR2042andR2026,havethe same
value,thatthe delaycapacitowill dominatetheturnontiming.

So far all this merely suggestghat a 100k dampingresistoris not a badthing. The questionremainswhy usesucha
large value. The answeris probablyfound during the turn off phase.During turn off the '1154 mustsink currentto
dischargethe FET gate,andalsoany currentcomingthroughthe dampingresistor.If the dampingresistorwasonly 1Kk,
andthe delaycapacitorchargedo 20V, theinitial currentwould be 20mA. Thisis probablybeyondwhatthe’1154 will

sink, andis anywayunnecessargecausaswe haveseena 100kresistoris usable.

Anotherpossiblebenefitof alargedampingresistoris softeningturn onin the eventof rapid powercycling. Althougha
small resistorwould actually dischargethe delay capacitorfaster,if not fully dischargeda largeresistorwill limit the
speedthat the outputcanrise. By the sametoken, it is wise to wait a minimum time beforere—enabling soft started
load so that the delay capacitorwill really be dischargedAbout 150msper uF of delay capacitancemight be about
right. Forthisreasonusingaresistorargerthanabout100kis notadvisable.

Anyway, 100kis fine.

R2050, R2051, R2052, R2053
120k 5% 1206

Pull up resistordor outputpowerswitchstatudines.
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Thesespull upsarerequiredsincethe statuslines are opencollector. If the 10k seriesresistorsare used(seeR2026)
than thesepull-upsmust be large enoughto meetminimum logic requirementsLTC1154 Vstatus_maxs 0.4V at
40QuA. PICinputlow is 0.9V max@ 1uA.

The easyway (figure 0.45V for noiseimmunity)

10*"3
R2060 + 10*"3

Solve [0.45 = (5-0.4) +0.4, R2060][1, 1]

R2060 - 910000.

S0100kwould probablywork. TheLTC1154datasheetises120k,who arewe to argue?

m R2054
30.1k 1% 1206

Drive / Measureesistorfor PIC battery—temperatureeasurement.

This resistorexistsbecauseof the pulsemeasuremenschemeusedby the LTC4007 (seeC2006for further explana
tion). Whenthe '4007 is operating the voltageon C2006is alwaysaboutequalto the voltageexpectedor an ordinary
thermistorvoltagedivider. In this caseR2027 merely functionsas an inconvenientlylarge seriesresistorbetweenthe
capacitorC2006andthe PIC A/D pin. (The large value may necessitat@xtrawaiting during the acquisitionphaseof
the A/D conversioncyclein the PIC.) Whenthe '4007 is shutdown, it hasbeenassumed thatthe NTC pin actslike a
high impedanceThe PIC may thereforecontinueto measurethe batterytemperatureby first driving the thermistor
network throughR2027,and then quickly measuringthe resultingvoltageon C2006in a manneralmostidenticalto
thatof the’4007 itself.

In fact the behaviorof the NTC pin on the’4007 during shutdownis not documented\FAIK, sothe behaviormay be
differentthanassumedEvenif this is so,aslong asthe behavioris consistentsuchasa diodedrop or currentsink to
ground,usefultemperatureneasuremenisanstill be made we hope.

The value of this resistoris somewhatrbitrary.A casecould be madefor usinga valuethat wasmore convenientfor
the PIC measurementsA 10k would not require delay during the acquisitionphase,and might be more convenient
otherwise howeverit seemssimplerto try to matchthe voltagevs temperatureharacteristicef the thermistometwork
whenreadby the'4007 or the PIC ascloselyaspossible With this in mind the valuehereis chosento be the sameas
thatof the otherthermistorresistorR2010.

m R2055
4.7k 5% 1206

Paranoiaesistorfor batteryvoltagemeasurement.
Really can'tthink why thisis neededbut the sourceimpedances already15k, soa4.7kis no big deal.
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Miscellaneous

m E2000, E2001, E2002
DN470xCT-ND(SMB2.5-X) (p.675)



