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Fuel Cell Vehicle Component

High-pressure hydrogen
storage tank or

* Fuel storage and reformer or
other storage options

Power Electronics
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Energy Device of FC Vehicle

= Energy Device
- Fuel Cell

- Battery
- Super-capacitor (Ultra-capacitor)

= Comparison of Energy Storage
Power/kg SuperCap.> Battery
Energy/kg Battery > SuperCap.
Efficiency SuperCap. > Battery
Cost Battery > SuperCap
Life Cycle SuperCap. > Battery
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Fuel Cell Vehicle Structure

FC system DC/DC converter Motor & Electric Car
EC stack > controller
Air supply system - ]
Thermal system i
e Battery i %j
= A
4 \ 4 A\ 4
BMS
FC controller DC/DC converter Battery Current,
controller Voltage,
Temperature
T X Calculate SoC
Vehicle controller Fuel cell/battery
hybrid controller
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Interface Converter Usage

= 1 converter but more battery/SC

Fuel Cell/
Engine

= 2 converter but less

Fuel Cell/
Engine

Battery
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Converter
(Unidirection)
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Battery/
Super-
capactor

Interface

Converter
(Unidirection)

Interface
Converter

(Bidirection)
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Battery/
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Inverter
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Non-isolation Type Interface

Buck Converter
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|solation Type Interface
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Control Cofiguration
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Possible Control Strategy

—Fuel Cell (FC)
|t — commanded power ) )
Braking | Traction Py — rated power of the tuel cell system —Peaking Power System (PPS): Battery or SC
power powear P — power of the fuel cell system If _____________________ I
cnmr;and mmpmand P min — rninimum power of the fuel cell system IF Pcomm=>Pfc-rated
3 3 Popetraction — Iraction power drawn from the PPS Then Pfc=Pfc-rated

F - — charging power into the PPS _
Ppe-charging = -
E — energy level of the PPS Ppps Pfc - Pcomm
Evin — bottorn line of the energy storage in the PP3
Eoa — top line of the energy storage in the PPS ELSE (Pcomm<=Pfc-rated)

If EEmin
Then Pfc=Pfc-rated
Ppps=Pfc-Pcomm: Charge

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
No P.=0 ! Else if EEmax
PPS traction Ppps-wram'm;Pmm : Then PfC:O
] I
|
|
|
|
|
|
|
|
1
1
|
|

- Pe= Proratea

P

Ops-traciion = L

comm=Fy

chgg?ng Ye Ppps=Pcomm: Battery only

Else

Fops.crarging = Fio™ P comm

chzrg?ng Mo trat:licrn" Pfc=Pcomm
Pe=Pr.rieg Fie = Feomm Ppps=0: Fuel Cell Alone
P crorgina = Pio™ Pocemm| |85 End

END

Ref.: Modern electric, Hybrid Electric, and Fuel Cell Vehicles: chap. 13
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ANSOFT

Fuel Cell / Battery Modeling Methods

= Equational Models

(Ex.: Huei Peng and Anna Stefanopoulou of Univ. of Michigan)

» Cathode Mass Flow Model

* Anode Mass Flow Model

* Membrane Hydration Model
* Stack Voltage Model

r
._I_?_.—a w
Cathode M Flow |
ITIn -
mN_. B m,, .
: I 190,
[Werer oL
| —— L. Stack
- embrane . Voltage
1 Hydration P
W,
| I
Anode Mass Fl
My, an M,

= Equivalent Circuit Model
= Look Up Table
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Simplorer Supplied Model

PEMFC1_L22

NC :=100 -

IS := 6000*T A

= Equation based model :
- many parameters should be defined.

s

.+
O H

|
POlCE‘ }PHl

2DGraphSell
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100.00+

50.00

PO1>P0O2>P0O3

+~PO1
PO2

PO3”

1 1
200.00 400.00 600.00

11.V [V]
12.V [V]
13.V [V]
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|-V curve of fuel cell stack(n=100)
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FC Equivalent Circuit Mode|

= Parameters are dependent
- T, I and other conditions

I
®ir=f(n)

Cell voltage V—=E"—n—Rugali +i.)
Overvoltage differential equation dn e —h

dt C
Butler-Volmer equation i =i, ...)
External load’s characteristic fi,V,t)=0

C

;

SUCL
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FC LUT Based Model

O
=

XY_fcl ¢

50m Ohnr
TS1 Ny
B Y s
Rf1
@ 1 1Meg Ohnr

p_pin

n_pin
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= Current controlled voltage source
= Sufficient for steady state

MName  [XY¥_fcl

Parame ters
[~ Unit X-Axis

I~ Unit ¥-Axis

¢ File Reference

&+ Data Pairs

£l %% 3] ¥

Mo, | x-axis © x

y-axis i y A

13
31
63
1223

2
3
4
5
4

Default Outputs
[~ Output Signal

2649
270.4
265,6
239.8

CLESS

| ™

| £

v Show Mame

M XY _fcl Characteristic

305.007

250.00+

200.00+

152.00

0

Click for Update

|
100.00

|
200.00300.00

‘ Iml.- nrnvcz




Battery Energy Related Parameter

= SOC (State of Charge)

Ah Capacity remained
rated Ah capacity

= DOD (Depth of Discharge) = 1-SOC

Ah Capacity drained
rated Ah capacity

= Specific energy(Wh/kg), Specific power(W/kg),
Energy density(Wh/L)

SUCLCESS
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Battery Model Implementation (1)
ESR
® s
ﬁ A .O\./;/;/\Ohm
—— EoO Ips Vo e som wua
. I
SOC =SOC, — | =2 —dt =1- dt ifQo=Qn [=h{ | {=
ottty MQo=an (=T
Eo = Voff + (Vn Voff )X SOC @
V. =E,—ESRxi,
Q,: initial Ah capacity
Q,: rating Ah capacity(C10) i
V«+ offset voltage at 0% SOC oo st ey
V.: nominal voltage at 100% SOC Popular but much error
(C is dependent on | and T)
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Battery Model Implementation (2)

C. =I1*T T2 nom
P .\‘ Igz‘Nv\
Sx1* -
CR ., =CR +Z2" [Ah] o
600 24*6*((1-DOD.VAL)*0.22+1.945) \ CD ET11 RLoad .2 0.05 Oh

CR '
DOD, =—F

C, —1
soc=1-DoD =
k : Peukert Coefficient o
CR: Energy removed from battery Cp=(8513y1.25% Maxsoc

DOD: Depth of Discharge Better accuracy but

more parameters
(OCV must be defined)

FIR SYSTEM SUCCESS
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Stack Control Concept

= A lot of stack control method
- Optimization for whole system is complex.
= A concept for stack control
- Control the air flow/pressure relating to the load

2DGraphSell

150.00

Load increase
— Pressure of O2 increase
— Shift I-V curve upward

11.V [V]
12.V [V]
13.V [V]

100.00+

50.00

\ \
0 200.00 400.00 600.00
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Stack Control Example

AM1 L1
PEMFC1_L22 @ ~ R

V4

100u H D1
50 A e/ 10m Ohm

+ Rs
. c1 = EXP 1 % :IL_R Ohm
| 500uF |0V 300
O H

ISAT :=1p A
VT = 35mV
RR := 100k Ohm

NC :=100 -

E2

[CA: STrl v —k— ((ST_rL.VAL>=0.99))and((LL.I<I_command)))

period:=20u

EQU (L1.I>=I_command)
I_command:=E2.V/RL.R*1.2 O/ﬁ_\
o/
SET: :=cs:=
Load | < 100A — PO, = 2M Pa
@o.01) Off2 (t>0.03) 2

@+ O—+—O— | Load I > 200A — PO, = 5M Pa

SET: =RLR=3  SET::= RLR:=3/2 SET::=RLR:=1 Load I > 3OOA - P02 = 1OM Pa

SET: := Opa:=2Meg  SET: := Opa:=5Meg SET: := Opa:=10Me

FIR SYSTEM SUCCESS
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Stack Control Example

22222222222

00000

First I-V curve change

000000

Second I-V curve change

T T
000000000000000000

400.0 oo
AM1.1...
l“ m wwﬂwll {\w u || \{ I _com...
300.0 Boost Current Command }
N
200.0 f{) h ] Wﬁ }ii M ﬂ;ﬂﬂ ‘Wl 1}| Aﬁ! '(Vkr i
‘I"—'C current
100.0 WWMWWMWMWMM“MWWWW““ o
FC voltage 4
0
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Energy Flow Control During Driving Cycle

FUDS cycle

Fuel Cell

c1°| fou

Oft

SET: := cs:=0

F vatL
u e e | required:= I1.I*I1.V/C2.V
Power L:=I1.V*I1.l

irbs:=(ET11.EMF-C2.V)/Rbs.R

Icmdzl:)Load/vFC

CALC: := |_command:=I_required
nl
TS21 Rbs 3mohm
- VWA (SOCVAL<=04) —Y— (SOC.VAL>0.6)
battery w
Rbs1 Off1

24*6*((1-DOD.VAL)*0.22+1.945) V C) ET11
.

CALC: := |_command:=300

o oo e SOC<0.4, 300A

If SOC<0.4,
then Fuel cell supplies
fast charging to battery

FIR SYSTEM SUCCESS
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Drive Cycle Simulation Result

. Battery voltage |, .
1 M N AN T AN . .
sl VN VW W IV Ve ]y Sufficient rating battery or
S 7 ~ : :
= Fuel cell voltage FC dominant operation
» Current command — SOC stable
[ ’r':ue;_ce" current soc., ,’f but battery over—capacity
Nf,‘ I';f f f‘f " rm\fhﬁ a i "'ﬁlf -.. f/ ﬁ “'ﬂ_ il
o 'l I -|-|' . 'r ’l I'. '|
il i T R
Battery voltage\ Control action T ;;:id
b A U UV s ==y Small rating battery
TN T T T O emall FC capacit
5 Fuel cell voltage | Wid SCS)C y
__Current command __{ — Vviae
‘ '/Fuel cell current | variation, control
T ] 2 AV SIS | VY A I requirement
N T A e )
1y RATRATATATAY CUYO sn

SUCLCESS
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Compex Hybrid System
Unidirecti(E converter ¥,

R1 L1

e I~ @ SET: :=cs:=1
10mOhm  O.ImH D"l/'
‘ oA AM2
o_bim
. EXP 2
FuelCel 7| 100F col A CD 1| =t commang) b=0.99))and((L1.I<I_command)))

7% TRL  soouF

W DATAPAIRS1
£ SET: :=cs:=0
VAT

IR E : s Current Command
Bi-direction

CALC: :=|_command:=I_required

t EXP1 ~ j
converter St T c}
. (Battery.SOC VAL<:O.LF (Battery.SOC VAL>0.95)
Rsc 1
\ L2 100m Phm offt
. : N O

R11 sc L
100m Ohm 360F | CALC: := |_command:=|_required+50

P mos2 F—
Batter, chi == 100uF J %DZ
ue ell Converter Energy low Control

N - Battery 24V

Bidirectional Converter Current Control STEP: = gater=0 - DC Ilnk VOItage 35OV

STEP: := gate2:=1

CALC: := |_command2:=100
L2.1>=1_fommand2)

(I_command2>£0)and(ST_rL.VA}>0.99)and(L2.I<I_command2)

(SC.V>350) or (Battery.SOC_VAL<0.4) (SC.V<250) or (Battery.SOC_VAL>0.95)

Bidirectional Converter Switch Control

STEP: := gate1:=0
STEP: := gate2:=0 —f— | command2>=0
1_command2<0

z1

CALC: := |_command2:=-40

STEP: := gatel:=1
STEP: := gate2:=0

(L2.1<=|_dommand2)

(I command2<p)and(ST r1.VAL>0.99)and(L2.1>I command2)

STEP: := gate1:=0
STEP: = _gate2:=0

HRS HPASS SYSTEM SUCCESS
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Energy Flow Control Strategy

IF SOC < 0.4
Then Pfc=Pload+Pcharge until SOC>0.95
Battery charge mode

IF SOC=>0.95
Then Pfc=Pload until SOC<0.4

IF Vsc=>350V
Then Battery charge mode

IF Vsc<250V
Then Battery discharge mode
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Simulation Result

a00.0 4% _cormim...
|_command2

Co [
> 100* Batter...
BattervET1 ..
- SuperCap Voltage 4*E:zquimm

SOC>0.95 —> discharge mode S0OCK0.4 —> charge mode
w
1] "

Fuel Cell

/
current command Bidirectional current command

-250.0

5m§ﬂ (WA

Battery charge currg

5.00m 10.00m 15.00rm 20.00rm 25.00m 32.00rm

Load Current
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