
Chapter 12
Energy Harvesting from the Fuel Cell
Hybrid Power Source Based on Extremum
Seeking Control Schemes

Nicu Bizon

Abstract Energy harvesting is known as the conversion process of ambient energy
into usable electrical energy, including the available and free energy of the
renewable and green energy sources. This chapter analyzes the possibility to use the
Extremum Seeking Control schemes for harvesting the hydrogen energy via a Fuel
Cell Hybrid Power Source. The new Extremum Seeking Control schemes proposed
here are based on a band-pass filter with the frequencies’ band larger than that of the
series combination of high-pass and low-pass filters used in the classical Extremum
Seeking Control scheme. The mathematical modeling of the Extremum Seeking
Control scheme that is applied to nonlinear dynamic plant shows the close relations
between the search speed, the derivatives of the unknown input-to-output map, and
the cut-off frequencies of the band-pass filter. The simulation results are compared
with the results of classical Extremum Seeking Control schemes. The ratio of these
search speeds is used as the performance indicator, besides the tracking accuracy
evaluated for each control scheme. A Maximum Power Point tracking technique is
proposed for the Fuel Cell stack based on a modified Extremum Seeking Control
that slightly improves the performance. A higher value of the searching speed is
obtained for the same tracking accuracy. The search speed will increase propor-
tionally with the product of both control parameters (the closed loop gain and the
dither gain), so it is practically limited for safe reasons. An advanced Extremum
Seeking Control scheme is proposed here to further reduce the power ripple and
obtain the imposed performance related to the search speed and tracking accuracy.
Finally, the dynamical operation of the Fuel Cell stack under constant and variable
load is shown.
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Abbreviation and Acronyms

aESC advanced Extremum Seeking Control
ANN Artificial Neural Network
BPF Band Pass Filter
bpfESC Band Pass Filter ESC
EA Evolutionary Algorithms
ES Energy Sources
ESS Energy Storage System
EQ Equivalent
ESC Extremum Seeking Control
FC Fuel Cell
FCHPS Fuel Cell Hybrid Power Source
FLC Fuzzy Logic Controller
GMPP Global Maximum Power Point
GMPPT GMPP Tracking
HF High Frequency
hoESC high-order Extremum Seeking Control
HPF High-Pass Filter
HC Hill Climbing
HPS Hybrid Power Source
H1 First Harmonic
IC Incremental Conductance
LF Low Frequency
LPF Low-Pass Filter
MEP Maximum Efficiency Point
MPP Maximum Power Point
MPPT MPP Tracking
mESC modified Extremum Seeking Control
P&O Perturb & Observe
PEM Proton Exchange Membrane
PV Photovoltaic
RCC Ripple Correlation Control
RES Renewable Energy Sources
WT Wind Turbines
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12.1 Introduction

In general, the conversion process of ambient energy into usable electrical energy
using Renewable Energy Sources (RESs), such as Photovoltaic (PV) panels, and
Wind Turbines (WT), or on hydrogen energy via a Fuel Cell (FC) stack can be
modeled by a nonlinear dynamic plant having an unknown input-to-output map,
y = f(x) with one or more maximums. Usually, one Maximum Power Point (MPP)
appears in the stationary regime and more local extremes appear on the power
profile during transitory regimes. The control variable used for searching the MPP
or global MPP (GMPP) is the current or the voltage, or the power generated by the
RESs [1, 2] (see Fig. 12.1). Note, that the GMPP must be accurately tracked in
dynamic regime, too [3, 4].

The Fuel Cell Hybrid Power Source (FCHPS) architecture which will be ana-
lyzed in this chapter (see Sect. 12.6) is based on the generic Hybrid Power Source
(HPS) architecture shown in Fig. 12.1. Note that the FC stack will be connected to
the ESS bus by a unidirectional DC-DC converter that is controlled using a
Maximum Power Point (MPP) tracking or a Maximum Efficiency Point (MEP)
algorithm. The MPP tracking (MPPT) controller will control the FC power flow
acquiring the samples of FC current and FC voltage (which are noted with iFC and
vFC in Fig. 12.1). The MPP of the FC stack under different fuelling modes will be
tracked using the Extremum Seeking Control (ESC) based on adaptive dithering
action of the reference current (iref) (see Fig. 12.2). The reference current is
compared to the FC current to generate the switching pulses based on an appro-
priate current-mode control strategy.

The MPP tracking (MPPT) algorithms and GMPP tracking (GMPPT) algorithms
were extensively analyzed in last decade, starting with the required applications
developed for an array of PV panels [5]. In general, some 1-D models were used to

Fig. 12.1 Architecture of the fuel cell hybrid power source
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model the nonlinear behavior of the PV system related to solar irradiance level.
The PV power profile has multiple extremes due to the partially shading conditions.
The temperature is also a very important parameter that affects the PV power, so a
2-D model may be used for the PV system using the irradiance and temperature as
input variables. Also, the 2-D model for Proton Exchange Membrane (PEM)
FC system (which is also known as Polymer Electrolyte Membrane FC system) will
use the oxygen and hydrogen fueling flow rates. The GMPPT algorithm must track
the GMPP between the multiple local extremes based on an ESC 2D-scheme, but
this case will not be approached here.

A huge number of MPPT and GMPP algorithms have been developed in the last
decades [6, 7], which are classified as offline, online and hybrid algorithms [6] or as
conventional, computational, and soft computing techniques [7]. It is obvious that
these MPPT and GMPP algorithms may be easily applied to harvest energy from all
types of energy sources such as WT [8] and Fuel Cell (FC) stacks [9]. In this
chapter the analysis of the MPPT and GMPP algorithms applied to FCHPS is
shown.

Fig. 12.2 Searching of the MPP based on dither signal ESC scheme [25]
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The most know MPPT algorithms are the Perturb and Observe (P&O) [10], the
Incremental Conductance (IC) [11] and the Hill Climbing (HC) [12] based on fixed
or variable small searching steps to accurately track the MPP, but with limited
searching speed because these performance indicators require opposite design
values for the searching steps. Thus, if the step-size is increased to obtain a higher
searching speed, then the tracking accuracy will be lower and vice versa.

Therefore, the advanced ESC schemes for the MPPT algorithms are usually
proposed here to solve this problem and make less dependent the tracking accuracy
to model used [5].

The group of soft computing techniques includes Artificial Intelligence (AI)
algorithms such as the Fuzzy Logic Controller (FLC) [13], Artificial Neural
Network (ANN) [14] and Evolutionary Algorithms (EA) [15]. As it was mentioned
before, these AI-based MPP tracking algorithms are used to optimize the GMPP
localization [15] in the first stage of searching, level of tracking oscillations [16] in
second stage of searching or during the tracking phase, and control robustness [17].

Real-time optimization techniques such as the Ripple Correlation Control (RCC)
[18] and ESC [19] schemes may increase the performance of searching of the
GMPP. These GMPPT algorithms are based on perturbed signal injected in the
control loop, which is usually named dither, or on ripple that normally exists on the
HPS over the power generated by the energy source, being concentrated in har-
monics at multiples of the grid (the low frequencies (LF) ripple) and switching
frequency (the high frequency (HF) ripple).

Because it is impossible to simultaneously obtain a high searching speed and a
good tracking accuracy using classical ESC schemes (such the high order ESC
scheme (hoESC) [20]), advanced ESC schemes were reported in literature [21, 22].
Two classes of ESC approaches are reported in the literature: perturbation-based
[23] and model-based methods [24].

The performance of the 1-D ESC schemes will be analyzed here based on the
Band Pass Filter ESC (bpfESC) scheme proposed in [25–27] to increase both
searching speed and tracking accuracy indicators.

Hydrogen is recognized as a viable energy source because it is widely spread in
the Universe, being the most abundant elements in the Universe. The hydrogen
energy is converted to electrical energy via the PEMFC systems that supply the
FCHPS. This FCHPS is potentially a green energy resource that has no territorial
restrictions, a competitive price, and a life cycle which continues to increase each
year. Because it still requires expensive investments for hydrogen production, it is
important to extract as much energy as possible from the PEMFC stack in order to
reduce the hydrogen consumption [28]. Consequently, the PEMFC systems must
operate close to MPP or MEP. The FC efficiency is with about 5% lower than the
highest efficiency obtained at the MEP [28]. The MPPT algorithms for FC stack are
retrieved from the PV system experience, but, in comparison with the PV systems,
the operating point of a FC stack depends by more parameters of each subsystems
of the FC system [29, 30]. Hybridization of the FC system with a Storage Devices,
such as batteries and ultracapacitors which can be mixed in an Energy Storage
System (ESS), and/or use of some RESs may be an effective technology to
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overcome the disadvantages of the FC-alone-powered source [31–33]. The energy
harvesting techniques need a MPPT control of adaptive type to harvest all the
energy available from the microbial FC stacks used to treat the wastewater [34].

The FC power characteristic can be modeled using analytical equations [29] or
numerical approximations [35] based on the loading and fueling conditions, stoi-
chiometric air-fuel ratio, temperature and other parameters, such as transfer coef-
ficients, internal humidity level, and catalyst layer thickness. Note that the last
parameters are not simple simply available if these are not specified in the data
sheet. The temperature is considered constant for the simulations performed here
because its variation is slower than that on loading and fueling conditions.

As it was mentioned before, the P&O algorithms are the most used MPPT
algorithms used for FC system, too [10, 36]. The design of the MPPT algorithms
must carefully consider the tradeoffs between performance indicators (the searching
speed and tracking accuracy) and safety operation. The FC power ripple must be as
small as possible to increase the harvested power and to reduce the mechanical and
electrical stress of the PEMFC membrane [37]. The control robustness to load
dynamic could be assured by the load following control combined with the MPPT
algorithms based on the ESC schemes [38, 39]. Although the ESC-based MPPT
control is a well-established algorithm [20, 40, 41], certain instability may appear
when the control parameters vary more quickly than action elements (for example,
the air compressor) in order to increase the overall FC system efficiency [42, 43].
So, an MPPT-based energy management to load dynamic is required for the fueling
flow rates [44–47]. The MPPT control would be beneficial to operate the FC stack
because the MEP is difficult to be tracked [48] and in some cases the power density
is more required than the fuel efficiency [49, 50].

In this chapter, three real-time optimization algorithms based on ESC schemes
are compared as performance under different operating conditions of the PEMFC
system. The ESC has been successfully applied in different engineering applications
[51], which include the FCHPSs [52, 53]. The tracking accuracy reported for the
PV inverters is higher than 99.98% [54], but lower accuracy (<99%) is reported for
the FC inverter [55, 56]. Note that the tracking accuracy is defined as, where PMPP
is the FC power at the MPP and PFC is the average power effectively generated by
the FC system operating under MPPT control.

The chapter is organized as follows. Section 12.2 presents the classical
High-Order ESC (hoESC) and bpfESC schemes used in simulation. If the transfer
function of the Band Pass Filter (BPF) from the bpfESC scheme is equivalent to the
series combination of the High-Pass Filter (HPF) and Low-Pass Filter (LPF) filters
from the hoESC scheme, then the hoESC and bpfESC schemes are functionally
equivalent, too. This aspect is briefly shown in this section. Section 12.3 deals with
signal processing in the loop of the bpfESC scheme. An analytical analysis in the
frequency and time domain of the bpfESC scheme is presented in order to compare
the searching speed for both ESC schemes. The simulation results based on generic
input-output maps validate the analytical results obtained. Section 12.4 briefly
presents briefly the issue of modeling and control of the PEMFC system.
Section 12.5 reviews the classical ESC, mESC and aESC schemes applied for the
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PEMFC system, highlighting the main topological differences. The performance
obtained is shown in Sect. 12.6 using the mESC and aESC schemes for PEMFC
system under constant fueling rate and dynamic load profile. Last Section concludes
the paper.

12.2 The Equivalence of the hoESC and bpfESC Schemes

The ESC schemes scans the plant’s input, x, based on the plant’s output, y, so that
y = f(x) is maximized (see Fig. 12.2). The searching of the MPP (y ! yMPP) is
assured if the staring value, x0, will be set in the region of the MPP attraction. The
noise level (n) does not affect the searching process in the closing loop [25, 26].

The performance’s analysis of the hoESC (Fig. 12.3) and bpfESC (Fig. 12.4)
schemes is performed in this section. It can be observed that both ESC schemes
have the same operating relationships, excepting the signal filtering and demodu-
lation [20, 24–26].

For brevity, only relationships of the bpfESC scheme are shown below, con-
sidering GBPF(s) = GHPF(s) � GLPF(s) = [YBPF(s)/YF(s)] � [YF(s)/YN(s)] =
[s/(s + xh)] � [xl/(s + xl)]:

y ¼ f xð Þ; yout ¼ yþ n; yN ¼ kN � yout ð12:1Þ

yF
: ¼ �xhyF þxhyN ; yBPF ¼ yN � yF ;

yBPF
: ¼ �xlyBPF þxlyF ; yDM ¼ yBPF � sinðxdtÞ

ð12:2Þ

Fig. 12.3 The hoESC scheme [25]

Fig. 12.4 The bpfESC scheme [25]
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yloop
: ¼ k1yDM ð12:3Þ

x ffi xin þ x0; xin ¼ yloop þ sdg; sdg ¼ k2 � sinðxdtÞ ð12:4Þ

where Eqs. (12.1), (12.3), and (12.4) represent the input-to-output map, the inte-
grator, the MPP current controller based on xin reference, and Eq. (12.2) represent
the signal processing based on BPF and demodulation.

The following notations are used (see Fig. 12.4):

• k1 is the loop gain;
• k2 is the gain of the dither amplitude;
• xd is the frequency of the dither signal;
• xl = blxd, 0 < bl < 6, is the cut-off frequency of the LPF;
• xh = bhxd, 0 < bh < 1, is the cut-off frequency of the HPF;
• yN is the signal after normalization (to the maximum value of y, yMPP);
• yF is an intermediate variable related to HPF operating;
• yBPF is the output signal from the BPF;
• yDM is the signal after demodulation;
• yloop is the output signal from the ESC loop;
• xin is the estimation signal of the unknown parameter;

Relationships of the hoESC scheme related to signal processing based on LPF
and HPF and demodulation are:

sF
: ¼ �xhsF þxhsN ; sHPF ¼ sN � sF ;

sLPF
: ¼ �xlsLPF þxlsHPF sinðxtÞ

ð12:2’Þ

where sN, sHPF, and sLPF are the signals after normalization, HPF, and LPF.
If GBPF(s) = GHPF(ho)(s) � GLPF(ho)(s), then:

GBPFðxÞj j ¼ GHPFðhoÞðxÞ
�� �� GLPFðhoÞðxÞ

�� ��;
/BPFðhoÞðxÞ ¼ argðGBPFðhoÞÞ ¼ /HPFðhoÞðxÞþ/LPFðhoÞðxÞ

ð12:5Þ

where:

GHPFðhoÞðxÞ
�� �� ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ xhðhoÞ=x

� �2q
;

/HPFðhoÞðxÞ ¼ argðGHPFðhoÞÞ ¼ arctan ðbhðhoÞxdÞ=x
� � ð12:6Þ

GLPFðhoÞðxÞ
�� �� ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x=xlðhoÞ
� �2 þ 1

q
;

/LPFðhoÞðxÞ ¼ argðGLPFðhoÞÞ ¼ � arctan x=ðblðhoÞxdÞ
� � ð12:7Þ
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In this case, it was shown in [25] that the ratio of the searching speeds (KSS(bpf)

and KSS(ho), respectively) is:

RSS ¼ KSSðbpf Þ=KSSðhoÞ
�� �� ¼ cosð/HPFðhoÞ þ/LPFðhoÞÞ

��� ���= cosð/HPFðhoÞÞ ð12:8Þ

If

0\bhðhoÞ\1\3\blðhoÞ ð12:9Þ

then

1\RSS � 1= cosð/HPFðhoÞÞ � 1:0541 ð12:10Þ

the equality being obtained when:

/HPFðhoÞ ¼ /LPFðhoÞ
��� ��� , blðhoÞ � bhðhoÞ ¼ 1 ð12:11Þ

Thus, if GBPF(s) = GHPF(ho)(s) � GLPF(ho)(s), then the hoESC (Fig. 12.3) and the
bpfESC (Fig. 12.4) schemes will have almost the same search speed. So, from this
point of view, the hoESC and the bpfESC schemes are functionally equivalent. It
was shown in [25, 26] that almost the same tracking accuracy is obtained.

Relationship (12.11) also defines the condition to have the highest value of the
search speed, KSS(bpf). It is important to know how much the search speed is
improved for the bpfESC schemes, KSS(bpf), in comparison with hoESC scheme,
KSS(ho).

If identical HPFs will be considered in both bpfESC and hoESC schemes, which
means identical cut-off frequencies:

0\bhðhoÞ ¼ bhðbpf Þ\1 ð12:12Þ

then the ratio of the searching speeds (KSS(bpf) and KSS(ho), respectively) is:

RSS ¼ KSSðbpf Þ=KSSðhoÞ
�� �� ffi GLPFðbpf Þ

�� ��= GLPFðhoÞ
�� �� ð12:13Þ

If

0\blðhoÞ\1\3\blðbpf Þ ð12:14Þ

then

blðbpf Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2lðbpf Þ þ 1

q� �
� 0:95 ð12:15Þ
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Thus, the following average approximation can be used [24]:

RSS ffi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1=b2lðhoÞ

q
ð12:16Þ

In the next section a better approximation will be developed based on the signal
processing in the bpfESC loop.

12.3 The Signal Processing in the ESC Loop

The probing signal related to the input-output map, y = f(x), can be approximated
by the Taylor series:

yðxÞ ¼
X1
i¼0

ðx� x0Þi
i!

� d
if

dxi
ðx0Þ ð12:17Þ

where (x0, y0 = f(x0)) is a point on the static power map, which slowly varies in
time as it is shown in Fig. 12.1. If the starting point is considered the origin, (0, 0),
then the ramp for t < tMPP is given by relationship:

x0ðtÞ ¼ xMPP

tMPP
� t ¼ G � t ð12:18Þ

Note that tMPP is the time of simulation and G is the slope of the ramp used to
test the nonlinear plant in open loop or it is the gradient that is estimated in closed
loop, KSS.

In both cases, the derivatives can be computed during the simulation based on
relationship:

df
dx

ðx0Þ ¼ df
dt

=
dx
dt

ffi G�1 � f ð1ÞðtÞ ð12:19Þ

In general:

dif
dxi

ðx0Þ ffi G�i d
if
dti

ðtÞ ¼ G�if ðiÞðtÞ ð12:20Þ

The main LF components in the ESC loop are set by the frequencies band of the
BPF or equivalent series connection of the HPF and LPF:

xLFðtÞ ¼
X½bl�
j¼1

aj sinð jxdtÞ ð12:21Þ

338 N. Bizon



where the integer [bl] can be set higher than 3 to increase the ration of searching
speeds.

The magnitudes of the LF components, aj, are lower than the x0 value, so:

x ¼ x0 þ xLF ffi x0 ð12:22Þ

and

dx
dt

ffi dx0
dt

ð12:23Þ

Consequently:

yBPFðtÞ ffi kN
X1
i¼1

X½bl�
j¼1

aj sinðjxdtÞ
" #i

G�if ðiÞðtÞ
i!

8<
:

9=
; ð12:24Þ

12.3.1 Estimation of the Searching Speed in the bpfESC
Loop

The estimation of the searching speed in the bpfESC closed loop will be performed
considering the following assumptions:

• only three components of the Taylor series will be considered;
• the BPF is ideal, having bh(bpf) = 0.5 and bl(bpf) = 3.5;
• G = 1 and kN = 1.

Under these conditions the relationship (12.24) will become:

yBPFðtÞ ffi
X3
i¼1

X3
j¼1

aj sinðjxdtÞ
" #i

f ðiÞðtÞ
i!

( )
ð12:25Þ

If the superposition technique will be considered, then the relation (12.25) will
be written as:

yBPFðtÞ ffi
X3
i¼1

X3
j¼1

aij sin
iðjxdtÞ

" #
f ðiÞðtÞ
i!

( )
ð12:26Þ

The signal after the demodulation

12 Energy Harvesting from the Fuel Cell Hybrid Power Source … 339



yDMðtÞ ¼ yBPFðtÞ � sinðxdtÞ ð12:27Þ

can be written as:

yDMðtÞ ffi Ksg þ
X3
j¼1

bj sinðjxdtÞþ cj cosðjxdtÞ
h i

ð12:28Þ

where:

Ksg ¼ f ð1ÞðtÞ � a1
2

þ f ð3ÞðtÞ � a31
16

ð12:29Þ

and

b1 ¼ f ð2ÞðtÞ � a21
8

;

c1 ¼ f ð1ÞðtÞ � a2
2

þ f ð3ÞðtÞ � a32
16

;

b2 ¼ 0;

c2 ¼ f ð1ÞðtÞ � a1 � a3ð Þ
2

þ f ð3ÞðtÞ � 4 � a31 � 3 � a33
� �

48
;

b3 ¼
f ð2ÞðtÞ � a22 � a21

� �
8

;

c3 ¼ � f ð1ÞðtÞ � a2
2

� f ð3ÞðtÞ � a32
16

ð12:30Þ

The Ksg parameter will be computed in simulation based on the next
relationship:

Ksg ¼ a1
2
� df
dx

ðx0Þþ a31
16

� d
3f

dx3
ðx0Þ ð12:29’Þ

Relationships (12.30) can be used to estimate the harmonics magnitudes in the
bpfESC open loop, but to accurately compute these magnitudes in the closed loop
these relationships must be rewritten considering the derivatives as above.

The signal injected in the loop will be:

yloopðtÞ ¼ k1

Z
yDMðtÞdt ffi k1Ksg � tþ

X3
j¼1

k1cj
jxd

sinðjxdtÞ �
k1bj
jxd

cosðjxdtÞ
� 	

ð12:31Þ
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The loop gain, k1, is set proportional to the dither frequency in order to assure
the dither persistence in the ESC loop [25, 26]. So, if

k1 ¼ csd � xd ð12:32Þ

then

yloopðtÞ ffi KSSðbpf Þ � tþ
X3
j¼1

Hj sinðjxdtþujÞ

 � ð12:33Þ

where KSS(bpf) and Hj are the values estimated in the closed loop for the searching
speed and the magnitude of the j-harmonic:

KSSðbpf Þ ¼ Ksg � csd � xd

Hj ¼ csd
j
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2j þ c2j

q ð12:34Þ

Note that these parameters are time variables based on relationships (12.29) and
(12.30).

12.3.2 Estimation of the Searching Speed in the hoESC
Loop

The estimation of the searching speed in the hoESC closed loop will be performed
considering the same assumptions as in the section above, excepting that
bh(ho) = 1.5.

The LF components in the hoESC loop are filtered by the LPF, thus only the first
harmonic will be considered:

xLFðtÞ ¼ a1 sinðxdtÞ ð12:35Þ

The signal after the HPF is:

sHPFðtÞ ffi a1
df
dx

ðx0Þ � sinðxdtÞ ð12:36Þ

Thus, the signal after demodulation can be written as:

sDMðtÞ ¼ sHPFðtÞ � sinðxdtÞ ffi a1f ð1Þ � sin2ðxdtÞ
¼ a1f

ð1Þ=2� a1f
ð1Þ � cosð2xdtÞ=2

ð12:37Þ
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Consequently, the signal after the LPF will be:

sLPFðtÞ ffi a1f
ð1Þ=2 ð12:38Þ

so:

sloopðtÞ ¼ k1

Z
sLPFðtÞdt ffi k1a1f

ð1Þ=2
� �

� t ¼ KSSðhoÞ � t ð12:39Þ

where:

KSSðhoÞ ¼ k1a1f
ð1Þ=2 ¼ csdxd

a1
2
� df
dx

ðx0Þ ð12:40Þ

12.3.3 Estimation of the Speeds’ Ratio During
the Searching Phase

The ratio of the searching speeds can be estimated based on relationship (12.35) and
(12.40) as below:

RSSðtÞ ¼
KSSðbpf Þ
KSSðhoÞ

¼ 1þ df 3

dx3
ðx0Þ= dfdx ðx0Þ

����
���� � H2

1ðtÞ
8

ð12:41Þ

where the magnitude of the first harmonic, H1, for the yBPF signals will be estimated
using the Fast Fourier Transform (FFT). The diagram shown in Fig. 12.5 is
implemented in Matlab-Simulink® and used for comparative tests for the hoESC
and bpfESC schemes operating in closed loop, considering different input-output
maps such as:

yp ¼ fp xð Þ ¼ 1� 1� xð Þ2p; p ¼ 1; 2; 3 ð12:42Þ

The computing block (see Fig. 12.5) estimates the ratio of the searching speeds
based on (12.41).

12.3.4 Simulation Results

The following parameters are used for the bpfESC schemes in all simulations:
csd = 0.2 (k1 = 2pcsdfd), bh(bpf) = 0.18 and bl(bpf) = 5.5. Besides these, two values
are used for the dither frequency (fd) and for the gain of the dither magnitude (k2) to
highlight some analytical results using the simulation performed. The used values
for the dither are mentioned in each case.
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The derivatives for the input-output maps considered, yp = fp(x) = 1 –

(1 – x)2p, p = 1, 2, 3, are:

yð1Þp ðx0Þ ¼ df
dx

ðx0Þ ¼ 2pð1� x0Þ2p�1; p ¼ 1; 2; 3

yð3Þp ðx0Þ ¼ d3f
dx3

ðx0Þ ¼ 2pð2p� 1Þð2p� 2Þð1� x0Þ2p�3; p ¼ 2; 3

yð3Þ1 ðx0Þ ¼ 0; p ¼ 1

ð12:43Þ

These relationships (12.43), above mentioned, were implemented in the com-
puting block for both ESC schemes.

The simulations presented in Fig. 12.6 related to the searching phase for the
hoESC (●) and bpfESC (■) schemes, using fd = 50 Hz (case a), and fd = 5 Hz

Fig. 12.5 The diagram for
performance’s comparison of
the hoESC and bpfESC
schemes [25]
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(case b), shown that the number of iterations (or dither’s periods) is almost the same
for each ESC scheme.

Based on the zooms shown in Fig. 12.7 at t = 0.2 s (case a), and t = 2 s (case b),
the ratio of the searching speeds can be estimated for each input-output maps,
yp = fp(x), as being about 1, 1.3, and 1.8 for p = 1, 2, and 3, respectively. The
average value computed based on (12.16) is 1.2 and 2.2, for the bl(ho) value of 1.5
and 0.5, respectively.

The searching speeds are computed based on (12.34) and (12.29’) and the
simulation results are shown in Fig. 12.8 for the same cases and parameters

(a) fd=50 Hz (b) fd=5 Hz

Fig. 12.6 The search phase for the hoESC (●) and bpfESC (■) schemes with csd = 0.2
(k1 = 2pfd), k2 = 0.001, bl(ho) = 1.5, bh(bpf) = 0.18 and bl(bpf) = 5.5 [25]
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mentioned above. The simulation results shown in Fig. 12.8 validate the analytical
results presented above for the bpfESC scheme:

• The shape of the KSS(bpf) (top), Ksg(bpf) (middle) and H1 (bottom) during the
search phase is the same (see Fig. 12.8).

• The average value of the Ksg(bpf) (middle) and H1 (bottom) is almost the same
for both frequencies.

• The initial value for the Ksg(bpf) parameter is about 0.07 (for p = 3) and 0.018
(for p = 2) in both cases. Also, the initial value for the H1 magnitude is about
0.024 (for p = 3) and 0.09 (for p = 2) in both cases. On the other hand, con-
sidering the above comments and the value of a1 = H1, the initial value for the
Ksg(bpf) parameter can be estimated based on (12.29’) as:

(a) fd=50 Hz (b) fd=5 Hz

Fig. 12.7 Zooms of the search phase for the hoESC (●) and bpfESC (■) schemes with csd = 0.2
(k1 = 2pcsdfd), k2 = 0.001, bl(ho) = 1.5, bh(bpf) = 0.18 and bl(bpf) = 5.5 [25]
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Ksgð0Þ ffi a1
2
� df
dx

ð0Þ ¼ p � H1; p ¼ 1; 2; 3 ð12:44Þ

It is easy to notice that the above simulation results validate the relationship
(12.44). For example, considering csd = 0.2 and fd = 50 Hz (case a), the initial
value for the KSS(bpf) indicator is about 0.7 (for p = 3) and 0.18 (for p = 2). Thus,
considering the initial value for the simulated Ksg(bpf) parameter mentioned above,
the csd parameter can be estimated based on (12.34) as 4.4/(314 � 0.07) ≅ 0.2 (for
p = 3) and 1.2/(314 � 0.018) ≅ 0.21 (for p = 2).

(a) fd=50 Hz (b) fd=5 Hz

Fig. 12.8 KSS(bpf) (top), Ksg(bpf) (middle) and H1 (bottom) during the searching phase for the
bpfESC scheme with csd = 0.2 (k1 = 2pcsdfd), k2 = 0.001, bh(bpf) = 0.18 and bl(bpf) = 5.5, and
different input-output map: yp = 1 – (1 – x)2p, p = 1 ( ), 2 ( ), and 3 (△) [25]
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Also, it is easy to notice that the values for the KSS(bpf) indicator are 10-times
lower in case b, when the dither frequency is set to be 10-times lower than in case a.
Thus, the analytical result given by (12.34), related to the KSS(bpf) indicator, is
validated through simulation.

In order to highlight the second term of the relationship (12.29’), some simu-
lations related to the searching phase for the bpfESC schemes using k2 = 0.1, which
is 100-times higher than the above value, are presented in Fig. 12.9. To assure the
loop stability the k1 gain is set 10-times lower than the above value considering in
simulation csd = 0.02 and fd = 50 Hz.

The simulation results validate the analytical results presented above for the
bpfESC scheme:

• The convergence time is proportional to the product of the frequency and
magnitude of the dither. The convergence time is 10-times lower in Fig. 12.10
than in Fig. 12.7a.

• Considering the initial value for the KSS(bpf) indicator and Ksg(bpf) parameter, the
csd parameter can be estimated based on (12.34) as 20/(314�3) ≅ 0.021 (for
p = 3) and 6/(314 � 0.9) ≅ 0.021 (for p = 2). Thus, the analytical result given by
(12.34) is further validated through simulation.

Fig. 12.9 The bpfESC scheme with csd = 0.02 (k1 = 2pcsdfd), k2 = 0.1, fd = 50 Hz,
bh(bpf) = 0.18 and bl(bpf) = 5.5 [25]
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The searching phase is shown in theY-X phase plane for different yp = 1 – (1 – x)2p

is shown in Fig. 12.10.
The ratios of the searching speeds can be estimated based on (12.41) for the

mESC and bpfESC scheme using yp = 1 – (1 – x)2p, and these value are validated
by the simulations shown in Fig. 12.11.

The simulation results validate the analytical results obtained based on (12.43):

• Case p = 3: the initial ratio of the searching speed is 1 + (120/6) � (0.6)3/
8 = 1.9; the initial ratio computed from the simulation results is about 2.

• Case p = 2: the initial ratio of the searching speed is 1 + (24/4) � (0.4)3/
8 = 1.12; the initial ratio computed from the simulation results is about 1.14.

Note that the dither has a higher magnitude during the search phase (see bottom
plot in Fig. 12.8b). The ripple during the stationary phase is shown in Fig. 12.12.

The ripple measured during the stationary phase (around t = 4 s) is about 3.5%
(for p = 1), 2.5% (for p = 2), 2% (for p = 3). For example, if a FC stack has 10 kW
power, then the power ripple is higher than 200 W, which means a lot from energy
efficiency point of view of energy efficiency. Furthermore, the ripple affects the life
cycle of the PEMFC stack. As it was mentioned, a solution to improve the tracking
accuracy was proposed in [26].

Fig. 12.10 The search phase is shown in the Y-X phase plane for yp = 1 – (1 – x)2p: p = 1( ),
2( ), 3(△) [25]
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12.4 FC System Modeling and Control

12.4.1 FC System Modeling

The PEMFC system converts the hydrogen energy into electrical energy. Besides
other FC types, the PEMFC system has some advantages in operating such as low
operating temperature, compactness, and more simplified procedures to start-up and
shut-down.

Fig. 12.11 The ratio of the searching speeds for the mESC and bpfESC scheme (with csd = 0.02,
k2 = 0.1, fd = 50 Hz, bh(bpf) = 0.18 and bl(bpf) = 5.5) using yp = f(x) = 1 – (1 – x)2p: p = 2
(top), 3(bottom) [25]
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Fig. 12.12 Ripple during the stationary phase for the bpfESC scheme with csd = 0.02
(k1 = 2pcsdfd), k2 = 0.1, fd = 50 Hz, bl(bpf) = 0.18, bh(bpf) = 5.5, and yp = 1 – (1 – x)2p:
p = 1(top), 2(middle), 3(bottom) [25]
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The model used for the FC system should be able to accurately reflect the
PEMFC fueling and loading, the mass transfer and electrochemical phenomena,
which have time constants that must be included into the PEMFC dynamic. The
analytical models are focused on different processes encountered on the FC system
such as heat, mass transfer, electrochemical phenomena and other [57], or on entire
system [58, 59]. The empirical models are based on experimental data and focused
to predict the effect of different input parameters on the FC power, without in-depth
analysis of the physical and electrochemical phenomena involved [35, 60].

The PEMFC model implemented in Matlab/Simulink® will be used here because
this model has good accuracy in reflecting the PEMFC operation. The model
accuracy is not a critical issue: the ESC-based MPPT algorithm will track the MPP
of the FC power characteristic that is simulated at 3380 K (because the effects of
temperature are negligible on MPP position during the tracking process).

The hydrogen consumption is proportional to the FC current. The MPP con-
troller will regulate the FC current to maximize the FC power by controlling the
fueling rate [42, 47]. The humidified air flow is regulated by the air controller,
which commands the compressor’s speed for the required FC power [42]. The
classical control of the air flow rate is based on maintaining the oxygen excess ratio
close to 2 [57]. Both fuel flow rates can be used to control the FC power [47], but
for high FCHPS the air control is usually used [42, 60], without maximization of
the FC system efficiency [61].

It is obvious that the FC power could be controlled by both fueling rates or only
by air flow rate [62, 63], this choose being in general an experimental challenge for
the FCHPS designers [64–67]. Anyway, a model for the FCHPS is necessary to
design the fueling controller. In general, a nine or five states variables are used to
model the PEMFC system (named full-order model [63, 65] or reduced model
[66, 67], respectively).

12.4.2 FC System Control

12.4.2.1 Air Flow Control

The air flow rate must be efficiently controlled based on the load following con-
troller. If the air flow rate is higher that the needed rate then the efficiency of the
PEMFC system decreases, but also if this decreases under the needed rate, close to
critical rate, then the air is insufficient and the oxygen starvation may appear. The
controlled compressor can regulate the cathode excess oxygen ratio, avoiding this
phenomenon. The air rate may be controlled using a dynamic feed-forward control,
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linear quadratic regulator, robust control, predictive control, sliding control, MPPT
control and so on [18, 43, 63, 67, 68]. Here, the ESC-based MPPT control will be
analyzed.

12.4.2.2 Hydrogen Flow Control

The hydrogen flow rate can directly regulate the FC power, respecting the stoi-
chiometric ratio of hydrogen and oxygen flow rates and dynamic range of the mass
flow controllers. The hydrogen flow rate is a very good manageable variable,
instead of the oxygen flow rates that is a poor manipulated variable to control the
FC power [62–64]. The optimal hydrogen flow rate is estimated in real-time based
on the PEMFC efficiency map [69]. This control is benefic for small PEMFC
systems, where it is impractical to recycle the unreacted hydrogen [50].

The FC power will fall after few FC time constants after the shutdown of the fuel
valve and the FC power returns to the previous value if the fuel valve is reopened
during this delay in powering (when the reactants in the manifolds are not con-
sumed) [62]. So, the control of the on-off fuel valve must be made at a switching
frequency lower than 0.5 Hz. Thus, this control of the FC power is impractical due
to the slow response of the control loop. Consequently, a linear controlled valve is
used to regulate the pressure of hydrogen [50] or oxygen [45]. The control loop is
more complex, containing a valve, flowmeter, and an appropriate controller.
A simple and cheap control loop may be obtained using a digital valve, which is a
set of carefully sized sonic chokes installed in parallel (supplied by one common
inlet line and all discharged into a common exit manifold). The chokes calibrated
and sized in a binary pattern flowing may be digitally controlled using the on-off
fuel valves in series with each choke. A digital approximation is obtained for the
hydrogen flow rate that may be designed to be close to those given by the linear
controlled valve.

12.4.2.3 Control of Both Fueling Flow Rates

The control objective is to maximize the net FC power based on the both fueling
rates that are controlled in the admissible 2-D domain specified by the constraints.
In this case, a 2D-scheme for controlling both fueling flows can be used [21, 47,
70]. In general, a large tracking accuracy error is obtained due to the weak con-
trollability of the fueling flow rates under pulsed load [71]. The modeling and the
control of the air stream and hydrogen flow with recirculation in a PEMFC system
with constraints is shown in [66, 72]. The ESC 2D-scheme to control both fueling
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flows is analyzed in [47]. Here, the proposed mESC scheme of single input single
output type will be analyzed to highlight its advantages in comparison with the
classical control schemes.

12.5 The ESC-Based MPPT Control for FC System

The objective of the ESC scheme is to generate the control reference (Iref) that
generates the FC output power close to PMPP without knowing the FC power
characteristic, PFC = f(IFC). Consequently, the current control mode based on the
ESC-based MPPT control will be implemented to regulate the fuel flow rate
(FuelFr) using the following load technique [26, 39].

12.5.1 The Classical ESC Schemes

The first order ESC scheme is based on a scalar scheme, which is as that repre-
sented in Fig. 12.3, but without use of the filters’ blocks [73].

The hoESC scheme is augmented with filters of LPF and HPF type, as in
Fig. 12.3 [25] or adapted for the FC system in Fig. 12.13 [26], where the dither
gain is kA ¼ A � k2. Note that the LPF is not always necessary in searching and
tracking of the MPP, excepting the noise environment [52].

12.5.2 The mESC Scheme

The mESC scheme was shown in Fig. 12.3 [25] and adapted to the FC system in
Fig. 12.14 [26], where the dither gain is kA ¼ A � k2. The initial value of the FC
current, IFC0, must be set in the attraction region that assures i5 ! IMPP.

The analysis performed in next sections for the ESC schemes is based on a
sinusoidal dither, but the dithers’ shape does not influence the performance [74].

Fig. 12.13 The hoESC scheme for FC system [26]
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12.5.3 The aESC Scheme

The aESC scheme is shown in Fig. 12.15 [27]. Note that the dither amplitude is set
to be proportional with the first harmonic’s magnitude (H1) of the FC power: Thus,
the dither gain is kA ¼ A � k2 � H1. The first harmonic’s magnitude (H1) decreases
during the searching process to almost zero at MPP. Consequently, an insignificant
ripple of FC power will be on FC bus during the stationary phase. The proposed
aESC scheme outperforms the classical ESC schemes and the mESC scheme in
global power efficiency if the search speed is limited to be the same for all ESC
schemes.

Note that aESC scheme will have the same operating relationships as mESC
scheme (1–4), excepting that dither gain is kA ¼ A � k2 � H1.

The equivalent aESC (EQaESC) scheme that uses a series connection of HPF
and LPF, instead of a BPF, is also shown in Fig. 12.15. The aESC and EQaESC
schemes are functionally equivalent if the filters have the same cut-off frequencies.
So, the performance of both aESC and EQaESC schemes are almost the same. The
demonstration can be made in the same manner as in Sect. 12.2 for hoESC and
bpfESC schemes.

Fig. 12.14 The mESC scheme for FC system [26]

Fig. 12.15 The aESC scheme and its equivalent scheme (EQaESC) [27]
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12.6 Testing of the ESC Schemes on PEMFC System

12.6.1 Testing at Constant Fueling Rate

The Matlab-Simulink® diagram shown in Fig. 12.16 contains the 6 kW–45 V
PEMFC stack system that has the fueling rate set by the FuelFr constant and the FC
current controlled by the ESC-based MPP controller.

The preset PEMFC model has the nominal flow rates for hydrogen and air of 50
and 300 lpm, membrane aria (S) of about 65 cm2, 65 cells in series (resulting the
voltage at light load, VFC(0), of about 60 V), and the MPP will be around 129 A
(IMPP) and 6175 W (PMPP). The PEMFC characteristic shown in Fig. 12.17 is
obtained for the nominal fueling conditions mentioned in this figure, too.
The PEMFC time constant was set in range 0.2–2 s and the dither frequency in the
range 1–100 Hz in order to analyze the dynamic effects.

The MPPT process is represented in the P-I phases plane (see Figs. 12.17 and
12.18). The dither’s gain (k2) and dither’s frequency modifies the magnitude and
position of the limit cycle (see Fig. 12.17). This means that the power ripple
remains constant during the stationary phase (see the zoom on Fig. 12.18). The
power ripple decreases to zero during the stationary phase if the aESC scheme is
used. This aESC scheme will be analyzed in Sect. 12.6.4, highlighting its perfor-
mance in comparison with mESC scheme.

Fig. 12.16 Diagram for testing the ESC schemes [26]
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The harmonics’ magnitudes for three level of the FC power are also shown in
Fig. 12.17. The magnitude (H1) of the first harmonic decreases during the searching
phase, being almost zero close to the MPP. In this section the performance of the
mESC scheme in comparison with the EQmESC and the hoESC scheme will be
shown using the diagram from Fig. 12.19. The FC system without MPP control is
used as reference

The fuel flow rate, FuelFr (lpm), is computed based on the load current, iL (see
Fig. 12.20):

FuelFr ¼ 60000 � R � 273þ hð Þ � NC � ðiL � GiÞ
2F � ð101325 � Pf Þ � ðUf ðH2Þ=100Þ � ðxH2=100Þ ð12:45Þ

where:

R = 8.3145 J/(mol K);
F = 96485 A s/mol;
NC represents the number of cells in series (65);
Uf(H2)—nominal hydrogen utilization (99.56%);
h—operating temperature (65 °C);
Pf—fuel pressure (1.5 bar);
xH2—H2 composition (99.95%);
Gi = IFC/IL.

Fig. 12.17 The FC power characteristics versus the FC current, and the MPP position close to
limit cycle obtained for the mESC scheme [26]
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The Gi gain will be used to set the charge-sustained regime for the ESS [39].
Here, Gi = 1 in all simulations, so it was omitted in Fig. 12.20. The rate limiter with
saturation of the FuelFr value assures safe operation for the PEMFC system.

12.6.2 The Equivalence of the mESC and EQmESC
Schemes for FC System

The LF equivalence (EQ) of the hoESC and bpfESC schemes was theoretically
approached in Sect. 12.2 of this chapter. Some simulations to validate this theo-
retical result were shown in Sect. 12.3.4 and will be shown here for the mESC and
EQmESC schemes adapted from the hoESC and bpfESC schemes (see Figs. 12.2,
12.3, 12.13 and 12.14, respectively) for a FC system. The simulation results are
shown in Fig. 12.21. The FC system behavior under the mESC and EQmESC
schemes is almost the same (see the profile of the FC power and the LF harmonics
of the iref). The simulation parameters for the both mESC and EQmESC schemes
are the following: k1 = 400, kA = A � k2 = 0.1 (k2 = 1, and A = 0.1), fd = xd/
(2p) = 100 Hz, bl = 5.5, and bh = 0.5 (thus bl � bh = 2.75). The fuel flow rate is
nominal (50 lpm). A saw-tooth load is used for the FC system without MPP control
in order to estimate the tracking accuracy (see the top zoom on right part of
Fig. 12.21). Also, the zooms on the left part of Fig. 12.21 are obtained for bl = 5.5

Fig. 12.18 The MPP tracking on the P-I phases plane for the mESC scheme (a zoom of the
tracking accuracy is included) [26]
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Fig. 12.19 The diagram for comparative tests for different ESCschemes analyzed [25]

Fig. 12.20 The diagram of the flow rate regulator [26]
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and bh = 1/bl ≅ 0.18 (because bh � bl = 1) and highlights the validity of the rela-
tionship (12.11) during the search time phase: bl � bh = 1.

Thus, the simulation results have again validated the analytical results reported
in Sect. 12.2. The main performances of the mESC scheme based on the results
shown in Fig. 12.21 are the following:

• The oscillations of the FC current is about 0.2 A peak-to-peak, being obtained if
the dither period (10 ms) is chosen lower than the FC time constant (2 s).

• The power ripple is about 9 W (0.2 A � 45 V) for kA = 0.1, and the normalized
power ripple is about 9/6000 = 1.5%, being on admissible range mentioned
in [55].

• The tracking accuracy is 6150/6250 ≅ 0.984 = 98.4% (see Fig. 12.21), being
lower than 99% of the value reported in [56];

• The both mESC and EQmESC schemes have almost the same searching speed.
For example, the initial search rate of the FC current is about 30 A/s, so the
power increases with a rate of 1800 W/s, which is verified on the FC power
shown on the top of Fig. 12.21.

12.6.3 The Performance of the mESC and hoESC Schemes
for FC System

The ratio of the searching speeds for mESC and hoESC schemes is given by
(12.46):

Fig. 12.21 Simulation results for the mESC and EQmESC schemes [26]
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RSS ffi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1=b2lðhoÞ

q
ð12:46Þ

where the approximation was made because

blðbpf Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2lðbpf Þ þ 1

q� �
� 0:95 for 0\blðhoÞ\1\3\blðbpf Þ:

The simulations shown in Fig. 12.22 validate again the relationship (12.16). All
parameters used in simulation were set the same for both mESC and hoESC
schemes (k1 = 400, k2 = 1, A = 0.1, fd = xd/(2p) = 100 Hz, and bh = 0.5), with
the exception of the cut-off frequency of the filters (bl(m) = 5.5 and bl(ho) = 0.5).

The comparison of the performance obtained for both ESC schemes is as
following:

• The searching speeds for both mESC and hoESC schemes are time dependent
variable. For example, the speeds’ rates evaluated at 2 s are about 1500 Ws−1

and 1000 Ws−1 for the mESC and hoESC schemes, respectively. The speeds’
ratio is 2.2 based on (12.16), being higher than the ratio evaluated based on the
simulation results (which is 1500/1000 = 1.5) due to the harmonics effects
explained in Sect. 12.3.

• The searching speed is proportional to the dither magnitude based on relation-
ship (12.35) and (12.40). This results are validated by the results shown in
Fig. 12.22 (see zoom on left of Fig. 12.22) for k2 = 1 and A = 1. The searching
speed is about ten time higher for both ESC schemes if the dither amplitude is
10 times higher than the value A = 0.1, which was mentioned above.

Fig. 12.22 Simulation results for the mESC and hoESC schemes [26]
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• The LF harmonics content of the i5 control signal is different for the ESC
schemes (see the spectrums shown on bottom of the Fig. 12.22) due to different
values used for the cut-off frequencies: 0\blðhoÞ \ 1\ 3\ blðbpf Þ. For exam-
ple, the magnitude of second harmonic is with about 30% higher, so the dither’s
persistence on the mESC loop is better than that resulting on the hoESC loop.

• The design of the k1 gain to be proportional to the dither frequency will assure
certain dither’s persistence on the mESC loop, which will guarantee the con-
vergence of the ESC algorithm.

12.6.4 The Comparative Analysis of the aESC and mESC
Schemes

As it was mentioned above, the main difference between the mESC scheme and the
aESC scheme is related to the dither gain, which is constant, kA(m) = A � k2, and
time variable, kA(a) = A � k2 � H1, respectively, where H1 is the magnitude of first
harmonic of the FC power.

Consequently, the searching speed for the aESC and the mESC schemes are
given by (12.46) and (12.47) [25, 26]:

KSSðiÞðaESÞ ¼ KSSðpÞðaESÞ=VMPP

¼ pFC
:
k1ðaÞk2ðaÞA GBPFðaÞ

�� �� cosð/BPFðaÞÞ=ð2VMPPÞ
ð12:46Þ

KSSðiÞðmESÞ ¼ KSSðpÞðmESÞ=VMPP

¼ pFC
:
k1ðmÞk2ðmÞH1A GBPFðmÞ

�� �� cosð/BPFðmÞÞ=ð2VMPPÞ
ð12:47Þ

If the same design parameters will be used for the aESC and mESC schemes
(k1(a) = k1(m) and k2(a) = k2(m) and so on), then the ratio of searching speeds will be:

RSS ¼ KSSðaESCÞ=KSSðmESCÞ
�� �� ffi H1 ð12:48Þ

If the same filters are used, BPF(a)�BPF(m), and the S1 saturation block has the
limits 0 and 1, then kA(a) = kA(m) during the searching phase (when H1 > 1) and
kA(a) = H1kA(m) if the MPP was located and H1 < 1. The H1 magnitude is very
small close to the MPP, so the FC power ripple is negligible during the stationary
phase and the MPP is found accurately (see Fig. 12.23, where the magnitudes of the
first three harmonics (H1, H2, and H3) of the FC power are shown).

Note that the searching speed will be H1—times higher for the aESC scheme in
comparison with the mESC scheme if the S1 saturation block has the upper limit set
to infinit. The rate limiter with saturation of the FuelFr value will assure the safe
operation for the PEMFC system (see the flow rate regulator diagram in
Fig. 12.23).
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The FC power density (the ratio of the FC power to membrane aria), which is the
p1 signal in Fig. 12.15, is filtered by the BPF, resulting the pBPF signal. This signal
modulates the dither signal (with A = 1 and the dither gain k2 = 10; see
Fig. 12.24).

If the same k1 gain (k1(a) = k1(m)) and filters (BPF(a) � BPF(m)) are used, A = 1
and the S1 saturation block has the upper limit 0.5, then kA(a) = 0.5 (because
H1 > 1) and kA(m) = k2 during the searching phase. See the searching speeds in the
first column of zooms on Fig. 12.25, where the load sequence is stair step type and

Fig. 12.23 The harmonics of the FC power [27]

Fig. 12.24 The shape of the 100 Hz dither signal [27]
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three values are considered for the k2 parameter: k2 = 0.5, k2 = 1, and k2 = 0.1 for
zooms shown on bottom, middle and top of Fig. 12.25.

The next columns of zooms show the MPP tracking process for the aESC (when
kA(a) = H1kA(m) because H1 < 1 if the MPP was located) and mESC schemes. The
tracking accuracy for aESC scheme is higher than that of the mESC scheme, which
is 6160/6175 = 0.9976 = 99.76% at full load (see Fig. 12.18).

The comparative results highlight the advantages of the aESC scheme in com-
parison with the mESC scheme:

• the ratio of search speeds is RSS ¼ KSSðaESCÞ=KSSðmESCÞ
�� �� ffi H1;

• the MPP tracking accuracy is higher than 99.76% for the aESC scheme;
• the FC power ripple using the aESC scheme is negligible, but the FC power

ripple using the mESC scheme is about 1 W, 10 W, and 20 W for k2 parameter
set to 0.1, 0.5, and 1, respectively.

Fig. 12.25 The FC power using the aESC (■) and mESC (●) schemes, and without MPP control
(▴); the zooms shown the details of MPP searching and tracking process [27]
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12.6.5 Testing the aESC Scheme on FCHPS

The FCHPS is shown in Fig. 12.26, where an equivalent load is used to test the
FCHPS. The design of the FCHPS is detailed in [27]. Here, only the results are
shown to validate the performance of the aESC scheme. Two control loops can be
identified in Fig. 12.26: the load following loop (with Gi = 4 set in relation (12.45))
and the aESC-based MPPT loop.

The results of the FCHPS behavior under aESC-based MPPT control are shown
in Fig. 12.26 as following:

• Plot 1: the load power profile, including a zoom of load ripple and its power
spectrum;

• Plot 2: the FC power ( ) and the H1 magnitude of the pBPF signal ( );
• Plot 3: the FC current, including a zoom of the load ripple and its power

spectrum.

Fig. 12.26 The FCHPS diagram under aESC-based MPPT control [27]
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The MPPT process can be understood based on the results shown in Fig. 12.27:
the H1 magnitude increases quickly at any load variation, which actually means a
FC power that follows the load profile based on the load following control
implemented.

The search speed is about a few kW/s (see plot 2 on Fig. 12.27).
The power flow balance on DC bus is assured by the ESS, which will operate in

charge depletion mode load (Pload [ gboostPFC ) PESS [ 0) or in the charge
increasing mode (Pload\gboostPFC ) PESS\0).

12.7 Conclusion

In this chapter, besides the well-known results for the hoESC scheme, which are
obviously available for the all ESC schemes, new analytical results related to the
bpfESC scheme are shown. The main results are: (1) the searching speed may be
estimated based on the derivatives of the unknown input-output map; (2) the har-
monics magnitudes during the searching phase could be evaluated based on (12.34);
(3) the ratio of the searching speeds can be estimated during the searching phase
based on (12.41).

Note that these results related to ratio estimation must be interpreted in the
context of the modeling approach considered, which was kept at a simple level for
the signal processing in the ESC loop. All the analytical results obtained were
validated by simulation using generic input-output maps. The FC power

Fig. 12.27 The FCHPS behavior under aESC-based MPPT control [27]
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characteristic was used as input-output map to validate the above results on this
nonlinear map (see Sect. 12.6). The mean value of the searching speeds ratio was
computed to shown that this is close to the average approximation of this ratio
based on a frequency approach given by (12.13). Also, it can be noted that the
dither persistence is dependent to the BPF cut-off frequencies.

The mESC scheme based on the bpfESC was proposed to improve the perfor-
mance related to searching speed process. The main results of the comparison of the
mESC scheme with the hoESC scheme are the following: (1) the rate of searching
speeds is higher than 1.5 in all cases; (2) the dither’s persistence is improved if the
frequencies band of the BPF is enlarged; (3) the search speed could be set up to safe
value by increasing the dither gain until the admissible value that is designed for an
imposed performance for the tracking accuracy and the FC power ripple.

Note that the FC power ripple and tracking accuracy are almost the same for
both ESC schemes analyzed. These performance indicators were improved by the
aESC scheme that was analyzed in comparison with mESC scheme (see
Sect. 12.6.4): (1) the tracking accuracy is higher than 99.76%, (2) the FC power
ripple is negligible during the stationary phase after the MPP is found; (3) the
search speed could be set up to safe value, but maintaining the performance related
to the tracking accuracy and the FC power ripple; (4) the aESC-based MPPT
control is robust to load profiles that include high dynamic variations; (5) the
aESC-based MPPT control is simple to be implemented.

It was shown that the aESC scheme slightly outperforms the mESC scheme in
total power efficiency and performance obtained for any load profile. The aESC
searching speed is H1 times higher than the mESC searching speed, which finally
means a very short time to find and track the current MPP.

Thus, the aESC-based MPPT control combined with the load following control
has good performance for nonlinear loads with unmodeled dynamics.

The performance of the FCHPS with two control loops that was highlighted in
this chapter could influence the designers to experiment this control architecture.
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