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Fuel Cell Hybrid Power Source: Part |

The first part of presentation is focused on:

Techniques of passive mitigation for the low frequency
(LF) fuel cell current ripple;

Analysis of the appropriate structures for inverter system
powered by Fuel Cell (FC);

Comparison of the filtering results obtained by passive
filters on high voltage (HV) and/or low voltage (LV) bus;

Evaluation of the LF fuel cell current ripple in the Fuel
Cell Hybrid Power Sources (FCHPS).

Validation of the modelling by measurements performed
In different experiments.



Fuel Cell Hybrid Power Source: Part |

The presentation is organized as follows:

Section 1 briefly presents the main concepts related to Hybrid
Power Source (HPS) supplied by a Proton Exchange Membrane
Fuel Cell (PEMFC) stack. The FCHPS architecture proposed to be
analyzed is shown, too.

Section 2 is focused In the ripple evaluation on fuel cell (FC) HPS.

The current ripple will be measured by Ripple Factor (RF);

The power spectrum is shown to evaluate the FC current ripple.

The behavior of the FCHPS subsystems under dynamic load is
presented, too.

Section 3 presents few Matlab-Simulink© simulations to be
compared with the experimental results obtained. The use of the
Low Pass Passive Filter on both HV DC and LV DC buses Is
analyzed by simulation and experiment.

Last section concludes the presentation.



INTRODUCTION

The Polymer Electrolyte Membrane Fuel Cell (PEMFC) is one of the most promising
solutions to be utilized in Energy Generation System (EGS) and portable applications
because of its relatively lightweight and small size, ease of construction, fast start-up
and low operating temperature. Unfortunately, the relatively short PEMFC'’s life

represents for moment a major obstacle to their commercrabization.
Inverter current ripple represents the main factor responsib performance

degradation of PEMFC energy efficiency and PEMFC life cycle:ihhe PEMFC low
frequency (LF) current ripple affects in much measure the PEMFC liféxcycle, causes
hysteretic losses and subsequently more fuel consumption. Recent experimental results
shown that LF inverter current ripple contributes with up to 10% reduction in the
available output power

The USA National Energy Technology Laboratory published the following guidelines for fuel
cell current ripple:

100/120 Hz ripple < 15% from 10% to 100% load, not to exceed 0.6 A for lighter loads;
50/60 Hz ripple: < 10% from 10% to 100% load, not to exceed 0.4 A for lighter loads;

10 kHz and above: < 60% from 10% to 100% load, not to exceed 2.4 A for lighter loads;
>100/120 Hz to <10 kHz, limit linearly interpolated between the 120 Hz and 10 kHz limits;

Transients below 50/60 Hz represent "load following" action of the system, and should track the
maximum available current signal from the fuel cell to within 1% for purposes of both fuel cell
integrity and efficiency.
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INTRODUCTION

The new current ripple limits are given experimentally as Ripple Factor (RF) for
different frequency bands (for example, LF RF must be up to 5% from 10% to 100%
load, not to exceed 0.5 A for lighter loads; HF RF must be up to 40% from 10% to
100% load, not to exceed 2 A for lighter loads).

100 Hz 100 Hz 50 Hz
Usually, 100Hz fuel cell - M NN
current _rlpple and pther LF_ —w o
harmonics appear in operation L_HVside J’<E J@ Lout
of grid inverter system and HF .5 DODC
h c t d b cells | == Vde — _ngg Y
armonics are generated by stack | 7 | comverter |l Cout °
PWM switching control of -| = ] JKIE
—
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Input-side High-side Inverter Output-side Load
Filter Filter Filter

Figure 2. Back propagation of the current ripple
through the fuel cell inverter system

Transients below grid frequency (50/60 Hz) represent "load following"
action of the EGS control, and should track the Maximum Power Point
(MPP) signal from the PEMFC to within 1% for purposes of both PEMFC
reliability and efficiency (see figure 1)
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Fuel cell current ripple could be mitigated by passive filtering on the HV DC and LV
DC buses or/and by an adequate active control techniques applied to different energy
conversion stages. Typical structures of the basic EGS are presented in figures 3 a-c.

Figure 3a. Basic Fuel cell

EGS topology with stack

the inverter system Midin Enersy
Source

powered by a fuel
cell HPS

Figure 3b. Inverter system
powered directly from the
fuel cell stack

Figure 3c. Two-stage inverter
system powered directly from
the fuel cell stack
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RIPPLE EVALUA

ION ON FUEL CELL EGS

The current ripple will be measured by the Ripple Factor (RF): RF, = LYl IV Malx = uin
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RIPPLE EVALUATION ON FUEL CELL EGS

Power Spectrum of the Inverter System: output voltage and current
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Power Spectrum of the Inverter System — input voltage and current
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Power Spectrum of the Inverter System — output voltage and input current
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Behaviour of the Inverter System under dynamic load: output voltage and input current
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Behaviour of the Fuel Cell System under dynamic load
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Use of the Low Pass Passive Filter on HV DC bus
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The LF current harmonics normally appears on the LV DC bus. Without use of other
power interfaces (likes boost converter or passive/active filter) to mitigate the ripple,
this represents the fuel cell current ripple. The PEMFC current ripple factor is about
of (20A/70A)-100=28%, much higher than the new value required (5% or even 3%).
For example, considering I, 4. =17A and an imposed voltage ripple value

AV sige= OV (see figure 15), these lead to a capacity of about 2mF. For this value of
capacity, the influence of the inductance value on current ripple mitigation was
tested for values in range 0.1 mH-10 mH.

If not otherwise stated, then L,;/4=0.5 mH.
Some simulations are shown in next slides
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Use of the Low Pass Passive Filter on HV DC bus under dynamic load
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Use of the Low Pass Passive Filter on HV DC bus under dynamic load
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Use of the Low Pass Passive Filter on HV DC bus under dynamic load
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Use of the Low Pass Passive Filter on HV DC bus: power spectrum
We can remark that 100Hz current harmonic is less dependent of the load power level.
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Use of the Low Pass Passive Filter on HV DC bus: power spectrum
Note that a passive filter of 2nd order in comparison with-one of first order type not brings major improvements
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Use of the Low Pass Passive Filter on LV DC Bus

Note that ripple factor for FC current could be about 5% for high values of passive
components: Lig=0.5 MH C,iq.=2 MF and CLVSideF (bulky components)
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Figure 44 Current ripple model of DC-DC converter
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Use of the Low Pass Passive Filters - EXPERIMENTAL RESULTS

In this section the experimental results concerning the current ripple mitigation are
presented for the inverter systems with different command: full wave (figure 46),
modified sine PWM (figure 47) and pure sine PWM (figure 48), respectively.

Firstly, the laboratory tests were performed using as DC poWer souce a lead-sealed
battery (instead of PEMFC stack) and a variable resistive load,With,maximum power
of 1 kW. It is know that battery has characteristics and behaviour‘@peration similar to
the PEMFC stack, because both DC sources are based on specific but appropriate
electro-chemical processes.

To validate the above results, some experiments were repeated on a 2kW PEMFC
stack, available at the National Research and Development Institute for Cryogenics
and Isotopic Technologies - ICSI Rm.Valcea, Romania.

Experimental results are presented in figure 49, 50 and 51 for inverters system
without passive filter at input, which use a command type of full wave, modified sine
PWM (with phase-shifted) and pure sine PWM, respectively.
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Takle 1. The LF harmonics magnitude for PEMEC current in case of Crregae =0, 22mF and different Craeis values.

The harmonic amplitude of current [md ]

ClLueids Hatrtnonics [He]

[mF] 100 200 500 700 1500
0,1 364,295 | 110,601 | 64,676 | 47,84 | 21,5595
0,6 363,180 | 104,253 | 55,616 | 36,18 | 10,915

1 358,665 | 84721 | 45,693 | 27,855 | 72716
3 312,563 | 5364 21,005 11,82% | 32614
£ 232428 | 30,772 | 12,186 | 71776 | 25024

Table 2 The LF harmonics magnitude for PEMEC current for different power values of load.

LF harmonic magnitude value [md]
Load [W] H 100 He H 200 H= H 500 H= H 700 H= H 1500 H=

N Et 15.4 14.6 1.29 0.4%9
100 223 261 259 530 222
200 282 16.0 281 1.6%9 1.96
=00 484 211 337 242 261
400 296 49 4 479 279 2.2
500 T4 =12 419 6. 16 521
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Use of the Low Pass Passive Filters - EXPERIMENTAL RESULTS
For all experiment the power of load is 100W and the ripple factor is around 6% (close

enough to 5% value, which was estimated by simulation). The obtained results are
shown in figure 52. Plot 52.a shows that the fundamental harmonic has in all cases the
main contribution to the current ripple. Plot 52.b shows tiakthe harmonics mitigation
on LV DC bus is significant in all cases for C, 4. Values hig an 1mF.
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Frequency [Hz] Frequency [Hz]
a) LF harmonic magmtude value [mb] b Motmalized LE harmonic magnitude (% of the

100Hz harmonic for case ©1=0TmE)
Figure 52, The LF harmonic magnitude of PEMEC current for different Cryeige values (Creige =0, 22mE )
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Use of the Low Pass Passive Filters - EXPERIMENTAL RESULTS
The measured LF harmonics magnitudes shown in table 2 are represented in figure 53.
Plot 53.a shows that for different level of load power (excluding the case with no-load)
the fundamental harmonic has the main contribution toxbhe current ripple.

Plot 52.b shows that all harmonics starting from the seven
mitigated by the passive filters.
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Fioure 53 The LF harmonic masnitude of PEMEC current for different power of load
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Use of the Low Pass Passive Filters: control of the 2 kW FC system

) target - multi rate.vi

File Edit ‘iew Project Operate Tools  Window Help F
S [@n] 5
.
HZ ouT CURRENT [A] AIR OUT
ULrl o TEMP.
100- 20 ... 80 AIR OUTPUT B
HYDROGEN OUTPUT - ;';Egguﬁ:g[gm]" Ul N e 100 PRESSURE [bar]  100- AIR DUTPUT
FLOW [I/min] : 3l - 5 5 FLOW [1/min]
i 80- T, 5} 68.0 AT 02 J—
a5 : Sz L3 L5005
T3 77 60- 4 A 4 4 £ B
h = " YOLTAGE [¥] i - : T
:7') 3 — (Lest® 47 10 S L 1-23‘.) 3:*
v 9 7 40- . . 5 000,18 - - - 7
- 0 5 b ; 40 1 AIR
JH2 /’,”u 1[:"‘\\ - St ot u\“\ 1 \20 - /"'.'.-'n l[\l\\. y
) 20- ’r) 0.9 9' 1.0 § z0- |
’,) 1.3 - ~ : ’r) 2.7
0- 0
: s L :
/i 0 7o |
AIR INPUT
HZz INPUT .
PRESSURE [bar] PRESSUF-E [bar]
" L a1 1 £
. W . A s 1.1
g fzo03 R J
:T'-J —:T"-_J 4 ] AIR FLOW
EESSDGEN . . J CONTROL [I/min]
<o 5 COOLING < g 5 > )
H 2 T H2 Humid. i+ WATER TEMP. ~-r _ » AIR IN o329 AIR
] TEMP T . COOLING 100- ! TEMP. 2
- R 100- WATER = 84.9 ——
/( ;- : TEMP. - - «
40 60 7. Z a0 - “ .
g 90t ’ a0 60
. g0~ O —— —— L
- 60— o 60~ 60 20 N\-_
= : “ p o0 - : - )
4- 40- R a0° . POMP 40- 4
= = HZ HUMIDITY - ] .
= o LEVEL [%] - OF on- | AIR HUMIDITY
2 - 20~ J -] LEVEL [%]
Z : TEMP. Z -
- . - N ; a-J  TEMP.
0 o SONIRGL ? - i CONTROL
A 59.8 . .
0 I L~ 1 50.3 )
o] 5o I : No A




RIPPLE EVALUATION ON FUEL CELL EGS

Use of the Low Pass Passive Filters: FC system - ICSI Rm.Valcea, Romania
PEMEFC stack Humidifier
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Use of the Low Pass Passive Filters - CONCLUSION

** FC ripple factor is recommended to be less than 5% for an efficient
and safe operation, resulting bulky passive filters.

¢ Consequently, before the LV DC voltage bus, it is recommended to be
used a boost power interface instead of a passive'slter. In this case, it is
obviously that a better filtering based on active contrel can be made,
especially for the first LF harmonics, which mostly imposeithe value of
the ripple factor. Note that all harmonics starting from the seventh
harmonic are well mitigated by the passive filters.

¢ The filter on the HV DC bus must be redesigned to mitigate the
current ripple under new imposed limit obtained, which are larger If the
boost power interface iIs used. So, reasonable values could be now
obtained for the passive components.

s Advanced mitigation techniques for the FC current ripple will be
presented in second part of this presentation.




Fuel Cell Hybrid Power Source: Part |1

The second part of presentation is focused on:
Techniques of active mitigation for the LF FC ripple;

Analysis of the appropriate FCHPS architectures for
active mitigation control of the LF FC ripple;

Comparison of the results in active filtering by different
control techniques: classical (peak current control (PCC)
or hysteretic control), based on fuzzy rules, nonlinear, etc;

Evaluation of the FC current ripple in FCHPS with
spread spectrum based on anti-control techniques;

Validation of the simulation results by measurements
performed in different experiments.



Active Mitigation of the Inverter Current Ripple
THE BOOST POWER INTERFACE

In this section the performances of ripple mitigation using a boost power
Interface is investigated. This DC-DC converter boost the voltage of the
PEMFC stack to the requested voltage on the LV bus that supply the
Inverter system (see figure 54).
The main goals of the boost converter controller are to regulate the voltage on
the LV DC bus and to mitigate the current ripple that are back=propagated to the
PEMFC stack. Consequently, the voltage on LV DC bus and PEMFEC current
must to be both control variables of the appropriate controller.

Different control techniques may be used to optimize the control performances
above mentioned. Two techniques of peak current control (PCC) are presented
here to compare their ability to mitigate the current ripple (see figure 54).

The PCC laws are implemented using a fuzzy controller and a nonlinear
controller (shown in figure 55.a and 55.b, respectively). Note that PC reference,
| rer) » COUID be chosen close to the MPP current. Voltage on the LV DC bus
will be boosted to the requested reference value, V|-

The ripple current is simply modelled by a rectified 50 Hz sine wave.

The load dynamic is modelled by a current controlled source.
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Figure 54. Boost interfaces with nonlinear and fuzzy control
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THE BOOST POWER INTERFACE
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THE BOOST POWER INTERFACE
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Figure 56. Fuel cell voltage ripple (bottom) and current ripple (middle) for the
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control of fuzzy (thin line) and nonlinear (thick line) type




Active Mitigation of the Inverter Current Ripple
THE BOOST POWER INTERFACE - conclusions

The advantage of using a 2-D control surface~for fuzzy controller is that the
both control variables, fuel cell current and voltage,on LV DC, can directly
control the duty-cycle of the switching command.

Instead of 2-D control surface, the NCPCLV controllersuses,a 1-D control
surface to generate a current ripple reference. Control is lesstflexible and thus
the performances of ripple mitigation are different, being lower Ia this case.

The ripple factor is about 2A/40A=5% and 5A/40A=7.5% for case of using
the fuzzy controller and nonlinear controller, respectively.

Better performances to mitigate the LF ripple could be obtained if the DC-DC
power interface is of multi-port type that use at least an auxiliary energy source
to supply the Controlled Current Source (CCS), which generates the anti-ripple.

An efficient way to mitigate the HF current ripple is to use the interleaving
switching technique. Some results are presented in next slides.
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INTERLEAVED PWM COMMAND
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INTERLEAVED PWM COMMAND
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INTERLEAVED PWM COMMAND
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Figure 59. Fuel cell current (top), voltage (middle) and power (bottom) for pulse load
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Figure 60. Fuel cell current (top) and its
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INTERLEAVED PWM COMMAND
Experimental results
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BI-BUCK TOPOLOGY
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BI-BUCK TOPOLOGY
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BI-BUCK TOPOLOGY
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BI-BUCK TOPOLOGY
Model of the bi-buck topology

OV pe = Ly — +*u'

dt
di
Cy¥py = Lo ] T,
.:ff (8)
v
e = (7 ouf
By simple manipulation of the equations above, a second-order differential equation is obtained:
L, di L, d*
. — v, + cv :LILZ a +C, - b o (9)

L+n, £1+£, oL odt ™ T L+, df
Considering identical inductors (L) =L, =L, with series resistance 1), the second-order differential equation (9) 1s rewnitten as:

1 y L di Corodv  C.Ld%
eV +o Vo, V-t ——Tat_p 4TI owm TP (10)
2( 1" FC 2 Bar) 2 out 2 {,l'rf aut 2 {,l'rf 2 cffz

where the second-order system parameters, the natural frequency, w, [rad/s], and the dimensionless damping ratio, &, are respectively:

_ 2 G _FL\EF |
- Cfﬂ.? 9&_ 4 &%_ 4 E.- (11)
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BI-BUCK TOPOLOGY - Controlled Voltage Source (CVS)
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Bl- BUCK TOPOLOGY - CVS
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Table 1
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Active Mitigation of the Inverter Current Ripple
BI-BUCK TOPOLOGY - CVS
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BI-BUCK TOPOLOGY - CVS
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Active Mitigation of the Inverter Current Ripple
BI-BUCK TOPOLOGY - CVS

Two performance indicators, PI; and PI., are used to quantify the spreading level of the output power:
A S e

py = Shos | pp _ Do

Jeon THD

(21)

where:
Spear 18 the maximum spectral magnitude (as % of DC component), excluding the harmomes of the chaotifying signal that can
possibly oceur (see for example Fig. 16);
Afjgwsy - the frequencies band where the power spectral magnitude 1s over 10% of S,
for - the center-of-gravity frequency of power spectrum;
THD - total harmome distortion factor of output voltage.
Interpretation of performance indicators relating to quantification mode of the power spectrum spreading level is presented below:
- If PI; =50%, then Afjgys,>fron/2, and this means a large frequencies band where is situated the most part of the spread power
spectrum;
- If PI, <50%, then S, <THD/2, and this means no high peak in the spread power spectrum.
The performance indicators are estimated for different load currents (see Fig. 21).

Table 2. The performance indicators for case study

Loe [8] fpo [MHz] T [MHz] Pl [%] Pla [%] | FFye[%]
15 26526 20313 7o 3 5.0
20 1.95584 4.7090 41 5 4
25 1.5915 33863 35 41 3.2
30 1.3263 4 0635 25 47 3.2
35 1.1368& 47408 34 46 3.2
40 0.9047 54180 27 55 3.2
Jre = : : ! ’ fm:i'ﬁm ﬁc:ﬂ

7 CR I Li2’ 7

out
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BI-BUCK TOPOLOGY - CVS
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Active Mitigation of the Inverter Current Ripple
BI-BUCK TOPOLOGY - CVS: Conclusion

The bi-buck HPS topology was proposed as solution to mitigate the LF
current ripple on the HPS output node by injection_of an anti-ripple current on
this point, where are connected the nonlinear load, tie,CVS and the CCS. The
Injected current tracks the shape of LF inverter current le using an active
control loop for the CCS controller, which will be shown infnext.slides.

The proposed nonlinear CVS controller is designed to assure‘good
performances in both frequency and time domain. The closed loop frequency
value and voltage ripple could be tuned via the hysteresis level of the controller.

All the reported results have been validated in several simulations. The
nonlinear voltage CVS controller performs good performances:

- an output voltage ripple factor up to 4% for the load current in the rated range;
- a width of spread frequencies band in range of 3 kHz to 37 kHz, depending by
load power level,

- the power peaks in the range of 30% to 55% from the THD value.
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BI-BUCK TOPOLOG —Current Controlled Sources (CCS)
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Active Mitigation of the Inverter Current Ripple
BI-BUCK TOPOLOGY - CCS testing
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BI-BUCK TOPOLOGY - CCS
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Active Mitigation of the Inverter Current Ripple
BI-BUCK TOPOLOGY - CCS: nonlinear control law
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BI-BUCK TOPOLOGY - CCS: designing of FLC
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Active Mitigation of the Inverter Current Ripple
BI-BUCK TOPOLOGY - CCS: FLC
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Active Mitigation of the Inverter Current Ripple
BI-BUCK TOPOLOGY — CCS: nonlinear controller
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Active Mitigation of the Inverter Current Ripple
Bl- BUCK TOPOLOGY: simulation results
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Active Mitigation of the Inverter Current Ripple
BI-BUCK TOPOLOGY: Conclusion

The LF current ripple normally appears in operation of the fuel cell inverter system
and this is back propagated on the HPS voltage bus, and finally to the PEMFC stack.

The design goal of the CCS controller is to mitiga this LF current ripple based on
an anti-ripple current generated by the buck CCS.

The input current of the inverter system has big HF harm@nies close to the carrier
frequency. So, a low-pass filter is needed to extract its LF shape @fithis signal.

This filter introduces a variable phase-shift on the processed signal, thus a delayed
anti-ripple current is generated. Consequently, the desired mitigation performance
(RF up to 3%) can’t be obtained.

To avoid this problem, the anti-ripple current is generated using a mitigation control
loop for the CCS current that will track the FC current amplified by the G, gain.

The design methodology for the Glfc gain was presented here in detail.

Note that the CCS current will indirectly track the LF shape of the input current of
the inverter system based on proposed active control.

Consequently, the proposed bi-buck topology can effectively depress current RF to
be up to 3%, maintaining the voltage ripple factor up to 4% (or lower).

In simulation, the obtained current ripple factor is about 1%.



Part I11;: ESC schemes

In this part of the presentation, the architecture of the Hybrid Power
Source based on Maximum Power Point tracking controller to harvest the
energy available from used Renewable Energy rces is presented. Usually,
the energy harvesting is based on Extremum Seeking trol (ESC) loop.

Two ESC schemes are proposed and analyzed kelation with the
classical ESC schemes: (1) the modified ESC scheme (named mESC scheme
because is based on band-pass filter BPF use, instead of series connection of
the high-pass and low-pass filters such as used in higher order ESC scheme)
and (2) its equivalent representation (named EQmMESC because'is based on
modified higher order ESC scheme).

The cut-off frequency of low-pass filter is chosen larger than in higher
order ESC schemes in both ESC schemes proposed. This improves the dither
persistence on the proposed ESC schemes, so the search speed of the
extremum increases accordingly.
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Introduction

Different Energy Management Strategies (EMSs) were proposed for the
HPS used as distributed generation units in the smart grids or that supply the
power-train units in the hybrid vehicles.

If a load-following control loop Is used, then the, Energy Storage System
(ESS) will operate on Charge-Sustaining (CS ode, dynamically
compensating the load changes.

If the load-following control loop is not used, then the ESS will eperate in
one of the above mentioned mode by controlling the ESS charger based on two
available parameters, the charging ESS factor, ke, and the regenerative load
factor, k.

The charger is a bidirectional DC-DC converter controlled by the EMS unit.

This part is organized as follows. Section 2 briefly presents some topologies
of the MPP tracking controller based on classical and proposed ESC schemes.
Analysis of the ESC schemes on the frequency domain is performed in Section
3. Last section concludes the first part of this presentation.
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MPP tracking controller

Reference current [A]

-

Iref1 Iref2  ES current [A] Inmpp time [s]

Searching of the MPP on the P-I characteristic with one extremum

The ESC is an adaptive closed-loop control used for searching of
unknown extremum on a static input-output characteristic based on dither
signal.

The MPP tracking accuracy is defined as: 100 (Pe(ay) / Pyep) [%0]



MPP tracking controller

The higher order ESC schemes

The higher order extremum seeking control (hoESC) schemes are
based on classical ESC scheme, which is augmented with LPF and/or
HPF as in Figure 3.

In this presentation, the cut-off frequency of LPFS@pmls chosen larger
(o=0,04, 3<a) than in hoES schemes proposed in the'literature, where
o=o,04, 0<oy<l, and w, IS the dither frequency. Thus, at least three
harmonics of the ES power are processed into the ESC control loop to
Improve the searching speed gain, G, based on increased level of the
dither persistence.

For example, the second harmonic of the reference current results
through the demodulation of first and third harmonics.

In this presentation, other approximate relationships of the
magnitudes for the first low frequency (LF) harmonics’ are shown in first

and second part, demonstrating the improved dither persistence on the
reference crirrent




MPP tracking controller

The proposed ESC scheme

In this section the modified ESC scheme, Figure 2 and its equivalent
representation (named EQMESC because Is_based on series connection
of the HP and LP filters; see Figure 3) are anal

It may be noted that EQmMESC scheme has the topology with the
hoES control scheme, except the LPF cut-off frequengies,that are larger

(% EomES) =UmEes)™3>1>0 oEs))-

The current-mode controller operates the DC-DC converter such as:

N/

Iref (eq) — "ES

Thus:

Iref (eq) — IMPP — IES — IMPP



Analysis of the ESC schemes on the frequency
domain

aaaaaaaaaaa

Gy () :1/\/1+(a)h lo)

G (@) = arg(G, e ) = arctan (o, / o)

# Grpp(s) = oG+ op
0 Gppp(s) =8/ + o)
m Gppg(s) =wps/[(s + oG + op)]

dor (@) = arg(Geg Ji=—arctan (v / )

‘GBPF (0))‘ = ‘GHPF (a))”GLPF (w)‘ ’
Papr (@) = ArY(Ggpr ) = Gpe (@) + P o (@)

The frequency characteristics of the HP, LP, and BP filters used are
given by the relationships , considering Ggpe(S) = Gupr(S) -G pe(S)=
o,-S/[(S + ®))-(s + w,,)], and shown in Figure 5 for o, =0.5 and o,=3.5



Analysis of the ESC schemes on the frequency
domain

Because the BPF topology can be represented as an equivalent series
combination of the HP and LP filters, then both mESC and EQmMES
schemes operate equivalently based on the fellowing signal processing
relationships on the ESC loop.

Pyeg (1) = [( Py (O + Py (t)) ASin(wdt)} % {GLPF (3)} = [ Py (t)- ASin(a)dt)j| d {GLPF (S)} =00s e)(LF) =
= Paeq)ir) (t)= {[ PnLr) (t)+L" {GHPF (3)}} ASin(wdt)} N {GLPF (S)} == [ Pnry (t)*L" {GHPF (SIG o (S)ﬂ Asin(a,t) =

- [ pN(LF)(t) Jd {GBPF (S)}} Asin(@;t) = pBPF(LF)(t) -Asin(ayt) = p3(LF)(t)

Thus, p; and pge, Signals, and, obviously, the next signals on the
ESC loops have almost the same LF power spectrum:

p3(eq)(LF) (t) = p3(LF) (t) — iref (eq)(LF) (t) = iref (LF) (t)



Analysis of the ESC schemes on the frequency

domain
If only first harmonic of p, signal is considered, having the Py,
magnitude, then the p, signal is:

D, (t) =( Py -sin(@yt) )-(A-sin(et)) = By A-sin’ (O Pyayy — Pz COS(21)

Thus, the p;. Signal has the same average componentand the second
harmonic magnitude is mitigated by the LPF:

Pateq) (t) = |:P2(AV) - Pz(z) COS(Za)dt)} x| {GLPF (5)} = PZ(AV) _GLPF(Z) Pz(z) cos(2a,t) = P3(AV) - I:)3(2) Cos(2a,t + ¢LPF(2))

So, after the Integration block, the py, signal will have an average
component that iIs time dependent and of course the second harmonic,
having the magnitude gained by k;:

Paeq) (t) = _[ Ps(eq) (t)dt =k, Poeqav)t — (k1P3eq(2) [ 2)sin(2a,t + ¢LPF(2)) =
= Pk At/ 2P, 2 COS(204t + P o ()



Analysis of the ESC schemes on the frequency
domain

Consequently, the time dependent component of the 1., Signal Is
proportional with the ESC loop gain (k;), the dither amplitude (A) and

the magnitude of first harmonic of the ES power which is gained by k,
=(ky-ks) / 2.

iref (eq) (t) — kaux PES @) kl At + iref (LF) (t) — GSS — k I:)ES (1) klA

aux

The LF components are obtained in same manner shown above. If
only first three harmonics will be considered, then I, r signal could be
represented for both MPP controllers’ structures as:

3
et Lry (£) = kZ_l | ot ) SIN(K T+ 4, )



CONCLUSION

The advantages of proposed MPP tracking technique based on mES
control are the following:

a rate of search speed higher that classical ES control schemes,

a search speed that could be set how high is
k, ESC loop gain appropriately,

Ired by choosing the

an almost unitary value for the MPP tracking accuracy byschoosing a
smaller value for the k, dither gain, which will assures ;

a negligible power ripple after the MPP is caught.



Part IV. Dither persistence on the ESC loop

In this part, the dither persistence on the Extremum Seeking Control (ESC)
loop is analyzed.

The ESC scheme is usually used on Maximum Power Point (MPP) tracking
controller to harvest the energy available from used_renewable or green Energy
Sources (ES). Two ESC schemes are analyzed "W relation with dither
persistence on output reference current:

the modified ESC scheme (named mESC scheme bBecause is based on
band-pass filter BPF use, instead of series connection of the high-pass and
low-pass filters such as used in higher order ESC scheme);

Its equivalent representation (named EQMESC because IS based on
modified higher order ESC scheme).

The pass band (the cut-off frequency of low-pass filter) is chosen larger
than in higher order ESC schemes in both ESC schemes proposed. Thus, dither
persistence on the proposed ESC loop is improved. Consequently, the search
speed of the extremum increases accordingly.

These are shown by mathematical modeling and simulation.



Harmonics’ persistence on the reference current

If only first three harmonics will be considered, then I, r signal could be
represented for both MPP controllers’ structures as:

3
et (LF) = kZ et oy SIN(K@y T+
=

The dither persistence on the ESC loop based on LE harmonics of the
reference current will be analyzed using the following simplifying assumptions,
without losing the generality of the problem:

Ideal HP and LP filters;

unitary value for each of ky and k; gains;

Initial value for the ¢, Is set to zero;

Wg>>0pes), Where o,eq) IS the cut-off frequency of the ES transfer
function.



Harmonics’ persistence on the reference current

The dither harmonics not interact with ES dynamic and ES power
signal will result from superposition of the LF dither harmonics via the ES
static characteristic.

The time-dependent gradient component
the MPP. Usually, the ES static characteristic
dynamically moves in the P-1 plane.

Also, it is known that high power ES can be obtained®by series/parallel
connections of multiple ESs. In this case the ES static characteristic could
have multiple MPPs and the global MPP is little bit more difficult to be
caught and then to be tracked.

The reference current, I, Which Is used as probing signal to investigate
the power response via the ES power characteristic, will be given by the
following relationship:

\ll assure the searching of
a single MPP that

e (£) = Lot + g 1y (D) = L +3, -SIN(@y) + 3, -SIN(2004t) + &, - SIN(Swyt)



Harmonics’ persistence on the reference current

The harmonics of the Ig, ¢, signal are:

/ 2 2
I5(1) — bl +C,

/ 2 2 R , Pes (8
I5(2) = bz +C, :b2’ @ |

[h2 L 2 | - o
I5(l) — b3 +C3 b, =k 1 _8‘pEs‘az+pEs'a2],

13w, 16

1 [bEs-(aiaf)]

8

CS:kl'S-a) .
d

The I 4. Signal has at least three harmonics beside the time-
dependent gradient component and gained dither:

3
et ) = Gssm) -sz_1 5y -SIN(Kawyt+ iy ) + K, - Asin(ay,t)



Testing the dither persistence

The dither persistence will be testing using a fuel cell (FC) stack as ES. A
preset 6 KW / 45 V model from the SimPower® toolbox of the Matlab-
Simulink®, version 2009b, is used. The FC-stack has the parameters and
characteristics shown in next figures. If the fuel MQw rate is set to nominal
value (50 Ipm), then the P-1 characteristic is shown in e 5.
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Figure 5 P-I characteristic of the FC stack on nominal fueling conditions



Testing the dither persistence

The controlled current source is controlled by the reference current, i .,
given by relationship (5), where a,=0.3, a,=0.2, a,=0.1, and | value is varied
on the admissible range (up to I,,,p=133 A) using linear variable generator.
The harmonics of the power response (Ps.=Vs leNa@nd next signals on the
signal processing ESC loop are computed and display

Signal
Dizcrete, PEIOCESSHLT  |raff—
T==000 =. & displa}.rmg

Wie & Ifc

&

+FC Cortrolled

+_$_ Current Source
- B

Figure 6 Testing diagram using the reference current as load
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Testing the dither persistence

It is important to know if the harmonics of the Ig, ¢, signal have the same
value as the I5, ;) harmonics computed based on signal processing related to
ESC loop. So, the testing diagram that is shown in Figure 7 implements the
above mentioned relationships. The reference syrrent, 1., is varied on the
admissible range (up to l,,p=133 A) using a linear vamngble generator.

The 15, ;) harmonics using the power derivatives compuited for a given |

ref

value.
wm lw HI |
bk [}
Subltage s v E k=
212 hHz .
Dizcrete, Ifc E g
Tz = 0001 =, *Lurrent > = |5 Ha—pl_
=cope

o d
Fuel Cell Stack _é_ m = Iref
- — /WI By e
50 SILRPY @+
tpm [ FuelFiH, o= Al "L
e

L
T +HC Controlled

"‘%"“ Current Sour
-

Figure 7 Testing diagram using the power derivatives to
compute the signals’ harmonics




RESULTS

The FC characteristics using the testing diagram shown in Figure 7 (a linear
variable generator for the I, current is used) are shown in Figure 8. First
derivatives of the p;, signal are shown in Figure 9 using a signal processing

block to compute these derivatives. \

e [A)

p_pt[W]

second dervame frst denwate

v it [V]
ofthe p_fc sgnal ofthe p frsignal ofthe p fc sgnal

third dervative

tine [=] titnie [=]

Figure 8 FC characteristics using a linear Figure 9 Derivatives of the p_fc signal
variable generator as load



RESULTS

first harmonic

of the 15 signal

second harmenic
of the 15 signal

third harmonic
of the i3 signal

Figure 10 Harmonics of the i5 signal computed based
the power derivatives

first harmonic
of the i5 signal

second harmonic
of the 15 signal

third harmonic
of the i5 signal

time [s]

Figure 11 Harmonics of the i5 signal computed based on
the signal processing in the ESC loop



CONCLUSION
In this presentation, an approximation for the harmonics’ magnitudes of the
reference current is obtained based on first components of the Taylor series of the pgg
power response.

The relationships between the harmonics’ magnitudes of the reference current and
the derivatives of the pcs power response are validated byssimulation.

Besides the above mentioned computation, the harm
reference current are computed based on signal processing relat

ies’ magnitudes of the
tosthe ESC loop.

The harmonics of the I5,  signal can be approximated during the searching and
tracking phase considering the derivatives of the p.5 power response shown in Figure 9.

It is easy to shown that during of searching and tracking phase the magnitude of the
first, second and third harmonics of the reference current is mainly proportional with
the absolute value of the first and third derivatives, and with the second derivative of
the ES power signal, respectively.

The searching speed is proportional with a linear combination of the first and third
derivatives of the pgs power response, besides the ESC loop gain (k;) and the dither
amplitude (A).

Consequently, the searching speed and dither persistence is dependent to the pass
band set for the BPF (set values for the cut-off frequencies related to dither frequency).



Part V. Global Maximum Power Point Tracking
algorithms for Photovoltaic arrays under Partially
Shaded Conditions

1. Global Maximum Pow
(GMPPT) algorithms - a bri r

2. The performance of the GI\/I
on the Extremum Seeking Contr

erithms based
SC) schemes



The main objective of these presentations is to present an
Introduction in the Global Maximum Power Point (GMPP)
algorithms applied on power generated by the Photovoltaic (PV)
arrays.

Besides this survey on the GMPP algorithms proposed in last
decade, the Perturbed-based Extremum Seeking Control (PESC)
methods and their applications in PV arrays under Partially Shaded
Conditions (PSCs) are investigated as well.

The PESC schemes proposed and track the GMPP of the
PV power will be analyzed as perfo ce obtained for the
following indicators:

the searching resolution,
tracking accuracy,

tracking efficiency,

tracking speed,

and percent of the hit count.




The searching resolution (Rs) 1s defined byv:

il ‘}'G.HPP - J"LHPP:"

R, = 100[%]

Yeuep

The tracking accuracy (1,..) 1s defined by:

T =P {00[%

L i
Yeurpp

Global Maximum

Power Point Tracking
algorithms

where vpy is the PV power that is theoretically available and vy e is the power extracted by the

GMPP algorithm.

The number of iterations to locate the GMPP 1s a measure of the tracking speed. An iteration for

the PESC-based GMPPT algonthms means a dither period (which is a step of scanning).

[teration can be defined for all GMPPT algonthms and it refers to the number of times the

specific function of the algonthm is calculated, and this is related onlv to the method



The traclang efficiency (I4) is given by: G |Oba| M aXi mum

fv P Power Point Tracking

Ip=+ -100[%] a'gOrltth

[ Ygupptl
0

The percent of the hit count (PHC) 1s defined byv:
mmber of positive results i finding the GMPP

mmber of tests performed

PHC =

100[%]

The results obtained will be shown and commented as well. The performance of the PESC-based
GMPPT algonthms will be compared with that of other GMPP algonthms proposed in the
literature. Different PV and nonlinear multimodal pattems will be used to test the PESC-based
GMPPT schemes. The results obtained under different PSCs simulated have shown a very good
performance related to search speed and tracking accuracy of the PESC-based GMPPT
algorithms.



The first Asymptotic Perturbed Extremum Seeking Control (aPESC) scheme
was proposed in [41] for GMPP search based on Scalar PESC (PESCs) scheme
[42]. The PESCs scheme and its Asymptotic variant (aPESCs) are shown in
Figure 1 for switch in position (1) and (2).

[41] Tan Y, NeSic D, Mareels I, Astolfi A. On global extremum seeking in the presence of local extrema. Automatica 2009;45(1):245-51.

- dﬁ/ — - 1 ~ !
"'E’, df f(lg(xp))—q p d%ff — f(x_.g(x_.p)) "1‘,
v = h(x) Rl‘nbmg ~ J(x) Probing
signal Y signal
Searching T
g : Filt
s1gnal Filter E — l_’
b & ; : I glo
i pg =] g
" 1—@4— sin(ax) & o
2, k, sin( er) sin( ax) : qo 01 Dither s
[ s ==
2'11— k2 l¢—n—a Dither & - _D 1 _p _}fr_ L'_ Lyapunov |
2 ‘ 1 . | | Function
G, sin( ar) 2 " oel Gi=pG |
: G, (0)=ag >0 :
Gy =q{G,) oo T
Gally=ap =0 -« :Jg_—ﬁ.Hj_q.Hf FFT

Figure 2] The aPESC schemes based on (1) the

Figlelre L Us SEELEL FIESC (PIES0S) s e Lyapunov function (aPESCLy) and (2) the H1
its asymptotic variant (aPESCs) harmonic (aBPESCH1)
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The tracking loop is the same for all aPESC schemes proposed in the literature
and contains the following signal processing blocks of the process output
(Y=YcctYac): the filtering (of the CC value, y..), demodulation (product of the AC
value, y,., with the dither signal), integration (of the demodulated signal), and
amplification (with k,). The filter can be of High-Pass Filter (HPF) type or Band-
Pass Filter (BPF) type [34]. The average value of the gradient for the tracking
signal is given by:

dﬁl_Az-kl.dyA;dﬁl_kl.d

dt 2 dx dt 2 dx

pressions depending on the
asymptotic function chosen to modulate the :

- The asymptotic function is based on ponential implementation [41];

- The asymptotic function is obtained through commutation between
constant and exponential amplitude of dither based on the Lyapunov switching
function [44];

- The asymptotic function is based on the magnitude of first harmonic
(H1) of the process output, which is obtained with Rast Fourier Transform (FFT)

[44] Moura SJ, Chang YA. Lyapunov-based switched extremum seeking for photovoltaic power imaximization. Control Eng Pract 2013;21(7):971-80.
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The H1 magnitude of the process output can be approximated by a using a BPF2
centered on the first harmonic, a derivative operator, or the BPF1 (see Figure 3).

Thus the following variants of the aPESCH1 scheme can be obtained in order to
be tested for GMPP search:

(1) the GaPESC scheme based on the BPF1, b a%?f = f(x.g(x.p)| 2
(2) the GaPESCbpf scheme based on the BPF2, — y = h(x) P:;};llng
(3) the GaPESCH1 scheme based on the H1 Searching =
magnitude computed with the FFT, and signal Band-pass
| " Filter 1
(4) the GaPESCd scheme base Z k1
derivative operator. 5 s
N 7 %2 sin( cor)
If the BPF2 is designed to approximate § e Vi D1t
the H1 magnitude, then the behavior of s L Voo Bandpas
both GaPESCbpf and GaPESCH1 e /A 2 |Filer2 [¢
schemes are almost the same. So, only i. HI [ o
GaPESCH1 scheme will be considered [ > GapESChpt | 3 i
below. 3-GaPESCHL | o4 s led
4-GaPESCd 4

| Figure 3. The aPESC schemes
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Figure 4. The diagram of the GaPESC scheme
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the dither frequency is f7=1/ T4 =0/27=100 Hz;

the ditheramplitudeis set to 1;

the cut-off frequency of the HPF 1, fy1=Pp1-f3, where Py1=0.1;

the cut-off frequency of the LPF1, fj;=p;-f3, where B;;=1.9 in order to approximate the H1
amplitude [40];

the cut-off frequency of the HPF2, fyy=Py-f3, where Bpy=0.5;

the cut-off frequency of the LPF2, f,=p1-f3, where p;p=5.5 in order to increase the dither
persistence on the control loop [46];

the minimum amplitude of dither, Ay, 1s set to 0.001, but can be smaller that this value in
order to obtain a very low ripple on the probing signal during the stationary phases;

the normalization gains, ky,=1/yyand ky,=py, where the py value sets the initial
amplitude of the dither and the yy value 1s chosen in the range of maximum and
maximum values estimated for the GMPP on the nonlinear map, y=h(p); k= k=1 for
the nonlinearmap (6); note that ‘=" means in a large range around the mentioned value;
the gain of the dither amplitude, k,=Ap, where Ap=/pcapr-pol, and py 1s the initial value
for starting the search of the peype: k=3 for the nonlinear map (6);

the loop gain, ki= vy-®, where y,4=1.5 was set based on the dynamic performance
analysis shown below.
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Conclusions

The maximum, minimum and average value of the tracking accuracy reported
for GaPESC scheme is of 99.99%, 99.95% and 99.97%

The tracking efficiency of 99.97%

The resolution of all schemes is lower than 0.25% (=1/402).

The robustness of the GMPP searching was tested for two PV patterns’ sequences

Each time the GMPP of the PV p
accurately tracked.

The level of GMPP of the PV pattern fr
randomly at each 10 milliseconds. Therefor:
continuously the current GMPP.

Based on the performance shown and its sim
GaPESC scheme is competitive with similar tec
advanced GMPP algorithms proposed.

Furthermore, the tuning ranges for the design parameters are relatively large
because the GaPESC scheme is based on adaptive control of ESC type.

rn from the noiselessly sequence was

oISy sequence is changed
aPESC scheme searches

ty of iImplementation, the
Iques to scan the GMPP or other
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