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DESIGN AND SIMULATION OF A FUEL CELL HYBRID EMERGENCY POWER
SYSTEM FOR A MORE ELECTRIC AIRCRAFT: EVALUATION OF ENERGY
MANAGEMENT SCHEMES

Souleman NJOYA MOTAPON

ABSTRACT

As the aircraft industries are moving toward more electric aircraft (MEA), the electrical peak
load seen by the main and emergency generators becomes higher than in conventional aircraft.
Consequently, there is a major concern regarding the aircraft emergency system, which consists
of a ram air turbine (RAT) or air driven generator (ADG), to fulfill the load demand during
critical situations; particularly at low aircraft speed where the output power is very low. A
potential solution under study by most aircraft manufacturers is to replace the air turbine by a
fuel cell hybrid system, consisting of fuel cell combined with other high power density sources
such as supercapacitors or lithium-ion batteries.

To ensure the fuel cell hybrid system will be able to meet the load demand, it must be properly
designed and an effective energy management strategy must be tested with real situations load
profile. This work aims at designing a fuel cell emergency power system of a more electric
aircraft and comparing different energy management schemes (EMS); with the goal to ensure
the load demand is fully satisfied within the constraints of each energy source. The fuel cell
hybrid system considered in this study consists of fuel cell, lithium-ion batteries and super-
capacitors, along with associated DC-DC and DC-AC converters. The energy management
schemes addressed are state-of-the-art, most commonly used energy management techniques
in fuel cell vehicle applications and include: the state machine control strategy, the rule based
fuzzy logic strategy, the classical PI control strategy, the frequency decoupling/fuzzy logic
control strategy and the equivalent consumption minimization strategy (ECMS). Moreover, a
new optimal scheme based on maximizing the instantaneous energy of batteries/supercapaci-
tors, to improve the fuel economy is proposed. An off-line optimization based scheme is also
developed to ascertain the validity of the proposed strategy in terms of fuel consumption.

The energy management schemes are compared based on the following criteria: the hydrogen
consumption, the state of charges of the batteries and supercapacitors and the overall system
efficiency. Moreover the stress on each energy source, which impacts their life cycle, are
measured using a new approach based on the wavelet transform of their instantaneous power.
A simulation model and an experimental test bench are developed to validate all analysis and
performances.

The main results obtained are as follows: the state machine control scheme provided a slightly
better efficiency and stresses on the batteries and supercapacitors. The classical PI control and
the proposed scheme had the lowest fuel consumption and more use of the battery energy. As
expected, the lowest fuel cell stress and lowest use of the battery energy was achieved with the
frequency decoupling and fuzzy logic scheme, but at the expense of more fuel consumption and
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lower overall efficiency. The DC bus or supercapacitor voltage was maintained nearly constant
for all the schemes. Also, the proposed strategy performed slightly better than the ECMS in
terms of efficiency and fuel consumption, with an increase in fuel economy by 3 %.

The energy management scheme suitable for a MEA emergency system should be a multi-
scheme EMS such that each scheme is chosen based on a specific criterion to prioritize. As
an example, depending on the operating life of each energy source, the energy management
strategy can be chosen to either minimise the stress on the fuel cell system, the battery system
or supercapacitor system, hence maximizing the life cycle of the hybrid power system. Also
if the target is to reduce the fuel consumption, the proposed or the classical PI strategies are
better alternatives.

Keywords: Fuel cell, Batteries, Supercapacitors, DC-DC converters, Energy management,
Hybridization, Optimization



CONCEPTION ET SIMULATION D’UN SYSTEME D’ALIMENTATION DE
SECOURS POUR UN AVION PLUS ELECTRIQUE: EVALUATION DES SYSTEMES
DE GESTION D’ENERGIE

Souleman NJOYA MOTAPON

RESUME

Dans le but de réduire la consommation de combustibles fossiles et les colts liés a la mainte-
nance, I’industrie aéronautique vise a remplacer la plupart des systemes hydrauliques et pneu-
matiques des avions conventionnels par des systemes €lectriques. Ces nouveaux avions du
futur sont appelés « avion plus €lectrique ». Dans ces avions plus électrique, I’augmentation de
la demande électrique rend 1’ utilisation du systeme de secours actuel basé sur une éolienne tra-
ditionnelle impossible. Surtout lors des atterrissages et décollages ou la puissance fournie par
celle-ci est presque nulle. L’une des solutions considérée par les avionneurs est de remplacer
I’éolienne par un systeme hybride basé sur une pile a hydrogene, assistée par les batteries et/ou
les super condensateurs.

Afin de s’assurer que le systeme hybride pourra satisfaire a la demande, il doit étre correcte-
ment congu et une stratégie efficace de gestion d’énergie doit étre testée avec un vrai profil de
vol. Ce travail vise a concevoir un systeme d’alimentation de secours basé sur une pile a hy-
drogene pour un avion plus électrique, et a comparer différentes stratégies de gestion d’énergie;
avec pour but de s’assurer que la demande en situation d’urgence est entierement satisfaite, et
ce, dans les limites de chaque source d’énergie. Le systeme hybride considéré est constitué
d’une pile a hydrogene, d’un bac de batteries aux ions de lithium et de super condensateurs,
ainsi que leur convertisseurs CC-CC et CC-CA associés. Les stratégies de gestion d’énergie
considérées sont les plus courantes de I’état de I’art, utilisées dans les véhicules hybrides, a
savoir: la stratégie de commande par état de la machine, la stratégie basée sur la logique floue,
la stratégie de commande par régulateur PI, la stratégie de commande basée sur le décou-
plage de la fréquence et la stratégie de minimisation de la consommation équivalente (ECMS).
D’autre part, une nouvelle stratégie optimale basée sur la maximisation de 1’énergie instantanée
des batteries/super condensateurs, est proposée afin d’en améliorer 1’économie en hydrogene.
En plus, un algorithme basé sur I’optimisation hors-ligne a été également développé afin de
valider la stratégie proposée.

Les criteres principaux de comparaison des différentes stratégies sont les suivants: la consom-
mation d’hydrogene, 1’état de charge des batteries/super condensateurs et 1’efficacité globale
du systeme. En plus, le niveau de sollicitations de chaque source d’énergie, qui influence énor-
mément leur cycle de vie, est mesuré avec une nouvelle approche basée sur la transformée en
ondelettes de leur puissance instantanée.

Un modele de simulation et un banc d’essai expérimental ont été développés pour valider toutes
les analyses et les différentes performances.



Les principaux résultats obtenus sont les suivants : la stratégie de commande par état de la
machine a fourni une performance légerement meilleure en termes d’efficacité globale et du
niveau de sollicitations des batteries et des super condensateurs. La stratégie de commande
par régulateur PI et celle proposée ont eu la plus basse consommation d’hydrogene, mais avec
un taux d’utilisation de 1’énergie des batteries plus élevé. Comme prévu, le plus bas niveau
de sollicitations de la pile a hydrogene ainsi que le plus bas taux d’utilisation de 1’énergie
des batteries ont été réalisés avec la stratégie de commande basée sur le découplage de la
fréquence, mais aux dépens d’une consommation d’hydrogene plus élevée et d’une efficacité
globale plus faible. Pour toutes les stratégies, la tension du bus DC ou des super condensateurs
est presque maintenue constante. En outre, la stratégie proposée a été légerement meilleure
comparée a ’ECMS en termes de consommation d’hydrogene et d’efficacité globale avec une
augmentation sur I’économie en hydrogeéne de 3 %.

La stratégie de gestion d’énergie appropriée au systeme de secours des avions plus élec-
trique devrait étre de type multi-stratégies telle que chaque stratégie est choisie basée sur
un critere spécifique prioritaire. Par exemple, selon la durée de fonctionnement de chaque
source d’énergie, la stratégie de gestion d’énergie peut étre choisie avec pour but de réduire
au minimum le niveau de sollicitations du systeme de pile a hydrogene, des batteries ou des
super condensateurs, ainsi augmentant le cycle de vie du systeme d’alimentation hybride. Par
ailleurs, si la cible est de réduire la consommation d’hydrogene, la stratégie proposée ou celle
classique par régulateur PI sont de meilleurs candidats.

Mots-clés: Pile a hydrogene, batteries, super condensateurs, systeme hybride, convertisseurs
CC-CC, optimisation
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INTRODUCTION

In the fast moving and competitive world of aeronautics, aircraft manufacturers are eager to
develop new systems that will greatly improve the weight and efficiency of the whole aircraft
architecture and therefore reduce fuel consumption and maintenance costs. For this reason,
most aircraft manufacturers are moving toward a more electric aircraft (MEA) which involves
the replacement of some parts of hydraulic, mechanical and pneumatic systems with electrical
systems. The major modifications performed on a conventional aircraft to obtain a MEA are

the following (Langlois et al. (2005)), (Faleiro (2006)), (Rosero et al. (2007)):

° the hydraulic actuators necessary for flight controls and landing gear are replaced by
other types of actuators such as the electro-hydrostatic actuator (EHA), the electro-
mechanical actuator (EMA) and the electro back-up hydraulic actuator (EBHA). The

main hydraulic pumps with their heavy and inflexible piping are removed;

° the bleed air off-takes (which account for the largest non propulsive power off-take from
the engine) required for air-conditioning and wing ice protection are replaced by new
electrical systems (air compressors, re-circulating fans, refrigeration units, heating resis-

tors, etc);

° the gear box which is used to connect the main engine (gas turbine) to other electrical
or hydraulic systems may be removed. The power generated by the main engine is

converted into electrical energy by generators mounted directly on the engine shaft (s).

Figure 0.1 and Figure 0.2 depict the differences between a conventional and a MEA aircraft.
These modifications reduce the non-propulsive power required as the power off-take to supply
the aircraft systems (flight control actuators and environmental control system) is adjusted to
match the demand, rather than being wasted unusable heat. That means the efficiency of the
aircraft will be improved and consequently less fuel will be used (Faleiro (2005)).

Airbus and Boeing have started to introduce this technology on their recent aircraft (A380

and Boeing 787 respectively). On the A380, a hydraulic circuit for the primary flight controls



Figure 0.1 Conventional aircraft power distribution
Adapted from Faleiro (2006)

is replaced by EHAs. The Boeing 787 Dreamliner is even more electric with its brake, ice
protection systems, engine start and environmental control systems all being electric-based.
These aircrafts are claimed to be very beneficial in terms of fuel consumption, maintenance

costs, efficiency and reliability.

Figure 0.2 MEA aircraft power distribution
Adapted from Faleiro (2006)

The power source commonly used in most aircraft during emergency situations is the ram air

turbine (RAT) or the air driven generator (ADG). An example of RAT is shown in Figure 0.3 for



a Boeing 757 (Wikipedia (2012)). The RAT or ADG is automatically deployed into the airflow
upon loss of all engine supplied power. The RAT consists of an air driven turbine coupled to a
central hydraulic pump and an electrical generator. It provides electric power to essential loads
and hydraulic power to the flight control surfaces and landing gear systems. The ADG on the
other hand is an air driven turbine coupled only to an electrical generator to supply the essential

loads and to power electrically a central hydraulic pump (Prats (2007)).

Figure 0.3 Ram air turbine of a Boeing 757
Adapted from Wikipedia (2012)

In a MEA, the RAT produces only electrical power (just as the ADG) and supplies the EHA,
EMA and EBHA through the AC essential bus (to be more precise, the RAT is replaced by the
ADG in MEA). The AC essential bus is connected to the DC essential bus (which supplies all

the critical DC loads) through transformer-rectifier units (TRUs).

The addition of new electrical devices to the flight controls and landing gear systems results in
extra peak power requirements during critical situations (flap/slat actuation, landing gear de-
ployment and braking). This is mainly due to power electronics converters in EHA, EMA and
EBHA which generate high currents and voltages at starting and during transients (Langlois
(2006)). Therefore there is a potential risk of overloading the existing RAT/ADG, which will

cause the latter to stall.



Another problem associated with the RAT/ADG is the decrease of output power with the air
speed. At low airspeed, the loading of the RAT/ADG must be limited. For the Global express,
at 145 KEAS (Knots Equivalent Air Speed), the RAT is off-loaded to ensure that the required

hydraulic power is supplied to the flight control surfaces (Bombardier (2004)).

The risk of overloading the existing ADG in a MEA has been one of the major concerns of air-
craft companies. In most aircraft, the ADGs are usually over-dimensioned as they are designed
based on peak power requirement during emergency situations. To fulfil the load demand in
a MEA, these power sources will have to be redesigned for higher peak power delivery. This
means the ADGs of MEA will excessively be larger in size and volume. Consequently they will
be heavier and their installation and maintenance will be challenging (especially for medium
and small size aircraft). Fuel consumption will be increased as more weight is added to the

system.

Besides the risk of overloading the ADG, there are some other challenges in MEA which need
to be overcome, during total loss of main engines and during landing/braking. On conven-
tional aircraft, when the main engines are lost, the main AC generators drop off-line almost
immediately. The ADG is available only after a short time (needed for deployment and start-
ing) during which the flight controls remain powered via the central hydraulic pumps which
keep operating due to turbine inertia. During landing and braking, as the ADG output power
reduces, a safe landing and braking is achieved through hydraulic accumulators. A MEA with
no mechanically driven central hydraulic pump and electric brakes will require an alternative

power source during ADG deployment and during landing/ braking (Langlois (2006)).

One interesting idea to solve these problems could be to connect the ADG in parallel with
batteries via power electronic converters to fulfil the load requirement (Langlois (2006)), (Wells
et al. (2008)). The ADG could be designed for nominal power while the batteries could be used
for peak power requirement. This will effectively reduce the weight and size of the ADG and
therefore facilitate its installation and maintenance. For longer emergency situations, there are
still risks of overloading the ADG (especially at low speed) if the charging/discharging of the

batteries is not well controlled. Therefore, this method requires a complex power management



strategy. Several energy management techniques have been proposed for successful power
sharing between the ADG and the batteries, but these techniques can not be validated due to
the difficulty to test the performance of the hybrid system. Currently testing ADG’s requires a
dedicated test flight.

A more efficient and robust power source is desired for emergency situations. A preliminary
analysis made by Bombardier aerospace (Prats (2007)) and a theoretical study by Garcia (2007)
shows that a potential power source to replace the ADG are fuel cell. Compared to conventional
internal combustion engines, fuel cell produce power (from several W to multi- MW) with
low toxic emissions, low noise and vibrations, high efficiency (especially at light loads), easy
installation and low maintenance cost. fuel cell are compatible with several types of fuel and

can provide the required power as long as the fuel is supplied.

With the recent technological advances on fuel cell components (electrodes, membrane and
catalysts) and pressurized hydrogen tanks, the power density of fuel cell has greatly improved.
Ballard Power Systems has developed fuel cell stacks for motive or stationary power appli-
cations (Mark9 SSL) with power density greater than 1kW/kg (Ballard (2012)). Honda also
presented in 2009 a new vertical-flow fuel cell stack of 100 kW with a size which can be com-
pared to a computer case and a power density close to 1.5kW/kg (Honda (2009)). Recently (in
October 2011), Nissan revealed a new fuel cell stack with the world’s best power density of 2.5

kW/kg (Nissan (2011)).

This has motivated MEA manufacturers for more in-depth studies to make the fuel cell on-
board, a commercial reality. Figure 0.4 shows a prototype of a 25 kW fuel cell emergency
power system (FCEPS) developed by Liebherr Aerospace, where the fuel cell stack is fed
directly with hydrogen and oxygen, using pressurized tanks to improve the system efficiency.
As shown, the system is fully integrated in the aircraft fuselage, with the power available as
needed, regardless of the external airflow or weather conditions. Figure 0.5 shows another fuel
cell emergency power system of 20 kW developed by DLR that have been successfully tested
in a A320 Airbus at flight altitude up to 25000 feet (Renouard-Vallet et al. (2011)), (Renouard-



Vallet et al. (2010)).

Figure 0.4 FCEPS prototype from Liebherr Aerospace
Adapted from Liebherr (2007)

Figure 0.5 Fuel cell emergency power system developed and tested by DLR
Adapted from DLR (2010)

Problem statement

Due to the slow response of fuel cell to highly fluctuated demand, hybridization of fuel cell with
new energy storage devices such as lithium-ion batteries or supercapacitors is required. This
hybridization allows the fuel cell system to be optimized to achieve better fuel economy and
performance as part of the load is provided by the batteries/supercapacitors. This optimization
is accomplished through an energy management strategy (EMS) which distributes the load

power among the energy sources. The design of such EMS should be made in such a way to



achieve an optimal fuel economy while ensuring each energy source operates within its limits.
Also the EMS impact on the life cycle of the whole hybrid power system should be limited as

possible.

Different EMSs for fuel cell hybrid power systems have been reported in the literature. How-
ever, most of these EMS have been mainly applied to hybrid vehicle load profile, which is
regenerative with low fluctuations compared to aircraft emergency load profile. Moreover, ex-
isting comparative studies between these EMS cover only few of them without (or not enough)
experimental validation. Also, the impact of the EMS on the overall efficiency and life cycle
of the whole system is often omitted. This has motivated the author of this work for further

analysis to verify experimentally which EMS strategy fits better with MEA load profile.

Another point concerns the modelling of the hybrid power system, in previous studies reported
in the literature, the models of components are either valid for a specific test bench or require
parameters that are difficult to determine (cell area, volume of electrolyte, etc.). An accu-
rate and more generic simulation model of the hybrid system will allow energy management
strategies to be tested and properly tuned via simulation, to ensure the fulfilment of the aircraft

electrical network requirements.

Project objectives

The objectives of this project are:

° to design and model the fuel cell hybrid emergency power system for a MEA. The model

parameters must be easily deduced from specifications or from simple experiments;
° to test and compare the performance of common energy management strategies;

° to develop an experimental test bench for validation purpose.

The main challenges are as follows:

a. The estimation of model parameters from specifications or experiments: most manufac-

turers provide few meaningful data, fully dependent on operating conditions;



b. The identification of existing EMS from the literature: require an extensive review;

c. Test bench development security: there exist severe guidelines for the H, supply system
safety;

d. Software development for control and monitoring: most drivers for device communica-

tion and tasks synchronization are not provided by manufacturers.

Contributions

The main contributions of this work are as follows:

a. A validated performance comparison of common EMS strategies for an aircraft emer-
gency system based on fuel cell, with criteria that include the overall efficiency and life
cycle of the whole system. The latter is measured using a new approach based on wavelet

transform of each energy source instantaneous power;

b. The design and validation of a new optimal EMS strategy based on maximizing the
instantaneous energy of the batteries/supercapacitors. The strategy performs slightly
better than the existing real time equivalent consumption minimization based strategies,

in terms of efficiency and fuel economy.

3 Journal and 2 conference papers have been submitted for review, they include:

[1] Souleman Motapon, L-A Dessaint, Kamal Al-Haddad, “A comparative study of energy
management schemes for a fuel cell hybrid emergency power system of More Electric Air-

craft”, IEEE Transactions on industrial electronics, 2012 (Accepted).

[2] Souleman Motapon, L-A Dessaint, Sylvain Morel, “H2 consumption minimization based
energy management strategy for a fuel cell hybrid emergency power system of More Electric

Aircraft”, Journal of Power Sources, 2012 (Under review).



[3] Souleman Njoya Motapon, Olivier Tremblay, Louis-A. Dessaint, "Development of a
Generic Fuel Cell Model: Application to a Fuel Cell Vehicle Simulation", International Journal

of Power Electronics, 2012, (Accepted).

[4] Souleman Njoya M., Olivier Tremblay and Louis-A Dessaint, “A generic fuel cell model
for the simulation of fuel cell power systems”, IEEE Power & Energy Society 2009 General

Meeting Proceedings (Published).

[5] Souleman Njoya M., Olivier Tremblay and Louis-A Dessaint,“A generic fuel cell model
for the simulation of fuel cell vehicles”, IEEE 2009 Vehicle Power and Propulsion Conference

(Published).

Thesis outline

This thesis is organized as follows:

Chapter 1: Literature review

This chapter presents a literature survey of energy management schemes for fuel cell hybrid

systems and mention existing comparative studies of their performances.

Chapter 2: Design of the hybrid power system

This chapter describes the design procedure of the hybrid power system and select all the com-
ponents (fuel cell, batteries, supercapacitors and power converters) based on a typical emer-
gency load profile. Also state-of-the-art topologies are evaluated (in terms of efficiency, weight

and cost) and the hybrid power system architecture is selected.

Chapter 3: Modelling of the hybrid power system

Chapter 3 presents the modelling approach of the hybrid power system after a brief review of
the literature. The model parameters are obtained from specification and simple experimental
tests. The model performance are compared with experiments to confirm the validity of the

developed models.
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Chapter 4: Design of the energy management schemes

In this chapter, the most common energy management schemes are implemented for perfor-
mance comparison. A new scheme based on cost function optimization is proposed and an
off-line optimization based scheme is developed for comparison purpose. The chapter also
evaluates the performance of each energy management scheme through simulations. The cri-
teria for comparison are the fuel consumption, the batteries/supercapacitors state of charge and

the overall efficiency.

Chapter 5: Experimental validation

Here, the test bench is briefly described and the schemes are implemented in the real system
using LabVIEW real time software. The results are compared to simulations and the perfor-
mance of each scheme is validated. Beside the criteria considered in the simulation, the impact

of each EMS on the life cycle of the hybrid power system is studied.

Conclusion

The final section concludes with a synopsis of the thesis and identifies topics for further studies.



CHAPTER 1

LITERATURE REVIEW

Over the last decade, the interest of transportation industries to develop efficient and environ-
mentally friendly tractions systems have made fuel cell vehicles a reality. In these vehicles the
fuel cell system is usually assisted by batteries or supercapacitors, for fast starting and accel-
eration as well as for regenerative braking. A lot of work has been done on developing fuel
efficient energy management strategies for these vehicles, which can also be applied to fuel
cell hybrid system of more electric aircraft. This chapter presents different energy manage-
ment schemes reported in the literature and mention comparative studies that have been done

to evaluate their performances.

1.1 State—of-the-art energy management schemes

Different energy management strategies for fuel cell hybrid power systems have been reported
in the literature. The use of state machine control is a simple and well-known rule based
strategy (Fernandez et al. (2010)) , (Fernandez et al. (2011)), (Attaianese et al. (2012)), (Yang
et al. (2012)), each EMS rule or state is defined based on heuristic or empiric past experience.
Therefore, the performance of this strategy depends on how well the designer is familiar with
the operation of each component in the system. Figure 1.1 shows a summary of this approach,
implemented on a fuel cell vehicle. As shown the fuel reference power is obtained based on
the conditions (battery SOC and load power), the states as well as the speed of the vehicle.
The fuel cell operates in load following (LF) or load levelling (LL) mode and an hysteresis

controller is used for switching between each state.

Another widely used strategy is the rule based fuzzy logic energy management technique,
where the power distribution is accomplished through membership functions and the set of
if-then rules (Li et al. (2012)), (Caux et al. (2010)), (Zandi et al. (2011)), (Chun-Yan and Guo-
Ping (2009)). This strategy can be easily tuned to achieve optimal operation and its perfor-

mance is less sensitive to measurement imprecision and component variations. Nevertheless,



12

-0

|

.3
it
"
?

——
[
-

Yo 72N

h
-
:‘-.
2

Figure 1.1 State machine control strategy
Adapted from Fernandez et al. (2010)

the heart of the fuzzy logics controller resides on the if-then rules which require the knowledge
and past experience of an expert. Figure 1.2 shows an example where the fuel cell reference
power is obtained using this approach. The membership functions of the battery state of energy
(SOE), load power and fuel cell power are first defined. Then a set of rules (or the inference
matrix table) is created. The outcome is the fuzzy logic control surface which gives the fuel

cell reference power in terms of the battery SOE and load power.

Recently, energy management based on classical PI controllers have been proposed. This strat-
egy is based on the control of the main performance parameters such as the battery state of
charge (SOC), the supercapacitor voltage or DC bus voltage using PI controllers (Thounthong
et al. (2011)), (Wong et al. (2011)), (Wilhelm et al. (2010)), (Thounthong and Raél (2009)).
The knowledge of an expert is not necessary and the PI controllers can be easily tuned on-line
for better tracking. The load power is distributed in such a way to allow the fuel cell system
to provide the steady state load demand. Figure 1.3 depicts this strategy, where the fuel cell
current is obtained using 2 PI loops (an outer loop for the battery SOC and an inner loop for

the battery current).

The frequency decoupling strategy ensures the fuel cell provide low frequency demand while

the other energy sources deal with high frequency demand (Zhang et al. (2008)), (Ates et al.
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Figure 1.2 Rule based fuzzy logic strategy
Adapted from Caux et al. (2010)

Figure 1.3 Classical PI control strategy
Adapted from Thounthong and Raél (2009)

(2010)), (Vural et al. (2010)), (Erdinc et al. (2009)), (Garcia (2007)). This is achieved through

the use of low pass-filters, wavelet or fast Fourier transforms (FFT) techniques. This strategy
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improves the life time of the fuel cell system as the dynamic stress on the fuel supply system
is prevented. Here, the fuel cell system supplies a nearly constant mean load power while the
other energy sources discharge or recharge when the load power is above or below its mean
value respectively. This strategy is shown in Figure 1.4 where a three level wavelet transform
is used to decompose the load power into low and high frequency components. Also a fuzzy

logic controller is necessary for SOC control of the battery and supercapacitor.
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Figure 1.4 Frequency decoupling and fuzzy logic strategy
Adapted from Erdinc et al. (2009)
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To ensure optimal operation of the fuel cell system for maximum fuel economy or maximum
global efficiency, a cost function optimization strategy is used (Zheng et al. (2012)), (Gar-
cia et al. (2012)), (Torreglosa et al. (2011)), (Rodatz et al. (2005)), (Sciarretta et al. (2004)),
(Liangfei et al. (2009)). The most common strategy for real time implementation is the equiv-
alent fuel consumption minimization strategy (ECMS). The power distribution is determined
from the minimization of an instantaneous cost function, which consists of the fuel consump-
tion of the fuel cell system and the equivalent fuel consumption of the other energy sources.

The principle of the ECMS is shown in Figure 1.5 for a fuel cell/supercapacitor hybrid vehicle.

Figure 1.5 The ECMS strategy
Adapted from Rodatz et al. (2005)

The equivalent fuel consumption is obtained in terms of the charge and discharge equivalence
factors (s.n, and sg5), the probability (p(t)) of the supercapacitor energy being positive and
the supercapacitor power. The fuel cell power reference is the optimal fuel cell power which
minimize the summation of the equivalent fuel consumption and the fuel consumed by the fuel

cell.
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Other real time energy management strategies for fuel cell hybrid power systems have also
been reported. They include strategies based on model predictive control (MPC) (Bordons
et al. (2010)), (Kermani et al. (2012)), stochastic dynamic programming (Min-Joong and Huei
(2007)), neural networks (Moreno et al. (2006)), (Ates et al. (2010)) adaptive optimal control
(Lin and Zheng (2011)) and H,, control (Pisu and Rizzoni (2007)). These strategies are very
complex and require large computations which could potentially affect the response time of
the energy management system. Hence, they are not appropriate when the control is designed
based on standard microprocessors based solutions. Table 1.1 shows a summary of the pros

and cons of the existing energy management schemes (Erdinc and Uzunoglu (2010)).

Table 1.1 Brief comparison of EMS approaches
Adapted from Erdinc and Uzunoglu (2010)

1.2 Comparative study of energy management schemes

There exist few comparative studies of energy management scheme in the literature. But these
studies are mainly theoretical with less emphasis on the experimental validation. In (Valero
et al. (20006)), the classical PI control, the state machine control (based on the fuel cell global
efficiency) and an optimization based approach similar to the ECMS are compared through

simulations. The study were performed for a tramway, an urban bus and a office building. For
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all cases, the optimization approach performed better in terms of fuel consumption, follow by
the state machine control strategy. No experiments were done to validate these results. Also
other criteria such as the overall system efficiency and life cycle of the component were not

considered.

In (Pisu and Rizzoni (2007)), the state machine control is considered together with a modified
ECMS, where the equivalence factor is updated on-line based on the predicted load profile
(adaptive ECMS or A-ECMS) as shown in Figure 1.6. Also an H,, control was implemented.
In this case too, the simulation of each EMS performance was done using urban drive cycles
and the A-ECMS was found to be the best strategy in term of fuel consumption. No impact
of the EMS on component life cycle and efficiency was considered. Moreover, there was no

experimental validation.

Figure 1.6 Adaptive ECMS
Adapted from Pisu and Rizzoni (2007)

In (Fadel and Zhou (2011)), the study included the classical PI control, the rule based fuzzy
logic and the ECMS strategies. Here, the main criteria for performance comparison were the
fuel efficiency and battery cycling. The latter was evaluated by counting the number of battery
charge and discharge cycle. Here too, the ECMS was found to perform better, follow by the
fuzzy logic approach in terms of fuel consumption. But at the expense of larger battery cycles

compared to the classical PI control strategy. The work was validated experimentally, but using
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a programmable DC source to represent the fuel cell system. Moreover, a urban vehicle drive

cycle was also used to derive the load profile.

In all these studies, the performances of the EMS were evaluated using typical tramway or
urban vehicle drive cycles. The load demand seen by the fuel cell hybrid system is regenerative
and has low fluctuations compared to MEA emergency load profile. As an example, Figure 1.7
illustrates the differences between a typical urban tramway drive cycle and a MEA emergency
system load demands. As shown, for the MEA, the demand is highly fluctuating, which will
generates more stress on the energy sources. The EMS must be designed accordingly to ensure
a long life cycle of the hybrid power system as well as high overall efficiency. To determine,
which existing EMS is more suitable for MEA emergency load profile, their performances have

to be tested and compared using a real test bench setup, which is the goal of this study.

. -
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Figure 1.7 Load profiles:
(a) European urban tramway (b) MEA emergency power system
Adapted from Thounthong and Raél (2009) and Langlois (2006)

The next chapter starts with the design of the fuel cell hybrid emergency system of a MEA.
Afterwards, the performances of common energy management schemes are simulated and val-

idated experimentally.



CHAPTER 2

DESIGN OF THE FUEL CELL HYBRID POWER SYSTEM

2.1 Introduction

This chapter describes the design approach of the hybrid power system. At first, the power and
energy requirement for the hybrid system are derived using a typical emergency load profile of
a MEA. Then, the topology of the hybrid power system is selected based on criteria such as
weight, cost and efficiency. The fuel cell system is designed to meet the average load power,
while batteries and supercapacitors provide extra power during transients and overload. This
does not only reduce the size of the fuel cell system, but also improve the dynamic response
of hybrid power system. As for the battery and supercapacitor systems, they are designed
based on the extra power required, the total mission duration and the topology of hybrid power

system.

2.2 Hybrid power system power/energy requirement

The hybrid power system is designed based on the power and energy requirement for a typical
emergency landing scenario. In this study, a representative emergency landing cycle (Figure
2.1) provided by Bombardier Aerospace, is considered for all analysis. More details including
the description of events are provided in Appendix 4. As described in Figure-A IV-2 , when
the main generators are lost, the critical loads are supplied by the avionic and APU batteries
for about 20 s, before the RAT kicks in. When the RAT is ON, the batteries are turned OFF
and the heater/brake monitoring units (HBMUs) are turned ON for preparation for landing.
Afterwards, the flap/slat and landing gear are put into motion. As the aircraft gets close to
landing, its speed reduces below 147 Knots and the RAT goes off-line. Then, within 20 s, the
RAT tries to get back on-line when the critical load is reduced. Later, at aircraft touch down,
the RAT power reduces to zero.

This 5 min. landing cycle shows the behavior of the RAT during an emergency situation.

However in real life, the aircraft may need the RAT to operate not just during approach and
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Figure 2.1 Rat power during a 5 min. emergency landing

landing, but also during cruising as well. That is, the RAT may need to provide power for
0.5 - 4 h. For this study, the component of the hybrid power system are selected assuming
the emergency system will operate for half an hour. The emergency load profile considered is

derived from Figure 2.1 for a 30 min. flight scenario as shown in Figure 2.2.

Power (kVA)
N b q} w O

200 400 600 800 1000 1200 1400 1600 1800
Time (s)

OO

Figure 2.2 Rat power during a 30 min. emergency landing

From Figure 2.2, the emergency load characteristics can be derived as shown in Table 2.1.

Table 2.1 Emergency load characteristics

LOAD CHARACTERISTICS Value

Average power 7.5 kW

Peak power 10.5 kW (1 min.)
Maximum continuous power 8.5 kW (30 min.)
Transient peak power 10 kW (5 sec.)

Load voltage 115/200 V AC, 400 Hz
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The fuel cell system is designed to meet the average demand while the batteries and supercapac-
itors are designed to assist the latter during continuous and transient peak demand respectively.
Assuming the transfer (DC/DC converter) efficiency between the energy source and the load is
around 80% and a typical DOD (depth-of-discharge) of 30% for the batteries and supercapac-

itors, the power and energy requirements of the hybrid system are derived and summarized in

Table 2.2.

Table 2.2 Hybrid system power/energy requirement
COMPONENTS POWER/ENERGY REQUIREMENT
FUEL CELL SYSTEM
Continuous power 7.5/0.8 = 9.375 kW
BATTERY MODULES
Maximum power (10.5-7.5)/0.8 = 3.75 kW
Usable energy ((8.5-7.5)/0.8 x 30 x 60)/3.6 = 625 Wh
DOD 30%
Total energy content 625/0.3 = 2.08 kWh
SUPERCAPACITOR MODULES
Peak power 10 kW
Usable energy (10000 x 5)/3600 = 19 Wh
DOD 30%
Total energy content 21 Wh

From Table 2.2, the fuel cell system has to have a nominal power of 10 kW, whereas the battery
system should be able to provide 4 kW of power with a total energy content of 2 kWh. As for
the supercapacitor system, it should be able to provide 10 kW of power with a total energy
content of 21 Wh. With the power and energy requirement for each energy device known, the

next step is to select the topology of the power system.

2.3 Hybrid power system topology and component selection

To ensure the hybrid power system is designed for low cost, weight and high efficiency, its
topology must be properly selected. Several topologies have been reported in the literature.
From (Erdinc and Uzunoglu (2010)), (Ramos-Paja et al. (2010)), (Sripakagorn and Limwuthi-
graijirat (2009)), (Bauman and Kazerani (2008)) and (Piyush et al. (2012)), different topologies

are obtained and summarized in Figure 2.3. As shown, the energy devices can be connected
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to the DC/AC converter directly (direct integration), or through one, two or three DC/DC con-
verters. The peak power requirement and the direction of power flow of each converter are also
depicted. The DC/AC converter input voltage is determined from the line voltage (200 V) and

is equal to 270 V DC, which is typical for aircraft applications.

10 kW 14 kW 10 kW 14 kW
Fuel Cell | 20 DC/AC|— 115/200 V Lﬂ:vcveu o 115/200 V F::I l::a — 41270 ves kWE 115/200 V
Grom 200 Hy e [ [Dc/nc[ IDC/AC o _ DC/DC oc/ac— 152

Hz Hz

:

— —

—
4 kW | 4kW 4KkW
Battery Battery l Battery
(ki Modules Modules
10 kW sull 10 kW 10 kW
latziltzs @) Modules Modules

(b) (©

e 2oy A Flglz\gl o L e, 115/200 V FwIEV\I/I 1A arov AU
DC/DC DC/AC = 115/200 V
Fuel Cell I |DC/AC 115/200 V - / /i priyed DC/AC e
Eystem 400 Hz
— v - — —
4KW 2KkW ‘ 4 KW, 4 KW 4w

Battery Battery |
] e [T | B —
10 kW 10 kW 10 kW
s
s g

(d) () -

10 kW 10 kW 14 kW 14 kW 10 kW 10 kW 14 KW 14 kW oKW oKW oW

AL 2rov 270V
Fuel Cell
DC/DC pc/pc pe/ac— 115/200 V Fuel Cell 115/200 V Fuel Cell
smem| 0| T locio] o iy (B focod T found] poncriszmy (B oo
— —
—

— - — > ——
4 kW

115/200 V
400 Hz

Battery AR 4KW 4KW
Battery

e

10 kW 10 kW 10 kW 3

10 kW
Supercap Supercap
DC/DC Superca
o o
-

@ (h) )

10 kW

Figure 2.3 Hybrid power system topologies

Even thought the power density factor of the whole system is not considered in this study (as
the primary goal is to investigate the performance of different energy management strategies).
The topology is selected using off-the-shelf components and the main criteria are: the system
efficiency, weight, cost and power controllability. The power controllability or ability to control
the output power of each device allows the application of an effective energy management

Strategy.

The direct integration topology (Figure 2.3 (a)) together with topologies with one DC/DC
converter (Figure 2.3 (b), (c) and (d)) are more attractive as better efficiency can be achieved.
However, each energy device output power cannot be effectively controlled. Which is the

reason this study will focus only on topologies from Figure 2.3 (e) - (1).
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As a baseline for comparison, a 12.8 V, 40 Ah, Li-ion battery module from Valence and a 48.6
V, 88 F, supercapacitor module from NESSCAP are selected. These modules are considered for
the analysis as data such as cost and weight were readily available. A 2 kW DC/DC converter
module from TRACO POWER is also considered to evaluate the weight and cost of the DC/DC
converters used in the topologies. The specifications of the baseline devices are summarised in
Table 2.3. For analysis, the input voltage of the DC/DC converter is chosen to be 48 V for all

topologies.

Table 2.3 Baseline devices specifications

BASELINE DEVICES Value
Valence Li-ion U1-12XP battery module

Nominal voltage 128V
Nominal capacity 40 Ah
Max. Continuous current 80 A
Weight 6.5 kg
Cost us$885

NESSCAP EMHSR-0088C0-048R0S
supercapacitor module

Rated voltage, Vr 486V

Rated capacitance 88 F

Stored energy at Vr 28.9 Wh
Weight 11.5 kg

Cost US$1,200
TRACO TSC 4738 isolated DC/DC converter

Input voltage 40-58.4V DC
Output 270V DC,7A
Efficiency 85%

Weight 8 kg

Cost US$3,483

For each energy source, the required number of module in series is determined from its operat-
ing voltage (which can be either 48 V or 270 V). Then, the module capacity or capacitance can
be found using the energy requirement of Table 2.2. According to the specifications provided
by Valence and NESSCAP for different battery and supercapacitor modules (Figures-A I1I-1
and III-2 ), the module weight tends to vary linearly with the capacity or capacitance as shown

in Figure 2.4. As for the module cost, it is usually proportional to the capacity or capacitance
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Figure 2.4 Module weight vs. capacity/capacitance: (a) Valence battery module
(b) NESSCAP supercapacitor module

Topology Topology
Battery system (e) (U] (9) (h) (i) Supercap. system (e) () (9) (h) (i)
Voltage (V) 48 270 48 48 48 Voltage (V) 270 48 270 48 48
Module in series 4 21 4 4 4 Module in series 6 1 6 1 1
Capacity (Ah)’ 43 7.7 43 43 43 Capacitance (F)’ 13 65.6 13 65.6 | 65.6
Weight (kg)” 27.67 467 | 2767 | 2767 |27.67 Weight (kg)” 44.1 9.98 441 | 998 | 998
Cost (US$) 3806 3578 | 3098 | 3098 | 3098 Cost (US$) 1063 895 1063 | 895 | 895
*Capacity=2080/Voltage *Capacitance=2 x 21 x 3600 x (# of module in series)/Voltage®
**Weight estimated using Figure 2.4 (a) **Weight estimated using Figure 2.4 (b)
(a) (b)
Topology

DC/DC converters (e) (U] (9 (h) (i)

Weight (kg) 56 80 96 136 96

Cost (US$) 24381 34830 | 41796 | 59211 | 41796

(c)

Figure 2.5 Component characteristics for each topology: (a) Battery system
(b) Supercapacitor system and (c) DC/DC converters

and can be easily estimated. For the DC/DC converters, the cost and weight are assumed to be
proportional to the output power.

Figure 2.5 summarises the results obtained with each topology, with regards to the weight and

cost of each component.
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Finally, the overall results considering all selection criteria are summarized in Table 2.4. As

shown, the topology in Figure 2.3 (e) is more attractive in terms of efficiency, weight and cost.

This topology is therefore selected for the study.

Table 2.4  Overall characteristics of each configuration

Efficiency calculation example

Topology
Criteria (e) (f) (9) (h) U]
Efficiency (%) 91.2 87.5 86 79.7 | 85
Weight (kg) 127.7 136.7 167.7 | 173.65| 133.65
Cost (US$) 29250 | 39803 45957 | 63204 | 45789
Power controllability yes yes yes yes yes

Topology (g)
Efficien cy= P\oad/( Prc+Ppatt Pcap)

=(10 x 0.85+4) x 0.85 + 10/
(10+4+10)

Based on the selected topology, the following devices are selected for the hybrid power system:

° fuel cell system: 1 x 12.5 kW PEM (proton exchange membrane) fuel cell power module

(FCPM) from Hydrogenics, with a nominal power of 10 kW. The main specifications are

shown in Table 2.5. More details are provided in Appendix 3;

° battery system: 4 x 12.8 V, 40 Ah, Li-ion battery module from Valence. These modules

are connected in series;

) supercapacitor system: 6 x 48.6 V, 88 F, supercapacitor module from NESSCAP. These

modules are also connected in series.

With this selection, the usable energy of the battery system and supercapacitor system is 615

Wh and 21.6 Wh respectively (assuming a minimum DC bus voltage of 250 V), which is close

to the hybrid system energy requirement.

As for the converters, they are selected to match with the power requirement and consist of:

° fuel cell system DC/DC converter: 5 x 2.5 kW, 48 Vin, 270 Vout, DC/DC converter

module from TRACO POWER. The modules are classical push-pull boost converters
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Table 2.5 Fuel cell system specifications

PARAMETERS Value

Model HyPM® HD 12
Peak power 12.5 kW
Operating voltage 30-60 V

Peak efficiency 53%
Hydrogen consumption <190 I/min
Max. air flow rate <1300 I/min
Heat rejection <20 kW

H,0O collected < 24 |/min
Time from Idle to Rated power 5 sec

with transformer isolation. These modules are output voltage controlled with input cur-
rent limitation. That is, two control signals (output voltage and maximum input current)

must be provided;

° battery system DC/DC boost converter: 2 x 2 kW, 48 Vin, 270 Vout, DC/DC converter
module from TRACO POWER used for battery discharge. Similar to the fuel cell boost
converter, these modules require two control signals (output voltage and maximum input

current);

° battery system DC/DC buck converter: 1 x 1.2 kW, 270 Vin, 48 Vout, DC/DC converter
module from TRACO POWER used for battery charge. This module also require two
control signals (output voltage and maximum output current). For this study, two con-
verters are used with the battery system due to time constraint as a bidirectional DC/DC

converter was not readily available;

° inverter system: 3 x 5 kVA, 270 Vin, 200 VAC, 400 Hz, DC/AC converter module from
TRACO POWER. These modules are all transformer isolated and does not require any

control signals.

The complete system schematic is shown in Figure 2.6. As shown, the fuel cell and battery
energies are controlled through their associated DC/DC converters using a National Instru-
ment embedded controller (NI PXI-8108). The control signals for the DC/DC converters are
determined from the energy management system (implemented in the controller). A battery

management system is used to protect the battery system from overcharge, overtemperature
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and overdischarge. A protecting resistor is also used to prevent the overvoltage of the superca-
pacitor system or the inverter input voltage. The emergency load profile is generated using a

DC/AC programmable load. Chapter 5 describes in more details all the components.

FCPM

A DC DC =]
7 1/ e
Vou* Iin(max)

Protecting Resistor

=
CAN BUS 4 _‘
g i i RS 232
CAN BUS I:"!M,
BMS

ii i ¥ e !

RS 485

Load

lin(max)

Vout*
DC
:}—qJ— DC

Vout™ lout (Max)

Supercapacitor System

Battery System

DC

DC |—

Figure 2.6  Overall system schematic of the hybrid power system

2.4 Conclusion

This chapter presented the approach used to design and select the components of the hybrid
power system. The energy and power requirements were derived from a typical emergency
landing load profile of a MEA. Based on the efficiency, cost, weight and power controllability,
the topology of the hybrid system was selected. This topology consisted of using a separate
DC/DC converter for the fuel cell and battery systems and connecting the supercapacitor sys-

tem directly on the DC bus.
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The components of the hybrid system were selected based on the characteristics of the selected
topology and the emergency load profile. The specifications of these components were also
provided. The hybrid power system consists of a 12.5 kW Fuel cell power module, with a
nominal power of 10 kW along with 4x 12.8 V, 40 Ah battery module and 6x 48.6 V, 88 F
supercapacitor module. Also, the DC/DC and DC/AC converters were selected appropriately

to match with the power requirement.

The next chapter deals with the modelling of all the components and describes them in more

details.



CHAPTER 3

MODELLING OF THE HYBRID POWER SYSTEM

3.1 Introduction

In the study of energy management strategies, it is necessary to develop a full and quite accu-
rate model of each subsystem components. This helps in understanding the system behavior
and allows an effective design of the energy management system. This chapter describes the
modelling approach of each component of the hybrid power system. The fuel cell, batteries
and supercapacitors are modelled using generic models available in Simulink/SimPowerSys-
tems, where the model parameters are obtained from specifications or simple experiments. The
power converters are modelled using average-value equivalent models, which greatly reduce
the simulation time. As for the emergency load model, a 3-phase controlled current source is

used to represent the emergency load profile provided by Bombardier.

3.2 Modelling of the fuel cell, batteries and supercapacitors

There exist different types of models for fuel cell, battery and supercapacitor in the literature.
They can be classified into three categories: empiric or experimental model, electric-circuit

based model and electro-chemical model.

Empiric models represent the behavior of fuel cell or batteries using curve fitting or lookup
tables; obtained from the experimental polarization curves or charge/discharge characteris-
tics. Examples of such models can be found in (Yongping et al. (2010)), (Kim et al. (2005)),
(O’Hayre et al. (2005)), (Larminie and Dicks (2003)) and (Cadar et al. (2009)). The main

drawback with this modelling approach are the fact that the system dynamics are not modelled.

The electric-circuit based models use electrical elements to represent the characteristics of the
fuel cell, batteries or supercapacitors. Typically, the open circuit voltage, resistive losses and
the capacity are modelled using an ideal voltage source, resistor and capacitor respectively. The

model parameters are determined experimentally through current interrupt, impedance spec-
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troscopy or frequency response tests. Examples of such model can be found in (Ferrero et al.
(2012)), (Runtz and Lyster (2005)), (Buller et al. (2002)), (Zubieta and Bonert (2002)), (Sung-
woo et al. (2012)) and (Xiaosong et al. (2012)). These models represent electrical dynamics

effectively, however their validity is strongly dependent on the operating or test conditions.

Electro-chemical models involve modelling of each subcomponent (electrode, electrolyte, re-
actant diffusion and catalyst layers, heat transfer) using complex chemical and thermodynamics
equations. These models are mainly used for design purpose and are able to represent the dy-
namics and the impact of the operating conditions. Examples of such models can be found in
(Boaventura et al. (2011)), (Mingruo et al. (2004)), (Thanh-Son et al. (2012)), (Graham et al.
(2012)) and (Parashuram er al. (2000)). The main drawback of these models is the fact that
they require in-depth parameters such as cell area, thickness of electrode, porosity or volume

of electrolyte, which are not easily available.

Recently, an interesting approach of modelling of fuel cell, batteries and supercapacitors has
been proposed by the authors in (Njoya et al. (2009)), (Tremblay and Dessaint (2009)) and
(Blaud, Pierre Clément (2012)). This approach combines the characteristics of curve fitting
and electric-circuit based models, but with the advantage that the model parameters can be
obtained from fairly simple experiments or directly from manufacturer’s specifications. The
proposed models have been included in Simulink/SimPowerSystems (SPS) and are publicly
available (SimPowerSystems (2012)). For the analysis of power sharing or energy manage-
ment strategies, these models are judged to be sufficient and adequate as dynamics are well
represented. These models are selected for this study and are described briefly in the following

sections.

3.2.1 The fuel cell model

PEMFCs (proton exchange membrane fuel cell) are the most common fuel cell used for auto-
motive application. This is mainly due to the fact that they operate at low temperature (-20 -

100°C), therefore a fast starting from idle to full load operation can be achieved.
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Figure 3.1 shows the fuel cell operating principle along with electro-chemical reactions at
electrodes (Xin et al. (2005)). The cell is fed with the fuel (hydrogen) and air at the anode
and cathode respectively. Hydrogen gas, with the help of a catalyst, separates into electrons
and hydrogen ions. These ions flow to the cathode through the electrolyte while the electrons
flow through an external circuit (electricity is generated). At the cathode, the hydrogen ions

combine with oxygen (from air) to form water.

Electrode reactions

Anode: H, 2 2H" + 2¢”
Cathode: 2H' + 2e” + % 0, 2 H,0

Overall: H, + % 0, 2 H,0

Figure 3.1 Fuel cell operation and electrode reactions
Adapted from Xin et al. (2005)

The fuel cell model available in SPS is a modified version of the approach proposed in (Padulles
et al. (2000)) and (Pukrushpan et al. (2002)), where the dynamics of the reactant flow inside the
electrode are neglected. Hence, the determination of partial pressure of reactants are decoupled

from the electrode characteristics (such as anode/cathode volume and orifice area).

The thermodynamic voltage generated from the electro-chemical reactions is given by the

Nernst equation as follows:

4443 RT .
S+ gin (Pn.P3,) (3.1)

E, = 1.229 + (T — 298) -

Where Py, and Pp, are the hydrogen and oxygen partial pressures (atm), 7" is the operating

temperature (K), /' and R are Faraday constant (A s/mol) and ideal gas constant (J/mol K).
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The partial pressures are determined in terms of the utilizations (rate of conversions) of reac-

tants as follows (Njoya et al. (2009)):

PH2 = (1 - Usz)x%Pfuel (3.2)

Po, = (1 = U fo,)y% P (3.3)

Where U fp, and U fo, are the hydrogen and oxygen utilizations, Py, and F,;, are the supply
pressures of fuel and air (atm), x and y are the percentages of hydrogen and oxygen in the fuel

and air (%).

The reactant utilizations are expressed in terms of inlet flow rates and cell current as follows:

60000RTi 4.
U = 3.4
fH2 2FPfuelVfuelx% ( )
60000RT'i .
V10 = R P V% )

Where Vi, and V,;, are the fuel and air flow rates (I/min), 7. is the cell current (A).

The cell open circuit voltage is proportional to the thermodynamic voltage and is given by:

Eoc - Kc ’ En (36)

Where K. is the voltage constant.

Considering the losses due to reaction kinetics (activation losses) and species transport (resis-

tive and diffusion losses), the cell output voltage is given by:

V= Eoc - Vact - ‘/r (37)
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With,
Vaet = Aln ey, L (3.8)
act io ) sTy/3+1 '
Vi = Tohm * ch (3.9)

Where A is the Tafel slope (V), i is the exchange current (A), 7.5, 1s the cell resistance (ohm),
T, is the cell settling time to a current step. It is assumed the cell voltage will exhibit a delay

approximately equal to 3 times the time constant during a sudden change in cell current.

The exchange current and the Tafel slope are given by:

. 2Fk(Pu, + Po,) ~AG

10 i -exp(ﬁ) (3.10)

T
A—R

- 11
2aF 3.11)

Where AG is the activation energy barrier (J), « is the charge transfer coefficient, k£ and h are

the Boltzmann’s constant (J/K) and the Planck’s constant (J s) respectively.

The fuel cell stack (multiple cells in series) output voltage is derived knowing the number of
cells as:

Vie=N-V (3.12)

Where N is the number of cells.

The effect of oxygen starvation (due to the air compressor/blower delay) on the stack voltage
is modelled using the parameters for flow dynamics such as the peak utilization (U fo, peak))
and the corresponding voltage undershoot (V;,). The lack of oxygen inside the cell causes its

utilization to increase above the nominal value and the Nernst voltage is modified as follows:

—44.43  RT

RT 0y B
2F +2Fl”(PH2POz> Ku(Ufo, = Ufomem)  (3.13)

E, = 1.229 4 (T — 298) -
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Where U fo,nom 1S the nominal oxygen utilization (%) and K, is the voltage undershoot con-

stant.

Figure 3.2 shows the model of the fuel cell stack implemented in SPS. Block A represents
Equations 3.4 and 3.5. Block B represents Equations 3.1-3.3, 3.6 and 3.13. Block C represents
Equation 3.11.

V/i/el(l/min) >
Vair(l/min) — .
Pjuel(atm)» B
qu'r(atm)+ //// Ujoz T(K)—»]
Block
T(K) ™ // x% —»| ;C
x% —» yoa |
y% — Ppa(atm) — S
P (atm) —

Figure 3.2 Fuel cell stack model

The parameters required by the model are obtained from a polarization curve test on the fuel
Cell Power Module (FCPM). As shown in Figure 3.3, the FCPM electrical output is directly
connected to a programmable load, which operates in DC mode, constant current demands. As
soon as the FCPM is in RUN mode and no load, current steps are applied following the fuel
cell maximum allowable current (this maximum current is provided by the FCPM controller,
to avoid oxygen starvation). The FCPM and the programmable load are controlled from the NI
PXI-8108 through CAN bus and RS 232 respectively. The parameters obtained are shown in
Figure 3.4.
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CAN BUS RS 232
A NI PXI embedded
controller A
. . - ‘ :
1 o g
Fuel Cell Power Module Programmable AC/DC
H; Tanks (FCPM) load

Figure 3.3  Fuel cell experimental setup

FUEL CELL MODEL INPUT PARAMETERS 60
Voltage @ 0 Aand 1 A[V_0 (V), V_1 (V)] [52.5,52.46] | = 50 —
Nominal operating point [Inom (A), Vnom (V)] [250, 41.15] %’) \\\“250,4145) (a20352)
Maximum operating point [lend (A), Vend (V)] [320,39.2] | £ 40
Numper of cells ) 65 = 30
Nominal stack efficiency (%) 50 0 50 100 150 200 250 300 350
Operating temperature (Celcius) 45 Current (A)
Nominal Air flow rate (Ipm) 732 s 20
Nominal supply pressure [Fuel (bar), Air (bar)] [1.16, 1] = Y
Nominal composition (%) [H2, 02, H20 (Air)] [99.95, 21, 1] § 10 — ToTeTaR)— (2S4kW)
Fuel cell voltage response time (sec) 1 2 |
Peak O2 utilization (%) 60 % 50 100 150 200 250 300 350
Voltage undershoot (V) @ Peak O2 utilization 2 Gurrent (A)

(a) (b)

Figure 3.4 Fuel cell stack model: (a) input parameters (b) polarization curves

Figure 3.5 shows the simulation and test results (at nominal condition, P, = 1.16 bar, P,;, =
1 bar, ' = 45°C) along with the percentage error between the simulated and the real fuel cell

output voltage.

It can be observed from Figure 3.5 that in the activation region (region with predominant acti-
vation losses), the steady state error is within + 1% whereas the transient errors are within 4
4%. In the ohmic region (region with predominant resistive losses), the error is also within +
1% for both transient and steady state conditions. This low error indicates the fuel cell system

behavior is well represented by the model.
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Figure 3.5 Fuel cell model validation: simulation vs. experimental results of the 12.5
kW fuel Cell Power Module (FCPM), Py, = 1.16 bar, F;, = 1 bar and T' = 45°C

3.2.2 The battery model

The batteries considered for this study are of type Li-ion as they have proven to exhibit a
high energy density and efficiency compared to other battery types (such as lead-acid, NiCd
or NiMH) (Garcia et al. (2012)). This makes them more attractive for automotive or aircraft

applications.

The battery model available in SPS is based on a modified Shepherd curve fitting model (Shep-
herd C. M (1963)), where an additional term (voltage polarization) is added to the battery
discharge voltage expression to better represent the effect of the battery SOC on the battery
performance. Also, to ensure the simulation stability, a filtered battery current instead of the

actual battery current, is used to account for the polarization resistance. For a Li-ion battery
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type, the battery voltage is expressed as (Tremblay and Dessaint (2009)):

Q
Q —it
+Ayexp(—B -it) - K

Voar = Eo — K

it — Ry -1

Q
o (3.14)

Where Ej is the battery constant voltage (1), K is the polarization constant V/(Ah), @ is the
battery capacity (Ah), ¢* is the filtered battery current (A), it is the actual battery charge (Ah),
A, is the exponential zone amplitude (V'), B is the exponential zone time constant inverse

(Ah)~! and Ry, is the battery internal resistance (€2).

Q

The term K &it from Equation 3.14 is referred as polarization voltage while the term /' Ot

is the polarization resistance (Pol,.).

During charging, the battery voltage increases abruptly after being fully charged, this behavior

is represented by modifying the polarization resistance (only during charging) as follows:

Q
Polyeg = K———— 3.15
Pree =R Z01-Q G-1)

Figure 3.6 shows the model of the battery implemented in SPS.

The parameters required by the model are obtained from the battery specifications and from
the battery dynamic test for better accuracy. Figure 3.7 shows the experimental setup. The
superpacitors are used to discharge and recharge the batteries. The charge and discharge cur-
rents are controlled through DC/DC converters. Figure 3.8 shows the model input parameters
along with simulated discharge curves for the battery system (4x 12.8 V, 40 Ah, Valence Li-ion

battery module).

Figure 3.9 shows the simulation and test results along with the percentage error between the
simulated and the real battery system output voltage. As shown, the obtained error is less than
+ 2% for both transient and steady state conditions, which confirms the validity of the battery

model.
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Figure 3.6 Li-ion battery model
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Figure 3.7 Battery and supercapacitor systems experimental setup

3.2.3 The supercapacitor model

Supercapacitors also known as Electric Double Layer Capacitors (EDLCs) are similar to con-
ventional electrostatic or electrolytic capacitors, with the advantage that they can store or re-

lease more energy due to their high capacitance.
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Nominal Current Discharge Characteristic at 0.43478C (17.3913A)

BATTERY MODEL INPUT PARAMETERS 60, ==
° =
Nominal Voltage (V) 48 850 CiNomireraren
Rated Capacity (Ah) 40 E 40 [ JExponential area
Maximum Capacity (Ah) 40 T
Fully Charged Voltage (V) 55.88 0 10 20 30 40 50
Nominal Discharge Current (A) 17.4 Ampere-hour (Ah)
Internal Resistance (ohms) 0.012 E0 = 524852, R = 0.012, K = 0.0076366, A = 3.5949, B = 1.5265
Capacity (Ah) @ Nominal Voltage 36.17 » %9 —20A
Exponential Zone [Voltage (V), Capacity (Ah)] [52.3, 1.96] 350L —80A
Battery Voltage response time (sec) 30 E \\
40 A
0 10 20 30 40 50
(@) Ampere-hour (Ah)

(b)

Figure 3.8 Battery model: (a) input parameters (b) discharge curves
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Figure 3.9 Battery model validation: simulation vs. experimental results,
charge-discharge of the 48 V, 40 Ah, Li-ion battery system

The EDLC cell consists of two porous carbon electrodes immersed in an electrolyte. When
a voltage is applied across the electrodes, the negative ions from the electrolyte migrate to
the positive electrode while the positive ions migrate to the negative electrode. Two layers of
charges are then formed (one layer at each electrode), hence the name double layer capacitor.
Due to the porosity of the electrode and the extremely small distance separating the charges, a

high capacitance is achieved.
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The supercapacitor model implemented in SPS is based on the Stern model, which combines
the Helmholtz and Gouy-Chapman models (Oldham (2008)), (Amokrane (1996)). The capac-
itance of a EDLC cell is expressed as (Blaud, Pierre Clément (2012)):

c—{l L }1 (3.16)
Cn  Cac '
With,
N.ccoA;
Oy = et (3.17)
d
FQ. . Q.
Crr = —2° sinh 3.18
¢ = oN.RrT ™ (N(?Ai\/é%RTeeoc) ©-18)

Where C'y and C¢ are the Helmholtz and Gouy-Chapman capacitance (F) respectively, N, is
the number of electrode layers, € and ¢ are the permittivities (F/m) of the electrolyte material
and free space respectively. A, is the inter-facial area between electrodes and electrolyte (m?),
d is the Helmholtz layer length (or molecular radius) (m), (). is the cell electric charge (C) and

¢ is the molar concentration (mol m ).

For a supercapacitor module of N cells in series and N, cells in parallel, the total capacitance
is given by:

Cr=

zl=

-C (3.19)

The supercapacitor output voltage is expressed considering resistive losses as:

Vsc = % — Rgc - isc (3.20)
T

With,
Qr = NyQ. = /iscdt (3.21)
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Where ()7 is the total electric charge (C), Rgsc¢ is the supercapacitor module resistance (2) and

15c¢ 1s the supercapacitor module current (A).

Figure 3.10 shows the model of the supercapacitor implemented in SPS.

Internal )
Resistance Isc
esistance »

Controlled
voltage VSC
source

V7

\

V,= N, d L 2NNRT i S 2 <Q
N,N ¢&,4, F N,N,4,\[8RT¢,c g

Figure 3.10 Supercapacitor model

The critical parameters required by the model are obtained from the specifications (rated ca-
pacitance and voltage, DC resistance), while the number of electrodes layers and the molecular
radius are adjusted for better accuracy based on experiments. Figure 3.11 shows the model
input parameters along with simulated discharge curves for the supercapacitor system (6x 48.6

V, 88 F, NESSCAP supercapacitor module).

SUPERCAPACITOR MODEL INPUT PARAMETERS e J0A = 50A === 100A
Rated Capacitance (F) 15.6 300

Equivalent Series Resistance DC (Ohms) 0.15 S

Rated Voltage (V) 291.6 ° 200%

Surge Voltage (V) 307 2 \\ \

Number of Series Capacitor 108 3 100

Number of Parallel Capacitor 1 >

Number of Layer* 6

Molecular Radius (m)* 0.4x10° % 50 100 150 200 250
Operating Temperature (°C) 25 Time (s)

*Estimated (a) (b)

Figure 3.11 Supercapacitor model: (a) input parameters (b) discharge curves
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Figure 3.12 shows the simulation and test results along with the percentage error between
the simulated and the real supercapacitor system output voltage. It can be observed that the

accuracy of the model is within &+ 2%, which is sufficient for the study.
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Figure 3.12  Supercapacitor model validation: simulation vs. experimental results,
charge-discharge of the 270 V, 15 F supercapacitor system

3.3 Modelling of power converters

The fuel cell and battery system are connected to the DC/AC converter through DC/DC con-
verters. This allows voltage conversion (from low voltage to high voltage and vice-versa) as
well as full control of the fuel cell/battery current and DC bus voltage. The fuel cell system
DC/DC converter is of boost type while the battery system converters consist of one DC/DC
converter of boost type (discharge converter) and one DC/DC converter of buck type (charge
converter). Preferably, to improve the system power density, a bidirectional DC/DC converter

should be used for charging and discharging of the battery system.

DC/DC converters can be represented by two types of models which are: the switching mod-
els and the average-value models. The switching models are mainly used for design purpose
and to investigate types of pulse-width-modulated (PWM) schemes with regards to switching

harmonics and losses. These models require small sampling time to observe all the switch-
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ing actions, which makes the simulation very time consuming. The average-value models on
the contrary are less time consuming as the switches are replaced by controlled voltage/cur-
rent sources. The switching harmonics are not represented, but all the converter dynamics are

maintained, which makes these models attractive as larger sampling time can be used.

3.3.1 The DC-DC boost converter model and control

The DC/DC boost converter is modelled assuming a standard transformer-less DC/DC boost
converter topology. Its circuit is shown in Figure 3.13 along with its averaged-value switch
model equivalent. The switch is essentially replaced by a voltage controlled source at the low

voltage side and a current controlled source at the high voltage side.

L IL IH
+o—1MM\ | o+
V. T S c— W T

[ 0O -

l l I
l l c— W
| |
| |
J

(b)

Figure 3.13 DC/DC boost converter: (a) standard transformer-less boost circuit
(b) equivalent averaged-value switch model

The voltage and current of these controlled sources are obtained from steady state equations as

(Erickson and Maksimovic (2001)):

Vi=(1-D)Vyg (3.22)



44

Iy =n(l—D)I, (3.23)

Where V;, and I}, are the voltage and current at the low voltage side respectively. Vi and Iy
are the voltage and current at the high voltage side respectively. D is the duty cycle and 7 is

the converter efficiency.

The converter efficiency is assumed to be constant below 10 % full load and then varies linearly

with load afterwards. That is, the efficiency is expressed above 10 % full load as:

n=aly+b (3.24)

Where the constants a and b are derived knowing the efficiency at rated and 10 % full load.

The converter is a regulated output voltage with input current limitation. These features are
included to the model by adding an outer voltage control and inner current control loops as
shown in Figure 3.14. The design of these control loops is made considering the average-value

model dynamic behavior.

3.3.1.1 Design of boost converter control loops

From the average-value equivalent circuit (Figure 3.13 (b)), the inductor (L) voltage and ca-

pacitor (C') current can be expressed as:

dI

Ld—tL —V,—(1=D)Vy (3.25)
v,

Cd_tc =n(1=D)I, — Iy (3.26)

Which gives the inductor current and capacitor voltage in Laplace domain as:

B Vi—(1—=D)Vy
- Ls

Ir(s) (3.27)
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L Switch Model

Current
limiter

s Voltage " ( 9‘ *
A regulator VH

A

Figure 3.14  Control of the DC/DC boost converter

n(l—D)IL—]H

Ve(s) = Vi(s) = O (3.28)
Using Equation 3.22, Equation 3.28 becomes:
(i) 1=
Vo(s) = Vy(s) = s (3.29)

The converter plants are reduced to first order transfer functions which can be controlled using
simple PI regulators. This is shown in Figure 3.15.

The open loop transfer functions are given by:

Hifs) = SEE IR (3.30)
K K; 1
Hy(s) = mpea £ Biv - L 3.31)



46

Current regulator Plant Model

Figure 3.15 The DC/DC boost converter regulators:
(a) current regulator (b) voltage regulator

Where the proportional gains K,;, K, and integral gains K;;, K;,, are determined knowing the

regulator response times as:

Ky = 2w L (3.32)
K,y = 2w, C (3.34)
K =w?,C (3.35)
With,
“in [0.05 1= 42}
i = 3.36
Cw o (3.36)
—In [0.05 1= gﬂ
Cwnv = (3.37)

TR’U
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Where w,,; and w,, are the current and voltage controller bandwidth respectively, ¢ is the
damping coefficient and Tr; and Tg, are the current and voltage controller response times

respectively. T'g; is chosen to be one tenth of T',.

The model parameters for the fuel cell converter and battery discharge converter are summa-
rized in Figure 3.16. The efficiencies at 10% and 100 % full load are obtained from experiments

along with the voltage regulator response time.

FUEL CELL BOOST CONVERTER MODEL INPUT PARAMETERS

Full load current (A) 45

Efficiency @ 100% and 10% Full load (%) [n1, n2] [85, 90]
Voltage regulator response time (s) 0.1
Load capacitance (F) 15.6

(a)

BATTERY BOOST CONVERTER MODEL INPUT PARAMETERS

Full load current (A) 18
Efficiency @ 100% and 10% Full load (%) [n1, n2] [80, 88]
Voltage regulator response time (s) 0.1
Load capacitance (F) 15.6

(b)

Figure 3.16 DC/DC converter model input parameters:
(a) fuel cell boost converter (b) battery boost converter

The performances of the DC/DC converter models are shown in Figure 3.17 for both the fuel
cell and the battery system. As shown the boost converter models and the real converters have
very close responses to load changes as well as during overload. The voltage is well regulated
and the input current is well limited to its maximum reference current. For the fuel cell system,
the slow response obtained both experimentally and in simulation is due to the current slope

limitation (40 A/s) to deal with the problem of oxygen starvation.
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50 T r 55
g
=S
3
——— 2E 45
=>

| |
| |
: : 40
20 40 60 80 100 20 30 40

50

Input

Voltage (V)
N
I

40— . . 15
< | M <
= H- o~ .= 10
28 20 38
33 el e 33 5
oo [oX@]
0 }’ i 0
20 40 60 80 100 20 30 40
Time (s) Time (s)
(a) (b)

Figure 3.17 DC/DC boost converter validation:
(a) Fuel cell converter (b) Battery converter

3.3.2 The DC-DC buck converter model and control

Similar to the model of the DC/DC boost converter, the DC/DC buck converter is modelled
assuming a standard transformer-less DC/DC buck converter topology. Its circuit is shown in
Figure 3.18 along with its averaged-value switch model equivalent.

For the buck converter, the steady state equations are given by:

Vi = DVy (3.38)

Iy =—— (3.39)
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Figure 3.18 DC/DC buck converter: (a) standard transformer-less buck circuit
(b) equivalent averaged-value switch model

The converter is a regulated output voltage with output current limitation. Similar to the boost
converter, the model uses an inner current control loop and an outer voltage control loop to
represent these features. This is shown in Figure 3.19.

3.3.2.1 Design of buck converter control loops

From the average-value equivalent circuit (Figure 3.18 (b)), the inductor (L) current and ca-

pacitor (C') voltage can be expressed in Laplace domain as:

DV —V,
I(s) = % (3.40)
I —n(¥) 1
Ve(s) = Vi(s) = - <VL> . (3.41)

Cs

Similar to the boost converter control, PI controllers are used as shown in Figure 3.20. The PI

controllers gains are also determined using Equations 3.32 - 3.37.
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Switch Model L

I=Dl/m V=DV Current | D
Q regulator

I*

Current
limiter v

/s Voltage ¢ CB «—\/ *
A | regulator L

Figure 3.19 Control of the DC/DC buck converter

Current regulator Plant Model

Figure 3.20 The DC/DC buck converter regulators:
(a) current regulator (b) voltage regulator

The model parameters for the buck converter are summarized in Figure 3.21. The efficiencies
at 10% and 100 % full load are obtained from experiments along with the voltage regulator

response time.
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BATTERY BUCK CONVERTER MODEL INPUT PARAMETERS

Full load current (A) 20
Efficiency @ 100% and 10% Full load (%) [n1, n2] [80, 88]
Voltage regulator response time (s) 0.1
Load capacitance (F) 0.1

Figure 3.21 buck converter model input parameters

The performances of the buck converter model is shown in Figure 3.22. As observed, the model
behaves as the real converter with similar responses to changes in output voltage reference and

output current limits.
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Figure 3.22 Buck converter model validation
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3.3.3 The DC-AC converter model

Similar to the DC/DC converter model, the DC/AC converter is represented by an average
value model shown in Figure 3.23. A 3-phase 200 V, 400 Hz voltage signal is the reference for
the voltage controlled sources. The input current is obtained from the generated output power
and DC bus voltage. A fixed efficiency is assumed, as for inverters, the efficiency does not

varies much with load.

3-phase Switch Model i

[ =

IN

Figure 3.23 DC/AC converter model

The performances of the DC/AC converter model is shown in Figure 3.24. As observed, the

model behaves as the real converter with similar response during a load step.

3.4 Modelling of the emergency load

The load is represented by a 3-phase controlled current source, where the load current is ob-
tained from the 3-phase apparent power (kVA) load profile, the power factor and the nominal

line voltage.

The model equations are as follows:
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Figure 3.24 DC/AC converter model validation

The load impedance vector is given by:

VD2 om )
7 =  —Lnom 3.42
(Bﬁde G:42)
With,
B, = (S/3)cost (3.43)
Qp = 1/(S/3)? — P2 (3.44)

Where Vp,,on, is the nominal rms phase voltage (115 V). P, and (), are the phase active and

reactive power (W) respectively. .S and cosf are the provided 3-phase apparent power(VA) and

power factor.

The phase voltage vector is obtained from the 3-phase voltage using the Park transformation

(T) as:
Ve=T"[Van, Van, Von] (3.45)
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Finally, the phase currents can be determined as:

V.
[Ia, I, Ic)] =T 7 (3.46)

The load model implemented in SPS is shown in Figure 3.25, where Block A represents Equa-

tions 3.42 - 3.44.

S—»|
coSO—- Block z -
A Is

VProm— x

Van

Ven ) Park | Vs

Vo pf T

In

O_g Inverse
Park
A A b | T

Figure 3.25 Emergency load model

3.5 Conclusion

In this chapter, the model of each component of the hybrid power system was developed. The
models of the fuel cell, battery and supercapacitor available in SPS were selected for this study
due to the fact that the model parameters could easily be determined from specifications or
simple experiments. The model performances were compared to experiments and a maximum

error of + 2 % was obtained, which confirms the validity of the models.

As for the power converter models, an average-value modelling approach was selected to re-

duce the simulation time, while keeping the converter dynamics. The models included the
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impact of converter efficiency and the voltage/current controllers dynamics were designed to
match with the real system. The performances of the fuel cell and battery converter models

were compared to experiments and the results obtained were as expected.

The emergency load were modelled using controlled current sources, where the load currents
were obtained from the provided 3-phase apparent power (kVA) load profile and the power

factor.

With the model of each component of the hybrid system completed, different energy manage-
ment schemes can be implemented and simulated, with the goal to obtain the scheme which

best fits with MEA load profile. This topic is addressed in the next chapter.






CHAPTER 4

DESIGN OF THE ENERGY MANAGEMENT SCHEMES

4.1 Introduction

To ensure the fuel cell, battery and supercapacitor systems operate efficiently and within their
respective constraints, an energy management system is necessary. This chapter focuses on
the design and simulation of the energy management schemes. The most common strategies,
which can be easily realisable using standard microprocessors-based solutions, are selected for
performance comparison. Moreover, a new cost function based optimization strategy is pro-
posed, with the objective to minimize the fuel consumption. Also, an off-line optimization
strategy is developed, which will serve as a baseline for comparison in terms of fuel consump-

tion.

The performance of each EMS is simulated with the same initial conditions and the main
criteria for comparison are: the hydrogen consumption, the state of charges of the batteries/su-

percapacitors and the overall system efficiency.

4.2 Design of the energy management schemes

The main objectives of an energy management system are to guarantee the following:
° low hydrogen consumption;

° high overall system efficiency;

° narrow scope of the battery/supercapacitor SOC;

° long life cycle.

This is achieved by controlling the power response of each energy source with load demand

through their associated converters, using a given energy management strategy (EMS).
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The energy management schemes addressed are state-of-the-art, most commonly used energy

management techniques in fuel cell vehicle applications and include:

) the state machine control strategy (Fernandez et al. (2010)) , (Fernandez et al. (2011));
° the rule based fuzzy logics strategy (Caux et al. (2010));
° the classical PI control strategy (Thounthong et al. (2011));

° the frequency decoupling-fuzzy logics strategy (Ates et al. (2010)), (Erdinc et al. (2009)),
(Vural et al. (2010));

° the equivalent consumption minimization strategy (ECMS) (Garcia et al. (2012)), (Tor-
reglosa et al. (2011)), (Rodatz et al. (2005)).

In addition, a novel strategy based on Hy consumption minimization is proposed. The strategy
consists on maximizing the energy delivered by the batteries and supercapacitors at any given
instant while meeting their operating constraints. The main advantage of the proposed strategy
over the ECMS and other H, consumption minimization strategies is its non sensitivity to the
load profile as the cost function to be optimized does not include the equivalent fuel consump-
tion, which strongly depends on the whole mission profile. This improves the performance of
the energy management system and a near optimal solution can be obtained. To ascertain the
validity of the proposed strategy in terms of fuel consumption, an off-line optimization based

strategy is also developed.

For fair comparison, all the EMS are designed based on the same requirements (given in Table
4.1). To prevent reactants starvation, the fuel cell current slope (when positive) is limited to the
maximum slope of 40 A/s. Also to operate the battery system efficiently, it is required to keep

the battery SOC above 40 % at all time.

The DC bus voltage (or supercapacitor SOC) is regulated through the battery converters for
all EMS strategies as shown in Figure 4.1 (f). The voltage regulator consists of a simple PI
controller. The main difference between the EMS relies on the approach to obtain the fuel cell

reference power. The following sections describe the EMS considered in details.



Table 4.1

Energy management design requirements

DESIGN REQUIREMENTS Value
Fuel cell power [Pfcmin - PfCmax 1 (kW) [1-10]
Battery power [Pbatty,, - Pbattnax ] (kW) [-1.2-4]
Battery state of charge [SOCpn - SOCnax] (%) [60 - 90]
DC bus voltage [Vdcmi, - VdCmax] (V) [250 - 280]
Fuel cell current maximum slope (A/s) 40
PIoaL» P, * I Pross Fuzzy logic controller
State Machine fo fe — " Pr* lec*
SOCg> Control Algorithm soc ..:I:.l_ ::, ) 4>
n Vs n Vi j
@) ()
Pioad P
P " % — o - s
SOC* 4>©_> G X . l\._l_.l . l\._. fc - c
? - ; ! . soc_ ."""'-':I'-\. k!
soc load n Ve Fuzzy logic N Ve
controller
© )

Pioag P * Iie*
ECMS fo ° Ve 4»() »| Voltage
: E—
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> v, ? |bat|_buck
n Vi «
(e) (U]

Figure 4.1 Classical energy management schemes:(a) state machine control
(b) rule-based fuzzy logic (c) classical PI control (d) frequency decoupling and fuzzy
logic (e) ECMS (e) DC bus voltage control common to all EMS

4.2.1 The state machine control strategy

The state machine control strategy implemented consists of eight states as shown in Figure 4.2
(a). These states are derived using the same approach proposed in (Fernandez et al. (2011)).
The fuel cell power is determined based on the battery SOC range and load power (Fjyqq)-
The EMS scheme is depicted in Figure 4.1 (a). One drawback of this method is the fact that an
hysteresis control (shown in Figure 4.2 (b)) is required when switching the states, which affects
the response of the EMS to changes in load demand. As shown, the output of the algorithm is
the fuel cell reference power, which is divided by the fuel cell voltage and the DC/DC converter

efficiency to get the fuel cell reference current.
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STATE MACHINE CONTROL DECISIONS

If SOC High & Pioag < PfCmin state=1 Pfc*=Pfcmin

If SOC High & Pioaqg € [PfCmin, PfCmax] state=2 Pfc*=Poad

If SOC High & Pioag 2 PfCmax state=3 Pfc*=PfCmax

If SOC Normal & Piaq < PfCopt state=4 Pfc*=Pfcop

If SOC Normal & Pioaq € [PfCopt, PfCrmax] state=5 Pfc*=Poaq

If SOC Normal & Pjoag 2 PfCmax state=6 Pfc*=Pfcmax

If SOC Low & Pioag < PfCmax state=7 Pfc*=P\0aq+Pchar

If SOC Low & Pioag 2 Pfcmax state=8 Pfc*=PfCmax

SOC High = SOC > SOC,,ax Pchar=-Pbattmi,
SOC Normal = SOC € [85, 65] PfCopt=PfC| max. efficiency

SOC Low = SOC < SOCpin
(a)

SOC Normal
«
SOC Low
>
SC)Cmin 65 SOC
SOC High
-
SOC Normal
| |
85 SOCnax sOC

(b)

Figure 4.2 (a) State machine control decisions and (b) Hysteresis control

The state machine control strategy is implemented in SPS using a Simulink S-function block,
to facilitate the code transfer from the simulation environment to the LabVIEW real time en-
vironment. The S-function consists essentially of sets of if-else statements derived from Table

4.1 and Figure 4.2. The full code is given in Appendix 1.
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4.2.2 The rule based fuzzy logic strategy

This scheme has a faster response to load change compared to state machine control and is
more robust to measurement imprecisions. The fuel cell power is obtained based on the load
power and SOC membership functions and the set of if-then rules. The scheme is shown in
Figure 4.1 (b). The design is made following an approach similar to (Caux et al. (2010)) where
trapezoidal membership functions are used as shown in Figure 4.3. The fuzzy logic rules are
derived from the state machine control decisions as shown in Figure 4.4 (a). The Mamdani’s
fuzzy inference approach is used along with the centroid method for defuzzification. The fuzzy

logic control surface obtained is shown in Figure 4.4 (b).
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Figure 4.3 Membership functions

The rule based fuzzy logics strategy is implemented in SPS using a Simulink Fuzzy Logic
Controller block from the Fuzzy logic Toolbox. The design of this Fuzzy Logic controller is
made with the help of the FIS (Fuzzy Inference System) Editor GUI (Graphical user interface)
tool of Matlab. This tool allows to create input/output variables, membership functions and

rules in a very convenient fashion, without having to develop complicated fuzzy logic system

code.
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FUZZY LOGIC RULES

IfSOCH & Piad VL Pfc* = VL
IfSOCH & Pioag L Pfc* =L
IfSOCH & Pioad M Pfc* =M
IfSOCH & Pioad H Pfc* =
IfSOCM & Pioad VL Pfc* = VL
IfSOCM & Pload L Pfc* =L
IfSOCM & Pioad M Pfc* =M
If SOC M & Pload H Pfc*=H
If SOC L & Pload VL Pfc* =L
If SOC L & Pload L Pfc* =M
If SOC L & Pload M Pfc*=H
If SOC L & Pioad H Pfc*=H
H - High M = Medium L= Low VL= Verylow

(a)
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Figure 4.4 (a) Fuzzy logic rules and (b) Fuzzy logic control surface

4.2.3 The classical PI control strategy

This scheme controls the battery SOC using a PI regulator (Thounthong et al. (2011)) as shown
in Figure 4.1 (c). The output of the PI regulator is the battery power, which is afterwards

removed from the load power to obtain the fuel cell reference power. When the battery SOC
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is above the reference (SOC,,;,), the fuel cell power is low and the battery provides its full
power. When the SOC is below the reference, the fuel cell provides almost the load power.
This scheme is easy to implement compared to previous strategies and the PI gains are tuned

on line for better response. The Simulink block diagrams are shown in Appendix 1.

4.2.4 The frequency decoupling and fuzzy logic strategy

The frequency decoupling and fuzzy logic strategy allows the fuel cell system to provide a low
frequency load demand while the other energy sources deal with the high frequency demands
(Vural et al. (2010)). The main advantage with this method is the fact that the mean energy of
the battery is close to zero, which ensures a narrow scope of the battery SOC. Nevertheless,
a fuzzy logic controller is required to control the battery SOC around a minimum limit. The
scheme is shown in Figure 4.1 (d), where a low pass filter is used for frequency decoupling.
The cut-off frequency of the filter is set to 8 mHz, which allows the fuel cell to provide a nearly

constant power. The fuzzy logic controller is the same as in the rule based fuzzy logic strategy.

The scheme is implemented exactly as in the rule based fuzzy logic case, with the exception
of a low pass filter which filters out the high frequency component of the load power. The

simulink block diagrams are shown in Appendix 1.

4.2.5 The Equivalent Consumption Minimization Strategy (ECMS)

The ECMS is a well known instantaneous cost function based optimization strategy used by
several authors (Zheng et al. (2012)), (Garcia et al. (2012)), (Torreglosa et al. (2011)), (Rodatz
et al. (2005)), (Sciarretta et al. (2004)), (Liangfei et al. (2009)). The goal is to achieve a min-
imum fuel consumption by minimizing the fuel consumed by the fuel cell and the equivalent
fuel required to maintain the battery SOC. The approach proposed in (Rodatz et al. (2005)) is
used in this study. Here, instead of using two constant equivalence factors, a variable equiva-
lence factor which depends on the battery SOC is used (as proposed in (Garcia et al. (2012)),
(Torreglosa et al. (2011)) and (Liangfei et al. (2009))). Also, to make the algorithm less sen-
sible to the SOC balance coefficient (1), the equivalence factor is part of the cost function to

be optimized. That is, for different values of x, an optimum value of the equivalence factor
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is obtained. The scheme is shown in Figure 4.1 (e). The optimization problem is defined as

follows:
Find an optimal solution x = [P, o, Poqtt]
‘Which minimizes

F = [Pje+ apPhayt] - AT (4.1)

Under the equality constraints

Boad - Pfc + Pbatt (42)

(SOC = 0.5 (SOCyaw + SOCoin))
SOCmax + SOCmm

ap=1-2p 4.3)

Within the boundary conditions

Pfcm'in < Pfc < Pfcmax
Pbattmin S Pbatt S Pbattma:c

0 < ay < 100

Where Py, Py and Pyo,q are the fuel cell power, battery power and load power respectively
(referred to the DC bus, that is considering the converter losses). «, is the penalty coefficient.
AT is the sampling time. Pfepin and Ppepq, are the minimum and maximum fuel cell power.
Pyattmin and Pygitmae are the minimum and maximum battery power. SOC,,,;, and SOC,, ..
are the minimum and maximum battery SOC. x is the SOC balance coefficient (equal to 0.6 as

in (Garcia et al. (2012)) and (Liangfei et al. (2009))).

The supercapacitor power is not considered in the optimization problem as the DC bus voltage
(Vi) is controlled by the battery converters. That is, as soon as the supercapacitors discharge,
they are recharged with the same energy from the battery system. Therefore the total load

energy is shared only between the fuel cell and battery over a given load cycle.
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For the implementation, a Simulink S-function along with the «fmincon» function from the
Matlab optimization toolbox are used to solve the optimization problem. The full code is given

in Appendix 1.

4.2.6 The proposed H, consumption minimization strategy

The ECMS and most of other real time, Hy consumption minimization strategies are based
on the concept of equivalent fuel consumption, where the cost function consists of two parts:
the fuel cell Hy, consumption and an equivalent battery/supercapacitor H, consumption. The
latter being represented by a penalty or equivalence factor of the battery/supercapacitor energy
delivered at any given instant. This equivalent consumption is defined as the fuel consumption
required to maintain the battery/supercapacitor state of charge (SOC) within its limit, over the
whole load profile. Therefore, by definition, the performance of the energy management strat-
egy is sensitive to the load profile and an optimal load sharing can not be ensured, considering

the stochastic nature of the load.

This problem was tackled in (Zheng et al. (2012)), where the equivalence factor was replaced
by a constant value, derived from a predetermined load profile. Similarly, in (Rodatz et al.
(2005)) and (Sciarretta et al. (2004)), the equivalence factor is expressed in terms of two equiv-
alence factors (for battery charge and discharge), which were both derived from mission pro-
files. In (Garcia et al. (2012)), (Torreglosa et al. (2011)) and (Liangfei et al. (2009)), the
equivalence factor is obtained using an empiric expression which depends on the battery SOC
and the SOC balance coefficient (y1), the latter is tuned on-line to ensure better control of the
battery SOC, throughout the whole load profile. In (Musardo et al. (2005)), the equivalence
factor is designed to adapt to any mission profile (A-ECMS) using a time ordered prediction
of future power demand. The performance of the energy management controller was greatly

improved, but at the expense of excessive computations and complexity.

In this study, a new real time Hy consumption minimization algorithm is proposed. Instead
of minimizing the fuel consumption, which requires the evaluation of the equivalent fuel con-

sumption, the proposed strategy aims at maximizing the battery and supercapacitor energies at
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any given instant (external energy maximization strategy or EEMS), while keeping the battery

SOC and DC bus voltage (or supercapacitor SOC) within their operating limits. The scheme is

shown in Figure 4.5.

The optimization problem is defined as follows:
Find an optimal solution z = [Py, AV]
Which minimizes

1
F = — | P AT + 5@ -AV?

Under the inequality constraint

PbattAT S (SOC - SOszn) ‘/batt’/‘Q

Within the boundary conditions

Pbattmin < Pbatt S Pbattmam

‘/;lcmin - Vdc S AV S Vdcmax - V:ic

4.4)

4.5)

Where AV is the supercapacitor charge/discharge voltage and C'. is the rated capacitance of

the supercapacitor. Vyemin and Viemq, are the minimum and maximum DC bus voltage. Vi,

is the rated battery voltage.

As shown in Figure 4.5, the outputs of the EEMS algorithm are the battery reference power

and the supercapacitor charge/discharge voltage. The battery reference power is afterwards re-

moved from the load power to get the fuel cell reference power. The supercapacitor charge/dis-

charge voltage is added to the DC bus voltage reference to force the supercapacitor system to

charge or discharge. Similar to the ECMS, the DC bus voltage is controlled by the battery

converters.



67

SOC_> L AV .
orithm
Veo 9 ® —+ >
Pload n Vfc
AV I batt_boost*
7|£ —
V";,é_>€>_> Voltage
regulator
T Ibatt buck*
>

Figure 4.5 External energy maximization strategy (EEMS)

The EEMS is also implemented using the «fmincon» function and a Simulink S-function. The

full code is provided in Appendix 1.
4.2.77 H, consumption minimization based on off-line optimization

To compare the performance of the proposed scheme with respect to fuel economy, an off-line
optimization algorithm similar to (Bernard ef al. (2006)) is developed. This algorithm gives
the minimum fuel consumption that can be achieved for a given load profile, while keeping
the battery SOC within its limits. As shown in Figure 4.6, the algorithm takes as inputs the
load profile along with the initial and minimum battery SOC. The output is the minimum fuel

consumption required.

The optimization problem is defined as follows:
Find an optimal solution

z = [Pye(1), Pre(2), Pre(3), .., Pre(n)]

Which minimizes

F =Y Pp(k)- AT (4.6)
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Under the inequality constraints (with k=1, 2, 3, ..., n)

y(k + ]-) S (SOCO - SOszn) %attr@ (47)
> " Pre(k) =1 X Propin (4.8)
k=1
With,
y(k? + 1) == y(k’) + (Boad(k) - Pfc(k)) AT (49)

Within the boundary condition

Pfcmin S Pfc S Pfcmaa:

Where n is the number of samples (n = 7,,/AT’), with T, being the load profile duration.

The minimum fuel consumption is obtained from the nominal fuel consumption (C'onsH2,,,,,)

as:
FoPt . ConsH2om

ConsH2" = (4.10)

n

Z Pfcnom : AT

k=1

Where Ptenom 18 the nominal fuel cell power.
The algorithm is implemented on a M-file using the «fmincon» function. The full code is

provided in Appendix 1.

4.3 Simulation results

The energy management schemes are first tested through simulation to ensure they are properly
designed prior to implementation in the real system. This section compares the simulated per-
formance obtained from each EMS, using a 30 min. emergency load profile ((Figure 2.2)). To

guarantee the same conditions for comparison, the simulations are started with the same initial
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Figure 4.6 Off-line optimization inputs/output

conditions for the battery and supercapacitor system (battery SOC =70 %, supercapacitor volt-
age = 270 V). The main criteria for performance comparison are: the hydrogen consumption,

the state of charges of the batteries/supercapacitors and the overall system efficiency

Figure 4.7 shows the full system model of the whole hybrid system. As shown, the energy
management system block outputs the control signals (output voltage and input/output current
references) required by the DC/DC converters. In addition, two ON/OFF signals are used to
control the protecting resistor and the load respectively. The resistor or the load are turned
ON/OFF depending on the supercapacitor (or DC bus) voltage to avoid overvoltage or under-
voltage situations that could occur during system starts or sudden decrease in load.

The inputs to the energy management system block are the load, fuel cell, battery and superca-
pacitor voltage and current, along with the battery SOC and the output current of each DC/DC

converter.

4.3.1 Power distribution, battery SOC and supercapacitor voltage

The power distribution between the energy devices is shown in Figures 4.8, 4.9, 4.10 and 4.11,
where the fuel cell power (W), battery power (W), supercapacitor power (W) and load power
(W) are all referred to the 270 V DC bus. The battery SOC (%) and supercapacitor voltage (V)

are also shown.
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Figure 4.7 The fuel cell hybrid power system model in SPS

As observed, for the state machine control scheme (Figures 4.8 (a) and 4.9 (a)), the fuel cell
follows the load till the battery SOC reaches its minimum, then it tries to recharge the battery
afterwards. When the battery SOC reaches it minimum, the supercapacitors are charged more
often by the fuel cell above their reference voltage (270 V), which forces the DC bus voltage

regulator to request a negative current to recharge the battery.

In the rule based fuzzy logic scheme (Figures 4.8 (b) and 4.9 (b)), as expected, the fuel cell
response is faster and smooth as the battery SOC gets close to its minimum. When the battery

SOC reaches its minimum, the fuel cell behave as in the state machine control.

In the case of the classical PI control scheme (Figure 4.8 (c) and 4.9 (¢)), the battery discharges
faster to get to the SOC reference (60 %), afterwards the fuel cell tries to provide the load
power and recharge the battery. At starting, the fuel cell reference power is low and the su-
percapacitors discharge to help the battery, consequently the DC bus voltage goes below the
reference voltage. This can be avoided if the SOC reference is set to the initial battery SOC,

but then the comparison with other schemes will not be fair.
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Figure 4.8 Simulation results of EMSs, fuel cell and battery power:
(a) State machine control (b) Rule based fuzzy logic (c) Classical PI control
(d) Frequency decoupling and fuzzy logic

The frequency decoupling and fuzzy logic (Figures 4.8 (d) and 4.9 (d)) forces the fuel cell
to provide a nearly constant power, which allows the battery to recharge more often than the
previous schemes. As observed, this scheme provides the lowest use of the battery energy
(SOC between 70-57.5 %). A higher cut-off frequency (close to the air compressor response)
can be used, which will make this scheme behaves as others. But due to the fact that the high
frequency component of the load is shared between the battery and supercapacitor system, it
is more beneficial in term of the system life time, to put less stress on the fuel cell system and

achieve a nearly zero battery energy.

For the ECMS (Figures 4.10 (a) and 4.11 (a)), as soon as the fuel cell is under loaded, it tries to
recharge the battery, even when the battery SOC is above its minimum. Hence in this scheme,
the supercapacitors are charged more often by the fuel cell above their reference voltage (270

V), to allow the DC bus voltage regulator to request a negative current to recharge the battery.
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Figure 4.9 Simulation results of EMSs, load power and supercapacitor power:
(a) State machine control (b) Rule based fuzzy logic (c) Classical PI control
(d) Frequency decoupling and fuzzy logic
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Figure 4.10 Simulation results of EMSs, fuel cell and battery power:
(a) ECMS (b) EEMS

In the case of the EEMS (Figures 4.10 (b) and 4.11 (b)), the battery discharges faster to get to

its minimum SOC (60 %), afterwards the fuel cell tries to provide the load power and recharge
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Figure 4.11 Simulation results of EMSs, load power and supercapacitor power:
(a) ECMS (b) EEMS

the battery. At starting, the fuel cell reference power is low and the supercapacitors discharge
to help the battery, consequently the DC bus voltage goes below the reference voltage (but still
well above the minimum DC bus voltage). Compared to the ECMS, more battery energy is

used (SOC between 70-49.1 %).
4.3.2 Hydrogen consumption and overall efficiency

The hydrogen consumption and overall efficiency obtained from all schemes are calculated as
follows:
The hydrogen consumption (g) is given by:

N 1800
ConsH2 = il / ifedt 4.11)

0

Where F is the Faraday constant (A s/mol).

The overall efficiency is given by:

ef ficiency = — Pl.oad .
P+ P, + Pin

a cap

(4.12)
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Where P}, Py, and P}, are the fuel cell power (input to the DC/DC converter), battery power

cap