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Abstract: A new real-time strategy is proposed in this article to optimize the hydrogen utilization of
a fuel cell vehicle, by switching the control references of fueling regulators, based on load-following.
The advantages of this strategy are discussed and compared, with advanced strategies that also use
the aforementioned load-following mode regulator of fueling controllers, but in the entire loading
range, respectively, with a benchmark strategy utilizing the static feed-forward control of fueling
controllers. Additionally, the advantages of energy-storage function in a charge-sustained mode, such
as a longer service life and reduced size due to the implementation of the proposed switching strategy,
are presented for the dynamic profiles across the entire load range. The optimization function was
designed to improve the fuel economy by adding to the total power of the fuel utilization efficiency (in
a weighted way). The proposed optimization loop will seek the reference value to control the fueling
regulator in real-time, which is not regulated by a load-following approach. The best switching
threshold between the high and low loading scales were obtained using a sensitivity analysis carried
out for both fixed and dynamic loads. The results obtained were promising—(1) the fuel economy was
two-times higher than the advanced strategies mentioned above; and (2) the total fuel consumption
was 13% lower than the static feed-forward strategy. This study opens new research directions for
fuel cell vehicles, such as for obtaining the best fuel economy or estimating fuel consumption up to
the first refueling station on the planned road.

Keywords: fuel economy; load-following; switching strategy; real-time optimization; fuel cell vehicle;
fuel cell system

1. Introduction

In the coming decades, energy and environmental issues will become the most im-
portant challenges for researchers working in the sustainable development of energy
sector [1,2]. The proton exchange membrane fuel cell (PEMFC) system is usually utilized
as green secondary energy generator for hybrid power systems (HPS), based on renew-
able energy for balancing power flow stability on the DC grid, due to the variability of
energy flows from the load and from renewable sources [3,4]. Thanks to its advantages as
compared to other fuel cell (FC) technologies, such as very low pollutant emissions, high
specific energy, low operating temperature, and a fast start, the PEMFC system is now the
most widely used FC type in portable [5,6] and space applications [7,8].

The design of effective control approaches [8,9] and optimization methods [10,11]
needs accurate PEMFC dynamic models [12,13]. It was demonstrated that high ripples on
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FC power (especially in the low frequency band up to hundreds of Hz) or load pulses [14],
produce mechanical stress on the proton exchange membrane (PEM), and as a consequence,
cause a rapid degradation of the FC lifetime [15,16]. The main stresses were analyzed
in [15], highlighting how the mechanical damage of the PEM membrane was effectively
produced. The causes and consequences of gas starvation, together with potential mitiga-
tion methods, are presented in [16]. The issue of cold start under subfreezing temperatures
is experimentally analyzed in [17]. The consequences of frequent start–stop operations are
addressed in [18]. Additionally, some recommendations to boost the FC durability and
lifetime are given in [16,17]. Thus, fault-tolerant strategies and advanced control methods
are proposed to operate the PEMFC power source in safe conditions [19,20].

This paper proposes a load-following (LFW) switching management of fueling flow
rates that might optimally operate the PEMFC system. The safety measures for smooth
switching of the fueling controllers were considered as well.

The load-following management was studied to handle the load dynamics [21,22] and
then extended to an unknown load profile [23]. Impacts of load profiles on the PEMFC
system efficiency, but also on safe functioning of the PEMFC power source, are analyzed
in [24,25].

The energy supplied by the FC power source can be controlled by using the air
regulator [26–36] or the fuel regulator [37–40], or by switching the fueling regulators,
utilizing the strategy proposed in this study.

The air regulator is set to ensure the needed oxygen parameters for the FC stack
cathode (the flow and pressure depending on the system load demand) [26]. The air com-
pressor delivers the needed air (with about 21% oxygen) for the electrochemical reaction,
ensuring an oxygen excess ratio higher than 1, to avoid the oxygen starvation phenomenon
(which might appear during the load pulses) [6,27,28]. The oxygen excess ratio is controlled
using different techniques, as follows—(1) feed-forward control [26,29]; (2) PID-based con-
trol [30] and its variants (such as optimal PID plus fuzzy controller [31]), feed-forward PID
controller [32], and robust PI control [33]; (3) control techniques based on artificial intelli-
gence concepts like fuzzy logic [34,35], neural networks [36], and genetic operators [37]; (4)
model predictive control (MPC) based on constrained model [38], linearization method
of the model [39,40], and multivariable nonlinear MPC [41,42]; (5) sliding control using
the adaptive sliding mode (Lyapunov-based) [43], high-order sliding mode [44,45], sliding
mode (nonlinear multivariable) [46], cascade adaptive sliding mode [47], or a combination
of sliding mode with flatness control [48] and super-twisting algorithms [49,50]; (6) robust
control based on reduced order model [51] or a load governor [52]; and (7) model reference
adaptive control (MRAC) [53].

The MRAC technique [53] can prevent compressor surge better than the MPC tech-
niques mentioned above [38–42]. The robustness analysis performed in [33,51,52] for
robust control techniques highlights the advantages of using robust control as compared to
classic control techniques, such as feed-forward control [26,29] or PID-based control [30–32]
techniques. However, the feed-forward control [26] is simple, involves low computation,
as compared to control techniques based on artificial intelligence concepts [34–37], and is
already implemented in commercial solutions. Consequently, the feed-forward regulator is
utilized as a reference in this study.

Nonlinear control techniques based on different sliding modes that combine the
nonlinear terms of the super-twisting approach have the advantage of high robustness and
good response to disturbances (achieving a short convergence time) [49,50]. For example,
the nonlinear multivariable sliding mode control proposed in [46] reduces the dynamics of
oxygen excess percentage and also the power fed by the air compressor.

It is known that the power fed by the air compressor is equal to 15% of the FC power.
Therefore, new air compressors must be developed, with lower energy consumption and
better dynamics [54]. The dynamics of the air compressor makes the air-feed subsystem
slower, as compared to the hydrogen subsystem [55,56]. Thus, the authors of this paper
focused on oxygen excess percentage control techniques to improve the response of the
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air-feed subnetwork. This study uses the nonlinear dynamic model proposed in [57] for
the air compressor.

The fuel-feed and air-feed subsystems give great importance to safety, when gen-
erating the FC power requested by the dynamic load [9,29,58,59], in order to avoid fuel
starvation [60]. The following techniques are proposed to control the fuel-feed subsystem—
multi-input-multi-output (MIMO) nonlinear control [60], linear quadratic Gaussian (LQG)
control [61], nonlinear control [62,63], linear and nonlinear control [64,65], nonlinear
MPC [66,67], and sliding mode control [67,68]. An important task is to maintain the
stoichiometric ratio for gases under variable load demand profiles [69], due to nitrogen
addition [70] and fuel recirculation, using both ejector and blower [65,71]. Thus, in order to
optimize the anodic purge techniques, different control methods were proposed to find the
optimal purge interval [72], based on a state observer [73], adaptive strategies [74,75], bleed-
ing strategies [75,76], and intelligent control [77]. The anode bleeding strategies manage
the nitrogen diffusion through a continuous and controlled leak of gases, by combining the
discontinuous classic purge mode with nonlinear control of the fuel-feed subsystem [78,79].

Degradation analysis of the PEMFC system in dead-end operating modes were an-
alyzed in [80,81] and [82] as an effect of variable thermal and pressure conditions, and
low-quality hydrogen, respectively. The methods to increase the lifetime of the FC system
and avoid potential carbon monoxide poisoning are also presented. To progress the lifetime
of the FC generator [29,56,59], the research was focused on thermal [83,84] and water [85,86]
subsystems, but also on other FC subsystems, because these are all interconnected and
interdependent [87]. Therefore, a systemic methodology based on an integrated approach
is recommended to optimize the FC system [88,89]. Thus, new optimization strategies were
studied for the FC system [90], FC cars [28,91], and FC hybrid power sources [92], based
on nonlinear control [93], state diagram [94,95], MPC [96,97], droop control [98], fuzzy con-
trol [99,100], data fusion approach [101], global optimization using the extremum seeking
(GES) approach [102], dynamic programming method [103], or Pontryagin’s minimum al-
gorithm [104]. Except for the global optimization strategies, the other strategies mentioned
above showed a less than 100% strike ratio in searching for the optimal level of the consid-
ered optimization function or could not find it [102]. The optimization function might be
designed for different objectives, such as fuel economy [105,106], lifetime extension for FC
system [107], or battery stack [99,108], and safe operation of all subsystems [109].

Thus, the real-time strategy analyzed here (and mentioned below as the SW–LFW
strategy) minimizes the hydrogen consumption, using a new load-following switching
control for the oxygen and hydrogen controllers of the FC generator, which in comparison
with the real-time strategy proposed in [110] is simpler (because it uses only one optimiza-
tion loop instead of two), safer (because the second optimization loop is not involved in
setting the set-points of the fueling controllers, and thus some perturbation (pulses) in
the desired points of the fueling regulators due to the switching control are avoided), and
almost the same fuel economy is obtained. Therefore, the same load profiles used in [110]
are also used here to evaluate the results obtained.

Another aim of this work was to compare the performance of the SW–LFW strat-
egy with other strategies, such as the Air–LFW technique [111] and the Fuel–LFW ap-
proach [112], which use the load-following set for the hydrogen regulator or oxygen
regulator, respectively, in the entire loading scale. The main benefit of the load-following
regulator (employed for one of the fueling regulators [111,112] or for both regulators [110])
is the battery operation in a charge-sustained approach [113], which substantially improved
the battery’s lifespan [114]. The FC power source generates the required power on the
DC grid, according to the load demand. Thus, the hybrid ultracapacitor/battery energy
storage system (ESS) only compensate minor differences between the load demand and the
FC power. Therefore, the size of the battery might be reduced, as compared to rule-based
techniques (where the battery is charged and discharged to sustain the power flow stability
on the DC grid due to load dynamics and renewable energy variability, if the renewable
energy is available to sustain a part of the load demand [115]).
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Therefore, as the results obtained show, the advantages of the load-following control
proposed in this paper are the following—(1) increases the battery lifetime; (2) reduces the
battery size; and (3) removes need for monitoring the state-of-charge (SOC).

For a fair comparison of the techniques analyzed here, the same optimization function
and test conditions are used, and a sensitivity analysis is functioned to obtain the best
threshold between the high and low loading ranges (in a manner similar to [116], to obtain
the best weighting parameters of the optimization function).

The optimization function is designed (using appropriate weighting parameters [116])
to minimize the hydrogen consumption by adding fuel efficiency to the FC net power
(which is usually used as the optimization function of the FC energy efficiency [34–36]).
The optimization loop solves the optimum value of the FC current, in real-time, which is
used to regulate the fuel controller and the air regulator under the Air–LFW and Fuel–LFW
approaches, respectively. In case of the SW–LFW strategy, the fueling regulator, which
is not controlled on the basis of the load-following technique is used to improve the fuel
economy, using this real-time optimization loop.

The results obtained in the case of a variable load underline a hydrogen economy for
the proposed strategy, which is double in comparison to the basic strategies mentioned
above (about 2.23-times and 2.47-times higher for the Air–LFW and Fuel–LFW techniques,
respectively).

The hydrogen economy using the proposed strategy was compared to that of the
benchmark strategy using the static feed-forward (sFF) control for the fueling regula-
tors [59]. It is worth mentioning that the reduction of the total fuel consumption was more
than 13% using the SW–LFW method, as compared to the sFF approach in the case of a
variable outline of the system load demand.

Additionally, the better fuel saving method that uses the SW–LFW technique, as
compared to basic strategies of the Air–LFW and Fuel–LFW, was obtained by choosing the
best strategy from these two for a certain load level. It was proven that the optimum fuel
saving was obtained using the Air–LFW for high-load levels and the Fuel–LFW strategy
for low-load levels. Therefore, the best load threshold (between the high and low loading
ranges) would be obtained on the basis of the sensitivity analysis functioned for both
constant and variable loads.

Therefore, the key findings and novelty of this work are as follows—(1) a scheme for
a new optimization approach (the SW–LFW strategy) for better fuel economy of the FC
system; (2) the fuel efficiency was compared using the SW–LFW strategy, and the advanced
Air–LFW and Fuel–LFW strategies; (3) the fuel economy obtained with the SW–LFW
strategy and the sFF control-based strategy was also compared; (4) the advantages related
to battery lifetime and size were advanced by switching the system from load-following
control to fueling regulators; (5) the optimum switching threshold was advanced on the
basis of a sensitivity investigation; (6) the optimization function was designed to achieve
the best fuel economy; (7) almost the same fuel economy was advanced with the SW–LFW
strategy and switching strategy proposed in [110], but the one proposed here was simpler
and safer; and finally, a method for estimating fuel consumption up to the first refueling
station on the planned road was proposed.

The innovative solutions proposed here to develop the fuel economy could help
increase the system performance of FC vehicles.

2. Fuel Cell Hybrid Power System

The fuel cell hybrid power system (FCHPS) diagram using an equivalent DC load
for the powertrain of fuel cell electric vehicle is illustrated in Figure 1. The 6 kW/45 V
FC system can supply the load demand in a scale up to the power of 8 kW. The FC rated
power of 6 kW was obtained for the nominal values of the fueling flow rates, Air Flow
rate (AirFr) and Fuel Flow rate (FuelFr), of 300 and 50 L per minute [lpm], respectively.
The FC power could be controlled by changing the fueling flow rates using the energy
management and optimization unit (EMOU), via the fueling flow rate regulators (see
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Figure 2). The EMOU would produce the control set-points Iref(Air) and Iref(Fuel) based on the
load-following strategy that would be detailed in the following section, which compared
to the strategy proposed in [110] was simpler (because we used only one optimization loop
instead of two), safer (because the second optimization loop was not involved in setting the
references of the fueling controllers), and almost the same fuel consumption was obtained
on the same load cycle.

Figure 1. Fuel cell hybrid power system (FCHPS) diagram using an equivalent DC load for the
powertrain of fuel cell electric vehicle.

Figure 2. Energy management and optimization unit (EMOU) diagram.



Mathematics 2021, 9, 604 6 of 29

The AirFr controller and FuelFr controller were regulated by the control set-points
Iref(Air) and Iref(Fuel) based on (1) and (2) [59]:

AirFr =
60000 · R · (273 + θ) · NC · Ire f (Air)

4F ·
(

101325 · Pf (O2)

)
·
(

U f (O2)/100
)
· (yO2/100)

(1)

FuelFr =
60000 · R · (273 + θ) · NC · Ire f (Fuel)

2F ·
(

101325 · Pf (H2)

)
·
(

U f (H2)/100
)
· (xH2/100)

(2)

The FC parameters (NC, θ, U f (H2), U f (O2), Pf (H2), Pf (O2), xH2, yO2) were fixed to de-
fault values [117], the FC time constant was fixed to 0.2 s, the slope limiters of the fueling
controllers were set at 100 A/s, R = 8.3145 J/(mol K), and F = 96485 As/mol.

Another method to regulate the FC power was via the DC/DC boost power circuit
that links the FC generator with the DC bus. The EMOU generates the switching (SW)
command, based on the real-time optimization technique, in order to advance the fuel
economy; this is explained in the next section.

Therefore, in summary, the optimization loop controls the power generated by the
FC system to be as much as necessary for the equivalent load on the DC bus, and the LFW
control loop ensures a fuel and oxygen flow corresponding to this power. Thus, the battery
from the ESS operates in a charge-sustained mode, as explained below and in Section 3,
where the optimization loop and the LFW control setting are detailed in Figures 2 and 3.

Figure 3. The load-following control setting.

The output power of the DC/DC boost circuit depends on the circuit efficiency
coefficient (ηboost) and the FC generated power (PFCgen):

PDC = ηboostPFCgen (3)
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The FC generated power is the FC net power (PFCnet):

PFCgen = PFCnet ∼= PFC– Pcm (4)

where the power losses are considered to be largely due to the air compressor (Pcm) [57]:

Pcm = Icm ·Vcm =
(

a2 · AirFr2 + a1 · AirFr + a0

)
· (b1 · IFC + b0) (5)

The air compressor model uses the following coefficients [57]. a0 = 0.6, a1 = 0.04,
a2 = −0.00003231, b0 = 0.9987, and b1 = 46.02, and the dynamics part is modeled by a
second order system with 0.7 damping ratio and 100 Hz natural frequency [57,110–112].

The power flow balance (6):

CDCudcdudc/dt = pDC + pESS − pload (6)

could be ensured under a variable load (pload) by controlling (the FC power generated via
the DC/DC boost circuit) or pESS (the ESS power transferred with the DC distribution
network).

If the aim is to minimize the ESS size, then the first control mode is recommended.
In this case, the FC generator supplies the DC bus with the smooth part (Pload(MV)) of the
variable load during a load cycle (LC), therefore:

PFCgen = VFC · IFC ∼= Pload(MV)/ηboost (7)

PESS(MV)
∼= 0 (8)

Besides the filtering technique based on the mean-value (MV), other low-pass filtering
circuits might also be obtained [118].

The load-following method is realized based on (7) and the switching technique of the
load-following control method for the fueling flow rates are detailed in the following section.

Considering (8), the power transferred by the hybrid battery/ultracapacitor ESS
with the DC grid is close to zero, during a load cycle. The DC bus voltage control im-
plemented on the ESS side stabilizes the DC bus voltage level to a reference of 200 V
(uDC ∼= VDC(ref) = 200 V). The 100 µF capacitor (CDC) filters the DC voltage ripple. The
power and energy transients on the DC grid is balanced by the battery and ultracapacitors
stack, using appropriate control [7,14]. For example, a power pulse can appear during a
sharp load variation (such as a stair profile), because the power supplied by the FC system
follows the smooth part of the system load cycle profile, but with a delay due to the 100 A/s
slope limiters, 0.2 s FC time constant, 0.1 s time constant of the air compressor, and the
response time of the optimization loop (which is discussed in the next section). Therefore,
the lack of power (during a step-up in load) or excess of power (during a step-down in
load) is stabilized by the 100 F ultracapacitor module, via a two-quadrant bi-directional
DC/DC power converter, regulated by the DC bus voltage controller. The energy storage
device (100 Ah/200 V battery with 10 s constant time) is directly connected to the DC
bus and is used to compensate minor energy differences that can appear on the DC bus
due to the optimization loop (which would change the FC operating point set by the
load-following control toward the optimum point found in the searching range of the
optimization function).

3. Energy Management and Optimization Unit

The optimization function (9) is proposed to improve the fuel economy:

f (x, AirFr, FuelFr, PLoad) = 0.5 · PFCnet + k f uel · Fuele f f (9)

where x is the state vector and Fueleff
∼= PFCnet/FuelFr is the fuel consumption efficiency.
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The weighting parameter kfuel [lpm/W] is considered in the sensitivity analysis to
progress the fuel economy. The optimization function (9) is implemented in the EMOU
diagram presented in Figure 2.

The regulation of the DC/DC boost circuit is of hysteretic technique (with 0.1 A
hysteresis band), therefore, the FC current would track the set-point supplied by the global
extremum seeking (GES) technique:

IFC ∼= Ire f (boost) = Ire f (GES) (10)

The GES technique (see the top of Figure 2) finds the optimum based on relationships
(11)–(19):

y = f (v1, v2), yN = kNy · y (11)

•
y f = −ωh · y f + ωh · yN , yHPF = yN − y f ,

•
yBPF = −ωl · yBPF + ωl · yHPF (12)

yDM = yBPF · sd, sd = sin(ωt) (13)
•
yInt = yDM (14)

Gd = |yMV |, yMV =
1
Td
·
∫

yBPFdt (15)

yM = Gd (16)

p1 = k1 · yInt, k1 = γsd ·ω (17)

p2 = k2 · yM · sd (18)

Ire f (GES) = kNp · (p1 + p2) (19)

where fd is the dither’s frequency. The cut-off frequencies of the high-pass filter (HPF) and
low-pass filter (LPF) are tuned by the parameters bh = 0.1 and bl = 1.5 [119,120]. The setting
control parameters and the normalization gains are designed using [11]: k1 = 1, k2 = 2,
kNp = 20, and kNy = 1/1000.

The searching time is less than 0.1 s (which means less than 10 periods of 100 Hz
dither used in this study) [102], therefore, this GES technique would find in real-time the
optimum of the optimization function. As mentioned before, the response time of the FC
generator due to an interruption in load was higher than a 0.1 s search time.

The response time of the optimization loop is set by the dynamic model (20):

.
x = g(x, AirFr, FuelFr, PLoad), x ∈ X (20)

where g is a smooth function [48].
For example, 100 A/s slope limiters of the fueling controllers and dynamic model of

the air compressor would limit the speed variation of the AirFr and FuelFr values, due to a
disturbance in load. Considering (7), the FC current is set by the load demand to (21):

IFC ∼= Pload(MV)/(ηboost ·VFC) (21)

Therefore, the reference Ire f (LFW) is set by (22):

Ire f (LFW)
∼= Pload(MV)/(ηboost ·VFC) (22)

Considering Equations (10) and (21), the reference Ire f (LFW) is equal to the FC current
(IFC), but during the optimization cycle, these signals are a bit different between them, and
are obviously different as compared to reference Ire f (GES). Therefore,

IFC ∼= Ire f (LFW) 6= Ire f (GES) (23)
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The reference Ire f (GES) is used in the optimization loop for all three strategies—the
two reference strategies based on the load-following of the AirFr and FuelFr (called the
Fuel–LFW strategy and the Air–LFW strategy) and the switching algorithm studied in this
work (named “SW–LFW strategy”), which switches the load-following management mode
for the AirFr or for the FuelFr, if Pload > Pref or Pload < Pref, respectively.

The reference Ire f (LFW) is utilized in the load-following loop for all three strategies
and is selected as mentioned before, by the strategy setting block displayed in Figure 2 and
explained in Figure 3.

Thus, the Air–LFW strategy uses the settings Ire f (Fuel) = IFC, Ire f (Air) = Ire f (LFW),
and Ire f (boost) = Ire f (GES), whereas the Fuel–LFW strategy uses Ire f (Air) = IFC, Ire f (Fuel) =
Ire f (LFW), and Ire f (boost) = Ire f (GES).

The SW–LFW strategy uses the settings (24)–(26):

Ire f (Fuel) =

{
Ire f (LFW), i f Pload ≤ Pre f
IFC, i f Pload > Pre f

(24)

Ire f (Air) =

{
IFC, i f Pload ≤ Pre f
Ire f (LFW), i f Pload > Pre f

(25)

Ire f (boost) = Ire f (GES) (26)

The settings for the fueling controllers involves only the desired-point Ire f (LFW), in-
stead of the settings used in switching strategy proposed in [110], which, in addition to
this reference, uses the reference Ire f (GES2) generated by the second optimization loop.
The reference IFC + Ire f (GES2) is obviously different to the FC current (IFC) and reference
Ire f (LFW) given by Equation (22), therefore, the smooth and safe operation of the fueling
regulators might be perturbed using the switching strategy proposed in [110].

The threshold Pre f is tuned after a sensitivity analysis of the whole fuel consumption
(FuelT =

∫
FuelFr(t)dt) for a constant load, and then this threshold is validated for the

variable load cycles. The improvements in sum fuel consumption using the SW–LFW
technique is compared to those given by utilizing the strategies Fuel–LFW and Air–LFW,
considering the Static Feed-Forward (sFF) technique as presented in [59].

The sFF technique uses the settings Ire f (Fuel) = IFC, Ire f (Air) = IFC, and Ire f (boost) =
Ire f (LFW) [59]. The sFF technique was chosen as a reference because it is the most known
technique and is usually used as a reference for new strategies. Furthermore, the sFF
strategy is successfully implemented in FC systems for research or commercial use.

The fuel economy is given by (27)–(29):

∆FuelT(SW) = FuelT(SW) − FuelT(sFF) (27)

∆FuelT(Air) = FuelT(Air) − FuelT(sFF) (28)

∆FuelT(Fuel) = FuelT(Fuel) − FuelT(sFF) (29)

4. Performance Validation
4.1. Constant Load Cycle

The total fuel consumption was evaluated for the sFF strategy and the SW–LFW
strategy (with kfuel = 0 and Pre f = 5 kW) using the FCHPS with the appropriate settings
mentioned above. The results for different loading levels (mentioned in the 1st column of
Table 1) are shown in the 2nd and 3rd column of Table 1.
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Table 1. Fuel economy for kfuel = 0.

Pload FuelT(sFF) FuelT(SW) ∆FuelT(SW) ∆FuelT(Air) ∆FuelT(Fuel)

[kW] [L] [L] [L] [L] [L]

2 34.02 33.56 −0.46 11.26 −0.46
3 56.3 55.08 −1.22 4.14 −1.22
4 74.88 72.6 −2.28 2.08 −2.28
5 98.6 93 −5.6 −0.08 −5.6
6 125.58 123.3 −2.28 −2.28 −7.66
7 158.34 146.18 −12.16 −12.16 −13.56
8 176 147.52 −28.48 −28.48 −22.92

The fuel economy was computed using (27) and is shown in the 4th column of Table 1.
The total fuel consumption for the Fuel–LFW strategy and Air–LFW strategy was evaluated
using the FCHPS, with the appropriate settings mentioned above and kfuel = 0. The fuel
economy computed using (28) and (29) was recorded in the last two columns in Table 1.

In the same manner, the fuel economy was recorded, as compared to the sFF strategy
in Tables 2 and 3, for kfuel = 25 and kfuel = 50, in case of the strategies SW–LFW (with
Pre f = 5 kW), Air–LFW, and Fuel–LFW, respectively. This fuel economy is represented in
Figure 4c, for kfuel = 25 and kfuel = 50.

Table 2. Fuel economy for kfuel = 25.

Pload FuelT(sFF) FuelT(SW) ∆FuelT(SW) ∆FuelT(Air) ∆FuelT(Fuel)

[kW] [L] [L] [L] [L] [L]

2 34.02 33.376 −0.644 12.14 −0.644
3 56.3 52.424 −3.876 5.548 −3.876
4 74.88 69.704 −5.176 1.2 −5.176
5 98.6 89.84 −8.76 −6.44 −8.76
6 125.58 111.44 −14.14 −14.14 −12.54
7 158.34 129.92 −28.42 −28.42 −24.26
8 176 144.92 −31.08 −31.08 −26

Table 3. Fuel economy for kfuel = 50.

Pload FuelT(sFF) FuelT(SW) ∆FuelT(SW) ∆FuelT(Air) ∆FuelT(Fuel)

[kW] [L] [L] [L] [L] [L]

2 34.02 33.92 −0.1 7.628 −0.1
3 56.3 52.6 −3.7 2.764 −3.7
4 74.88 69.616 −5.264 0.288 −5.264
5 98.6 89.84 −8.76 −5.8 −8.76
6 125.58 112.56 −13.02 −13.02 −13.98
7 158.34 133.52 −24.82 −24.82 −20.74
8 176 146.2 −29.8 −29.8 −25

The fuel economy for strategies SW–LFW, Fuel–LFW, and Air–LFW using kfuel = 0 is
represented in Figure 4a in comparison to the sFF technique.

The threshold Pre f = 5 kW was chosen by considering the best values of the fuel
economy for the Fuel–LFW and Air–LFW strategies that were obtained in case kfuel = 25
(see Table 2 and Figure 4b).
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Figure 4. Cont.
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Figure 4. Fuel economy for constant load.

In fact, the threshold Pre f could be located between 5 kW and 6 kW (5 kW ≤ Pre f <
6 kW) for the 1 kW resolution used in the sensitivity analysis performed for constant load.

Figure 4c suggests that the threshold Pre f could be situated between 6 kW and 7 kW
(6 kW ≤ Pre f < 7 kW), but the fuel economy in case kfuel = 25 was smaller than that
in case kfuel = 50. The smallest fuel efficiency was gained in case kfuel = 0, because the
system optimization function is given only by the fuel cell total power. Consequently, the
maximum of the optimization function was named Maximum Efficiency Point (MEP). If
kfuel 6= 0, then the optimization function was fuel economy oriented by adding the fuel
utilization efficiency (Fueleff

∼= PFCnet/FuelFr) to the FC total power, by the appropriate
weighting factors (to make both terms comparable in order of magnitude). The best fuel
efficiency was gained for kfuel = 25, therefore this value was used for the next simulations,
unless otherwise mentioned.

4.2. Load Profile: Variable Load Cycle
4.2.1. The First Variable Load Cycle with Different Power Pload(AV) Levels

The first variable load cycle with different Pload(AV) values was used to test the Air–
LFW and Fuel–LFW strategies [110,111]. Therefore, this 12 s load cycle was also utilized in
this work to estimate the fuel economy point of the SW–LFW technique. The power levels
were 0.75·Pload(AV), 1.25·Pload(AV), and 1.00·Pload(AV), during 4 s for each level. Therefore, the
average value (AV) of this 12 s load cycle was power Pload(AV). The values employed for
Pload(AV) were 2, 3, 4, 5, and 6 kW (see Table 4) in order to operate the FC system within the
admissible limit for FC power (up to 8 kW). For example, the power levels for the load
cycle with power Pload(AV) = 6 kW were 4.5, 7.5, and 6 kW, the levels for the 4 kW load cycle
were 3, 5, and 4 kW, and the levels for the 2 kW load cycle were 1.5, 2.5, and 2 kW.
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Table 4. Fuel economy for the first load profile using different Pload(AV) values.

Pload(AV) FuelT(sFF) FuelT(SW) ∆FuelT(SW) ∆FuelT(Air) ∆FuelT(Fuel)

[kW] [L] [L] [L] [L] [L]

2 34.14 36.06 1.92 7.18 1.92
3 53.92 54.74 0.82 6.24 0.82
4 75.8 75.49 −0.31 3.32 −0.64
5 100.62 96.8 −3.82 −3.16 −4.16
6 130.2 116.92 −13.28 −13.28 −10.08

If the threshold Pre f is selected in the middle of the range of these levels, 4 kW ≤
Pre f < 4.5 kW, then the SW–LFW technique performs as the Fuel–LFW technique for the
load cycles with power Pload(AV) of 2 kW and Pload(AV) of 3 kW, as the Air–LFW technique
for the load drive cycle with power Pload(AV) of 2 kW, and specifically for the load drive
cycles with power Pload(AV) of 4 kW and power Pload(AV) of 5 kW, using the switching rules
(24)–(26). This kind of operation for the SW–LFW strategy could be observed in Table 4, by
analyzing the fuel economy recorded, and was easier observed in fuel economy in Figure 5.

Figure 5. Fuel economy using different Pload(AV) values for the first load profile.

4.2.2. The Second Variable Load Cycle with 3/7 kW Load Pulses

The second load profile used power values of 7 kW and 3 kW during 3 s for each
level, resulting in a pulsed load profile (see the first curve in Figure 6). Figure 6 presents
the characteristics of the FCHPS under the second load profile for strategies Air–LFW
(Figure 6a), Fuel–LFW (Figure 6b), and SW–LFW (Figure 6c), with the plots structured as
follows—the 1st plot illustrates the 3/7 kW pulsed load profile; the 2nd and 3rd curves
portray the ESS power (PESS) and fuel cell net power (PFCnet) and; the 4th and 5th curves
display the fueling flow rates (FuelFr and AirFr); the 6th plot in Figure 6c represents the
airflow rate (AirFr) in case of the strategy proposed in [110]; the total fuel utilization
(FuelT), the fuel consumption efficiency (Fuele f f ), and the fuel cell electrical efficiency
(ηsys = PFCnet/ PFC) are shown in the last three curves.
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Figure 6. Cont.
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Figure 6. Behavior of the FCHPS under the second load profile (3/7 kW load pulses).

It is worth mentioning the observations. (1) The load-following management mode
operated the AirFr regulator (refer to the 4th curve in Figure 6a) or the FuelFr regulator
(see the 5th plot in Figure 6b) if the Air–LFW technique or Fuel–LFW technique was used.
(2) The optimization loop set IFC ∼= Ire f (GES) for the FuelFr regulator (see the search of the
optimum of the FuelFr in the 5th plot in Figure 6a) or the AirFr regulator (see the search of
the optimum of the AirFr in the 4th plot in Figure 6b) if the Air–LFW technique or the Fuel–
LFW technique was used. (3) The FC system supplied the requested load demand based on
the load-following regulation mode designed using Equation (6), PFCgen ∼= Pload(MV)/ηboost,
therefore, the battery functions in the charge–sustained mode (refer to the 3rd curve in
Figure 6). (4) The ultracapacitor bank transiently stabilizes the power equilibrium during
the dynamic load (see the 3rd plot in Figure 6). (5) The fuel consumption efficiency (Fuele f f )
had values in the range of 95 to 140 W/lpm (refer to the 7th curve in Figure 6a,b, and 8th
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plot in Figure 6c). Therefore, the optimization terms k f uel · Fuele f f and 0.5 · PFCnet have
comparable values for kfuel = 25. (6) The FC electrical efficiency (ηsys) had values in the
range of 85 to 94% (see the 8th plot in Figure 6a,b, and 9th plot in Figure 6c), therefore,
a new optimization function f = ηsys + k f uel · Fuele f f might be defined for excellent fuel
economy using kfuel in the scale of 0.5 to 2 lpm/W. (7) The proposed strategy is safer
than that analyzed in [110] (where the second optimization loop is not involved in setting
the desired-points of the fueling regulators and thus some perturbation (spikes) might
appear in the desired-points of the fueling regulators due to the switching control (see the
spike in the 5th plot of Figure 6c, as compared to the 4th plot of Figure 6c, which appears
when the set-points Ire f (LFW) and IFC + Ire f (GES2) are switched [110], and the reference
IFC + Ire f (GES2) is clearly different from the reference Ire f (LFW)).

It is important mentioning that when using the Air–LFW technique or the Fuel–
LFW technique, such spikes do not appear in the fueling flow rated, because the fu-
eling references (Ire f (Fuel) = IFC and Ire f (Air) = Ire f (LFW) for the Air–LFW technique,
and Ire f (Air) = IFC and Ire f (Fuel) = Ire f (LFW) for the Fuel–LFW technique) are based on
the references Ire f (LFW) and IFC. The proposed strategy switches these references, but
IFC ∼= Ire f (LFW) considering Equation (14).

The total fuel consumption is shown in the 6th curve of Figure 6a,b, and in the 7th plot
of Figure 6c, and the fuel efficiency is shown in Table 5. Fuel economy for the SW–LFW
technique, as compared to the sFF technique, represented around 25% of FuelT(sFF). The
fuel efficiency for the SW–LFW technique as compared to the Air–LFW and Fuel–LFW
techniques was 1.49-times and 2.38-times higher, respectively.

Table 5. Fuel economy for the second load profile (3/7 kW load pulses).

Pload(pulse) FuelT(sFF) FuelT(SW) ∆FuelT(SW) ∆FuelT(Air) ∆FuelT(Fuel)

[kW] [L] [L] [L] [L] [L]

3/7 kW 105.9 78.91 −26.99 −18.15 −11.32

In the case of pulsed load, the threshold Pre f could be chosen between the levels,
3 kW < Pre f < 7 kW, but, considering the results for a constant load, it was obvious that
the best value must be established for a variable load, based on a sensitivity analysis. For
this, the third load profile (symmetrical stair up and down) was designed.

4.2.3. The Third Load Profile (Symmetrical Stair Up and Down)

The levels for the symmetrical stair were 3, 4, 5, 6, and 7 kW, with 2 s for each level
in the stair up and other 2 s for each level in the stair down (see the first plot in Figure 8).
The threshold Pre f was chosen between the levels, in order to analyze the fuel efficiency
obtained in each case (see Table 6).

Table 6. Fuel economy for the third load profile (symmetrical stair up and down).

Pref FuelT(sFF) FuelT(SW) ∆FuelT(SW) ∆FuelT(Air) ∆FuelT(Fuel) ∆FuelT(SW) [110]

[kW] [L] [L] [L] [L] [L] [l]

2.5 286.5 268.6 −17.9 −17.4 −15.7 −19.4
3.5 286.5 258.8 −27.7 −17.4 −15.7 −28.7
4.5 286.5 250.4 −36.1 −17.4 −15.7 −35.2
5.5 286.5 247.6 −38.9 −17.4 −15.7 −39.3
6.5 286.5 252 −34.5 −17.4 −15.7 −33.7

The best fuel efficiency for the SW–LFW technique compared to the sFF technique
was observed for Pre f = 5.5 kW, at about 13.6% of FuelT(sFF) (100 × 38.9/286.5 ∼= 13.58%).
The fuel efficiency for the SW–LFW technique compared to the Air–LFW and Fuel–LFW
techniques was 2.23- times and 2.47-times higher, respectively. Fuel economy using dif-
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ferent values for the threshold Pre f is shown in Figure 7. The fuel efficiency utilizing
the SW-FLW technique with power Pre f = 2.5 kW was equal to that gained utilizing the
Air-FLW strategy, with small differences appearing due to the use of the Fuel-FLW strategy
during the starting phase (until the load became higher than 2.5 kW).

Figure 7. Fuel economy for the third load profile using different values of the threshold Pre f .

It is worth mentioning that only minor differences appeared in the fuel economy
obtained for different levels of the threshold Pre f using the SW–LFW technique, as com-
pared to the switching technique proposed in [110] (see the last column of Table 6 and
Figure 7). Thus, at the same fuel economy that might be obtained during a load cycle,
the proposed strategy had the advantages of being simpler and safer than the switching
strategy proposed in [110].

Figure 8 presents the behavior of the FCHPS under the second load profile for the
strategies Air–LFW (Figure 8a), Fuel–LFW (Figure 8b), and SW–LFW (Figure 8c), with the
plots structured as in Figure 6. Beside the above-mentioned findings for transient load,
these further observations were of significance. (1) The search for the optimum using
the Air–LFW or the SW–LFW strategies for Pload > Pre f = 4.5 kW is performed via the
FuelFr regulator because IFC ∼= Ire f (GES); because the optimization function was defined to
minimize the fuel economy, the minimum values of the FuelFr is tracked (refer to the 5th
plot in Figure 8a,c) and the FC power is different from the requested load. (2) This power
difference (given by the power transfer balance on the DC distributed network) is sustained
by the storage device (here a battery), which is charged or discharged during the load cycle,
but the SOC remains the same at the end (see the 3th plot in Figure 8a). (3) The search for
the optimum using the Fuel–LFW or the SW–LFW strategies for Pload < Pre f = 4.5 kW
operates via the AirFr regulator, so the FuelFr controller is controlled using the load-
following technique (see the 5th plot in Figure 8b); thus, the FC power is almost close to the
requested load. (4) the battery storage device functions in a charge-sustained mode (refer
to the 3rd curve in Figure 8b). (5) In the case of a dynamic load in the full range, the fuel
efficiency for the Air–LFW and Fuel–LFW techniques seems to be the same (see Table 6);
the difference of 1.7 L means about 0.63% of the total fuel utilization.
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Figure 8. Behavior of the FCHPS under the third load profile (symmetrical stair up and down).

Additionally, it is worth mentioning the aforementioned spike when the references
Ire f (LFW) and IFC + Ire f (GES2) are switched [110] (refer to the 4th curve of Figure 8c).

5. Discussion and Next Works

The results obtained for the FCHPS in previous sections and [110] are summarized
in Tables 7–10, for the case of keff = 25 and Pref = 4.5 kW, where the fuel economy in-
dicator was calculated for a given load profile using the relationship %Fuelload

T(strategy) =

100 ·
(

Fuelload
T(re f erence)−Fuelload

T(strategy)

Fuelload
T(re f erence)

)
.
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Table 7. Percent of fuel economy for different Pload values in case of keff = 25 and Pref = 4.5 kW.

Parameter [unit]
Strategy

Fuel-LFW Air-LFW SW-LFW SW [110]
Pload
[kW]

%FuelP_load
T(strategy) [%]

1.89 −35.68 1.89 1.65 2
6.88 −9.85 6.88 3.55 3
6.91 −1.60 6.91 5.02 4
8.88 6.53 8.88 11.58 5
9.99 11.26 11.26 14.19 6

15.32 17.95 17.95 19.10 7
14.77 17.66 17.66 27.11 8

1
8 ∑P_load %FuelP_load

T(strategy)
[%]

8.08 0.78 8.93 10.28

Table 8. Percent of fuel economy for the first load profile in case of keff = 25 and Pref = 4.5 kW.

Parameter [unit]
Strategy

Fuel-LFW Air-LFW SW-LFW SW [110]
Pload(AV)

[kW]

%FuelP_load(AV)
T(strategy) [%]

−5.62 −21.03 −5.62 0.29 2
−1.52 −11.57 −1.52 1.93 3
0.84 −4.38 0.41 4.09 4
4.13 3.14 3.80 11.33 5
7.74 10.20 10.20 32.67 6

1
6 ∑P_load(AV) %FuelP_load(AV)

T(strategy)
[%]

0.93 −3.94 1.21 8.39

Table 9. Percent of fuel economy for the second load profile in case of keff = 25 and Pref = 4.5 kW.

Parameter [unit]
Strategy

Fuel-LFW Air-LFW SW-LFW SW [110]
Pload(AV)

[kW]

%FuelP_load
T(strategy) [%] 10.69 17.14 25.49 25.87 5

Table 10. Percent of fuel economy for the third load profile in case of keff = 25 and Pref = 4.5 kW

Parameter [unit]
Strategy

Fuel-LFW Air-LFW SW-LFW SW [110]
Pload(AV)

[kW]

%FuelP_load
T(strategy) [%] 5.48 6.07 12.60 12.29 5

Table 7 presents the percent of fuel economy for different constant Pload values (men-
tioned in the last column), highlighting that the SW–LFW strategy achieved the best fuel
economy through the switching technique of the Air–LFW and Fuel–LFW strategies. The
average value of the fuel economy percentages for the eight load levels was calculated
using 1

8 ∑P_load %FuelP_load
T(strategy). The value obtained showed that the SW–LFW strategy

and the strategy proposed in [110] were of different classes (the first used a single GHG
controller, the second used two GES controllers, which led to the expansion of the search
field by using two variables and therefore better performance).

Better performance for the strategy proposed in [110] compared to the SW–LFW strat-
egy proposed in this study was also obtained for a variable load profile but with low dy-
namics (note that the power levels used were 0.75·Pload(AV), 1.25·Pload(AV), and 1.00·Pload(AV)
for the first load profile). Table 8 presents the percent of fuel economy for different first
load profiles, mentioning the Pload(AV) values in the last column.

For a variable load profile with a dynamic across the full range of loads allowed, the
performance indicator had similar values for the SW–LFW and SW strategies [110] (see per-
centage of fuel economy for the second and third load profile presented in Tables 9 and 10).
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A possible explanation would be that the load dynamics could no longer be tracked
due to the limited search speed, to avoid fuel starvation, and the advantage of searching
with two variables was lost. Although the discussion on the performance of the SW–LFW
strategy remained open, as compared to the strategy proposed in [110], it was obvious
that the current limitations imposed by the safe operation of the FC system limited the
search speed. Therefore, the search slopes of maximum 100 A/s imposed in the air and
fuel regulators limits the search speed and, in the end, similar performances are obtained
(regardless of the search speed of the algorithm used). However, the advantage of the
simplicity of the SW–LFW strategy still holds, as compared to the strategy proposed
in [110].

The fuel consumption for the SW–LFW strategy, mentioned in Tables 2 and 4, is shown
in Figure 9 by load (a) and average load (b).

Figure 9. Fuel consumption for the SW–LFW strategy.

It is worth mentioning that the fuel consumption for the SW–LFW strategy was almost
linear in both cases, the trend line depending on the load and the average load, according
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to the relations FuelT(SW) = 20.378 Pload + 14.868 and FuelT(SW) = 18.977 Pload(AV) + 14.323,
respectively. Therefore, the fuel consumption could be estimated on the basis of the average
load, up to the first refueling station on the planned road.

Consequently, the next works is focused on the following actions:

1. Testing the relationship between fuel consumption and average load for different
load demand profiles.

2. Finding the best threshold between the high and low loading ranges. This value of
Pref = 4.5 kW was obtained on the basis of the sensitivity investigation functions for
both variable and constant loads. The load-following management switches to the
fuel and air regulators, if the load is higher or lower than this threshold. This value
and other values close to this are to be considered for further tests under a different
load profile.

3. Inclusion of a monitoring and energy management system for the battery. In this
study, the system load demand was clearly sustained by the power supplied by the
FC system and the battery storage device functions in a charge-sustained mode. Thus,
the size of the battery might be reduced. Additionally, the battery’s life time increases
by avoiding the charge–discharge cycles that appear in most strategies, based on SOC
monitoring. An advanced energy management system [121,122] and a battery aging
modeling [123,124] is to be included to evaluate the advantage of the LFW control
over the battery life.

4. Reducing the number of switches of the fueling regulators’ references in the event
of a high dynamic load. The SW–LFW strategy used a 200 W hysteresis controller
(see Figure 3) instead of a simple comparator, to switch the reference Ire f (LFW) to
the inputs of the fueling regulators (Ire f (Fuel) and Ire f (Air)). Different values of the
hysteresis band for the hysteresis controller is to be tested, in combination with an
appropriate filtering of the load power.

In summary, besides the practical recommendations and next works mentioned above,
the implementation of the SW–LFW strategy could be approached through the following
step-by-step research methodology. (1) First, the strategies Air–LFW and Fuel–LFW must
be tested for high and low load levels, using a simple searching algorithm and a Fuel
Cell simulator based on a Hardware in the Loop Simulation (HILS) approach. (2) The
air and fuel flow rates obtained with the techniques Air–LFW and Fuel–LFW is to be
recorded in a look-up table to use for the SW–LFW strategy (a look-up table approach of
the load-following control presented in this work). (3) The obtained fuel economy is to
be validated on a Fuel Cell system using the SW–LFW strategy for variable load profiles.
(4) The fuel efficiency should be improved by testing other thresholds, using recently
developed searching algorithms (such as the Global Extremum Seeking algorithm used in
this paper), the load-following management in place of the look-up table approach, faster
searching algorithms than GES algorithm used here, etc.

6. Conclusions

This work analyzed the performance of the SW–LFW technique in comparison to
strategies based on Air–LFW, Fuel–LFW, sFF control, and the switching strategy proposed
in [110]. The fuel efficiency was better for the SW–LFW strategy in case of a dynamic load
across the full range as it used the best strategy for a certain load level—Air–LFW strategy
for high-load values and Fuel–LFW strategy for low-load values.

In addition, the fueling regulator, which was not controlled based on the load-
following technique, was utilized to improve the fuel economy employing a real-time
optimization loop.

In consequence, the key observations of this work were as follows. (1) A new energy
management scheme based on the SW–LFW technique to further improve fuel economy
compared to basic techniques (the Air–LFW and Fuel–LFW techniques) and sFF reference
strategy. (2) SW–LFW strategy has the advantages of improved battery lifetime and reduced
size, by switching the load-following control to the fueling controllers. (3) The fuel economy
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in case of a dynamic load across the full range was doubled compared to basic strategies
(about 2.23-times and 2.47-times higher compared to Air–LFW and Fuel–LFW techniques,
respectively). (4) The total fuel utilization was reduced by more than 13%, as compared to
commercial strategy based on the sFF technique. (5) At the same fuel economy that could
be obtained during a dynamic load cycle, the proposed strategy had the advantages of
simplicity and safety in operation, as compared to the switching strategy proposed in [110].
(6) In addition, fuel consumption could be estimated based on the average load to the first
refueling station on the planned road, using the linear relationship obtained in this study.

In conclusion, this study would help improve the performance of the FC vehicles, by
utilizing the innovative solutions proposed in this paper.
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