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VTT Technical Research Centre of Finland

� Globally networked multi-technological contract research 
organization 

� Provides high-end technology solutions and innovation services
� Turnover: 280 M€ (budget for 2010) 
� Personnel: 2900, 78% with higher academic degree� Personnel: 2900, 78% with higher academic degree
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Fuel Cell Research in VTT 

� Focus mainly on PEMFC, SOFC and enzyme catalyzed and 
printed fuel cell technologies

� Mainly system level and materials research
� Annual volume of projects ~ 5.6 M€
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WorkingPEM Project 2007-2009

� Goals
� To apply PEMFC technology in industrial electric vehicles
� Focus on system development and materials research

� Hybrid power sources developed
� 8 kWe (PEMFC) for laboratory experiments (pp8)
� 16 kWe (PEMFC) for forklift field experiments (pp16)

� Cargotec forklift used as test platform� Cargotec forklift used as test platform
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Forklift Original Battery Drive Cycle
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Fuel Cell Hybrid System Overview

� Triple hybrid system with minimal output regulation
� Voltage levels of selected energy storages in 

the same range
�  no DC/DC conversion needed

� Benefits:
+ No DC/DC conversion losses+ No DC/DC conversion losses
+ Naturally fast transient response
+ Simplified system topology

� Drawbacks:
– Control of individual energy storage 

state-of-charge (SoC) lost
– Energy storage utilization limited 

(ultracapacitors)



811/11/2010

Fuel Cell Hybrid System for Laboratory Tests (pp8)

� 8 kWe PEMFC + Lead-acid battery + Ultracapacitors

� Fuel cell and energy storage voltage scaled down to 1/2 of the later forklift system

� Validation of fuel cell and energy storage sizing

� Matlab/Simulink model of a triple hybrid system was developed
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� Matlab/Simulink model of a triple hybrid system was developed
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Hybrid Forklift Power Source (pp16)

� PEMFC stacks: 2 x NedStack 8 kW
� Total fuel cell peak power 16 kW (in practice ~14kW)

� Lead-acid battery packs: 2 x Batteriunion 300 Ah
� Total capacity 24 kWh

� Ultracapacitor modules: 
2 x Maxwell Boostcap 165 F

� Capacity ~ 72 kWs 
(assuming 20% utilization)

� Hybrid system peak power in 
the forklift ~ 50 kWe

PEMFC PbA Ucaps Brake resistor
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Fuel Cell System BoP Components

� Low-pressure system
� 300 mbar at 

anode/cathode
� Anode

� Hydrogen recirculation
� Dead-end operation

H2 pump

Coolant
pump

H2 storage
Humidity

Purge
valve

De-ion.

Heat
exchanger

� Dead-end operation
� Cathode

� Membrane humidifier
� Load following flow 

control
� Metal-hydride hydrogen 

storage
� Heat transfer through FC 

cooling circuit
� Separate 24 V DC batteries 

were used for BoP 
components
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Hybrid System Physical Layout

BoP 24VDC

Heat 
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Space for
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Embedded Open Source Control System

� NutDAC open source control software
� Embedded control system hardware 

� Ethernut 2/3 microcontroller *
� Cellsense cell voltage monitoring

unit by Vito/DVC **
� In-house built instrumentation board

� Separate version for 8kW & 16kW 
systems

� Monitoring & control of all energy storages in 
the system

� Separate PLC for safety features

*: http://www.ethernut.de

**: http://www.cellsense.eu
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NutDAC Control Software

� Generic control software for 
I/O intensive tasks

� Modular structure, easy to 
expand/modify

� Available under BSD open 
source license

For more information:
José Vallet (Aalto University)
jose.vallet@tkk.fi
http://autsys.tkk.fi/nutdac/
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System Control Overview

� Load following cathode supply
� Air flow setpoint from current 

measurement
� Cell voltage & timer based purge 

algorithms in parallel

Cath.pulse
triggered
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� Purge action coupled with an 
excess air boost

� Temperature management
� Constant coolant flow, 

temperature control by 
radiator fan on/off switching

Anode purge
triggered
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Experimental Test Procedure (pp16)

� System was operated both in laboratory 
with artificial load and outdoors installed 
in a real forklift 

� Forklift test procedure:
1. Start-up from warm indoors 1. Start-up from warm indoors 

conditions
2. Brief warm-up without external 

heating 
3. Outdoors driving tests following a 

typical work cycle of a forklift with 
2.4 ton load

� Outdoors temperature during the tests 
varied between -5°C and -15°C.
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Hybrid Drivetrain Load Sharing
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Fuel Cell System Parameters

Fuel cell operation points during drive cycle Fuel cell stack current vs. BoP losses
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Fuel Cell System Parameters

� Stacks operated at ~55°C
� Cathode stoichiometry ~3 5 10 15 20 25 30T

em
pe

ra
tu

re
 (

°C
)

5 10 15 20 25 30
0

50

100

150

200
C

ur
re

nt
 (

A
)

5 10 15 20 25 30
0

2

4

6

Time (min)

C
at

h.
 s

to
ic

h.
 r

at
io

� Cathode stoichiometry ~3
� Up to 6 under fast 

transients & air pulsing
� Humidity & anode 

stoichiometry not measured 
(to be studied in further 
experiments)
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Further Research 2010-2011

� Optimization of topologies in fuel cell hybrid drivetrains for 
industrial machines

� Fuel cell and hybrid system modeling
� Optimization of system structures

� Development of control strategies� Development of control strategies

� System lifetime & cost analysis

� Experiments with the forklift hybrid system in laboratory test bench
� Effect of DC/DC converters in the drivetrain and energy storages

� Li-ion batteries as energy storage
� PEMFC and hybrid system efficiency studies
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Summary

� Passively coupled triple hybrid system has been constructed and 
tested in a forklift

� For many applications maximizing fuel cell utilization may be 
primary goal -> actively coupled hybrid drivetrain needed

� The system will be studied further and with different power 
electronics topologies and used in validation of FC and hybrid electronics topologies and used in validation of FC and hybrid 
system models
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Thank you for listening!
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