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System Structure

i Electrical
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Distribution System
Engine, Generator, [«—> «—
Fuel Cell, Charging Wire Harness, Loads, Battery, .Ultra-
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Design

Electrical system design
Power management

Power electronics
» DC/DC Converter
» Inverter

Controls
» Fuel cell controller
» Battery charger
» Motion controller

Machine design

Issues
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Traction System Inverter & Machine

_‘ IGBT1 ZX _‘ IGBT2 ZX _‘ IGBT3 ZX

Static electrical

component models are 7
sufficient for system T
level analysis 1

» Speed

» Electrical behavior Jesn /N JETTS /N ng /N

Permanent Magnet o o .
Synchronous Machine

SYMPOD1 4| 5| c

from Basic Library Synchronous Machine
- permanent excitation
» Sufficient Accuracy for R11  L1D=92m
I P:=3 L1Q:=9.2
Controuer deSIQn J:=5.55m KE:= 0.33T

> Fast
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Load Torque Definition

Propetties - SYMPOD1 x|
Parameters | Dutput / Displa_l,ll Librar_l,ll
Mame  |SvMPOD1 ¥ Show Name @
Properties - M_LOAD
Characteristic |Dutput ; Displa_l,.ll Libral_l,ll r— Parameters [V alue, Yariable, Expression) |
M LOAD Name | walue
Name  [M_LOAD ¥ Show Name = Load Tarque [Hm] SYMPODIN*D.00065 + M_LOADvAL | Sndular iz =
LILH [ Stator Resistance [Ohm] 1 IMEMEIOn
Stator Inductance d-Axis [H] 9.2m
— Parameters Stator Inductance g-Axis [H] 9.2m — Default Dutputs
. - Fotar Flus [Ys] [Wh] 0.334
Interpolatian |W|thout j Phase [deg] IIJ murnber OF Pale Pairs 3 \ ¥ Roter Speed [pm]
Delay [s] ID S’Jgu'a'. IdBQ Fotor Moment of Inertia [kg... 5.55m o
imenzian atar Tarque [Mm]
I Period [5] I‘I Peiiodical Yes N 2
M v Laoad Torque [Mm]
— N q 1
" File Beference I— Initial ez [Walue, Wariable]
= Mame | value | | R ator Pogition [rad]
% Data Pairs _ - _ Initial Current Stakqr Phase a [A] 1}
i Initial Current Stakor BRase b [A] i} v Cikrent Stator Phase a [4]
= | 157 t[s] | - Initial Current Stator Pha 1}
o. H-ais : ks ¥-aHis s
Initial Rotor Speed [rpm] a
4
é 0.5 g Initial Rotor Position [rad/deg] i} B Curel Stator Phase b [A]
3 0.08 0 ¥ Curent Xator Phase ¢ [4]
4 0.45 5
5 0.45 u]
3] 0.6 u] \
Qk I Cancel | .&ppk | Help
\ i
Ils]
N |
—Dl_efault Output: 0o 0e 1 \
v Yalue
Click for Update /\
. *
ok | e | s [LOAD .=(SYM POD1.N 0.00065>+ M LOAD.VAL




d-g-Phase Transformation

Vector control based on d-q transformation

ICA:
TP := 00002 » d-qg transformation using built in math engine
ustmax := 10.

0a:=0 . . .

oo » On-time computation for phase A and B for inverter
t0c:=0 control based on Controller output data

/ \ntro Signal Generation / Phase Transformation

yalph := cos(theta_el) * yd.VAL - sin(theta_el) * yq.VAL theta_el :== SYMPOD1.PHIDEG * P1/ 180.

ybeta := sin(theta_el) * yd.VAL + cos(theta_el) * yq.VAL TEc := (yc/ustmax + 1) * TP/ 2.

ya := yalph i1alph := SYMPOD1.11A

yb :=-0.5 * yalph + ybeta * sqrt(3.) / 2. i1beta := (SYMPOD1.1A + 2 * SYMPOD1.11B) / sqrt(3.)
yc:=-ya-yb i1d ;= i1alph * cos(theta_el) + i1beta * sin(theta_el)

TEa := (ya/ustmax + 1) * TP2 i1q := i1beta * cos(theta_el) - i1alph * sin(theta_el)

TEb := (yb / ustmax + 1) * TP2
theta_m :=theta_el / 3.
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Speed and Torque Control

Speed Control

I_iq
1 GAIN iq
2 | GS1
UL:=9
LL:=-9 P_lq m_ref
LIMIT 4——@4‘ — GAIN (——€ —— LIMIT K——
yq KP :=0.76
I_id id_ref
I CONST
Kl :=80
yd P id GS2
LIMIT  — —— GAIN (—- G(s) H———
UL:=9 KP :=0.76
LL:=-9

d-g-Current Controller

P_PART_n ust_in ust
—éq—\ GAIN 4——4»——@—— GAIN _J,E'Ht‘

GAIN

Kl :=29.02k
UL :=10
LL :=-10

KP :=0.1161k /

Controller design using plock
diagrams

y » Speed Profile from Data

GAIN F||e

» Reference Torque
Determination
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State Machine Based PWM

t-t0a >=TEa t-t0b >=TEb t-t0c >=TEc
P11 P12 P21 P22 P31 P32
(@) () (@) () (@) ()
\”/ / N N _/
z1 =1 71:=0 z2 =1 z2 = z3 =1 z3 =
74 =0 74 =1 z5:=0 z5:=1 z6:=0 z6 :=1
t0a =t tOb :=1t tOc =t
t-t0a>=TP t-tOb >=TP t-t0c>=TP
\
IsF;rh_ag':go%. yalph := cos(theta_el) * yd.VAL - sin(theta_el) * yq.VAL
4 Igz = 8 ybeta := sin(theta_el) * yd.VAL + cos(theta_el) * yq.VAL
tOc = 0 ya := yalph
yb :=-0.5 * yalph + ybeta * sqrt(3.) / 2.
TP yc:=-ya-yb
A TEa := (ya/ustmax + 1) * TP2
~ TEa N’ TEb := (yb / ustmax + 1) * TP2
g A N t-t0a>=TEa TEc:=(yc / ustmax + 1) * TP / 2.
I I — |
t0a =t




Simulation Results

Phase Currents

Reference and Actual Speed

20 | A P\. i ‘ 1k|
10 Phase Currents
5
° 19
5
18 PWM Switching
-25 5
0 85 0.4t [s]
[[TTPN i .|.'i.'jM.‘i.lj."."J'.".M'.' UTLERPAI9 99
T AL A
0.57k| | 5
0.56k _10
0.55k
0.55k
0.54k -19
Ek 46u 5m 10m 15m 20m 25m 30mt [s]
0.53k | 40 |
0 5m 01 015 02 025 03 035 04t][s] 0 5m 01 015 02 025 03 035 04t][s]
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System Level Analysis

Overall Vehicle Performance,

[ N \ Emissions, Fuel Economy ...
- = >\

! T

o —
Sﬁ*p{

Electrical System, Battery f %

State of Charge, Power
Balance
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Advisor 2002

Advanced Vehicle
Simulator

Download Now
View Demo
Technical Support
User Community

150
]‘ [ f ﬂl':?

rque (Nm )

General Vehicle
Simulation Program

Emissions, Fuel
Economy

Simulink based
Application

Graphical User
Interface

Lots of predefined
Vehicle
Components

Drive Cycle Data
Base



Vehicle Setup

SEHES
parallel
parallel_sa e Input--AD¥ISOR 200 =[Ol =]
fuel_cell Lnits
28 . ; -
prius_jpn cle Illpllt Load File [|CONVEMTIOMAL defaults in = Auta-Size
irsich Drivetrain Confi i | - Scale Components
Insig t ol [CERREIEE maw pr peak. eff maszs
custom wersion type ] [ka)
v Yehicle -] ? - |||YEH_SMCeR - 552
v Fuel Converter ic j BE * | |FC_SI41_emiz & 41 034 131
W Exhaust Aftertreat j ! ﬂ Ex_ Sl j 11
Energy Storage || j ezz ophians j
Energye Starage 2 =7 j ezz 2 optiohs j
Mitar ~|| 2 ||Mc_ac1z4_Evi_dait )
batar 2 j makor 2 aptiong j
Starter j ztarter options j
Genarator j qc optiohs j
v Transmission matn | 7 ||man j T#_B5PD j 1 114
Component Plot Selection Tranamizsian 2 = ? j tranz 2 options j
fuel_converter j Ifc_efflclency j ChutchdTorg. Conve. j ? j clutch/torgue corverter cj
Fuel Conwerter Operation ; | = —
Geo 1.0L (41kW0) 51 Engine - transient data Tarque Coupling : | TC_DUnihv E
100 - - - - - L wheeltwe  |lon | 7 )for = |fwH_sMcer | 0
v Accezsorny Ennslj ? || Const | |&CC_COMNY j
a0t 1 . -
ﬁw Aoe Electrical || j act elec options j
% g0t X/E ] ¥ Powertrain Contral [|cane = | 2 [{man j PTC_COMW j
- 136
= i
o 25 934
i 2 ‘P View Block Diagram BD_CONY
20| \9\15 . L
q Save Help
] 1000 2000 3000 4000 5000 000 fuel converter - Edit Var. i
= Back Continue

Speed (rpm)

fc_acc_mass - 32.8056




Drive Cycle and Electrical System

CvC_1015 n PR
CYC_1015_GPRIUS <} Simulation Parameters--ADYISOR 2002 _ |:|

Y RPEAK. File Edit Units Help
CYC_ARBOZ

CYC_ARTERIAL o Drive Cucls

CrC_BUSRTE CYC_UDDS Trip Builder

CrYC_CED14 100
Time 5 I 1 # of cpcles I 1

CvC_CEDTRUCK
SO Comection [ Cwcle Filter

CYC_UDDS 4

CvYC_CLEVELAMD key on
CyYC_COAST — speed
CvC_COMMUTER — elevation
CYC_COMSTAMT
CYC_COMSTAMT_45
CrYC_COMSTAMT_ED
CrYC_CSHYR
CvC_ECE
CvYC_ECE_EUDC
e [" Constant Foad Grade

<
n\?

ai g

=

glevatio

speed (mph)

Initial Conditions

ge (%)

< Percenta
=

-
L)

Back

gE_IETUF'DE ﬂﬂ ﬂ [~ Interactive Simulation
CYC_HLO?
CYC_HWFET 0 y o I =
G000 800 1000 1200 1400
CrC_IMz40 time (sec) 1| TestProcedwe [ TEST_CITY_Huwrv =l
CvC_IMDIA_Hw™' SAMPLE
CvC_IMDIA_URBAM_SAMPLA
CvC_INTERALCTIVE . .
C¥C_LEOMPH ™ Description (& Statistics [T Gradeability Test Grade Options
— tirne: 1369 = -
e diztarice: 745 miles I Parametric: Study ofvenaties I-I jv
Cv'C_MEDC / b “Wariable 1 Lo High # Fiz
CYC_MNRELZVAIL a0 may speed: BE.7 mph
CYC_NYCC awg spesd: 19.58 mph [veh_mass = | 984 | 1384 | 3
Cv'C_MWYCCOMP may accel 484 1272
gE_H:E\IEIkBUS avg accel 1.66 ft/s"2 I"Eh—CD [7] I 0.335 I 0.535 I 3
CrC_NurembergFi 36 avy decel 1.91#/572 Yariable 3
CvC_REPDS idle kimne: 259 ¢ hFE. > 4 3
CvC_SC03 no. of stops: 17 Ive I I
; : Speed (rmph) maw dn grade:
CvC_| UDDSHDY avg dn grade; 0z /Dpt|m|ze ¥ vars
CYC_UKBUS_MASS_waR1 /
CvC_UMIFM
CvC_US06
CrC_walL2MREL
CvC_wAJUCITY
CvC_wWhWUIMTER
CvC_whyUSUB
CvC_zonst BB

CYC_HWFET_MTH 0
Speed/Elevation vz. Time j [T Acceleration Test Accel Options
CrC_Las2
LYC_NYCTRUCK 20 max decel: -4.84 ftrs"2 Vel 2
CvC_SKELETON max up grade: 0% Elec. Aux. Loads
CYC_STEPR e 0%
TEST 1lsec 0 &0 100 R 0 ; oad Sim. Setup
CrC ST Huy Electrical Auxiliary Load Definition
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Co-Simulation

» Constant Time Step (usually 1s)

« Power Balance, Fuel Economy etc.

Engine Speed, Control Signals for SOC, Load Power, Battery Power, i
Electrical Loads Generator Power

simz plorer

The Multi Domain Simulator

» Variable Time Step (10us to
& 100ms)

» Complete Electrical Analysis

Both Simulators run simultaneously

.
=
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Vehicle System Setup

1eD_cony =

File Edit ‘iew Simulation Format Tools Help

=1ofx]

NSHE| 2R 0 REL®| > =

Clock Goto=sdo=

drive cyole | wehicle <wveh=

SOy wheel and

axle <wvh=

=

=goo= cony

=YCE COny

-

S nitia_oft

total fuel used (gal)

P
™

final drive =fd=

gearbox =gh=

—

clutch =cl=

o [ =
o=
-

onverter

HC, CO
=fc= [adl
Bchanical Accessory exlr;-uasi — MO, P (gfs)
Loads =acc= s

Rearbefrost

HeatedSeats

Reanfipers
Frontiipers

TurnSignal

FrontHWAC
RearHWVALC
engine
Externallights
RadiaterFan
BrakeLights

Foveerload

=0ge

/1

LBATT_A1.50C

State of Charge

ol

¥

Smpladyan

LoadP avver.LoadF ower

Load Power

P

B attenP ovver. B atte neP omer hl

Battery Power

| 1

S-Function

™
GeneratorFower, GeneratorF ower

Generator Power

« Automatically
generated Simulink
model from user inputs

» Additional
SIMPLORER-Advisor
link block
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Electrical System Setup

Advisor link Generator - S
b | OCk generator1 |
generic + l J I
' /v generator AM1 patery
= a LBATT_A1
SiM2SiM x|
SIMPLORER Link Interface

p p
M BatteryPower
' Baalatar \\%eed GeneratorPower | m m Load
LoadP
Regulator| J 02dPONET | adCurrent - Control
voltage - m o + : Slgnals
regulator curve
[ I B |
. NN, . < .
I ! I I Lo !
Loads
: RadiatorFan | Misc BrakeLights TurnSignal ExternalLights | FrontWipers  +
Engine G) BusVoltage p
-
T T T T T \ Starter
m
Simulation properties:
Step width max 100m RearWipers RearDefrost | FrontHVAC | RearHVAC HeatedSeats | Radio
Step width min 10u -
Simulation end time 1369 L
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Generator Model

+
vbus A/
Vi

Bus voltage detection

M1
vbus := VM1.V
Advisor Speed Input | =
. . [ >—— oan NL |_main
Speed Ration Adaptation ] o
sp /
Q XY1
XY
| OUTREG— D T
INREG engine2generator
©® :
Properties - xl GA| N 1 OD
Characteristic | Duiput / Display | Librar | °
Name vt ¥ Show Hame CONST GAIN GAIN
GAIN3 J\ i
™ Urit -Asis —
o x| CONST GAIN —+ I @ Limim
e L VBUS  GAIN4  ERR INTGT  SUMT | i
1Nn. I;D«—axis: \;—axis: =
Transfer of control quantity to
P the electrical network
"'Eaf;iti:l:;:ili Click for Update

ok

Max. current vs. speed characteristic of the generator




TS1

Load Models

-

cont

o TN +
VM1
[ ]
Properties - IC1 il
cont:=1. load on R1 R :=100Meg Parameters | Dutput / Display | Library |
- )
Mame IlE‘I ¥ Show Mame fdp
. — — Parameter
cont:=0, load off .
Contralled INonIinear Yoltage Controlled j
<
IC1 ¥
#6-
+ Contral Component l\u"M‘I\u"— Factar |1—
¥ Uz Fin | Wse Firy
Characteristic
IC1
[ Use Fin
Characteristic |
" Reference ————  _Digfault Output
Companent [~ Woltage [] I~ Curent [&]
P g, Sl B
(% Look-up Table 0K Cancel Apply Help |
—{" File Reference /A
. . Wariable Hame I
« Switch controlling ON or L buaas
L% 2 4
O F F No. | x-axis : v [¥] | y-axis : Is [Aj [ File Mame lm @ﬂ
1 125 3.8
2 14.5 4

* Non-Linear Voltage

Controlled Current Source

for Load Characteristic

______

Show |

[ 2

ak I Cancel | Apply |

Help

Z
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Simulation Result

<} State of Charge =13 State of Charge
lemloep ARB|IP A & 0.97
LBATT_A1.50C 0.96
0.96
0.95
0.95
. . 0.94 .
0 200 400 600 800 1000 1200 1400 0.94
Time offzet: 0 O 40000 80000 137k t
Load Current Bus Voltage
100.00 14.50
% 19.99
50.00 13.00
12.50
0 11.50
0 500.00 1.00k 1.37kt 0 200.00 600.00 1.00k 1.37kt
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Conclusion

Easy drive system modeling with direct model
import capability from Maxwell

Control, electrical and mechanical effects in one
model

Direct Co-Simulation capabilities with Advisor

Comprehensive evaluation of complex vehicle
setups and interactions

Fast
Easy to use




