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1. Background

- Overview of fuel cell (FC) system
- Challenges in FC system development process

2. Integrated fuel cell system simulator :::_.FC:DynaMo

3. Modeling methods of FC system
- FC system component models
- Numerical methods
- Efficient Implementation methods to MATLABY Simulink®
- Parameter determination

4. Model validation & verification by database collected with
state-of-the-art commercial FCEV, 2nd-generation MIRAI

H. Simulation results of overall FC system dynamics
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FC-stack as main engine and 3 subsystems of air, H,, and cooling system
Similar configuration as internal combustion engine system
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1. Background : Fuel cell stack

Fuel cell (FC) stack Fuel cell Power generation element
(7-layer sandwich structure) (MEA = Membrane Electrode Assembly)
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300-400 fuel cells

/ Electric devices"

Reactants (H, and O,) are supplied to the catalyst layers through the flow channels
Generated electric power is delivered to the external electric devices
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FC-Platform
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Design phase Evaluation phase

Product design Product prototype

\ Validation

System design

DN

System component design

Controller design Engine control unit (ECU) prototyp

N -
Challenge

- Application of FC system to the various purpose for enhancement of H, utilization
- Development of multiple products in parallel with limited development resources

Lead time
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FC-Platform

6/23

Design phase Evaluation phase
Product design Highly expensive cost and efforts Product prototype
N for iterative manufacturing of prototypes
s due to trial-and-error based
" development process

System desig |

(Issue-1) Insufficient investigation on
interactions of system components

System component design

(Issue-2) Controller calibration
based on system prototype AN
~ =

Controller design Engine control unit (ECU) prototyp

Lead time

Issue

Highly expensive cost and effort required to trial-and-error based development process
— One of the largest barriers to enter the fuel cell industry and enhancement of H, industry
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FC-Platform
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Design phase Evaluation phase
Product design |€ - s _FC+DynaMo Product prototype
V&V before prototyping Oy
Interactions -
Introduction of

System design ‘virtual FC-system’

to design phase
Interactions

System component design

Concurrent
engineering among
products - controllers

Interactions
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Controller design Engine control unit (ECU) prototyp
v

Solution Prototypes with prospective goal achievement

Concurrent engineering of product, system, component, and controller design considering
interaction of components and controllers by introducing ‘virtual FC system’ in design phase

Lead time




Target FC-system net power

2. Integrated FC-system simulator

:.FC-DynaMo

Virtual ECUs

Virtual system components

Actual FC-system net power
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6 features = demands from FC-system manufacturers

. Comprehensweness

- Multi-scale
- Dynamics

- Computational speed

- Accuracy

- Usability/Customizability

: Physical models in system hardware & controllers in the entire system are included
: Physics of m-scale system component & nm-scale FC-stack materials are included

: Dynamic system behaviors of an entire FC-system can be simulated

: xb0 acceleration than the real time for the benefit of a year-long durability simulation purpose

- Validation and verification by the database collected with a commercial FCEV (Gen.2 MIRAI).

: Implemented on MATLAB ®/ Simulink ®without additional toolboxes, all the codes are white-box
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:i. 3. Physical modeling of FC-system : Modeling strategy

eve e
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- Entire system is broken-down into component level, and expressed as connection of function-blocks
- State variables of pressure, flowrate, temperature, and gas composition across the system
- 1D physical models of mass-transport, electrochemistry in FC-stack and dynamics in system
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o2t 3. Physical modeling of FC system : Numerical methods
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- Algebraic equations to describe mass balance, molar balance, and energy balance in system
- ‘How the source term affects the distribution in one time step ?’ is expressed in each equation
- In-house and white-box numerical solvers for future improvement and customization
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FC-Platform

Function block diagram Algebraic equations
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- Algebraic equations to describe mass balance, molar balance, and energy balance in system
- ‘How the source term affects the distribution in one time step ?’ is expressed in each equation
- In-house and white-box numerical solvers for future improvement and customization
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FC-Platform
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:*2w 3. Physical modeling of FC system : Implementation to MATLAB/Simulink "~
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FC-Platform

Source
Injector |
TEa e -
Recirculation pump
oo =56

Purge valve (gas) W
____L _______
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——,

|f‘> Mass balance |$ Mole balance |$ Energy balance
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Pth;.'Vm 2}’
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Implementation

% Choked flow
if P_out/P_in < (2/(gzamma_gas+1))" (zamma_gas/(gamma_gas-1))

% Mass-flowrate at HEY [mol/mind

mdot = & _HEY

¥ eta_HEY _gzasl

geta_HEW _gas?
(P_in/sart (R_gzas * T_in})
zort (Pxgamma_gas/ (ganma_gas-1))
sart ({(2/(zamma_gas+1))" (zanma_gas/ (zanma_gas-1)))"(2/zanma_gas)
- ((2/(zamma_gas+1))" {zamma_gas/ (gamma_gas-1))1" ({zanma_gas+1 ) zamma_gas)) ;0
% Subsonic flow
elseif ((2/(zanma_gas+1))" (zamma_gas/(gamma_gas-1)) <= P_out/P_in) && (P_out/P_in < 1)

EL L ]

% Wass-flowrate at HEY [mol/min]
mdot = & _HEY
¥ eta_HEY _gzasl
geta_HEW _gas?
(P_in/sart (R_gzas * T_in})
zort (Pxgamma_gas/ (ganma_gas-1))
gart ((P_out /P_in)" (2/zamma_gas) - (P_out/F_in)"{{zamma_gas+1)zamma_gas));

EL L ]

‘Hybrid-coding’ = Physics in MATLAB + Interaction among physics in Simulink
for the benefit of the effort and lead time of coding and reviewing
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3. Physical modeling of

-(C system :

Implementation to

MATLAB/Simulink™ ™
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‘Hybrid-coding’ =

Physics in MATLAB + Interac’uon among physics in Simulink

for the benefit of the effort and lead time of coding and reviewing
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FC-Platform

Integrated FC system hardware model

FC-stack e » | = .
mass transport H B Subsystem model
— (FC stack & 3-subsystems)
- Air system SR ﬂ FC-stack
— | electrochemistry

)

~ (MAT A B- fu nctio n)

Individual physical model of FC stack and subsystems are
integrated to an entire FC system model
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5 ecen 3. Parameters determination : FC system component models
Fuel cell  Hydrosen  System component Unit test data (NOT system data)
stack (o) system +<}- Balanced gas
—_— [><] ] <
[ Hydrogen ~| Pumped flow V. (100% / 60% / 20% - H2)
€ € LD<] tanks ./ A A.
> A | I R N @ Pressure gauge
A Injectors ! i
. Flowmeter(Q
@ Recirculation ° . : Eump head <> G >_@ Resolver
pump . Density
l | Viscosity 4@ Pressure gauge
- N :
; B 2 2
Liquid-vapor Leaked flow
separator ' Plot :Test data
Bypass Purge Line : Model
valve valve
\’ ~__— g
O
1D system component model o
<
Pump head o
Pump speed APC3 >
Overall
v =CN—Cy——— brat -
flowrate 1 2 ,uC4pC5 Calibration of | o
C1-Cs {\\\ -

Viscosity  Density

Flowrate [m3/s]

All the parameters can be determined with unit-test data (NOT system test data)
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)il 3. Parameters determination : FC stack models

FC-+Platform
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FC stac Single cell (= 300 cm?) Experimental data

l' I.'
N !

Test piece (1cm?) Test bed
T~ o =
1' E
8 | PLOT :exp
- . LINE : sim =
Current density [A/m?] ___

Boundary condition of 1cm2-cell

- 5 humidity (100, 80, 60, 40, 20%)
- 5 0, concentration (21, 10, 6, 3, 1%)
- 3 coolant temperature (80 + 40, 60 °C)

All the parameters can be determined with 1cm24-cell data
and microscopic observations of material geometries (NOT cell/stack data)
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 Eete 4. Model validation & verification

FC-Platform

Prototype vehicle & system testbed
w/additional sensors for validation

System dynamics (H, system) FC stack dynamics

™

I3 IRFERRERRRaRRRans [ B
Pl sl

@ Model
@ Experiment

FC stack
current

ol o

AN

Cooling system Fuel cell stack Hydrogen (H,) system
Coolant pump =]

A\ Hydrogen
rO—C- Do |

>
,
X Radiator /

Fuel cell voltage

<

H, concentration
@ FC-stack outlet

= Model

= [ xperiment @ Model
* . @ Experiment

Injectors
/N Recirculation
pump
R——c <O
Radiator valve :' """ Poeeee 5

iquid-vapor
separator

= \odel
= Experiment|]

Shut M Bypass

valve valve

Air system &
‘gmpressogg Intercooler ass valve

Validated with the database collected with prototype vehicle
in wide range of conditions under low to high load and temperature

Fuel cell resistance

Liquid-water level
@ liquid-vapor separator

0
Tlme sec] Fuel cell current
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coem 1, Sr mulation results : System dynamics in an enti e FC-system
{INPUT) Tar‘get FC-system net power [kW] ; T
(Input) FC-stack performance =]
Target [ C-system /\ A W (==l (I-V polarization)
net power JaA [\ > | ]
’ time sec] O B i ]
{INPUT)} Ambient wind velosity at radiator—inlet [km./h] %‘0
I 1] ] 1 E I 1 T ﬁ .
(Input) S
- - -1 om > =1
Wind velocity =
at radiator inlet . i . | . ' i 8 -
0 100 200 300 400 500 GO0 700 -
time [sec] (0b) k i : : : —— 4
FC-system/stack power [kW] S —
. T T T - | T T T L =
Target tracking | | f\f\ i — - 1
performance / | [\f\ Y ' i e i 1
FC gross power | AV : . . .
N 0 100 200 300 400 500 600 T00 2 OIS : 1|5 EI 75
ime [sec] ’ )
FG—oooIan: temperature [degC] . FG currert qﬁp@lty [Afcmﬂ |
t Coolar][t __________ e b= | j FC—stack performance | lﬂ_
emperature - s O (I-R polarization) T
at FC-inlet/outlet [ C
time [sec] ,E, | 1
Overall heat generation/rejection rate [kW]
. T T T i T - T T T (D]
Heat generation / O
emission rate 1 \ gor-ms St 1
in FC-system : . . \ | g
L1} 100 200 300 400 500 600 700 ()
time [sec] = ]
Overall H2 consumption amount [kgl %
Accumulated S ©
H, consumption | == o
ST i
amount I I . . ; H-
(1] 100 200 300 time [sca] 400 500 600 700 0 05 1 15 2 95

Fuel cell current density [A/cm?2]
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h. Simulation results : Computational speed

Summary of computational speed
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Hardware CPU ntel® Xeon® CPU E3-1230v5 @ 3.40GHz, 3.41GHz
RAMN g.00 GE
Software 05 Windows 10% Enterprise
MATLABE R2015a(8.5.0.197613)
SIMULINKE® Version 85 (R2015a)
\/
Experimental data Total ime > 50 times — 700 sec
Number of data faster than 42724 time-steps (0.016384 sec/step)
Computational ime real-time —> 132 cec

Capability of year-long durability simulation in allowable computational time
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FC-Platform

Future work : Road map of -

FC-DynaMo development

|—> Being delivered to Japanese FCS manufacturers

‘o @t o) [ vear-1
:2.FC-DynaMo| | [] Year-2
| OYear-3

Hardware
models

Controllers Q

FC-stack (degradation)

Catalyst
(carbon)

Catalyst
(platinum)

— [arget of Y:ear—2 and 3

Membrane Membrane
(chemical) (Mechanical)

FC-stack (degradation avoidance)

Catalyst
(platinum)

Catalyst

(carbon)  (chemical)

FC-stack (1+1+1D : stacking direction)

Mass transport

Electrochemistry

FC-stack

FC-stack (1+1D : In-plant direction)

Mass transport

Electrochemistry

Membrane Membrane
(Mechanical)

FC-stack (1D : Through-plane direction) Power Fuel economy Cooling
Mass transport Electrochemistry
FC-system FC-system
Air H2 Cooling  oore Air H2 Cooling ~ TEoMC
Platform : Sl
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Core interests of Year-2 & 3 : Development of Models for distribution across FC-stack & FC material degradation
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Conclusions 23/ 23

1D physical model for integrated fuel cell system, :::.FC*DynaMo as developed to enable
year-long simulation of an entire fuel cell system dynamics in allowable calculation time

Accomplishments

/" - Function-block modeling & implementation methods
- Parameter determination process without collecting system-scale data
- x50 computational time than real time

- Validation by the database collected with commercial FCEV

N
Future work T~

- Implementation of degradation models of FC materials for HDV application
- Extension of FC stack models to 1+1D and 1+1+1D directions

Acknowledgement

:.: Development of design-for-purpose numerical simulators for attaining

o oees longlife and high performance project (FY2020 - 2023),
Fepaform - New Energy and Industrial Technology Development Organization (NEDO), Japan




[ N
000
000
FC-Platform

Appendix



25 / 47

Controllers : Overview

3-step controller architecture, convertion of target power — state — actuation value
‘LEGO-BLOCK’ implementation for separation of calibration process and easy implementation

(Input) (Output)
Target FC system : : : Actual FC system
net power I Virtual control unit ! Virtual FC system I net power
g | - : 1 : g Mlb
3 Input | : > : | : > 3 u‘tput
. T
Time Electric power controller : I Qutput Time
Target FC system _— I Electric power system
net power — : r— Actual FC system
I —t n wer
@ FC stack controller | FC system model = et powe
Target FC stack iE@ § =7
current = | Air system controlldr——4 Actual FC stack
_— I "
= || power & state
2 = ®
Target FC stack state H2 system conrollel Tareet actuat |
- Pressure = : Vulmp spee
I * vValve openin
- Temperature Cooling system cor:troller P g
- Gas composition i

|
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FC-Platform

Cooling system

Controllers : Overview

Role of each system component defined
to achieve target power tracking in high FC system efficiency

a=wv }k
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I BE T S

Fuel cell stack Hydrogen (H,) system i,

Air compressor

Total air flowrate

Coolant pump >
- . N N Hydrogen i i
> (> > . —< <] A Regulation valve Air pressure
_N Bypass valve Bypass air flowrate
: A Injectors
] H . . iy
V' radiator A ¥ v v Recireulation Shut valve Sealing in shut-down condition
() : @ pump . :
H, Injector H, partial pressure
< @ «—T< rl——— Purge valve H, partial pressure
Radiator valve g Prrernan ; ; ) . .
] Liquid-vapor Recirculation valve Circulation flowrate
| | separator
YA Liquid-vapor separator  Removal of water droplets
s e
Air system Shut +Re%g:3§0” f Cooling  Coolant pump FC stack outlet temperature
——( O )—>—[[r]] E—) > > Radiator valve FC stack inlet temperature
Air compressor Intercooler Bypass valve

Radiator + fan

Boosting radiator performance
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=) etem Controllers : FC stack controller

FC-Platform

Optimized FC stack boundary condition of flowrate, pressure, temperature, and composition
to achieve target power tracking in high system efficiency

Cooling
| P | (Ex : Cooling) Target coolant temperature
Comman d FG—cathode inlet coolant temperature [degC]
= 1-0 Tiu)
fa) d FC-cathode cutlet coolant temperature [degC] [I_FC'_': m] } I h‘ x
I i i clouble
Air [ H, — oy
| Air sub—system boundary | | HZ suh-system boundary _I:E d':l L-IHE:' + dDL.IHE
Command upper/lower—limit injector-outlet pressure [kPal dl:lu |¥ T
10000
Target pegk prmssure [ePal - Upps—imit quard Command
_" T — .
e Input © FC current
MMMMMMMMMM 1l L""r'"lw_d e L] .
= & O Predetermined
Comman d H2 partial pressure at FC-anode outlet [kPa] H
=l - (Ex : Air) Target air flowrate functions
GCommand air flowrate to FG—cathode [NL/min] Comman d H2 flowrate at hydrogen pump [ML/min]
Cammand 02 xaichiametry at FG-cathode nkt B ‘Tammand H2 sakhiamewy ot Fo-anade nkt-] I
= o e _— et i [FCem] = %
Zaty o cmee - — 3 | DT
Lt
[Acell] doublg | fdouble E doukble
y
10000 o
ommand air flowrate at air CEEREIVE] min ommand liguid-watsr level in liguid-vapor separstor lcc dl:lu s
mecndcrfbiﬂe D«Ljnh] ; ' byp | [NL/ ] chmmendlmrcjmi‘::\hujwa’;l[odl | e ’ ’ i [ ] [T_E FGDUt_mS] }h
Cammand buwer—limit af lquid-wata: leval [22]
Command air flowrate at air com pressor [NL/min] |nput : FC Current +temperatur(

- Operating conditions are calibrated and implemented as table data
- Separation of FC stack & components controller calibration process (‘LEGO-BLOCK’ implementation)
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Controllers : FC system component controller

(Ex : Air) Air compressor speed controller

Input : Target flowrate > Output : Target speed
qﬁ FP—Control Froporticnal term _I
| - j b

Limitation

Overall feed—back term .
— [I::’i" Finakcommand
= tuating walue
— + ST o W
[—Control i aa—— o T T
s =L —

Integral Reset Integral term Integral term offset
Integral anti—windup _ |
= debla o
——— = J

+ |

D

9

B

[

L
—

U

duils
b L2
oy hiw
= (A
T

ERLr pare - -

iy el L S + —

L W

r=r =.|

- Simple SISO Pl controller, various component characteristics can be expressed by only Pl gain tuning
- More sophisticated controller such as MPC can be implemented by replacing original controller
without large effort (‘LEGO-BLOCK’ implantation)
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T Betm Model validation

Following the packaging limitation to install additional sensors,
compact and accurate sensors were newly developed

Prototype vehicle H, concentration sensor

w/additional sensors for validation
=55 Heater
= | B Liauid-vapor
SR | Assy. separator
] = «—— Protection film

——— Metal frame

AN
*E\Qq;\i‘l&

Cooling system Fuel cell stack Hydrogen (H,) sys/t/em
Coolant pump =]

X Radiator /

<

Recirtulation i i
ump 5 ; «—— Sensor element

R d t | :- ..... ). ....... E .
adiator valve Liquid-vapor Hydl’Oph.Oblc
G G separator porous film
v A
o L
Resin frame

H, conc sensor |

Separator

valve valve
Air system Stem +
[Fr] > >
ompresso Intercooler ass valve
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. Model validation

Following the packaging limitation to install additional sensors,
compact and accurate sensors were newly developed

Prototype vehicle

» L Liquid-level sensor
w/additional sensors for validation
e .
Heat-flux ' Inner-wall of liquid-vapor separator
sensor 9 3 , 35 ce
27 cc
Assemble > -20cc
. ~ 15 cc
Cooling system Fuel cell stack Hydrogen (H,) sys/t/em o
Coolant pump [><] 4 10 cc
N - ydrogen
—O—O> Q0 <117 ko i
Injectoys —_—
X Radiator J* Y Y Recirfulation Side-wall of LWR ) -
é ump Sensor elements ON Not flooded
: - o 27cc
B ) 0' : 27 cc - Not flooded S %
R——cQ)}- 5§ Not flooded
Radiator valve :' """ g 5 20 Not flooded X< 20 cc M
Liquid-vapor e S 2
separator Pulse of o5 Not flooded
Not flooded - » 15cc
YA 15 cc - gas stream D x
Shut Bypass S8 = 35 =
valve valve _ from Ha-injector 2 = Partially flooded
10 Partially flooded oL 10cc ORI
Air system Stem CG:=: L X
I << 6c¢c Flooded-
(] \ 6 cc - JJ Flooded =
ompresso Intercooler ass valve l S
Bottom-wall of LWR Time




Air compressor
flowrate
(cm/act)

Air flowrate
at bypass line
(cm/act)

Total pressure
at FC-stack inlet
(cm/act)

Air compressor
rotational speed
(cm/act)

Air compressor
motor torque
(cm/act)

Air valve
opening

Model output : Air system dynamics
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ACP flowrate [ML/min]

cm

Cooling system

Coolant pump

Fuel cell stack

Hydrogen (H,) system H

S A I
>

Y

>

<] Hydrogen

>

Injectors

tanks

0 300 400
time [sec] Radiator Y 7\ Recirculation
Bypass flowrate [NL/min] pump B
| | | - |
cm
: ®
Radiatorvalve | | | T Peueeee
Liquid-vapor
| separator -
0 100 200 300 a0 YN shut B
time [sec] valve M \yapf\alzs 5:[\%:
FG-inlet pressure [kPal .
| I I I Air system 1
AN NN W] e e |
I Air compressor Intercooler Bypass valve |-
| | | |
0 100 200 300 400 500 G600 700
time [sec]
«10° ACP-motor speed [rpm]

time [sec]

, — T _ I — _ _ |_ _ I _ S — _ i
e W th\f”x ﬁ\fﬁﬁ\:
I LN | | | |

ACP-motor torque [N#m]

time [sec]
Air valve angle [deg]

ABY

time [sec]

500

600

S . | ] . . [ . . . . .
o~
RSN G Uve eep e

700
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Model output : H, system dynamics

H2 partlal 200 i le partial pressure at FO-anode outlet |[H Cooling system Fuel cell stack Hydrogen (H,) system
pressure at Coolant pump >
Hyd
FC-stack outlet ——>——T s
i >4

(Cm/a Ct) Injectors

time [sec] / H 5
TOtal pressure at 400 INJ-outlet pressure (kPa] X Radiator Y Y Y Recirculation

| [ | | pump
Injector outlet 2o m "IN\ SN
(cm/act) ol ' | | | —R——¢
100 200 300 400 Radiator valve oo Pesrnnnnns

time [sec] Liquid-vapor
H2 flowrate at HP [ML/min] separator

400
H2 flowrate at | | | | T St LenBimess  Puree
recirculation pump® A Air system
_’_‘T_'__m’_ | 3 N N Y f
(Cm/aCt) 100 200 300 400 /Q\

0
0

N

time [sec]

Liguid-water volume in LVS [cc] Air compressor Intercooler Bypass valve

30
| | |

Water level at Y— - r— —

liquid-vapor L ZZTRmL oo _ o S A Nl S i R L S e I S SO S i S S L S o R e
| ms - . o = /,7 3 —— Fy o iy B — \ =T = - : Az —
separator (cm/act) ¢©;—— R — = \ TN L\ - s N\ |~ | ANA

time [sec]

. TMUmber of opening [NJ [=] |
Opening 2 o ! o
injector count ¢ | ' | | |

0 100 200 300 400 500 500 700
time [sec]
8000 | | HP speed [rpm] | | | |
Recirculation om - x
2000 — —
pump speed ) | | | | |
0 100 200 300 400 500 600 700
ime [sec]
5 HEV state (EJ:GLOSEK'I:OPEN‘_! [-]
Puree vawe State Il | IM | N ' I B ll A il LIlILIHIlﬂfI LI IIH|- M
0.5 i —
(open/close) o/ i | | | | | | |
_0.50 100 200 300 400 500 600 700

time [sec]



FC-system
heat generation /
radiation rate

Coolant
temperature at
FC-stack inlet

Coolant
temperature at
FC-stack outlet

Coolant pump
speed

Radiator valve
opening

Radiator fan
rotational speed

Model output : Cooli temd mi e
odel output. LoolIing syste ynamics
Overall heat generation/rejection rate [kW] Cooling system Fuel cell stack Hydrogen (H,) system
| | Coolant pump >
- A . Hydrogen
> B, > > g > tanks
| | : Injectors
0 100 200 300 400
time [sec] Radiator Y Y Y /7 Recirculation
FC—coolant inlet temperature [degCl pump
| |
cm
: - ®
/—\/\\ Radiator valve S
- I i I Liquid-vapor
! I ! separator
0 100 200 300 400 v
time [sec] Shut e Bypass Purge
FC-coolant outlet temperature [degCl ) valve valve valve
| [ | Air system + +
cm
ms - ~ ~ S ~ - ~
>—(O)——[F]— > > >
- Air compressor Intercooler Bypass valve
| | |
0 100 200 300 400 1) L) o0
time [sec]
Conlant pump speed [rpm)
— '
600 T00
time [sec]
Radiator—valve opening [%]
| | | |
cm
| | | | | | [
0 100 200 300 400 200 600 T00
time [sec]
Radiator-fan speed [rpm]
| | T I 1
com |
| | | | A | | |
0 100 200 300 400 500 600 700

time [sec]



Air compressor
rotational speed
(cm/act)

Air compressor
flowrate
(cm/act)

Contribution of
P-control
for command value|

Contribution of
|-control

for command value|

output : Air system controller

ACP flowrate [NL/min]
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cm
ms

time [sec]

~ /. \ //ﬁ\\ [\ |
100
ACP-motor speed [rpm]

VAV VA UBEUAVAVAN

Cooling system

Fuel cell stack Hydrogen (H,) system

Coolant pump >
Hydrogen
( %1‘ > > tanks
>4
Injectors
Radiator Y Y Y /7N Recirculation
pump
< % - e
<€ <1<
Radiator valve | | | I L
Liquid-vapor
separator
Y4 Shut Lo Lo Bypass Purge
valve valve valve
Air system + *
> > >

——(O)——[F=r]

e

> +E

1%

Air compressor Intercooler Bypass valve
| I |
0 100 200 300 500 600 700
time [sec]
P-control [rpm]
| I
A-IAER AR i e
f / v J\’_\ f 1\\/]] \r~ / T m - —
0 100 200 300 500 600 700
time [sec]
w10° I-control [rpm]
| I | I | I
fo-1
fo-total A\\j
0 100 200 300 500 600 700

time [sec]



