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ABSTRACT 
A deIaiIo:i system modcl for a Morc Electric Aircraft power system 

equipped with a switched reluctance generatO, is described. E;c,nple 
computer studies. for several types of generator loads, i,l(:luding 
passive, constant pow.:;r, 11 brushless DC mOlor. and an electro­
hydrostatic: actuator, are presented with corrobor:l!ing experimental test 
resl.Ill.! . 

INTRODUCTION 
M5Jrc Electric Aircraft (MEA) otTer potenliallire-cycle co!.t S3vings 

for military and civilmn aircraft. The military is considering OC 
systems as an option, and Olle possible demonstration systC'm is the 
MADMEL (power Management and Distribuhon System lor More 

Electric AireraO). The MADMEL wi!! include gener8l01S. power 
eonllersion delllees. and a vanely of electric loads. A switched 
reluctance mllCh lllf; is being considerl-d as an 1I1Iegrai starter/generator 
(lS6). lIS advantages have been desc ribed previously (RadUIl, 1994). 
as wdI as Ihe design and perl"OfTll3flOC of a (;;lndidate 2SO KW machine 
which may be incorporated inlo the MADlv{EL (RichtCl", eI a i, 1994). 
In order 10 provide the government with an ill·house analysis eapabil­
ity. computer modds o r the switched rductance m3c/line and its 
controls as weI! as associated load components have been developed . 
These models. which are descri bed in this paller . have been pro­
gnunmed io modular fono. using the Advanced Continuous Simu ln· 
lion. Language (ACSL). By combillms the various modules of ACSL 
code that ~lI lhc di ll~re lll components. a lIuietv of ~~tCIIl1> and 
operating conditions can be rapidly sllllulMed 

The loads tor the MADMEL arc inlended 10 be represenlalive of 
~lC I'ariousaircrafll oads including av jonic~, radars . electro·hydrostalic 
actuators (EHA). and distribution components. Computer models 
hallc been developed lo r passive lo;ads. bru.hle$$ DC InotofS. and 
EHAs. Several IOlId siudics ale dcscribed and, where po$$ibJ.:. 
compared to ac tual lest will. 

One arts th!t is of p.1n;cull'lr interesl 10 tho:. ,ircran designer is thai 
of power system stability. Loods 1M! illc lllde DC~DC or DC-AC 
converters may have the eOllsun\ pow~r characteristics, w hich may 

appear as a negative Impedance gcm:ra lor Jood. The inTeraction of 3 

negative load im pedance wi th the gcneralOr may causo;: unSlllbk 
operlltion depending 011 circuit parametcrs. An c);ampk of unslable 
o po;:rl'llion caused by load swilching is shown. 

SWITCHED RElUCTANCE GENERATOR 
The COI1;;ItUCtiou f.::alures and theo ry ofoperation tor Ihe $wildlCd 

reluctance ISG ha\'c !>eell described previous!)' (RadUIl . (994). 
the refore , only a brief review will be given here. 

Operating Theory 

The switched rduel.:mccc machine does 1101 halle rolor \~;ndin~,,: 

inste:Jd.lhe oumber of sal i.;nt ('Oks on Ihe rotOt is dil)crenl from thai 
on Ihe SUlIOt T he !SG lor the MADMEL $1I$tem has 12 Sl31<>r rolc~ 
and eight rOIOl" poles as ~ howll III Figure I. The 12 stator poln 
constitute two tIm:e·pluse groups. or channels- that can be. operated In 
plrallel or sepllflltd )/. Since Ihe number of stilO1" and rotor poles afe 
different. lhe induetal\tt o f >:ach phase is a li.uu.: tioll of the rOlar 
position . and at any instanl ln time, Ihe induclantt can be dilTerl:nt for 
Ihe three phases. In Figure J. Ihe rotor is aliglled wilh phase a otlhe 
stator. This aligoed POSilioll;S design3ted as ze ro degrees If the sk'J t 
OCI\~l1t·WO rotoc ('Oks \\"o: r.: a lignc;d with the center hn.: ot" the sta t{>r 

pok..lh.: positioll would b.: d.:slgnaled .. ~ 45 dedrical degreQ. Thus 
11"k;fC lOre 90 declricol d~1!'u....,; bcl\\"eell Ihe rotor pol~..,; or 721J de~lricH I 

J.;gr= per rel'(l lll lioll. This lS ~i",dar 10 " toU r'I\(">1c cotlvenli(ln~1 
lIIaehine. Al the posillon :>11(,)\\'11 Oil Flgure I . Ihe roror ts .. l -~ I\ 

degrce~ wilh 100SI"lCc[ 10 the: ~'h:l:;e h pol<.~ ot" the ~tulor and I I .,tu 
deFlces with reSpo.:IIO phase c 

T he l1u:.: linkng~~ ot' a "":ltOI windi llg are a !unction of \\";lldin~ 
cum.;nl and roIoc position. A Sd a t' calcu lnred 11u:-.-linh.ses curve, was 
obl~i llc:d lo r the 1C":i1 lIl~chlllc. '<Om.; o r which nre shown III Figure 2. 
l!ll~mic\ll.a r, CtolVd :lfe shown for nille deyec IIIter\"als 10 4; degrees 
The large air gap II I 45 degrces results III e~St!l1li:lllv a CQnSt.l1l1 
rduclllnce pa lh whercuponlhc 11u); linbg~~. CUllcnt curve necom~." 
e:;;;t.1,lially hoc:)r. The data so:ttor Ihe machine OOIl,.sted {l( curws :II 
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FIGURE 1: CROSS-SECTION OF SWITCHED 
RELUCTANCE MACHINE 
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FIGURE 2: FLUX LINKAGE VS CURRENT CURVES 

one degree intervals (rom zero to 45 degrees. 
S ince the switched reluctance machine does not h;!lve rotor 

windings, a source of e"cit.fllion tl1ust be provided. The scnematioc lor 
011C set of three-phase st.fltor windlllgs is shown in Figure J. The 
machine tenninals an:. connecled 10 a ea?1'cllot bank 10 prOVide 0 
source o f excitation. Swi tches pn)~ide a palh 10 supply- the winding 
current as the fotor pole nears alignmcnt with the stalor pole. Diodes 
provide 8 path Jor eUrTen! 10 nOw OUI of the mll<: hine as the roll)( rw>lcs 
;m:drivcll past alignment. Si,lCc there I ~ a reluctan.u torque ancllIpl­
illS to keep Ille sUtor and rotor poles aligned. wOfI.: must be done by 
the prilne mover 10 force Ihe poles IIlllU1. wllich appears as an 
dCi;trical Ol.lll"'l.It from Ihc generator. 
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FIGURE 3: PHASE WINDING CONNECTIONS 

Switched Reluctance Generator Model 
The switched relucLance ISG computer model is .9 dctailcd model 

ofan three phases including the variable induelanee of the windings. 
The swilches !l1d diodes arc modele<l as ideal clements. A.lthough 
expcrimcutal result<; indicale a small mutua! coupl ing be\V.'CC1I Ihe two 
groups th~(.phase groups. tilis mutual coupling i~ neglecl,d. 

A bkJck diagram of the simulation is silown III Figure 4 The heart 
o(the simuLaho.ll is the roul'ne Ihal modds Ihe:: phase.; oflho! ma.::hm... . 
The position olthe roIer with lesp«( 10 each I"'ha~e must be calcuutcd 
at each lime step At the appropriatc tim~ . the output voltage is apr-lied 
\0 a phase winding. The angle at which Ihe voIt.age is applied 10 the 
phase is :lft input \0 th~ simulaliOi"I. The voltage is in tcgntlcd 10 obtain 
the Ilu" linkage in the phase. whIch is input to a table rourine that 
perfOi"ms a linear intapolation 10 dete:: nJlille the mmf tor a ~i"en angle 
lind tlux lillbge. The curmll i ~ calculated (roo n the mmf. based on 
whether Ihe phasc channels arc operating separately 0( in parallcl. 

The conaol sytlem for the machinc has also be.c:n deso: rilxd 
prcviously(Radun and Xians. 1995). It is. DSP tySlem and U$t$ the 
ou tput voltage to establish a rderence current level. The rderen.::e 
current deleonines the time of opemng the phase switches to i>o:g1ll 
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FIGURE 4: BLOCK OIAGRAM OF MACHINE 
SIMULATION 
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generation . The machine output capacitor and the Elvil. tiller arc 
modeled using the appropriate difTcrenhal equAt ions. 

SYSTEM LOADS 
Then: arc a variety of loads in all-electrie or more-ele\:trie ai rcraft . 

The MADMEL will provide actual or simulated devices for many of 
these loads. A schematic for the power system that has been modeled 
to da te is shown in Figure S. Ideal circuit breakers allow 1he simula­
tion o f the l()3.ds to be switched in or out at various limes. 

FIGURE 5: SCHEMATIC OF SYSTEM LOADS 

Constant Power Load 
The genemtor ~ provides 270 vol lS, and OC·AC and DC·DC 

converters are l"t:tjuired to change the voltage level for individuallonds_ 
In someconvaters the output voltage is controlled to deliver constant 
power. This type of load appears as a negative impedan<:c si llee in 
order to supply constant power, the CUll"CUt will increase when the 
source voltage decreases. In the case of the consbnt power l!XId 
shown in Figure S, the desired power is selected and the curren! is 
calculated by divid ing the power by the actual voltage. 

ElectrO-Hydrostatic Actuator 
A type o f electric load that is o f interest \0 the aircran SY5tem 

designer is the electro-hydrosta tic actuator ([HA). which call be used 
10 position the aircra(l 's night control surfaces. A model of an £HA 
driven by a brushlcss DC mO«)f WIS developed, based on the actuator 
requiremellls for the ai leron on a milita ry lighter. The simulation 
block diagram for the: simulation is shown in Figule 6_ Sinee a 
brushless DC mOtor is a COlllmned permSltenl magnet syn<:hronous 
rnotar, the DC voltage from the generato r must be inverted to provide 
AC to the molOC. The inverter and InOior nre modeled in full detai l. 
together with the specified mechanical system requirements. 

SIMULATION RESULTS 
Steady·stale leS{ results have been rcported for the swil<:hed 

rductanct: ISG wilh a resislive load (RadUIl and Xiallg, (995 ). Figure 
7 shows the phase curren ts for one channel ofthe machine operating 
at ground idle speed (13 ,450 rpm) Wilh an output of 252 vo!ls and 
\02.5 KW (R..... = 0.61 95S Q). The phase currents resulting from a 
computer study for Ihe same operating condit ions arc shown " ' 
Figure 8. The wavetcrms in Figures 7 and 8 are essentia lly the same 
except Ihat the meas llred currcllts arc slightly unbalallced. This is 
apparenLly due 10 slight difiCrences in the a<:tuat windings. wheras lhe 
windings IIrc assumed 10 be ioknl,'cal in Ih..: simulation. 

A dynamic load <:hangc Ie-51 was also don~ on the ISG operating at 
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FIGURE 6: BLOCK DIAGRAM OF ELECTRO­
HYDROST ATle ACTUATOR SIMULP.TION 
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FIGURE 7: MEASURED GENERATOR PHASE 
CURRENTS 

FIGURE 8. GENERATOR PHASE CURRENTS 
CALCULATED BY SIMULATION 



ground idle speed. III this case the lood was suddenly changed from 
86 KW 10 102.5 KW. The measured vol tage Irlmsic nl (voltage at 
vcap2 in Figure 5) is ShOWll in Figure 9. A drop o( approximaldy 15 
volts occurs with a ;.x:Qvery time of approximate ly J6 mscc. TIle 
results of lhe compuler study are shown in Figure 10. The computed 
response does not el(hibit as much low frequency (about 400 Hz) 
rippleas the experimental wavefoTlo', however , a similar vollage drop 
and recovery time occurs. 

FIGURE 9: MEASURED BUS VOLTAGE DURING 
RESISTIVE LOAD INCREASE 

ACSL is equipped with a variable time.step algorithm in which the 
user specifIeS minimum and maximum lime steps. lr1 Figure 10. a 
maximum time step of 0.5 ~sec was used. It is interesting that \.\~ Ih 
a longet lime step of 5.0 ~sec the waveform showf! in Figure II was 
obtained. This wavcfonn compares more favOiably wi th the lest 
ll:$ults(Figure 9), spedfJC3lIy in regard 10 the 400 Hl: ripple. Although 
the differences in 400 Hz ripple are of seconda~' unpor1aIlCe, the 
oomputed results suggest the possibility thlt the sampling rate of the 
acquisition system used in Ihe e.... pcrimentat tesl$ Will 100 low to 
capture the exact waveform . This is leilio fu lure investigation, 

FIGURE 10: CALCULATED BUS VOLTAGE DURING 
RESISTIVE LOAD CHANGE 

Constant power load switchir.g 
Testing hu flot been rellOrted for Ihe ISO with conslant power 

loads; howevn. a oompul er sludy was C(lndllcled. The resulls of the 
siudy are shown in Figu res 12 and 13. Therein, thc voltage at lhe 

FIGURE 11: BUS VOLTAGE TRANSIENT CALCULATED 
WITH LARGER INTEGRATION TIME STEP 

OUltlUI of )he generatQ( EM] Jillc, (Vcap2) all d lh ~ vol tage at Ih..: 
output oCthe constant power load tilter (Veil) arc ploned. In both 
cascs. the sirnulaliOll was run a1 ground idle spe.:d . wilh li n OI."rU! 
voltl¥e of2lO volls lind ~ resi~tlvc load of R(' KW at Ihe oUlput of Ih~ 

load tilln (FigufC 5). In Ih e study, Ih '$ load was SWllchcd 10/1. 70 K\~ . 

oonsla'lt power load. Til.:: ~alucs lor Ihe lood )iller ;n Figure 12 " cr~ 
10 ~H tOr LI(and 6.24 ~F lOr Clf. Since there WI$ a reduction in lead. 
the voltage incn:3scd and then returned 10 i!$ tontro lled value. Th..: 
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FIGURE 12: TRANSIENT VO LTAGES CALCULATED 
DURING CHANGE FROM RESISTiVE LOAD TO 
CONSTANT POWER LOAD 

systcm rem3i...:d slabJc 
III Figlm: I.' tile UIllC lood switchlll!! oc <.:u rred. but values of ;1(. 

" I-{ and 67U )-IF were u>led for U f ~nd Clf. respcc ti\tly. In this C.lisc. 
Ihe systclll i~ sUbIo: wilh the 86 KW r.",istive load: ho .... ever. whell I h~ 

load is swilchcd 10 Ihe 70 KW eOI1 :>11111\ power lo~d. thc vo llBg<:, 
QS<:ilIme "ith U><:lCIsing ampli[ude ..,,,111 Ihe system l).."<:oll1es un1<labk 
It IS in!et'eSti!l!!-1O notc that irthe lood was swi tched back 10 its origln~: 

configuration prior 10 0.046 w cs the systelll r~ II'rncd to slnbk 
o l>cmlion. 
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FIGURE 13: POSSIBLE UNSTABLE OPERATION 
PREDICTED BY COMPUTER SIMULATION 

SUMMARY 
A de tailed compute r model of II ~wiLChcd reluctance generator with 
various loads has been developed and a fI\lmber of studies have been 
performed. Experimenlll' vc: rifiea.lion hils b«n o btained for steady_ 
state operation and for , witchins of resistive loads. In addition. the 
computer simullliion has been used to demonstrate potential system 
instability due to a COI1Statll power load. 
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