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1. Powertrain architecture of the FC vehicle (FCV)

Modeling of the FCV

The traction force (𝐹𝑡) is

𝐹𝑡 𝑡 = 𝑚𝑣(𝑡)
𝑑

𝑑𝑥
(𝑣 𝑡 ) + 𝐹𝑎 𝑡 + 𝐹𝑟 𝑡 + 𝐹𝑔 𝑡

where, 𝐹𝑎 is the air resistance force, 𝐹𝑟 is the rolling resistance, 𝐹𝑔 is the gravity force:

𝐹𝑎 = 0.5 ∗ 𝜌 ∗ 𝑐𝑊 ∗ 𝐴 ∗ 𝜗2

𝐹𝑟 = 𝐶𝑟 ∗ 𝑚𝑣(𝑡) ∗ 𝑔𝑐𝑜𝑠(𝛼)

൯𝐹𝑔 = 𝑚𝑣(𝑡) ∙ 𝑔 ∙ si n( 𝛼
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1. Powertrain architecture of the FC vehicle (FCV)

FCV components

Net power of the FC stack 33 kW 

Litiu-ion stack (16 bateries 12.8V - 160Ah) 32,768 kWh

Ultracapacitors (UC) stack (8 Ucs of 12,6F) 57Wh

Power converter efficiency (100% -10% of rated load) 85-92%

Electric motor 75kW

FCV parameters

Parameter Value

Vehicle weight 1540 kg

Efficiency of the transmission (electric motor \ inverter) 90%

Rolling radius of the wheel 0.25 m

Vehicle frontal area (A) 2.05 m2

The air drag coefficient (CW) 0.3

The coefficient of rolling resistance (𝐶𝑟) 0.01

Air density 1.23 kg/m3
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Modeling of FC vehicle

Parameter Value

Vehicle weight 1540 kg

Efficiency of the transmission (electric motor \ inverter) 90%

Rolling radius of the wheel 0.25 m

Vehicle frontal area (A) 2.05 m2

The air drag coefficient (CW) 0.3
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Air density 1.23 kg/m3
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1. Powertrain architecture of the FC vehicle (FCV)

New European Driving Cycle (NEDC)

Parameter ECE-15 EUDC NEDC

Distance (m) 4 X 994 =  3.976 6.956 10.932

Time (s) 4 x 195 = 780 400 1180

Average speed (km/h) 18.7 62.6 33.6

Maximum speed (km/h) 50 120 120

NEDC, European Driving Cycle (EDC) and Extra-Urban Driving Cycle (EUDC) drive cycles
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1. Powertrain architecture of the FC vehicle (FCV)

FCV under NEDC cycle
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2. Energy management strategies (EMS)

Objectives for the EMS unit

- Assuring the load demand

- Operating the FC stack at high efficiency

- Minimizing the fuel consumption

- Protecting the FC stack to fuel starvation

- Protecting the batteries’ stack to deep discharge by 

monitoring the State-Of-Charge (SOC) 

The EMS can be mainly classified into rule-based energy management strategy, 

optimization-based energy management strategy and Learning-based strategies.

Several energy management control strategies have been already proposed for 

FC vehicle, such as heuristic strategies, equivalent consumption minimization 

strategy (ECMS) and strategies based on optimal control theory. 

Not all objectives mentioned above can be optimized simultaneously.
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2. Energy management strategies (EMS)

Power split-based Energy Management Strategy (EMS)
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2. Energy management strategies (EMS)

EMS implementation in Real-Time controller
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2. Energy management strategies (EMS)

EMS implementation (continue)
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2. Energy management strategies (EMS)
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2. Energy management strategies (EMS)

Experimental study for a FC vehicle (2010)

FC vehicle and main subsystems

(a) FCV right side view;

(b) PEM Fuel cells stack;

(c) Dashboard;

(d) Auto-box and electrical panel;

(e) Power Distribution Unit

and electrical connections;

(f) Hydrogen supply control system

and Electronic load;

(g) DC/DC Converter without housing;

(h) LiPo Battery without housing;

(i) Hydrogen Tank;
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2. Energy management strategies (EMS)
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2. Energy management strategies (EMS)
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2. Energy management strategies (EMS)

Figure a. Power flow for the FC system,

electrical motor and bateries stack with FC

current rate limited at 5A/sec

Experimental study for a FC vehicle

Figura b. Power flow for the FC system,

electrical motor and bateries stack with FC

current rate limited at 10A/sec
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2. Energy management strategies (EMS)

Energy management strategy based on power split technique is tested (2010) for the FC Hybrid

Power Source (HPS) .

These results will be the reference for other EMSs proposed in next years:

N. Bizon, FC energy harvesting using the MPP tracking based on advanced extremum seeking 

control, International Journal of Hydrogen Energy 38(4) (12 February 2013),1952-1966. 

http://dx.doi.org/10.1016/j.ijhydene.2012.10.112 WOS:000314860600023

N. Bizon, Energy efficiency for the multiport power converters architectures of series and parallel 

hybrid power source type used in plug-in/V2G fuel cell vehicles. Applied Energy 102 (12 February 

2013), 726-734.  http://dx.doi.org/10.1016/j.apenergy.2012.08.021 WOS:000314190800078

Mircea RACEANU, Comparative analysis regarding the fuel flow control depending on load for 

power efficiency and high reliability of the Hybrid Power Source, PhD report 4, 2015

Below, the following two EMS types will be evaluated:

- State machine control strategy;

- PI controllers-based strategies.

http://dx.doi.org/10.1016/j.ijhydene.2012.10.112
http://dx.doi.org/10.1016/j.apenergy.2012.08.021
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2. Energy management strategies (EMS)

EMS based on PI regulator

Diagram of the EMS based on PI regulator
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3. Energy management strategies for FC HPS

Matlab-Simulink diagram of the EMS based on PI regulator

Figura 4.1. b. Strategie de control bazată pe regulator PI
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3. Energy management strategies for FC HPS

Strategies using the control diagram based on the designed operating states

𝐈𝐅 𝑆0𝐶 > 90 & 𝑃𝐥𝐨𝐚𝐝 < 𝑃𝑓𝑐𝑚𝑖𝑛 𝑆𝑡𝑎𝒕𝑒 = 1 𝑃𝑓𝑐∗ = 𝑃𝑓𝑐𝑚𝑖𝑛

𝐈𝐅 𝑆0𝐶 > 90 & 𝑃𝐥𝐨𝐚𝐝 ∈ 𝑃𝑓𝑐𝑚𝑖𝑛 , 𝑃𝑓𝑐𝑚𝑎𝑥 𝑆𝑡𝑎𝑡𝑒 = 2 𝑃𝑓𝑐∗ = 𝑃𝑓𝑐load

𝐈𝐅 𝑆0𝐶 > 90 & 𝑃𝐥𝐨𝐚𝐝 ≥ 𝑃𝑓𝑐𝑚𝑎𝑥 𝑆𝑡𝑎𝑡𝑒 = 3 𝑃𝑓𝑐∗ = 𝑃𝑓𝑐𝑚𝑎𝑥

𝐈𝐅 𝑆0𝐶 ∈ 65, 85 & 𝑃𝐥𝐨𝐚𝐝 < 𝑃𝑓𝑐𝑜𝑝𝑡 𝑆𝑡𝑎𝑡𝑒 = 4 𝑃𝑓𝑐∗ = 𝑃𝑓𝑐𝑜𝑝𝑡

𝐈𝐅 𝑆0𝐶 ∈ 65, 85 & 𝑃𝐥𝐨𝐚𝐝 ∈ 𝑃𝑓𝑐𝑜𝑝𝑡, 𝑃𝑓𝑐𝑚𝑎𝑥 𝑆𝑡𝑎𝑡𝑒 = 5 𝑃𝑓𝑐∗ = 𝑃𝑓𝑐load

𝐈𝐅 𝑆0𝐶 ∈ 65, 85 & 𝑃𝐥𝐨𝐚𝐝 ≥ 𝑃𝑓𝑐𝑚𝑎𝑥 𝑆𝑡𝑎𝑡𝑒 = 6 𝑃𝑓𝑐∗ = 𝑃𝑓𝑐𝑚𝑎𝑥

𝐈𝐅 𝑆0𝐶 < 60 & 𝑃𝐥𝐨𝐚𝐝 < 𝑃𝑓𝑐𝑚𝑎𝑥 𝑆𝑡𝑎𝑡𝑒 = 7 𝑃𝑓𝑐∗ = 𝑃𝑓𝑐load + 𝑃𝑐ℎ𝑎𝑟ge

𝐈𝐅 𝑆0𝐶 < 60 & 𝑃𝐥𝐨𝐚𝐝 ≥ 𝑃𝑓𝑐𝑚𝑎𝑥 𝑆𝑡𝑎𝑡𝑒 = 8 𝑃𝑓𝑐∗ = 𝑃𝑓𝑐𝑚𝑎𝑥
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3. Energy management strategies for FC HPS

Matlab-Simulink diagram of the EMS based states’ diagram
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2. Energy management strategies (EMS)

Matlab-Simulink diagram of the FCV
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2. Energy management strategies (EMS)

The EUDC driving cycle is divided into 14 areas, which are shown in next Figures. 

Zone 1: At first the vehicle is stopped for a period of 20 seconds; in this zone 1 the fuel cell operates at minimum 

output of 3910W; this power is used to charge the battery system. 

Zone 2: the vehicle accelerates slightly to 70 km / h in 41 seconds (simulated vehicle gearbox is automatic). 

Depending on EMS implemented, the power flows are different. 

Zone 3: the vehicle is moving at a speed of 70 km / h for 50 seconds. 

Zone 4: the vehicle decelerates to 50 km / h in 8 seconds and then travels at 50 km / h for a period of 69 seconds 

(zone 5). 

Then, the vehicle accelerates slightly to 70 km / h in 13 seconds (zone 6), by moving at a constant speed of 70 km 

/ h for 50 seconds (zone 7). 

In zone 8 vehicle reaches 100 km / h in 35 seconds and then keep the cruising speed for 30 seconds (zone 9). 

Further, the vehicle accelerates to 120 km / h for 20 seconds (zone 10), followed by a cruising speed of 120 km / h 

for 10 seconds (zone 11). 

Finally, in zones 12 and 13 vehicle brakes in two steps: in step 1, 16 seconds up to 70 km / h and in step 2 the 

vehicle is stopped in 18 seconds. 

In the last zone (zone 14), the vehicle is stopped for 20 seconds. 

The total duration of EUDC is 400 seconds and distance covered with an average speed of 62.6 km/h is of 6956m
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2. Energy management strategies (EMS)

Load power & vehicle speed, FC power, battery power, and UC power

Power flows for EMS based on states’ diagram
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2. Energy management strategies (EMS)

Load power & vehicle speed, FC power, battery power, and UC power

Power flows for EMS based on PI regulators
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2. Energy management strategies (EMS)

Performance indicators:

H2 consumption, efficiency of H2 consumption, FC/HPS energy efficiency 

efficiency of H2 consumption 𝑒𝑓𝑓𝐻2 =
100 ∗ 𝑃𝐹𝐶

𝑜𝑢𝑡

𝐿𝐻𝑉 ∗ 𝐻2𝑐𝑜𝑛𝑠

FC energy efficiency 𝑒𝑓𝑓𝐹𝐶 =
100 ∗ 𝑃𝐹𝐶𝑛𝑒𝑡

𝑃𝐹𝐶𝑜𝑢𝑡

𝑒𝑓𝑓𝐻𝑃𝑆 =
𝑃𝑙𝑜𝑎𝑑

𝑃𝐹𝐶
𝑜𝑢𝑡 + 𝑃𝐵𝑎𝑡

𝑜𝑢𝑡 + 𝑃𝑈𝐶
𝑜𝑢𝑡HPS energy efficiency

H2 consumption 𝐻2𝑐𝑜𝑛𝑠 =
𝑁

𝐹
0׬
420

𝑖𝐹𝐶𝑑𝑡
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2. Energy management strategies (EMS)

Power, voltage & current, H2 & air flows, H2 consumption, 

efficiency of H2 consumption & FC energy efficiency 

EMS based on states’ diagram EMS based on PI regulators
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2. Energy management strategies (EMS)

EMS based on states’ diagram EMS based on PI regulators

Power, voltage, current and SOC for batteries stack
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2. Energy management strategies (EMS)

EMS based on states’ diagram EMS based on PI regulators

UC power, UC voltage, and UC current
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2. Energy management strategies (EMS)

EMS based on states’ diagram

EMS based on PI regulators

HPS energy efficiency 
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2. Energy management strategies (EMS)

Performance indicator States’ diagram PI regulators

Battery SoC 70,2% 68,4%

H2 consumption 385 g 155 g

HPS energy efficiency 86,8% 90,9%

The EMS based on PI regulators performed better in terms of efficiency, highlighting an overall

electrical efficiency with 4% greater in comparison with that obtained with EMS based on states'

diagrams, but note that the battery SOC is with 2% lower due to high use (in discharge mode) in the

last part of the driving cycle.

The EMS based on PI regulators has achieved but hydrogen consumption noticeably reduced by

approx. 40% in comparison with that obtained with EMS based on states' diagrams.

The three criteria adopted for performance comparison of the two control strategies do not allow

their hierarchy, because, as has been shown, both strategies shows both advantages and

disadvantages during a driving cycle.

Performance obtained
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Possible solutions for advanced EMS 

Suwat Sikkabut, Pongsiri Mungporn, Chainarin Ekkaravarodome, Nicu Bizon, et all. Control of High-Energy High-

Power Densities Storage Devices by Li-ion Battery and Supercapacitor for Fuel Cell/Photovoltaic Hybrid Power 

Plant for Autonomous System Applications. IEEE Transactions on Industry Applications 52(5) (2016):4395-4407, 

WOS:000384659900078

N. Bizon M. Radut, M. Oproescu, Energy control strategies for the Fuel Cell Hybrid Power Source under unknown 

load profile, Energy 86 (15 June 2015) 31-41

http://dx.doi.org/10.1016/j.energy.2015.03.118 WOS:000356986300004

N. Bizon, M. Oproescu, M. Raceanu, Efficient Energy Control Strategies for a Standalone Renewable/Fuel Cell 

Hybrid Power Source, Energy Conversion Management 77 (15 January 2015), 768-772.

doi:10.1016/j.enconman.2014.11.002 WOS:000348886800010

N. Bizon, Improving the PEMFC energy efficiency by optimizing the fuelling rates based on extremum seeking 

algorithm, International Journal of Hydrogen Energy 39(20) (3 July 2014), 10641–10654.

http://dx.doi.org/10.1016/j.ijhydene.2014.04.194 WOS:000338388200032

N. Bizon, Tracking the maximum efficiency point for the FC system based on extremum seeking scheme to control 

the air flow, Applied Energy 129 (15 September 2014) 147–157. 

http://dx.doi.org/10.1016/j.apenergy.2014.05.002 WOS:000339775400016

N. Bizon, Load-following Mode Control of a Standalone Renewable/Fuel Cell Hybrid Power Source, Energy 

Conversion Management 77 (January 2014) 763–772.

http://dx.doi.org/10.1016/j.enconman.2013.10.035 WOS:000330494600080

N. Bizon, Energy harvesting from the PV Hybrid Power Source, Energy 52 (1 April 2013): 297–307.

http://dx.doi.org/10.1016/j.energy.2013.02.006 WOS:000317941000031

N. Bizon, Energy harvesting from the FC stack that operates using the MPP tracking based on modified extremum

seeking control, Applied Energy 104 (1 April 2013) 326-336. 

http://dx.doi.org/10.1016/j.apenergy.2012.11.011 WOS:000316152700033

N. Bizon, FC energy harvesting using the MPP tracking based on advanced extremum seeking control, 

International Journal of Hydrogen Energy 38(4) (12 February 2013),1952-1966. 

http://dx.doi.org/10.1016/j.ijhydene.2012.10.112 WOS:000314860600023

http://dx.doi.org/10.1016/j.energy.2015.03.118
http://dx.doi.org/10.1016/j.enconman.2014.11.002
http://dx.doi.org/10.1016/j.ijhydene.2014.04.194
http://dx.doi.org/10.1016/j.apenergy.2014.05.002
http://dx.doi.org/10.1016/j.enconman.2013.10.035
http://dx.doi.org/10.1016/j.energy.2013.02.006
http://dx.doi.org/10.1016/j.apenergy.2012.11.011
http://dx.doi.org/10.1016/j.ijhydene.2012.10.112
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Possible solutions for advanced EMS 

N. Bizon, N. M. Tabatabaei, Frede Blaabjerg, and Erol Kurt (Ed.), Energy Harvesting and Energy Efficiency: 

Technology, Methods and Applications, Springer Verlag London Limited, 2016 (in press); eBook ISBN: 978-3-319-

49875-1; DOI 10.1007/978-3-319-49875-1; Hardcover ISBN 978-3-319-49874-4; Series ISSN 2195-1284 

http://www.springer.com/us/book/9783319498744

N. M. Tabatabaei, N. Bizon, A. J. Aghbolaghi, and Frede Blaabjerg (Ed.), Fundamentals and Contemporary Issues 

of Reactive Power Control in AC Power Systems, Springer Verlag London Limited, 2016 (in press); eBook ISBN: 

978-3-319-51118-4, Hardcover ISBN: 978-3-319-51117-7; Series ISSN: 1612-1287

http://www.springer.com/us/book/9783319511177#otherversion=9783319511184

N. Bizon, L. Dascalescu, and N. M. Tabatabaei (Ed.), Autonomous Vehicles: Intelligent Transport Systems and 

Smart Technologies, Nova Science Publishers Inc., USA, 2014, ISBN: 978-1-63321-324-1 

https://www.novapublishers.com/catalog/product_info.php?products_id=50365&osCsid=756a848447737596b96d

62aa86a64cba

N. Bizon, N. M. Tabatabaei and Hossein Shayeghi (Ed.), Analysis, Control and Optimal Operations in Hybrid 

Power Systems - Advanced Techniques and Applications for Linear and Nonlinear Systems, Springer Verlag

London Limited, London, UK, 2013. 978-1-4471-5538-6, 978-1-4471-5537-9 ; 

http://dx.doi.org/10.1007/978-1-4471-5538-6

http://www.springer.com/engineering/control/book/978-1-4471-5537-9

N. Bizon and N. M. Tabatabaei (Ed.), Advances in Energy Research: Energy and Power Engineering, Nova 

Science Publishers Inc., USA, 2013 978-1-62257-534-3 (hardcover), 978-1-62257-546-6  (ebook). 

https://www.novapublishers.com/catalog/product_info.php?products_id=36315&osCsid=cce0dd5ced12df6ba9340

d8c9d71142b

N. Bizon (Ed.), Advances in Energy Research: Distributed Generation systems integrating Renewable Energy 

Resources, 3 chapters by N. Bizon, Nova Science Publishers Inc., USA, 2012, 978-1-61209-991-0 (hardcover),  

978-1-61209-991-2 (ebook). 

https://www.novapublishers.com/catalog/product_info.php?products_id=22516

http://www.springer.com/us/book/9783319498744
http://www.springer.com/us/book/9783319511177#otherversion=9783319511184
https://www.novapublishers.com/catalog/product_info.php?products_id=50365&osCsid=756a848447737596b96d62aa86a64cba
http://www.springer.com/alert/urltracking.do?id=L4355dfeMdfab7dSb0dae57
http://www.springer.com/engineering/control/book/978-1-4471-5537-9
https://www.novapublishers.com/catalog/product_info.php?products_id=36315&osCsid=cce0dd5ced12df6ba9340d8c9d71142b
https://www.novapublishers.com/catalog/product_info.php?products_id=22516
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3. Load-following based EMS for FCV

Features of the load-following strategy 

The load-following strategy has the following 

features:

- The load-following strategy assures the DC 

power balance using a backup power 

source, which is the FC system, and battery 

pack operates in charge-sustained mode;

- Thus a battery stack with lower capacity 

than in other strategies proposed in the 

literature is needed due to battery pack 

operation in charge-sustained mode; 

- The load-following strategy avoids frequent 

charge-discharge cycles of the battery pack, 

which increases its lifetime and reduces the 

maintenance costs.

boostPFCnet + PESS – PLoad= 0

PESS=0 during a drive cycle

IrefLFW=IFC(AV) =PLoad /(VFCboost)
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3. Load-following based EMS for FCV

FC Maximum Power Point (MPP) tracking control

The FC parameters, P-I characteristic, and MPP tracking (zooms)



© 2012, Mihai V. MICEA

3. Load-following based EMS for FCV

The FC net power characteristics 

The FC net power characteristic for the nominal values of fueling rates 
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3. Load-following based EMS for FCV

The FC net power characteristics 

The FC net power surface  
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3. Load-following based EMS for FCV

PEMFC system 

The Proton Exchange Membrane Fuel Cell (PEMFC) system 
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3. Load-following based EMS for FCV

RTO strategy setting block

The FC HPS and EMU

boostPFCnet + PESS – PLoad= 0

PESS=0 during a drive cycle

IrefLFW=IFC(AV) =PLoad /(VFCboost)
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3. Load-following based EMS for FCV

RTO strategies setting

No. Iref(Boost) Iref(Air) Iref(Fuel) RTO strategy Ref Class

0 ILFW IFC IFC sFF [0]
1 ILFW IFC IGES1+IFC RTO1 [1] C1
2 ILFW IGES1+IFC IFC RTO2 [2] C1
3 IGES1 ILFW IFC RTO3 [3] C2
4 IGES1 IFC ILFW RTO4 [4] C3
5 IGES1 ILFW IGES2+IFC RTO5 [5] C2
6 IGES1 IGES2+IFC ILFW RTO6 [6] C3
7 ILFW IGES1+IFC IGES2+IFC RTO7 [7] C1

[0] Pukrushpan JT, Stefanopoulou AG, Peng H. Control of fuel cell power systems. New York: Springer; 2004.

[1] Bizon N, Culcer M, Iliescu M, Mazare AG, Ionescu LM, Beloiu R. Real-time strategy to optimize the Fuel Flow rate of Fuel

Cell Hybrid Power Source under variable load cycle. ECAI - 9th Edition of International Conference on Electronics, Computers

and Artificial Intelligence. Targoviste, ROMÂNIA, 2017 10.1109/ECAI.2017.8166513.

[2] Bizon N, Culcer M, Oproescu M, Iana G, Ionescu LM, Mazare AG, Iliescu M. Real-time strategy to optimize the Airflow rate

of Fuel Cell Hybrid Power Source under variable load cycle, The 22rd International Conference on Applied Electronics - APPEL

2017, University of West Bohemia, Pilsen, Czech Republic, 2017 10.23919/AE.2017.8053577.
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3. Load-following based EMS for FCV

PFCnet  PFC – Pcm

sys= PFCnet / PFC

Fueleff  PFCnet / FuelFr

( )TFuel FuelFr t dt= 

( , , , )Load net FCnet fuel efff x AirFr FuelFr P k P k Fuel=  + 

( , , , ),Loadx g x AirFr FuelFr P x X= 

The optimization function 

The performance indicators 

( ) ( 2)

( 2) ( 2) 2

60000 273

2 (101325 ) ( /100) ( /100)

C ref H

f H f H H

R N I
FuelFr

F P U x

  +  
=

   

( ) ( 2)

( 2) ( 2) 2

60000 273

4 (101325 ) ( /100) ( /100)

C ref O

f O f O O

R N I
AirFr

F P U y

  +  
=

   

where:

R = 8.3145 J/(mol K);

F = 96485 As/mol;

NC is the number of cells in series (65 cells);

 is the operating temperature (65o Celsius);

Uf(H2), Uf(O2) are the nominal utilization of hydrogen (99.56%) and oxygen (59.3%);

Pf(H2), Pf(O2) are the pressure of the fuel (1.5 bar) and air (1 bar);

xH2, yO2 are the composition of fuel (99.95%) and oxidant (21%);

Iref(H2), Iref(O2) are the reference currents.
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Fuel economy for all RTO strategies in 

case A (knet=0.5, kfuel=0
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Fuel economy for all RTO strategies in 

case B (knet=0.5, kfuel=25).



© 2012, Mihai V. MICEA
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Fuel economy for all RTO strategies in 

case C (knet=0.5, kfuel=50).



© 2012, Mihai V. MICEA

3. Load-following based EMS for FCV

Fuel economy for selected RTO strategies 

in case B (knet=0.5, kfuel=25).
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Fuel economy for selected RTO strategies 

in case C (knet=0.5, kfuel=50).
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RTO1 strategy kfuel=25 RTO2 strategy kfuel=25

The behavior of the FC HPS under 6.25 kW LC
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3. Load-following based EMS for FCV

RTO1 strategy with kfuel=25 RTO2 strategy with kfuel=25

The behavior of the performance indicators for the FC HPS under 6.25 kW LC
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3. Load-following based EMS for FCV

Fuel economy under variable load demand 

for selected RTO strategies in case A 

(knet=0.5, kfuel=0).
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Fuel economy under variable load demand 

for selected RTO strategies in case B 

(knet=0.5, kfuel=25).
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Fuel economy under variable load demand 

for selected RTO strategies in case C 

(knet=0.5, kfuel=50).
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3. Load-following based EMS for FCV

Constant load demand Variable load demand

Fuel economy for strategies RTO4 and RTO3 with kfuel = 25
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3. Load-following based EMS for FCV

Constant load demand Variable load demand

Fuel economy for strategies RTO6 and RTO5 with kfuel = 25
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3. Load-following based EMS for FCV

• The performance in fuel economy and even the order of the selected RTO strategies 

(RTO1, RTO4, RTO5, and RTO6) remain the same in all cases analyzed for the FC 

HPS (under variable and constant load demand);

• the fuel economy increases if kfuel0 and best fuel economy is obtained for kfuel

around value of 25 for the FC HPS under variable load demand;

• The rules of the RTO switching strategy for best fuel economy of 6kW FC HPS could 

be defined as follows: (i) set the weighting coefficient kfuel to optimum value (around of 

25); (ii) if the load demand is lower than 5 kW then the recommended strategy must 

be chosen from class C3 (the RTO4 strategy or the RTO6 strategy); (iii) if the load 

demand is higher than 5 kW then the recommended strategy must be from class C2 

(the RTO3 strategy or the RTO5 strategy).

• The objective was to probe how optimization function through choosing the weighting 

coefficients knet and kfuel could be a crucial help when planning the fuel consumption 

of a FC vehicle under unknown route;

• The fuel economy can be maximized using the RTO4 strategy and RTO5 strategy (or 

RTO6 strategy and RTO5 strategy) for the FC vehicle which runs on a smooth route 

and, respectively, the FC vehicle ramps a hill;

• It is worth to mention that the strategies RTOk, k=14 use only one GES controller to 

maximize the fuel economy, so may be simple to implement the RTO switching 

strategy using the RTO4 strategy for Pload<5 kW and RTO3 strategy for Pload>5 kW
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The total fuel consumption for the strategies S1-S10 under constant load
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( )% T sFFFuel ( )% T Air PFCFuel −( )% T Fuel PFCFuel −
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PV/FC/ESS hybrid power system for FCV

0 ≅ 𝜂𝑏𝑜𝑜𝑠𝑡1 ⋅ 𝑝𝑃𝑉 + 𝜂𝑏𝑜𝑜𝑠𝑡2 ⋅ 𝑝𝐹𝐶𝑛𝑒𝑡 + 𝑝𝐵𝑎𝑡𝑡 − 𝑝𝐿𝑜𝑎𝑑

𝑝𝐹𝐶𝑛𝑒𝑡 ≅
𝜂𝑏𝑜𝑜𝑠𝑡1 ⋅ 𝑝𝑃𝑉 − 𝑝𝐿𝑜𝑎𝑑

𝜂𝑏𝑜𝑜𝑠𝑡2
=

𝑝𝐷𝐶𝑟𝑒𝑞
𝜂𝑏𝑜𝑜𝑠𝑡2

𝐼𝑟𝑒𝑓(𝑃𝐹) =
𝜂𝑏𝑜𝑜𝑠𝑡1 ⋅ 𝑝𝑃𝑉 𝐿𝑃𝐹 − 𝑝𝐿𝑜𝑎𝑑(𝐿𝑃𝐹)

𝜂𝑏𝑜𝑜𝑠𝑡2 ⋅ 𝑉𝐹𝐶(𝐿𝑃𝐹)
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SIP1-Variable solar irradiance profile with high slopesSIP1-Variable solar irradiance profile with slow slopes
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4. Advanced EMS for FCV

- The performance of the S3M strategy 

compared to the sFF and S3 strategies is 

demonstrated by the fuel economy 

obtained in different operating scenarios of 

the PV / FC / ESS hybrid power system;

- The percentage decrease in fuel 

consumption for the S3M strategy depends 

on the level of FC power generated (which 

is set by the profiles of the solar irradiance 

and load demand, considering the power 

flow balance on the DC bus and the 

proposed PF control), being in range 4.82 

– 20.71 % and 1.64 – 3.34 % compared to 

strategies sFF and S3 respectively, under 

the scenarios considered in this study;



© 2012, Mihai V. MICEA

3. Conclusion

- The advantage of using an EMS based on LFW-control for a FC stack (used as a 

backup energy source in a hybrid power source for FCVs) is highlighted by the 

operation of the battery in charging mode, which leads to increased life by avoiding 

frequent charge-discharge cycles;

- All strategies based on LFW control operate the battery stack in charge-sustained 

mode with advantages related to its size and lifespan; 

- The fuel optimization function and the innovative techniques for switching input 

references for fuel regulators ensure better fuel economy for these strategies 

compared to basic strategies based on LFW control;

- If the power reference used to switches the fueling references depends on the level of 

FC power generated, then the fuel economy increase for these modified strategies 

(S3M, S6M  or S10M) compared to the switching strategies (S3, S6 or S10); 

- The EMS based on LFW-control can be used for variable load cycle without or with 

support from another variable energy source (see the results for S3M strategy). Thus, 

the EMS based on power-following control may be easily adapted for a renewable-

based hybrid power system using a FC stack as backup energy source. 
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Issues and challenges for FCV adoption
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Ways to improve energy management strategies for FCV

The latest reviews in field of FCVs' energy management strategy reveals that there are still 

some issues to be solved and others that must to be improved.

First, the performances of all EMSs are dependent by driving cycle. Therefore, the intelligent-

based EMS that will include a driving cycle recognition or driving cycle prediction could be a 

viable solution to improve the FCV performance. Anyway, these recognition or prediction 

technologies will increase computation time and the intelligent-based EMSs will be difficult to 

be implemented as the real-time algorithms. 

So, the EMS based on load-following technique could be an feasible alternative, making the 

ESS operation to be independent of the driving cycle.

Second, multi-objective EMSs (which integrate into a optimization function the fuel  economy, 

the FC energy efficiency, the safety of FCV and comfort (drivability)) remain challenges for 

high-performance FCVs. Most of proposed EMSs only consider fuel economy of HEV, the FC 

energy efficiency or both, and few EMSs take into account the last two performance 

mentioned before as penalty terms in the optimization function.

Third, the compromise between system complexity, level of computation needed  and 

optimization performance of EMSs continue to be an open issue.

Finally, every EMS has its own advantages and disadvantages. Thus, a standard to make an 

accurate and convincing assessment of EMS will be helpful in designing an appropriate EMS 

for FCV with specific performance objectives.
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