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A Survey of Distributed Engine Control Technology for
Aircraft Gas Turbine Engine

Chihoon ]ung*T - Iksoo Park* - JungHoe Lee* - Seongki Min*

ABSTRACT

Gas turbine engine control was originated from a single hydro-mechanical governor for fuel
metering and changed to 1970s’” DEEC and then today’s centralized FADEC. In order to attain the goal
of improvement of control performance, application of PHM technology, and reduction of system
weight, it is necessary to make a transition to distributed engine control. This paper describes the
concept and roadmap of distributed control, collaborative efforts of government and industry for

successful development of the system, and technical challenges for the system.

= =
=

0
Ll
Y
2

7F2ERL AR A= FAY FA7IAA 2-rA FASER T 19709t DEE
9] $YHZF4 FADECY| ol23 9t Alojdse &, PHM 7€ HE, FA A9 5%
24317] Yl BAARAAS Axagoge o]do] HQditt B E=EoAE bAoA ~E
Md =2 e Bd 5, Az AFEd ARs A ARG Y w9, a8y &FF FES)

of & Aol thste] Zl<stAnt.

Key Words: Gas Turbine Engine(7}2=E]{®l <l%l), Distributed Engine Control(Z4F 3zl Ao,
DECWG, High Temperature Electronics(il< A+ 42}, HTE, Deep Trek project(d

Ed =24 E), Silicon-On-Insulator(& 8 Z-2-%1& 8 °]H), SOI,

-

.M 2 (Hydro-mechanical governor)oll E3}3}%th 3

ARk QAR Zlgo] MEF A 2E BRI F

HAA9 <z Aorie @ed] AR F bl met FE7Ie 2L FUHER] Alojas
7 Ads5ZFE Aoyl g FdIAN =H7 7bF LA AL, o= Ao]7|7F vl A A4
Hl o] I7tE X&e 5 FAHAL A4E5E =
g3kt 1970 el ¥r=A Fshe] zlHe 3§
dol AT oxE  HAAA A7) (Digital

* St A A47)EA TR
T 2214 A}, E-mail: rednoah@add.re.kr

- 1127 -



Electronic Engine Control, DEEC)& 3]/ 74|
o SHoA R o]HE AY e, <
A Ao] e =T HHOoRE FAYAHAOEH
Azt 2 Aoj71E AT olH g HAk
24 Ae7l= 1980 % FE W dAE
A ojst+= FADEC(Full Authority Digital Engine
Control) o2 st} Axle] Z5< s 4
s3strlol o]2A vk W, FADECS X2

AlA, AEA 7], sdAERte] 5 HY dAR

Fo BT xsta glemm EAzZdE 9%

of gAsted 1/ FY Ho=RE Ay

A Ak gt o8 d F4F 54 (Centralized) <l
Aol &

PHM(Prognosis and Health Management) 7%
°of A& g AA/FEVIY SV o= U

FADEC®| Fgo] A =oid et o=
A= FADECO 77 9 AZn|g F7t2 o]¢]
Fa, 159 #2:Ervlo] Z(Customize) A 2]

2 Ax¥ fA RS (Maintenance)9F 28
(Obsolescence)oll w2 71421 v &S &
Al

AAZII AT ol FYHFTA Aol T

E SE7] T e g HI E4kdziAlo
(Distributed Engine Control) wW2]o] Zh3gkil

Qom, A7 BA B HS/Be Mg Bk A

o % Hge B d g

S e

B =RoME FFE b2 e 24
1:711 =]

Aeol71eel Mg

aho] chEATh

N
o
rh

21 A<} =9, TE)al 9

1990 d el DoD(Department of Defense)<}
NASA (National Aeronautics and Space Admin-
istration)= HITEC(High Temperature Electro-

nic Components) ZZI1#-S T3] 200 C 2
2ollA ZE Thedt AsE 75714 el A

KA, a7ke] AZzEmpolx A 224 A
WAL AFY FEIE oAAHA WEJT
% GE® BAE Systemst AFRL(Air Force
Research Laboratory)®] e Fdo] AAE
7Fsd &3 EEQl ‘Flexible FADEC' S 7%
3} 3L, Honeywelli= Dual-Use Science and
Technology ZE2IHe] XYoo= 7]E9
bulk-silicon 4&A5 283 1A EALAZIA o
A28l ‘MAC(Modular Aerospace Control)
FADEC'= Al#t¢tsstglon, 3k Hamilton
Sundstrand®}  Pratt&Whitney+
FADEC' 9475 %3 nA s Aol BES

‘Common

EES FEFgo=EH xFY “Universal
FADEC & Al#st7|o] ol2x5ov, 7& Afd
o

o< A3stAT2].

2.2 DECWG =
2006, 2178°0M dFE dHE SES] 9
gt =¥ Y3toE DECWG(Distributed Engine
Control Working Group)’} oZ= 3tk DoD,
NASA, &&7] 4 A ZAl, FADEC 7j2A
o2 FA4" DECWGE ®AHAolA 2= o A
A s f3 B @4 FHoln FAAHL T
=< BEAIAaL, olE AA 9% FAF
TEe] ofd FALE WY FFEATY F
=45 T AR e
DECWG+ HTE(High Temperature Elect
ronic) &% H A& A ZEREZY A,
H/Wel S/W Q1Ed=te] /M4, a8l AdA 2
H FF9] 47FA] EofE BAAO A" 4
2 MAE A HeAdHow sdsord -
) & (Pre-Competitive) ZAZ A AFsATh =
DECWGE #atlzlAlole] 7idst a3
AYstes 3, AF 2 7IdScdlA g %
of a3 AF/FA EokE A& om,

8%
tethslol st HdYAF2HE TR

ot 2 2 ofd ofn

==

=

S 1Y oy o % oX oy

el

- 1128 —



Systems
Customers

a
oo GruAN |
LOCKHNEED MARTIN :‘
BOEING
LibertyWorks™
" Honeywell L0

BAE SYSTEMS Honeywell

{% UTC Aerospace Systems

& WOODWARD Y.-ur.-qm:um Systmms

IA=Ec MEGGITT

Original
Equipment
Manufacturers

Controls
Component
Producers

o2 i @ s srmeic Ponn =
/125“c Honeywell RelChip \ Electronics
. - =. Producers
S 170°C ®B Texas Instruments usgﬁf% & Microsemi .

Non-Member Supply Base

Fig 1. DECWG membershipl3].

Fig. 2. Demonstration of Smart Node developed and
integrated by DECWG members at 2009 AIAA
Joint Propulsion Conference and Exhibitors(4].

23 kAl o] A F T iRk

TYHT4 W4 FADECHA TA
g AsAE, 4&¥ 259 A/D, D/A HE %
AEEu7E 25 ¢35= 720t FADECH
CE(Control Element, A/ 7-571) 3+ 4 o}
g2 944 gAew s CEE UdE#H ol =7}
golgd], o= Aeled AMH, 1i FAR
T H& 7o Fd ddez A&t vk
H, Z4HA o1y 242 FADECY F%& =
4b& @33l CLP(Control Law Processor)

FAE ©33=  DC(Data

7|1&2

re o

fo N

glele

-

Concentrator) 2 &8 AA3le, DC= CES <l
AstA A, CLPE AR 7153 A
S 2HE A AAAIE FZEolth. CE°l
Hro Zaxrt gAgoen Holg &
, 1 9, #HFZ(Closed-loop) Al F°l
7Vealxth o] W, DC9 CEE /159
A =EHBERE I3 AARZX 7Ad F
AF7He Haslst7] f3iA HIE 71€9 A&
o] ¥t=A] Fasity CLP, DC ¥ Aloja4s 3
AZAL Ao ofdE o] ofd HAYE &
A YELAE Tl o]FAAERE FAolE RE¥
9 FA G FHoA FFEE Ho] o]FoF
o7 dFH JoHsE]

kA oA 2 RIEH o] 2~ B U3t/ T

A
WE THE N L AxY

e

£ 3k T @

e AFstaL, o5 T3l w st=doir Al

A4 FRT Ao a2 A=E 544 <

S Aol 2aFH= A vEes dHE

on, B Jug dHEg WA parasitic

power, #4 F4 7€ & ¥wF 4A A&
L 2 Hodth

& W FEe= A
3t™, DECWGZ}F AAg ukel Zo] Core 1/0
&A, Networked Aol ©A, 28l g4A B4
F gAR &2d AL FE&s) 7k Aol uiE
2 sto[5].

MoRs DsTRUTED

FEDERATED DISTRIBUTED

FADEC BECOMES,

o
o
b=
o

CARD IN AVIONICS

CoONTROL LAw PROCESSOR
OFF ENGINE

INTEGRATED
VEHICLE
CORE-MOUNTED NeTwoRK CONTROL
WiTH AcTIVE CooLING

" DATA CONCENTRATOR

CoRrE-M OUHTEO,’_

UNcooLED
NETWORK

(T SMART
FFECTOR!
EFFECTORS A

MOoDC—H>0mMmuUEZm-—|

LEGACY LEGACY

EFFECTORS EFFECTORS SMART SMART
EFFECTORS  EFFECTORS

x
o
- |

Fig. 3. The Evolution of Distributed Engine Control
Architecture[5].

- 1129 -



2.3.1 Core /O =HA|

#Hz9] Core I/O BAE &FF 5d /MdAA=
A BA Hzlo]l F EEolth. FADECE CLP9}
DCe ¥ 71A 84% sy, &
2lolt}. CLPE= YA

A MESH IR ddste W

g doly AzAvte Aggozy 7|E9
Z4HF2 UHl 50% 4" Jle S FIdsta,
DCE ¢&d 2z W% 9 HAE FF 715
stz 4=8%it}. ¥, DC CE 3+ 9428 oA
3 AU ofdEa o= Aol HolE
23}3l7] 98] DCe AR FojRo] M)A
a2/ F9 A AT DCE HW 170
Te AN E T5YZ glo] &8 75T A
o2 diddc

T=5 years

Control Law Processor
Compact, Commercial Silicon

b

* Data Concentratoron Core
* Digital Communications to Contral
Law Processor

* Legacy Sensors and Actuators
* Lecal Leop Closure

e

Fig. 4. Core I/O architecture[5].

2.32 Networked |0 =HA|
g5 10d NEHA 2l Networked Alo] ©A
o] ¥ ‘FA3(Modularity) 2 F7+ FA A
otk CLPE =9 7 ZzEuto]= A2
gaste] A3 =Hm, o] s wEA
H3le A8 Z2AA 7es B 44 §

15 W3 7]%& CEE o|ddty, 18 Eu 2
HEYZ 3t HolH &L SASeE SAVE
Ao &S £33ty 18 CEE DCY U=

o=}

=
g g V%S HA3oZH DC-CE ¥ CE-CE
7F B Hel2s B YA/ 43 " o]
AolE B AVE ] F7H FA Azto] JbF
3t, g QAEH o] TslE I3le] DCY

Z 9A vnd g AAE £ S
v 3t} 39, CEE Core I/O @A tin] &
=7} &2 AolA T, Embedded £AF 7]&9

A ZRN £8e 2

o o

T=10years
;: L ’ ] i
Control Law Processor
J Compact, Commercial Silicon
Q\ : ’
* Compact Data Concentrator by _"_*
+ Digital Communications to =
Control Law Processor e
* Networked ControlElements ‘;?-u.-__»-u_.,,_ oL
s, T e
e 4 g

* 300 Celsius Electronics
* Smart Sensors and Actuators
* Embedded Subsystem Control

b ————
Fig. 5. Networked Control Architecture[5].

232 2 24k B

HT TAAN & E4hg G ExE T
A FA A3, ful#E 2~ (Ubiquitous) A2~
o] FEolt}y, & dAdAE ME Z2A A7}
g2 H %% 3¥ (Smart) CES] 7/TZ CLP2t CEZ}
AH gAY 54S $Y5tA H a1, Parasitic A
g TF 7€ Fegow DCO AE BEu) e
o] ¢ ol BZastA HEE DCE 443 A

7bFestths 2 vt &
&8 FHAES AzFHe] 75

2o
of AXse FASh RuE AFRE 44D

A
o
H
By
=
a1
o
(e}
(@]
2

o=t

- 1130 —



T=15yaars
“ ~ ~
Control Law Processor
' Compact, Commarcial Silicon
\ A
* Mo Data Concantrator o et _.'J“'“ ¥
* Fully Netwarked control elemants -
and Control Law Procassor .._—-
Wireless Capability :- - _-.ﬁ.... 1
vy | - i
L= Y

* =300 Celsius Electronics
* Fully Embedded Subsystem Control
* Power Scavenging Technologies

e
Fig. 6. Fully Distributed Architecture[5].

HTE9] 7o)t

241 M8 E4l Z2EZO| Jlgt
FA4HF2A AoLAoA HolHY A%
5713k 3lue] FADECe 98 SA=E
kAo A e tge] Z2A A7)
=Yooz Eixﬂéé Pz HolyH A
/&718e FRE dA ot fAE B4 UES
3= o)y’ ,FA:, EEH]&ES] FHFZ Ao E
d&gsA T F JEE 2 HYZF
A1 4% (Latency)E 7 7(3] oF atm, FAll
4 (Safety-critical) 715< BF3 AT

& oy

1
¥

e
ofy AN

ol > 0y
[ 2o

gojojol gt} A% AERAE FA o)E &
T wEss 54 TEEFS 2454 gE A
o= A o]

NASAE MEZL 48 T4 Z2EF /%
of UA YEIE= RE ZZEZ O3 Hlw
ATE T, A A " BE A &5
a7 zhde 2P Ao AFHE 1) FR
g TE3¥ 6] °1F Yedavallis 94 7]
ol A& gFo] e/l ZREZS FHE
A A B o, ol = AZTE 2 A

(Time-triggered) 2]<l TTP/C ¥ TTEthernet
o] 7} oAl R EZo|gtn FAG Hl

o7l @3, HS AFA dAlCA BEakAlel &
o7 7| ‘Q';ﬁ'%—??} FlexrayZ} wj¥2}Ql Z2&F
2A Zbaga glo, oA gF9-F Eof

oA HgE A7t QOBE FF AE e A
4 A77t e Ao B

CENTRAL PROCESS

Tnput
Data

Fig. 7. Data Fow in Centralized(Left) and
Distributed(Right) Control Process][1].

5
ar | Eharacterie | ARINC 828 | TTEmernet | TTPC Flesray AFDX | ARINC 620
|| Pl D | (o0Mops | 26 10Mps 100Mbps Aty
No Yes Yes Yeu No No
va o No Ya Yeu Ye
] Ethemet : Byteflight and | Ethieruet =
ved fro AN : Ne : met | armicaze
A | Derived o, h (IEEE 802 3) i TIRC | (EEEsory | ARNCA
Based on Based o
CSMACA | Bawdon | Basedon CSMACA
TDMA (Time (€ame Saise
o | BusAcces Ditision Time il Tizue
? Method Miliple | Triggered Trisgared
A i) Acoess L
Avoidmce) | Techaine | Technique Avcidmge)
Techninme Techuique
Packet- = Packet- e
Topologies .Bf'lj; | Switched Busue | PO swirched icvigpe
point-to-point | i point Star | SBEL | poins, Bus
, - Yes, - . .
Yes : s s ,
Clock i ||-'=:|=||'m e | implenented i Y k;
s "-“""“I‘I‘""""“ otsofftware | arsofware | | athardware | a1 software | a1 software
level tavel level Tevel level
Yeu o Yes, Yes Yes
s ptemented | IETEEd : . 2 . A
Fault implemented 5 g g
Hypothesis | at softuare athardware | atsoftware | ot software
level - Teve! fevel fevel
lr.lu\lLlll
Type of Data e o
10 | Tramsmison | AN | o hronons | Synchronous | s 1] Asyaciuonog | Arpcizonm
snpported N Symchronoas N :
11 | Applicancn Aerosgmce Aetoipace | Asrospace | Amtomobile | Aevospace Aemospace

Fig. 8. Communication Protocols Comparison Matrix(6]..

242 12 ™AL 2XHHTE)| 7HE
Aol T¥F4 FADECY #s &%= =4
< Bulk CMOS(Complementary Metal-Oxide

Semiconductor) £%}9] Hd] HE 2E(Junction

- 1131 —



temperature)?l 125 CZ A tEc}y THd B4
Ko

Aojgaelx DC 2 A%5¥ CEE Az 1%
of A& EE Bulk CMOSE AM&3lE A
5% YW (Active cooling) §lole E7ls3l

olf g WA A FAE FTHIIIE
Foz Zgsty] W] niFA sk Eaioh
A TEE HEA
45 dee BT F Sl HIES Aol

o, \_E, fo

i

Bulk CMOSE tiAl& AA=EA SOI(Silicon-
On-Insulator) CMOS7F 2@ 717+ A= st
B} SOI= Drain ©xkeh 2|2 713 Apolo] gF
Si0, AA9S dPdo RN xo HlE o

Z7V3he ¥4 AR (Leakage current)E TIE 7
2A71E 71Eolth8].
Source  Gate Drain
Bulk CMOS
Source  Gate Drain
501 CMOS

Small area for leakage

Fig. 9. Comparison of Leakage-current paths
of buk CMOS and SOI CMOS[8].

JH-ot &5 7= SOl CMOs <
A% F4 2 AFE A AT ke A
ZEjrtolz AzhEA s 3 FHRIT AT
AFA E ARk 2005, ol 7l
FAAE 837 93 =¥ o2 NETL(National
Energy Technology Laboratory)®] Atstz=2]<l
SNCG(Strategic Center for Natural Gas)ol| ©]sk
o Deep Trek ZE2AHEV} ZFHAUG B =2
HAE+= 3133 (Downhole) A B 742~ HAY
284718 S AFEAeH, F 542 >

20,000 ft zolollel oA A NEs 2|
deH oz QFHE HIE 719 AL 2 AF
9] /831 TH9]. Honeywell Internationale
ZRAES T3 225 CollA Hdl 58704 &
7Hs 3 SOl CMOS Al&F2] 71 3l 7383}
ot th. 1 #RE oly2l Honeywell 2 o9
HAI 21O F&/TeiA, wWEY, T2x

ASIC(Application Specific Integrated Circuit)&

o of rfz

stvte] EE2 FEAI MCM(Multichip
Module)S W&o zn AF 7], 74 %
AEgargs ZaAZl=d 7193k TH10]. ol
gt Deep Trek ZZAEQ] FF& Hul/f¥ 7]
Ao FAE EHLoTI= A7 HAMAL, o
T O ok fJAME EAFHOFE HTE
of gk A NS 2]l o231
Product Lifetime Versus Temperature
(Time for 1% of parts to fail)
100.0 —
_ 100
[
g ................... Honeywell HTSO! GMOS
p=s 0.5mA/um’
E
&
= 1) |
GnmmercialCl\.-iDS
Est. SmAm® |
0.1

] | L L 1 | 1
150 200 250 300 3500
Temperature (Degrees C)

Fig. 10. Product Lifetime vs. Temperature(Red: SOI
CMOS, Blue: Bulk CMOS)[8L.

Fig. 11. High Temperature Multichip Module[10].

- 1132 —



Temp Range (°C)

Analog Devices X 250

Arkansas Power Electronics| X X 250

addock X 300

1SS0I0 X X 250
e X X X 0500

X 100

well X X X 250

Bt X 260

[Presadio X 250

Etavibeon X 250

200
X X 250
X 450
N 200

250

Pl

Riedon
Texas
IRS T
I'T Setinice
[Vanguard E s
[Vectron Intemarional X

[Vishay X 250

d B4

Fig. 12. High Temperature Electronics Developers(i1].

SOI CMOS®] #A =719l 225 T A7 2
=2 A5 CE Tl A&srlde &U4A
Aor ATHET. WE obF vAds TA o,
SiC(Silicon Carbide) 7]1&°] 500 C °]&9 S
< &AM Zs 7he’ HTE &A=2A 238
i 4ok Nuedeck 6H-SiC JFET (Junction
Field Effect Transistor) 7|&< 283t 500 C
A 5000 Azt ol ZE TheRt &xke] i
of A& ©k Aem[12], NASA  Glenn
WBS(Wide
Semiconductor) &% MLE FPsE F SiC
HTE 7eWEs 93 943 =352 7]&olx

ATH13].

et

Research center— Bandgap

3.8 =

HAA FA7IAA A7) N4 AFR 7HH
1l Az A7l 1970809 DEECE AA €
e FU3 52 FADEC| ol21 Ut} AlojA
59 3, PHM 7l€9 A&, FA 2o 5%
B 2437 M E4tdRAle] AxEoz
9 o] a3, ol ABd FEY VI
ExAE Q3l= HA|o]=E2 Core /O ©A >
Networked Aol ©@A > <bd 48 @A
=24 A A ke Aol
. R B A ~E Y FES

[e]

ofd AR-7IY 3 3

o o o of

o

o]

ju)
-

off = o
m\‘ﬁ
(oA
O
L>}L

H

o

©
oo off o i O

A8 Folokd A9 FAE 4

OA"g $4 Z2EF 3 HTES 7f¥eld,
DECWGE °l& T4dzte A-347 A+E
F3 AR Sl

ikl

b

i
rot

1. Cully, D.E., Thomas, R, and Saus, ],
"Concepts for Distributed Engine Control,"
437 AIAA/ASME/SAE/ASEFE Joint Propulsion
Conference &  Exhibit, Cincinnati, OH,
US.A., ATAA-2007-5709, Jul. 2007.

2. Behbahani, A., Wood, B. Benson, D.,
Berner, A., Hegwood, B., Dejager, ],
Rhoden, W. Ohme, B., Sloat, J., and
Harmon, C., “Technology Requirements

Affordable

Engine

and Development for
Distributed

Controls”, 58" International Instrumentation

High-Temperature

Symposium, San Diego, California, US.A,,
Jun. 2012.

3. Wood, B. 'Distributed Engine Control
Working  Group - Presentation  to
Propulsion  Controls and  Diagnostics

Working Group," PCD Workshop, Sep. 2015

4. Behbahani, A., Tulpule, B., "Perspective for

Distributed Intelligent Engine Controls of
the Future," 46" AIAAASME/GAEASEE
Joint  Propulsion  Conference &  Exhibit,
Nashville, TN, US.A., AIAA-2010-6631,
2010.

5. Culley, D. "Transition in Gas Turbine

Control System  Architecture: Modular,
Distributed, and Embedded," NASA/TM-
2010-216806, Sep. 2010.

6. Gwaltney D.A., Briscoe, ]. M.,
son of Communication Architectures for

Modular
NASA/TM-2006-214431, Jun. 2006.

7. Yedavalli, R.K., Willett, M., and Behnahani,

A., "The Role of

"Compari

Spacecraft Avionics  Systems,"

Various Real-time



10.

11.

Communication Data Bus for Open System
Distributed Engine Control Architectures
for the Future” 47" AIAA/ASMESAE/ASEE
Joint Propulsion Conference & Exhibit, San
Diego, California, U.S.A., AIAA-2011-6145,
Jul. 2011.

Romanko, T., "Extreme Design: Developing
integrated circuits for -55 degC to +250
degC," World Wide  Web
http:/ /www.honeywell.com/hightemp
Mallison, E.R., Rogers, J.D., and Ohme, B,
"High Temperature SOI CMOS Electronics
Development - The Deep Trek Project,"
World Wide Web
http:/ /www.honeywell.com/hightemp
"High

Extraordinary

location

location

Electronics -
performance  in  hight
World Wide

location  http://www.honeywell.com

Temperature

temperature
Web
/hightemp

Usrey, M.W., Liu, Y., Schaible, B.R., Harsh,

applications,"

- 1134 -

12.

13.

KF.,, and Behbahani, AR, "High-
Temperature  Sensor and  Electronics
Packaging Technologies for Distributed
Engine Controls," 4" AIAA/ASME/SAE

/ASEE Joint Propulsion Conference & Exhibit,
Cleveland, OH, US.A., AIAA-2014-3533,
Jul. 2014.

Neudeck, P.G., Spry, D.J., Chen, LY,
Chang, C.W., Beheim, G.M., Okojie, RS,
LJ., Meredith, R,
Krasowski, M.,
"6H-SiC  Transistor
Demonstrating Prolonged Operation at 500

Ferrier, T,
N.F.,

Circuits

Evans,
and  Prokop,

Integrated

T," IMAPS HITEC 2008, pp. 000095-
000102, 2008.
Nuedeck, P.G., Okojie, RS. , "High-

Temperature electronics-A Role for Wide
Bandgap Semiconductors?," Preceedings of
the IEEE, Vol. 90, No. 6, pp. 1065-1076,
Jun. 2002.





