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| ntroduction

® Boeing is currently using Simplorer for the electrical system
modeling and simulation in research & technology projects and
the modeling and design and analysis for Aircraft, Spacecraft and
Ground Vehicles

* Fuel Cells Electrical System Integration
* International Space Station
e Commercial Aircraft and Derivatives

* Future Combat System Ground Vehicles

®* Generic Models are illustrated
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Simplorer Modeling and Analysis

* Model Development
» Block Diagram — Algebraic, Differential and Difference Equations
* Circuit Schematics — Electrical and Electronic Components

e Analysis

* Time Domain - transient analysis or TR simulation
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* Frequency Domain - harmenic analysisor AC simulation
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* Quiescent Domain - DC opérating-peintanalysis or DC simulation
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Block Diagram Simulation
Generic Motor Starting to 6000 RPM

Motor Generated Torque and Load Torque
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Generic Low-Order DC Models

Snap3

Snap8
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DC L oad Flow Analysis Results

Bus5:=118.0201

R1 e
50.1m

Loadl

R4
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13:=-13.95792
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R1.1[A] R2
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DC Power Applications
- Fuel Cdlls
- Batteries
- Ultra Capacitor



Proton Exchange Membrane Fuel Cell
Model & Parameters

* Cathode mode: Oxygen or Air
* Temperature

* Membrane area

* Membrane thickness

* Membrane water content ?

* Electronic resistance




Simplorer PEM Fuel Cell M odel

Generalized Steady-State Electr ochemical M odel

V = E + 2 + 2 + 2

cell = “nernst *act,a *act,c * ohmic
®* Thermodynamic Potential

Enernst = f(T’ p*HZ’ p*OZ)
* Activation Voltage Loss

Zact = Pacta T Pacte = 71t T+ %TIN(C,,) + Z4In(i)
* Ohmic Voltage Loss

?ohmic = _I'(Relectronic + Rproton)
— *

Rproton =17A FM(?)

| : Cell Current

T: Cell Temperature

P'h2r P o2 Hydrogen and oxygen pressures at the electrode-electrolyte interface
?1,%,%,7,: Empirical coefficients

C'oo: OXygen concentration

I: Membrane thickness

A: Cell Area

?. Water content

v Membrane specific resistivity
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Electrical Power Systems Integration

* Detailed analysis of fuel cells integrated in electrical power system
IS required for the understanding of the design integration in
commercial airplane configuration

* Fundamental framework and toolset for Fuel Cell Power System
Model are developed

e 270 V Fuel Cell System powering an inverter and a motor

* 120 V Fuel Cell System powering low-voltage electronic loads
e Battery and Ultracapacitor Models

e Paralleled Battery and Fuel Cell Power Source
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Generic Fuel Cell Power System and L oad
270VDC Fue Cdl Power System Moded
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Synchronous Motor Start and Load Variation
Simplorer Mod€
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Generic Fuel Cell Power System and L oad
120V DC Fuel Cells Powering L ow-Voltage Electronic L oads

FML2 EQU

Voltage1:=C_Converter.V + C_ConverterLV

POWER1

POWER1.POWE
0.548823k

7 |

ower.PO! 1
k NN STEP2 STEP3
L2 L_Converter
L_Converterl s3

30u
BJT_Converter 120u . BJT_Converterl R

STEPL Input_Power

. A~ PN A~
Dl 0 0
,icz 10:=0 . \ ! 0:=0 o) Ra converter 120u*4 o R3_Converterl
20u M ==C14 - 10:=0 C_Converterl  © R_loadl
V0:=0 ==c3 6.8u 500k .|C_Converter 500k . _750u -
=0%d o lu '<,"Se:3= o b Converter : == 1000u D_Converterl . = 0.288
12 V=0 & s - R2_Converter V0:=0 R2_Converterl | VO:=0
Name := factor:=FCLv/120 ok 50k
Name := jn1:=2500/(factory'3 — ’7

.
I

PWM Controller

L—  PWM Controller
for DC-DC application
120V to 28V

for DC-DC application
28V to 12V
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Voltage and Current Responses




Battery and Fuel Cellsin Parallél
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Lithium-lon Battery
Equivalent Circuit Model

Parameters celINumber:=59

AmpHour:=30

InitialDOD:=0

Temperature:=263

®:

SOCc ¢
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Lithium-lon Battery Model

Discharge Curvesfor 59-Cell Battery

Battery Terminal Voltage (volts) v.s. Depth-of-Discharge (percent)
Discharge Current (Amps) — No Load, 100A, 150A, 200A and 250A

Discharge Curve - 59 HP30 Cells at 10 degreeC Discharge Curve - 59 HP30 Cells at 20 degreeC
0.25 SheetlR_150AV[V] (.25 Sheet1.R_150A.V [V]
ISM Sheet1.R_200A.V [V] KM Sheetl.R_200A.V [V]
AN RO e SNCRRRI SheetLR 2504V V] e SheetLR_250A.V [V]
e SN R

%\\h\w sh
“— e o Sheetl.Battery.EMF [V] e ——— . eetl.Battery. EMF [V]
0.2k — ' Sheetl.R_100A.V [V] 0.2k " "N Sheetl.R_100A.V [V]

—=
\ \ |
\ \

0 20 40 60 80 0.1k Sheet1.DOD.V# 0 20 40 60 80 0.1k Sheetl1.DOD.VAL

|
Ji
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Paralleled DC Sources

Fuel Cellsand Lithium-lon Battery

Parameters  cellNumber:=59

AmpHour:=30

InitialDOD:=0

Temperature:=290
+ I
0.196855k
INTG1
. . R_source s2 38750k
soc Cra=== . s sersek

Vaus A
NDNL2 o FHEHH] S~

Battery F—_
B D k)

> >
inputs| = |values|

Gas_meterl %

series_cells := 300
parallel_cells := 1

NDNL1
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Paralleed DC Sour ces

Fuel Cellsand Lithium-lon Battery

Fuel cell current increases with size

Parameters cellNumber:=59

AmpHour:=30

InitialDOD:=0

Temperature:=290 FuelCell.v
@o—— ! 0.223412k WMLV [V]
0.222439k
INTG1
R_source WML.P [W] Flow Rate (mole/sec) . :
n | EERE | m S2 45k im Gas_me er
SOC Dlﬁg === m . [P as meter
—W\~ +] 0.8m
Gas_meterl il/ .
NDNL2 — — w
- + L]
Battery - HHHH 3 0.6m
n | EpEpE | m cpl ° e| R _load I
] B2 v : _ _ 0.4m
. series_cells := 300 (C1LV*C1
parallel_cells := 15
NDNL1 \ 0.2m
_I_ . ® 0
L 0 0.2k 0.4k 0.6k t [s]
Battery State of Charge Voltage Current
0.11k SOC.VAL .25k ga_t?erv.E 0.25k Eagﬁa;%': Eﬁi
u |
0.1k 0.2k 0;
——
fff
90
0.1k 0.1k
80 I R N
75 0 0
0 0.2k 0.4k 0.6kt][s] 0 0.2k 0.4k 0.6kt[s] 0 0.2k 0.4k  0.6kt[sl
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Paralleed DC Sour ces

Fuel Cellsand Lead-Acid Battery

Lead Acid Battery

E_BAT
_DO
LA_BAT S1 e
— D2 N =
Battery I f\
cap :=0.8 I I-L l I .KW/ o
- Fue 'BAT
num_cells := 13 Cell S — L1
R_Bat

0.3k

0.25k

0.2k

0.15k

0.1k

50

Current (Amp)

FUELCELL_B11
WBAT.I [A]
-1*LA_BAT. [A

o¥
N
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Battery and Ultra Cap Discharge
In Parallel with Fuel Cells

CellNumber:=7
Temperature:=293
InitialDOD:=0

Parameters

AmpHour:=0.8
Scale:=1.5

EQU

E_BAT
_DO
R_S(:urce S 1/ .
AAAY, EQU
D2 "
] [ I I KW\
+ | I .k/ °
Fuel
i — WBAT L1
| NDNL4| |——
Te R_Bat
E_Cap
_DO
| .
I
ES
15m WwWC
o 1lu
180

|||:

1lu



Battery and Ultra Cap Discharge
5 kW Constant L oad

Fuel cells in Parallel with Battery
Fuel cells in Parallel with Ultracapacitor

Power (5kW) Total Energy (Joules)
5k WBAT.P [W] 0.12Meg E_BAT.VAL
WC.P [W] E_Cap.VAL
0.1Meg
4k
80k
3k
60k
2k
40k
1k 20k
0 0
0 5 10 15 20 25 t[s] 0 5 10 15 20 25 t[s]
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Battery and Ultra Cap Discharge
5 kW Constant L oad

Voltage (V)

40 WBAT.V [V]
35 WC.V [V]
30 Fuel cells in Parallel with Battery
- Fuel cells in Parallel with Ultracapacitor
20
15
10

0 5 10 15 20 25 t[s]

Current (Amp) Current (Amp)
0.5k FUELCELL_B11 FUELCELL_B1.i
WBAT.I [A] \ -1* C1.1 [A]

0.4k Battery.l [A] WC.I [A]
0.3k
0.2k
0.1k

0

0 5 10 15 20 25 t[s] 0 5 10 15 20 25 t[s]
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Dynamic PEM Fuel Cell Model
Under Development with ANSOFT Corp.

1
! |
. 1
. 1
anode total : R open circuit voltage :
pressure , 3] Nernst :
! equation |
! |
. 1
E 1 reaction current i hydrogen flux
1 = I >
! 4F E
. 1
. 1
Catfrlggsutg@ : | Cathodic I oxygen partial |
P : | oas diffusion | pressure * |
| B ® I cell voltage
1 > : >
E : _— A :
. . 1
inlet air flow Cathodic -
: kinetics :
! |
. 1
. 1
cell current ! | internal !
1 .
! resistance ohmic voltage drop E
. 1
! |
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Dynamic PEM Fuel Cell Model
Under Development with ANSOFT Corp.

Dynamics introduced by considering

fo_, TP . i Tp
1. Cathodic gas diffusion: 0 X2 = a  Where ?is a spatial

coordinate, i, is the reaction current, ? and ? are parameters calculated
from geometrical properties and diffusion constants of the gases O,, H,

and H,O. p = p(t,?) is the oxygen ipartial pressure

fh

2. Double layer capacity: i = i, +C, — , where i is the cell current, ? the

cathodic overvoltage and C the double layer capacity
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AC Analysis

- International Space Station Payload
Ground Processing

- Synchronous Gener ator
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Model for Power Supply Output | mpedance

R2 L1 R3
Im 30u

=
Gain
[dB]
60.00
40.00
20.00
A
0.00 7
1 10 100 1k 10k 1Meg f[Hz]
Phase
[deg]
90.00°
45.00°
0.00°
-45.00°
1 10 100 1k 10k 1Meg f[Hz]

M od€l
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Model for Logistics Module
|nput mpedance

L4
10 400u
.AV\ﬁv +® +® .\JMLJ
ct 1 e ] £1
500u 50p
L1 ° L5 *
100u 400u
R1 ° R5 °
3 100;
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62 75 &MC Q2 11 deg ] g 84.5012 deg
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. . et ——
2.75 I A I 8 R
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L ogistics Module (MPLM) & Payload (MELFI)
|nput mpedance

D14
<]
R_MPLM MPLM L10 R_MELFI | ¢ L9
0.03  5u 400U 0.01 640u 30u
. . ~
c11°| c1o0
500u 50p . . Ci4,
c8.| oL C157| .| RI_MELFI
MPLM Ls'h L7° % MELFI o3, == 1200 L 6.8L 16
100u 400u . o
E1 ros R58
R7 . R4 12 6.
3 100
MPLM with MELFI Impedance MELFI Impedance
Magnitude MPLM.V Magnitude
[dB] [dB]
60.00
50.00 B 50.00 ~
40.00 - 40.00 —
30.00 30.00 _
2000 ~ 20.00 T //
10.00 S~ Ve 10.00 \ /
0.00 0.0
-10.00] -10.00
-20.00
10 100 1k 10k 100k f[Hz] 10 100 1k 10k 100k
Phase Phase
[deg] [deg]
180.00
135.00 135.00
90.00 I 90.00 S—
S e
45.00 / 45.00
0.00 - 0.0 i
4500 -45.00
I
-90.00] -90.00 _—
=
-135.00 -135.00 o
-180.00
10 100 1k 10k 100k f[Hz] 10 100 1k 10k 100k
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|ntegrated Power System M odel
Power Supply/Anaconda CableeMPLM/MELFI

MPLM & MELFI Voltage and Current - MELFI Turned on @ 60 ms

0 ‘”‘ 50 Voltage
Voltage um current MELFLV [V]
R 1N MPLM.V [V]
d |
| 0.16k ‘ ‘”‘M (Aé;:-ile\ip;IBp 40 Current
AN H
é. oaa ||| s RMELFLI[A]
W‘”M ) 1 R_MPLM.I [A]
| M )
012k ‘\ YW e A W.MM IR SVASA G AAAAAARS B0
I \
i W
01k | { 25
‘ MPLM Surge Current ’
Rd 80 ‘M ‘ 20
- . | . 1 1 1 I W n
|{A'* Yn %VN Yw o/ ol o) 50 y f A B : [ MELFHSurge-Current— |15
B i \
40 I 10
A
AAAPAANANAAS
| 20 5
vl 0 0
0 10m 20m 30m 40m 50m 60m 70m 84m t[s]
: : s
: N N 7 Rz Coz
LY/ N—-Y o/\ . L _— ot L RALA  RMFL_MRI S RME o
|.Bl\ " oo RE s ] o s G0 e S L
I . . R cifci] o
. J ool e ol o . ST o . | c1
1 L RS 1 T o B I clcl L1 Jrme
o BN ‘ 220 220 : 0 V() meL LYy Ly SR M 2T 12 6. "
Vi Vs o™ . Re
~T P RY RS 1 64
. N S 10
= |§Br\
. N N N 1 1
O E\gvm Yw o\ ol ol
|
v
R
cn + +
E o, ol ol
cr\é‘
R
|§ N
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|ntegrated Power M odel
Power Supply/Anaconda Cable/MPLM/MELFI

MPLM Surrge Current
AN

*

Surge Curren

'AVAVAVAVAVAVAV
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Generic Generator M odel

SYME11
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R4 R:==5
ANV
mw
| e
+ - >
i T0:=0 g
AMPL := Pl_1.VAL W
PI_1 .
- TS:=0
WMA
Sliding RMS
70,7% pe El [ )
| [ <‘> R1 R2 R3
+ ° °
RMS_SLD1
R :=Load|VAL| R:=Load.VAL | R := Lo
. [/ o
|
SPR1 - -
T0:=0 Load
AMPL := 3300 1 EQU
TS:=0 N Power:=WMA.P+WMB.P+WMC.P
Power - kW
0.2k
0.14k
0.1k
60
0
0 2 4 6 8 10 12 15

0.2k

-0.2k

Generator Speed - RPM

30k SYME11.N
10k
0
-15k
-30k
0 2 4 6 8 10 12 15 t[s]
Generator Voltage (V)
RLV [V]

RMS_SL

14 15 t[s]



User Defined
Models

Ansoft Design Environment
with External M odeling I nterface

User Defined
Codes

Matlab Simulink @

Co-Simulation

C/C++ Programming Interface (FORTAN, C, C++ etc.)

‘

.

Simulation Data Bus / Simulator Coupling Technolo

Maxwell 2D/3D

Model Database

VHDL-AMS
Simulator

Electrical, Blocks, States, Machines, Automotive, Hydraulic,
Mechanics, Power, Semiconductors...
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SIMPLORER/Simulink Co-Simulation
SIM2SIM — Simplorer60 interface

» Co-Simulation Interface is an open API that can be used
for other simulation packages

— Linking models in both packages

— Using SIMPLORER's external simulator integration
interface and S-function in Matlab
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Simulink Power System and Motor Drive M odel

Synchronous Drive
Electric Circuit and PWM Signal Generation

Input rectifier DC-link Pulse converter

sine_a
d_nbp | d ncp itrap itrbp itrcp

PA— .
et & ZS ZS ZS tr_ap d ar tr_bp d by tr_cr- cp

10m

C1

itran itrbn itren

tr_cr

tr_ar dar tr_bl d br

d_nan d_nbr d_ncn

PWM signal generation . I_mb
I_ma I_mc
trag ICA! ketrl:=.1
@ fp:=2.5k N N N t
itran:= tp:=1/ et_me L) etmkt et_mc
itran:=( D P L
itrap:=1 trap_trai tphalf:=tp / 2
tran_tray o o
SiM2SiM.ucnta SiM2SiM.ucntb SiM2SiM.ucntc
tran EQU tona:=tphalf * (kctrl * SiM2SiM.uiactrll + 1) .
) ottt (ke * SIS b+ 1) Synchronous machine
W, onb:=tphalf * (kctrl * Si M.uibctrll + 1)
itran-=1 tonc:=tphalf * (kctrl * Sil M.uicctrll + 1)
itrap:=( LI n k to
trbp trep . .
O O MATLAB/Simulink
itrbn:=( itren:=C
itrbp:=1 trbp_trbr itrcp:=1 . . I
—Y ] . am_ma.l := am_ma
trbn_trb) tren_treg trep_trer uiactil:= uiactrl SI M 28' M
ok - uibtrll := ibetrll 3 am_mb.| := am_mb
b - SIMPLORER" Link Interface =
t;‘r\ tf“g uicetrll := uicctrll am_mc.[ :=am_mc
\3/ . \:/ uenta := uente unref := unre
itrbn:=1 itrcn:=1 ucntb := ucntk unact := unac
itrbp:=( itrep:=C uente := uentc
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Simulink Motor and Controller M oddl

Synchronous Drive

Control and Coordinate Frame Transformation

Speed controller

et P

m—_:._ nctp o+ 14 M =| Coordinate frame transformation Current contraller
1 + [TH " »
b Nt et :qif VEpianeT -
nctrig il \EpiEeT
: e =|:| e [153=134 M He ]I:
uracl b
- ot Vel
":;t Soope L e D v Py
" 5 ot Vet
Link to Simplorer b
Referance and
actual spesd peLemux 0 —@q_ el ot
" K2 cosipren) e
urac| =iriphel)
[]= eyl Botual phase
currerts —@4—_>l>—
dach T
K k2 Maotor torque and speed cormputation
=i N —gr=ar—™ _’_I_l
£mpiore 50 O T -E.} e '-‘4
Cortraol voltages T T I (. 3] mm B H
. bt T ommg omm
uTE T B Coordinate frame e Ly
b transformation ITI M _.E mikad 4 EE
g fiem > [
w = 3] B kg
Courter-EMF= 12 i mciimg mciimd mCiim
=34 e 1
VoD SMmplore  modk | L e [* oo [ T
i cof phe phel omel
o pheh
Ehipheh £
=1 * la Mz shipieh
ﬁu: w3 hEwD . M kel
o SNk DI pie bl
o £lniphe E2pih £lh b HEpIh pi:l-f;:-l.la
£l phe 2Dl P pheHapla
— e [ el
-l P omm
wid ;:?J
<ol il
H """'H-..H_J
LT = SE— it
bl
fre=snl
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Simplorer/Simulink Model I nterface

Link to Simplorer

uiactrll := uiact SI M 2 SI M am_ma.l := am_ma

: o : am_mb.l := am_mb.
uibetrll := uibctl  g)vp ORER® Link Interface ~

uicctrll := uicctr am_mc.l -=am_mc. H

ucnta := ucnte

unref := unrel
ucntb := ucntt unact := unac
ucntc := ucntc
SIMPLORER - IM SIMPLORER - QOUT
I arne | Info | Shiow | M ame | Ihfo | Shiow |
uiactll Walue Mame :="Value arm_ma.l Yalue MName ;= Walue Simphore rmode |
Libcrll Walue Mame :="alue am_mb.| Walue Mame :="Walue
uicchll Walue Mame :=alue am_mc.| Walue Mame :=Walue
ucnta Walue Marme = alue
uchtb W alue Marme = alue
uchtc Walue Marme = alue E
unref W alue Marme = alue
unact W alue Mame = alue

SiM2SiM

SIMPLORER Link Interface
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Conclusion

« Conventional Analysis Tools are often limited to single technical
domain and single software package

o Simplorer provides the system integrator with the flexibility to use
models developed in multiple simulation software, such as
PSPICE, Simulink, MathCad, EASY5, and Saber (via VHDL-AMS).

— Component and subsystem models developed in different
simulation tools can be integrated in ANSOFT Simplorer
Environment

— Multi-domain, cross-language modeling and simulation
provides an efficient common design environment to realize
the synergistic benefits of multiple simulation/analysis tools,
and facilitates a decentralized configuration control and
parallel effort for model development and design parameter
management
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