Highlights

PEM Water Electrolyzer Robust Control Under Renewable Energy Source Intermittency

Meziane Ait Ziane, Michel Zasadzinski, Hugues Rafaralahy, Melika Hinaje, Marie-Cécile Péra

Several PEMWE identification methods are proposed and discussed.

The designed controller ensures robustness against RES variations.

The proposed controller reduction method allows to achieve the same performance as the full-order controller

in closed-loop.

e Experimental validation of PEMWE control under renewable energy source intermittency
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Abstract

This paper investigates the design and experimental validation of robust control for a proton exchange membrane
water electrolyzer integrated with a stacked interleaved buck converter, aimed at regulating hydrogen production from
renewable energy source. A model of the electrolyzer is obtained using the output error identification method. A State-
space model of the electrolyzer coupled with the converter is therefore determined using the averaging method. To
address variations in operating conditions during hydrogen production under renewable energy source intermittency,
a robust control strategy based on normalized coprime factorizations is implemented. The obtained the full-order
controller is reduced using a method that incorporates closed-loop behavior into the truncation process via frequency-
weighted closed-loop sensitivity functions. Experimental validation demonstrates the controller’s efficacy in adapting
to changes in set-points and environmental conditions, underlining its theoretical robustness against renewable energy
source intermittency.

Keywords: PEM water electrolyzer, hydrogen production, renewable energy source intermittency, robust control,

normalized coprime factorizations, controller reduction.

1. Introduction

Reducing greenhouse gas emissions is a challenging goal, for which many efforts are being made in order to
achieve carbon neutrality by 2050. One of the main strategies adopted in recent years has been to reduce dependency
on fossil fuels and switch to green energies. Surplus energy from renewable sources needs to be stored to meet energy
demand as required. One of the most attractive strategies is to store this energy as a hydrogen carrier. This hydrogen
can be produced by a water electrolyzer that does not emit greenhouse gases. The hydrogen produced can then be
used for various purposes: industry, transport, stationary.

Hydrogen can be produced by electrolysis of water using three principal technologies. Alkaline electrolyzer tech-

nology is the predominant solution for large-scale applications, as it is the technology with the greatest maturity [[1].
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Nevertheless, this technology has two major drawbacks: it operates in a low current range, around 0.5 A/cm?, so the
hydrogen flow rate per unit area is lower than with other technologies, and can hardly tolerate the variations of the
energy supplied by a Renewable Energy Source (RES). Therefore, alkaline electrolysis is not suitable for the intermit-
tency of RES. Proton Exchange Membrane Water Electrolysis (PEMWE) technology offers the advantage of operating
under the intermittent effects of renewable energies and high current densities, up to 2 A/cm?. The disadvantage of
this technology is the high cost of the assembly electrode membrane, which uses rare metals [2]. Anion exchange
membrane water electrolysis technology incorporates the advantages and disadvantages of both technologies: the
maximum current density being of the order of 1 A/cm?, although it is not yet mature for industrial applications and
needs further developments [3]].

As the present study focuses on green hydrogen production, taking into account the intermittency of RES is a key
point. So the PEMWE technology has been retained and a robust control approach can be implemented to ensure
the hydrogen production under uncertain conditions characterized by the intermittency of RES. The impact of the
intermittency considered in this work concerns the fluctuations of the current leading to fluctuations of the hydrogen
production. The designed controller must be robust against this intermittency, ensuring the desired hydrogen flow
when the RES voltage varies.

In this paper, the H,, normalized coprime factorization method for controller design proposed in [4} 5| [6] is
adopted as this approach translates the framework of real uncertainties into robustness constraints on a given nominal
system.

The outline of this paper is presented below. In Section [2| a literature review is conducted on PEMWE control
in a RES framework. The identification of the PEMWE electrical behavior model is addressed in Section Bl After
describing the operating principles of PEMWE in Section 3.1} the Electrochemical Impedance Spectroscopy (EIS) and
the Output Error (OE) approaches are used to obtain a transfer function from the current to the voltage of the PEMWE
in Section The coupling between the DC/DC converter with the obtained PEMWE model is provided in Section
The full-order controller design using the normalized coprime factorization approach is developed in Section
with closed-loop robustness study for RES framework. Since this design method leads to high order controllers, a
reduced-order controller approach is applied in Section #.2] by taking into account closed-loop considerations in the
truncation procedure by means of frequency weighting. The robustness of full- and reduced-order designed controllers
is analyzed in Section #.3] The experimental validation of the full and reduced orders controllers is presented in
Section [5] The controllers robustness against changes in nominal electrical operating conditions is addressed in
Section [5.2] while robustness to the intermittency of RES framework is treated in Section [5.3] Discussions on the

theoretical developments and experimental validations made in Sections [3] [f]and [5] conclusions and perspectives are



provided in Section [6]

2. Literature review on PEMWE in RES context

The PEMWE system is complex due to the interactions of electrochemical, electrical and thermal phenomena.
Modeling such a system is a difficult task.

Some works have used an electrical approach to model the PEMWE: some authors have considered only a resistive
behavior for the PEMWE |7, [8], while others works have described the anode and the cathode as a resistor for the
membrane and two parallel RC circuits to introduce dynamics in the behavior [9,[10, [11]]. A survey for the electrical
modeling approach is presented in [12]]. There are also other modeling methods for PEMWE systems such as bond
graph modeling in [[13] used in RES framework.

Maximizing PEMWE performances can be achieved by controling stack current: hydrogen production is pro-
portional to current, so controlling current means controlling the desired hydrogen flow rate, which is not easy and
challenging given the intermittent nature of the RES supplying the PEMWE [14]].

The integration of PEMWE technology throughout the hydrogen production chain has been discussed in some
papers. The authors in [[L5] highlight the complementary characteristics of solar and wind power make it possible to
mitigate fluctuations in renewable energy generation and achieve higher utilisation rates for the PEMWE. An analysis
of the optimisation of hydrogen production costs when using a PEMWE powered by renewable energy sources such
as wind and solar power is given in [16]]. The importance of developing control methods to optimise and ensure the
performance of hydrogen production is emphasized [16]. A thermal management architecture for PEMWE that makes
it flexible and reconfigurable when coupled with PV is proposed in [[17]. The efficiency of the electrolyser exceeds
50% (see [I1'7]), however it is suggested that the efficiency of the DC/DC converter be increased in order to improve
the overall efficiency of the system. This can be achieved by designing a controller that takes into account variations
in the energy supplied by the PV. Monitoring the system Balance of Plant (BOP), along with controlling the pressure
and temperature of the PEMWE, allows to improve the efficiency of the system [[18]]. A machine learning-based model
is proposed [19] to predict and estimate the current in the electrolyser. This model has been developed to analyze the
behavior of PEMWE when integrated with RES.

As the PEMWE operates in Direct Current (DC) with low voltage and high current, AC/DC and DC/DC converters
are required when the energy source is a wind turbine, while a DC/DC converter is needed when the source is a
photovoltaic panel. Controlling the hydrogen flow rate means controlling the current from the DC/DC converter that
is applied to the PEMWE. In the presence of RES intermittency and taking into account the dynamic behavior of the

PEMWE, such a task is challenging [[14].



The authors in [20] conduct a comparative analysis of different converter topologies suitable for hydrogen produc-
tion using electrolyzers. This analysis includes the effect of electrolysis ageing and connection to AC and DC grids.
The authors in [21] propose a DC/DC converter topology that guarantees a high-step down conversion ratio and low
output current ripple for hydrogen production. This proposed converter architecture is validated in steady-state system
behavior with a hardward in the loop. A Stacked Interleaved Buck Converter (SIBC) with four parallel phases is used
in [11]: the advantage of this converter topology being that it cancels output current ripple and operates under fault
conditions. The converter is validated experimentally in static operation, considering the PEMWE model as an RC
circuit. The voltage of the PEMWE is controlled using an interleaved buck converter with a sliding-mode controller
[22]. The same control objective is retained in [23]], where a PI controller is employed and validated in simulation
by using a converter based on a medium-voltage DC bus. A SIBC is used to control the current and voltage of the
PEMWE in [24]. A first-order PEMWE model is obtained by identification using the ARX method. The coupled
SIBC and PEMWE system is controlled by a PI controller through experimentations.

In the case where the energy source feeding the DC/DC converter is provided by a photovoltaic system, a buck
converter is used in [25] with two control strategies: the first consists of tracking the maximum power of the photo-
voltaic system, so in this case the PEMWE current is variable and not maintained at a fixed current value, while the
second consists of controlling the PEMWE current without tracking the maximum power of the photovoltaic system.
Two PI controllers are designed to validate the approach experimentally. A static PEMWE model consisting of four
resistors is considered in [26] with an incremental conductance MPPT algorithm to control a photovoltaic power by
acting on the buck converter. Simulation validation is carried out without taking PEMWE current control into consid-
eration. The same approach is adopted in [27, 8] using a PI controller, and employing a fuzzy logic approach coupled
with the MPPT algorithm associated with the so-called “Perturbe and Observe” technique in [28]]. These methods are
validated through simulations.

In the case where the energy source feeding the DC/DC converter is provided by a wind energy source, the
authors in [29]] used a robust PI controller to regulate the electrolyzer current via a buck converter. The method
is experimentally validated for two voltage changes supplying the converter, but without taking into account the
intermittency of RES.

In the existing literature, the control of green hydrogen production taking into account the intermittency of RES
from a control point of view is not fully investigated for the following reasons. The majority of the papers cited
above consider the static behavior of the PEMWE, which is clearly far from what should be done in practice, so
the validation of most approaches is carried out by simulations, but not with genuine experiments on test benches.

Furthermore, no evaluation of the controllers in the event of abrupt variations in the energy supplied to the DC/DC



converters is considered. In addition, the study of controller robustness in the context of such energy intermittency

has not yet been addressed in the literature.

3. PEMWE Identification and System Modeling

3.1. Operating Principle of PEMWE

Electrolysis is an electrochemical reaction involving an electric potential that splits water molecules, producing
oxygen and hydrogen. For PEMWE, at the anode compartment, water is split into oxygen, electrons and protons as

follows
+ ! -
H,O — 2H +§02+2€ . €))]

Protons are transported to the cathode compartment through a polymer membrane, while electrons are transported

from the electrical circuit to form hydrogen as bellow
2H" +2¢~ — H,. 2)

The minimum required voltage for water splitting in one cell at standard conditions can be calculated as follows

AH
Vi = — = 148V 3)

e
where

e AH =285.84kJ mol™! is the change of enthalpy,
e 1, = 2 is the number of transfered electrons,

e F =96485Cmol™! is Faraday’s constant.

The theoretical formula to calculate the hydrogen flow rate 7izg, in mols™! is given by

. N.i
ity = ST, 4)

where N, is the number of cell, i is the applied current and n, is the Faraday’s efficiency, usually taken as 0.98 [30].
The stack PEMWE potential operating v at conditions 7', P and i, where T is the stack temperature (K) and P

gases pressure (Pa) can be expressed as the sum of activation overpotential 77,. (V), ohmic overpotential 77opy, (V) and



diffusion overpotential 74t (V) and is given by

V= Nc(vint + Nact + Nohm + ndiff) (5)

To analyze and investigate the behavior of the PEMWE system, a static characteristic between the applied cur-
rent i and the PEMWE voltage v is used. This static characteristic is known as the polarization curve and provides
information on the operating and degradation states of the PEMWE system.

The polarization curve of the 400 W PEMWE stack used in this study is shown in Fig. |l and technical speci-
fications are given in Table|l} The test bench used to obtain this polarization curve does not include a temperature
management system for the water entering the stack. For this reason, a current of 41 A is applied for 40 min to heat the
stack, thereby improving electrolyzer performance before collecting the polarization curve values. The temperature
of the PEMWE has a significant impact on its performance: a high temperature of around 80 °C facilitates charge
transfer and increases proton conductivity across the membrane, thus accelerating the kinetics of the electrochemical
reaction [31]].

Table 1: PEMWE stack technical specifications

Parameters Values | Units
Rated power 400 w
Cell number N, 3 X
Max current 50 A

Active area 50 cm?

Since the polarization curve describes the static behavior of the PEMWE, a static model derived from this polar-
ization curve is not suitable for a control approach, as our study focuses on the impact of RES intermittency supplying
PEMWE. Therefore, it is important to identify a model with current i as input and voltage v as output that captures
the dynamic behavior of the PEMWE in order to design a control law for RES context. This is the aim of the next

section.

3.2. PEMWE Identification

The aim of PEMWE model identification is to obtain several linear models that relate the PEMWE current input i

to the PEMWE output voltage v at several operating points, using both frequency and temporal domains approaches.

3.2.1. Frequency Domain Approach
Electrochemical systems are often characterized using Electrochemical Impedance Spectroscopy (EIS) [32} 133].

This approach has recently been applied to PEMWE systems in [34, [35].
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Figure 1: PEMWE polarization curve

In this paper, the galvanostatic approach is applied around an operating point of 15 A, with a frequency range
spanning from 10 mHz to 10 kHz and an amplitude of 10% of the considered operating current point. Using “estimate
transfer function” in Matlab (called tfest.m) some continuous time transfer functions are identified from the obtained
frequency response data. The obtained frequency responses do not match with the experimental data for identified
transfer functions of order 4 or less, whereas the obtained frequency responses are very close and match satisfactorily
with the experimental data for identified transfer functions of order 5 or higher. The identified transfer functions of

orders 5 and 6 are given by (6a) and (6b), respectively, where the red line Fig. 2]refers to the experimental data.

0.028535° +205.5s* +7.946.10*s> + 1.512.10%s% + 3.078.10%s + 6.377.10°
$° +4611s* + 1.186.1005% + 1.564.107 s + 2.146.107 s + 2.979.105 ’
0.027375°% + 403> + 4.667.10°s* + 5.015.107s* + 5.068.108 5% + 6.438.10%s + 1.009.10%
50+ 1.051.10%s5 + 8.42.1005* + 6.784.1085% + 4.788.10%s2 + 4.214.10%s + 4.684.108 °

FEgrss(s) = (62)

FEiss(s) = (6b)

The Nyquist diagrams in Fig. [2] show that the two identified models are close and match well with experimental
data.

The applied step responses plotted in Fig. [3| validate the identified models with the frequency approach.
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Figure 2: Nyquist diagrams for EIS approach
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Figure 3: Step responses for validation for EIS approach

3.2.2. Temporal Domain Approach

Since the identification procedure provides linear models, the initial conditions for both current and voltage should

be reset to zero. To do that, we define signalsﬂivj and v; as follows

where i,

operating

L, =1 —ij, (7a)

ij =Vie = Vi (7b)

= 0andV;, = 0 when k < 0, k refers to the sample number at the time sample k7 and j refers to the j®

point.



The estimation v; of v; in discrete-time is expressed using a discrete-time transfer function F4 (z) as follows
Va;(2) = Fa(2)14,(2) ®)

where Vdj(z) and E/(z) are the Z transforms of discrete-time signals v; ande. The transfer function F,(z) in @) is

given by
Nd,-(Z) bj"ilzn_l + e+ ble + bjo
Fd/ (Z) = D = n n—1 (9)
1,(2)  Z'+a;, "+ taj ztay,
where b;,_,...,bj,a;,_,,...aj, are the parameters to be identified, such that the estimation error &; defined as
Ejik :ngk _"}\jk (10)

is minimized using the Output-Error (OE) identification method proposed in textbooks [36] [37, [38]. Combining (8),

and , the PEMWE voltage output v; at time instant k can be expressed by the following recurrence relation
g putv; p Y g

n—1 n—1
Vie = Z bjhljkﬂwlz - Z AV jinen
h=0 h=0

n
+ Sjk + Z aj/x Sjkfnﬂx ° (1 1)
h=0

which is used to minimize &; with the OE method.

The validation of the obtained models is made using the following decorrelation test proposed in [38]]

N

gjkvjk £
Ry () = —— (12)

JN N N 05
— )
V./kz Sjk)
k=1 k=1

where €; is the zero-mean version of &; in (]E[), N is the number of measurement samples and & = 0, 1,...,n, with

n = deg(Dy,(z)). The identified model is considered valid if

2.17
Ry @) < € = W [Rjv(@] < ¢, = 0.15. (13)

Three operating points, i.e. j = 1,2, 3, are considered (see (7)):



e 1% operating point: i;, = 8 A and v;, = 6.39V,
e 2" operating point: i, = 10 A and vy, = 7.43V,

e 3" operating point: i3, = 14 A and v3, = 7.51 V.

For the identification procedure the same Pseudo Random Binary Sequence (PRBS) excitation is applied to all
considered operating points with a magnitude of 4 A, and a sampling period T = 0.001 s. The PRBS signal used for

the 1% operating point is shown in Fig. @ For the 2" and 3™ operating points, only the current range is changed: 10 A
to 14 A and 14 A to 18 A, respectively.

\
12

!
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) all
100
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700
Time [s]

Figure 4: PRBS current for 1! operating point

Applying the OE identification methods to the three operating points (j = 1,2,3) with Identification Matlab

Toolbox [39] yields the corresponding estimated voltages vog;. For each operating point, the models that satisfy the
decorrelation test in (T2)) and (T3) with least order are given by

0.04943z* —0.146773+0.145122—0.04784z
F OE; @)=

14
74— 3.2573 +3.76822 — 1.7867 + 0.2682 (142)
0.02767z% - 0.02767z
F - 14b
020 = T 5067+ 05963 ° (140)
0.0605222 + 2.665 X 10~z — 0.06049
F - . 14
o (2) 22 - 0.0001013z — 0.999 (14¢)

where the decorrelation test is given in Table 2]

Fig. [5|shows the measured voltage v; compared with the estimated voltage vog; =V + v, for the 1% operating
point where vy, = 6.39 V.
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Table 2: Decorrelation test in (T2) and (T3)

3 1 2 3 7
R;, || 0.016158 0.0158 0.015324 || 0.015061
Ry, || 0.048888 | 0.048961 X X
R3, 0.1194 0.11199 X X
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Figure 5: Measured and estimated voltages v and vog, for 1% operating point

Remark 1. It is important to note that voltages v;, include the minimum required voltage for water splitting Vi, =

N, x 1.48V defined in (3). O

3.2.3. Model Selection

Let F' ;')El(s), F COEZ(S) and F 353(5) be continuous time models obtained by applying the bilinear transform to the
discrete time models Fog, (2), Fog,(z) and Fog,(2), respectively. In Fig. |§|, the Nyquist diagrams are plotted for the
three identified systems F, £, (s), F, Ez(s) and Fy, Es (s). The red curve in Fig. |Z| and in Fig. |§| are identical.

In Fig. |§|, the Nyquist diagram obtained from Fi,,; (s) is closer to the Nyquist diagram given by experimental
data than one generated by F7, Ez(s) and F7, Es (s). However, the Nyquist diagrams obtained from Fgys (s) and Fgg,(s)
plotted in Fig. |Z| match the experimental data much better than the one obtained with Fg,. (s).

In Fig. |2| to Fig. EI, the responses obtained with Fgys,(s) are closer to the experimental data that the responses
generated with Fgys (s). The Fgys,(s) model is thus chosen for control law design in Section E}

Since the system to be controlled is the PEMWE coupled with a Stacked Interleaved Buck Converter (SIBC)
which is composed by electrical components, it is useful to describe the obtained transfer function Fgjs,(s) with an
equivalent electrical circuit. This approach facilitates the formulation of ordinary differential equations that describe

the behavior of the entire system (PEMWE + SIBC).
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Figure 6: Nyquist diagrams for temporal approach

Using residue theorem, also known as partial fraction decomposition for Laplace transforms [40], Fg;s,(s) in (]6_5[)

can be written as

6
Ry,
Frisu(9)= ), ap-op * Ro. (15)
h=1

where

R =100.06Q, Rs = 13.588Q, R, = 1.4068 Q,

R3; = 0.20564 Q, R, = 0.040826Q, R; = 0.0085339Q,

Cs = 1.0361 x 107°F, Cs = 9.4843 x 107°F, C4 = 0.0086629 F,
C; =0.72622F, C, =27.953F, C, = 901.43F,

Ry = 0.027366 Q.

The equivalent electrical circuit of the obtained PEMWE model is given in Fig[7]

It is important to note that the electrical parameters of the obtained equivalent electrical circuit in Fig. [7]do not
have physical significance because they are obtained after the identification procedure. So these parameters do not
describe the stoichiometric reactions at the anode, cathode and resistive membrane as can be found in the literature

[12].
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Figure 7: PEMWE equivalent electrical circuit for Fgyg,(s) withn = 6

3.3. Modeling of PEMWE with SIBC

The DC/DC converter used in the test bench shown in Fig. in Section E] is a SIBC studied in [41]. The
whole system composed of the PEMWE coupled with a SIBC is illustrated in Fig. |§| where the PEMWE equivalent
electrical circuit from Fig. [/|is used for modeling purposes instead of the actual electrolyzer. The nominal values of
the electrical components are: L, = Ly =426 X 10°H, R;, = R;, =0.06Q, C, = 10*Fand C, = 107 F.

V; in Fig. [§|is the voltage of the RES that supplies the SIBC coupling with the PEMWE. The SIBC is composed
from two circuits in parallel (primary (with index p) and secondary (with index s) circuits). These two circuits are
controlled oppositely by two pairs of insulated-gate bipolar transistors (77, 74) during the duty cycle (1 — D)Tpym and
(T2, 73) during the duty cycle DT,y where D is a percentage of the period Tpym = 5 X 1073 s of the Pulse Modular
Generator (PWM).

The state vector x and the measurements y are given by

T_|. .
X :[lp Iy V. Ve, Ve oo Ve, (16a)

V= [7 V] (16b)

13



Applying the Kirchhoff’s laws to the circuit in Fig. |§|during DTy yields

Lyi,=Vi—v— Rgp ip

Lyiy = —v., =V — Ry, iy
v v,
—“~ . . C
va=lp+ls——+g —
Ry Ry
h=1
Cyve, = i

b, = Ve h=1

R, Cy CiRy

n

V- v,

_ Ve, " h=1

. Rncn Cn 0
n

ROA::’\-/\— Ve

h=1

and the primary circuit is associated with the following state-space realization

x=Ax+B Vi (17a)

y=Cix (17b)

14



Applying the Kirchhoff’s laws to the circuit in Fig. |§|during (1 = D)Tpwm yields

Lyi, =—-v— Rgp ip

RO h=1 RO
Cyve, = iy
n
Y
‘.) _ VC[ h=1
¢ =
R\C; CiR
n
V- v,
_ Ve, " h=1
Cn
Rncn Cn 0
n
RO =V — Ve

and the secondary one corresponds to the following state-space realization

%= Asx + BV (18a)

y=Cox (18b)

15



The matrices of the two state-space realizations are given by

R 1
—~ 0 = 0
L, L,
—-R -1 -1
0 L= =
Ly L, L
1 1 -1
/112211212 —_ —_— 0
C, C, R,
1
0 — 0 0
C,
70nxl 0n><l :HO Onxl
1 0
L. 1
By = P |, By=| —
Ly
0(3+n)><l
) O02+myx1
- 1 i
00 — 0 —X
Ci=C,= Ry Ro
00 1 0 O,

where A € R™" and Ay € R™! are givenby (forh=1,...,nandg = 1,...

-1

+ b
RyC},

h #q,

-1
h,h) =
A, k) R,Cy,
ho) = ——
Ah, q) RoC)
h) = .
Ao(h) RoC)

The dynamic behavior of the whole system shown in Fig. [§|can be described by the switching between the primary

(during DTpym) and secondary (during (1 — D)Tpwm) circuits

To design a unified control law associates to the switching system given by and (T8)), Middlebroock and Cuk
developed a state-space averaging method in [42] that provides a unified linear system (for further explanations on

state-space averaging approach, the readers can refer to [43]). For the systems (I7) and (I8), the resulting averaging

model is given by

where A=A| =A,, C =C; =C; and matrix B is given by

16

len

len

11Xn
RoC),

len




B= (B, - B)V, (20)

and the control u is an input of PWM in Fig. [§] representing the duty cycle associated to the switching between the

primary and secondary circuits.

Ry

\ SN
a

1

1

1

1

1

1

)
3

Vey Ve,
Stacked interleaved PEMWE equivalent electrical circuit
PWM :
DC-DC buck converter
u

Figure 8: Stacked interleaved DC-DC buck converter with pulse width modulation (PWM) and electrical model of PEMWE

Then the transfer function of the system described by (I9) is given by G(s) where

G(s) = C(slysn—A)' B 1)

where 4 + n is the length of the state vector x given in (T6a). In Eqgs (16) to (ZI) and in Fig. [7]and Fig. [§] n is the order
of the PEMWE identified model. Since the PEMWE model given by Fg;s,(s) is selected for the design of the robust

H,, control law, we get n = 6 in (21) where the resistors and capacitors in (16) to (20) are given in (15).

4. Robust H,, Control Design

4.1. Full-Order 2-DOF Controller Design

4.1.1. Controller Design Specifications
In a RES framework, the main issue is that the energy supplied to the SIBC and PEMWE varies due to their

intermittency. These variations are represented by V; in the state-space model given in (I9). From the control point
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of view, the variations of V; can be seen as a parameter uncertainty. In this paper, the nominal value of V; is 40 V.
As mentioned in the Introduction section, the range of V; variations guarantees the desired hydrogen production, i.e.
allows the electrolyzer current i to be maintained around a desired operating point.

The controller is designed in order to guarantee a desired hydrogen flow rate independently of the uncertainties
due to variations of V; in RES framework. As mentioned in Section [3.1] the hydrogen flow rate is strongly related to
the current i as shown in (). For this reason an integral action is required to control the current i at a desired operating
point. It should be noted that the voltage v is a useful indicator of the operating state of the PEMWE system as shown
in (©). So it is interesting to employ this second available measurement in the controller design.

The H., loop-shaping approach based on normalized coprime factorization and described in [4]], [5]], [6] is a con-
troller design framework well adapted to take into account the design specifications described in previous paragraph,
associated to robustness considerations.

This loop-shaping approach is based on the closed-loop structure given in Fig. [9]

<l
N|

Wi(s) F—{ G(s)

K(s)

r==-=--1
1
L

Gg(s) 1

Figure 9: Closed-loop structure for loop-shaping controller design

In Fig. Pl G,(s) is shaped plant given by
Gy(s) = Wa(s)G()Wi(s) (22)

where Wi(s) and W,(s) are weightings to be determined in order to satisfy the design specifications. K(s) is the

controller calculated using G(s), but the controller to be implemented is K(s) given by
K(s) = Wi()K()Wa(s). (23)

In this design method, u and y are considered as pseudo-measurements and pseudo-control input, respectively,
but the measurements and control input for the implemented controller K (s) are y and u, respectively. In addition,

T
the operating set-point is represented by S X r with § = [1 ()] . The aim of the controller K(s) is to minimize the
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following criterion

min (|5 (I + Gy(s)K(s))™! [1 G (s)] 24)
K(s)eH I ' :

00

(b(G(s),K ()™

where H,, is the set of all transfer matrices that are stable and proper, i.e. the transfer matrix L(s) belongs to H, if
and only if L(s) is analytic for Re(s) > 0 and Slgg |L(s)| is bounded [44]], [45]. If L(s) € H, the H-infinity norm of
L(s) is the maximal singular value of L(s) (see [44]], [45]]) and is called ||L(s)||q-

If b(G4(s), K(s5)) < &, than the designed controller K(s) robustly stabilize all uncertain shaped plants G(s) given

by
Ga(s) = (My(s) + Ap, ()" (N5(s) + A, (5)), (25)

where the pair M(s) € H. and N,(s) € H,, is a Normalized Left Coprime Factorization (NLCF) in H,, of G,(s), i.e.

G,(s) = M;'(s)Ny(s) (26a)

I = My(s)M!(=5) + Ny(s)N'(-s), VseC. (26b)

and where the coprime uncertainties are bounded as

o avwl| < @7)

The state-space formula for NLCF is given in [46] and in lemma 2.1 in [4].

Since the robustness analysis is made with the implemented controller K'(s) associated to the plant G(s) (i.e.
the criterion b(G(s), K(s))) instead of with the computed controller K(s) associated to the shaped plant G4(s) (i.e. the
criterion b(G,(s), K(s))), the following problem appears: the ., norm of the sensitivity function (+G(s)K(s))~' G(s)
will necessarily be greater than 50 dB (see the blue curve in Fig. in the frequency range from 10 to 20 000 rad/s
(high-frequency range), since the singular values of G(s) are around 50 dB and the singular values of (I + G(s)K(s))™!

tend towards one in this frequency range.

Remark 2. A consequence of the above analysis is that b(G(s), K(s)) cannot be used to evaluate the robustness and
will be replaced by the modulus margin given by b(G(s), K(s)) = ”(1 + K()G(s))™ H;l O
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Figure 10: Frequency singular values of G(s) and G(s)

This analysis leads to the following specifications on the shaped plant G(s):

e determining the weighting W, (s) in order to reducing drastically the singular values of G(s) at high frequency,

with bandwidth approximately three decade before the peak on Gy(s),

e determining the weighting W,(s) in order to introducing an integral action (at low frequency) between the
reference r and the measurement current ; with adding proportional actions based on the available measurements

(i and D).
These specifications are achieved by choosing the weightings W;(s) and W;(s) as follows

7.875 x 10705 + 0.7875

W, (s) = , 28
1(s) s> +31.55 + 45 (282)
1
-0
S
Wa(s) =1 olf- (28b)
0 1

The singular values of the obtained shaped plant G,(s) in (22)) are plotted with the red curve in Fig. [I0]and satisfy
the design specifications.

The choice of W,(s) in (28b) allows to rewrite the structure of the closed-loop shown in Fig. P]in the equivalent
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2-DOF controller structure given in Fig. [TT] where

y= [yl ) /V\]T’ (29a)

K(s) = [Ki(s) K, (s) va(s)} (29b)

u

Ki(s) Wits) o] Ges)
Ky (s) Ky, (5) <——,V

Figure 11: 2-DOF structure of the closed-loop

‘
+
=l
+
+
+
=<

4.1.2. Full-Order Controller Design
The method proposed in [4], [S], [6] by McFarlane and Glover, gives a controller K(s) that minimizes b(G(s), K(s))
in (24) where the singular values of K(s)G(s) are as close as possible to those of G,(s). The controller K(s) is

synthesized in three steps given below.

a) Compute a state-space realization of the shaped plant G,(s) defined in 22): G,(s) = C(sli3 — A7 'B;.

b) Compute the solutions X and Z of the two following algebraic Riccati equations

0=ATX+ XA, - XBB'X + CIC,, (30a)

0=A,Z+ZAT —7C'C,Z + B,B". (30b)

¢) The state-space realization of controller K(s) in (29b) is given by (see corollary 5.1 in [4] and in corollary 4.15

in [5])
K(s) = Ck(sli3 — Ax)'Bg 31

where
Ax = As — B{BTX -1 > Q7CT C (32a)
By = i QZC{ (32b)
Cx =B'X (32¢)
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and

= N1+ pAn(ZX), (33a)

Y = (I + ZX - p*13) 7", (33b)

where p is chosen slightly greater than 1 in order to have det(?P~") # 0 and Apmay (ZX) is the maximal eigenvalue

of the symmetric matrix ZX. In this paper p = 1.01.

In order to implement a minimal state-space realization of controller K(s) in (23)), it suffices to check if some
pole/zero simplifications appear in

K(s) = Wi()K(s). (34)

Wa(s) do not appear in (34) since the integrator in W»(s) cannot be simplified because K(s) internally stabilizes
G(s).

Since the system G,(s) is of order 13 (10 for G(s) + 2 for Wi(s) + 1 for W,(s)), the designed controller K(s)
in (BI)) has the same order as Gy(s). The order of K (s) is equal to 15 (13 for K(s) + 2 for W;(s)). After pole/zero
simplifications procedure applied on K(s) in (B4), 6 states are cancelled. So, the full-order controller K(s) with

minimal state-space realization considered in this paper has 9 states and is expressed by
K(s) = | Ki(s) Kp(s) Kp ()] (35)

where the transfer functions of the controller K;(s), Epi(s) and E,,‘_(s) are given in (36).

-3.037.1077s8+0.001115" +76.095° +7030s° +1.941.107s* +1.742.10%5% +5.152.10%5% +3.372.10%5+3.37.10°

52+295.358+2.841.10*s7 +1.161.10056+2.042.107 55 +1.308.108 5* +3.383.108 5 +3.755.108 52+ 1.582.108 5+ 1.416.107
(36a)

—6.227.1077s%+0.002273 57 +155.655+1.407.10%s° +3.646.10° s* +2.676.10°5> +6.361.10°5* +3.853.10°5+3.763.10°

Ki(s) =

E . =
n(s) 594+295.358+2.841.10%5s7+1.161.10056+2.042.107 s5+1.308.108 s +3.383.10853 +3.755.10852+1.582.108 s+ 1.416.107°
(36b)
e (s) —6.622.10785% +0.00024185” +16.565°+1500s> +3.933.10%s* +3.022.10°s* +7.598.10° s> +4.698.10° s +4.609.10*
pS) =

$9+295.355+2.841.10%57 + 1.161.10655+2.042.1075° +1.308.1085* +3.383.108 53+ 3.755.108 52+ 1.582.108 s+ 1.416.107
(36¢)

The 2-DOF final full-order controller to be implemented K(s) defined in 23) is replaced by

22



K(s) = K(5)Wa(s)

_ [(K"(s) +Epi(s)) ?,,V(s)}

N

= |79 %00 G7)
and the control law u in Fig. [TT]has the following expression in Laplace transform
U(s) = Ki(s)(R(s) = 1(5)) + K, (5)V(s) (38)

where T(s), V(s) and R(s) are the Laplace transforms of signalsz vV and r, respectively.
The design specifications given in Section [f.T]are ensured by the designed controller since the singular values of

f(s)Wz(s)G(s) are very close to the magnitude of G4(s) in Fig.

50 T T TTTT T T TTTT T T TTTT T T TTTT T T TTTT T T T T T TrTTT
25 —Gis(s)
ol —K(s)Wg(s)G(sL
25
-50 -
75 -
-100 |-
125
-150 |-
175
200 |-
225
250 |-
275 - .
300 | | | | | | L
102 107! 10° 10! 10° 10° 10* 10°
Frequency [rad/s]

Gain [dB]

Figure 12: Frequency singular values of G4(s) and K(s)Wa(s)G(s)

4.1.3. Robustness Analysis for Full-Order Controller
As mentioned in Remark the criterion b(G(s), K'(s)) cannot be used to evaluate the robustness of the control law
since

b(G(s), K(s)) = b(G(s), Wa(s)K(s)W1(s)) = 0.0022581 39)

while

b(G4(s), K(s)) = i = 0.59699 (40)

where K(s) is given in (37) and K(s) is given in (BI).
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As pointed before Remark 2] these results are in adequation with the H, norm of the sensibility function defined

by the product of the sensibility function at the output by the process as shown below

(7 + GYK ()" G(s)|| , = 442.85, (41a)
(7 + G(s)Wa()K(5)W1(5) ' G(s)|| , = 442.85, (41b)
(7 + Gy(9)K(s)'G,(s)||, = 0.89021. (41c)

Equations (39), @Ta) and (@1D) show that the pole/zero cancellations have no influence on the obtained robustness.

The obtained modulus margin defined in Remark 2| for the three controllers K(s) in (31), Wo(s)K(s)W;(s) and
K(s) in (37) is given by

b(G(s), K(5)) = B(G(s), Wa()K(s)W;(s)) = b(G(s), K(s5)) = 0.88224, (42)

and confirms that the controllers provide a high level of robustness.

The next subsection is dedicated to the reduction of the order of the obtained controller. To preserve the structure
of the implemented control law in (38) (i.e. the 2-DOF structure with integral action on the current, which is described
in the transfer function W;(s)), the truncation procedure must concern the 9-order controller K(s) given in (33) instead

of the 10-order implemented controller K (s) given in (37).

4.2. Balanced Truncation of the NRCF of K(s) with Closed-Loop Considerations

4.2.1. Reduced-Order Controller Design

Reducing the order of the obtained controller K(s) given in (33 is a key step in the design procedure since the
synthesis method in Section[d.T]results in a controller with a large order due to the fact that the order of the weighting
Wi (s) intervenes twice: first in the order of the shaped plant G,(s) in (22)) (with weighting W,(s)) and then in the order
of K(s) itself in (33).

The balanced order truncation method developed in [47] has been extended to NLCF and NRCF (Normalized
Right Coprime Factorization) in [5, 48l 49]. In [50] and [S1], it is pointed out that the order truncation procedure
proposed in [47] and [49] treats the controller to be reduced as an independent filter without considering the closed-
loop environment and that closed-loop stability and performance consideration should be included in the balanced
order truncation procedure applied to the full-order controller. Using the balanced frequency-weighted order reduction
developed by Enns in [52]], one of the authors with co-workers proposed a balanced truncation of the of the full-order
NRCEF controller in [53] and [54] that takes into account closed-loop stability and performance using closed-loop
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sensitivity functions as frequency weightings.

he truncation of controller K(s) is called K7(s), and 7 is the order of K5(s). It follows that the reduced-order
version of the controller to be implemented K (s) given in is called %G(s), and has an order equal to 7 + 1 due to
the integrator in W(s).

It is important to mention that this reduction method exists only in [S3]] and [54]: [53]] is not available on IEEE
xplore and is briefly detailed in [54] due to lack of place. Moreover, to date, this reduction method has not been
applied on an experimental test bench. Therefore, the balanced frequency weighting truncation of the controller’s

NRCEF of E(s) presented in [53]] and [54] is detailed in seven steps as follows:

a) Calculate the state-space realization of the controller K(s) defined in B3): K(s) = C(sly —A)"'B.

b) Compute the NRCF of K(s) given by
K(s) = Q)P (5), (43)
where Q(s) € H, and P(s) € H,, satisfy
PT(=5)P(s)+ QT (-)Q(s) =I5 Vs€C.
Calculating the solution X of the following Riccati algebraic equation
0=AX+XA-XBB X+C C, (@4)

we obtain the following NRCF of f(s)

AlB A-BBX|B
0(s)
=| ~ = — (45)
pisy| | Cel| O C 0
Cr | Iy BX |

l[%‘%] =C(s1=A)" B+ Dasin {B].
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c¢) Calculate a minimal state-space realization (A,, B,, C,, D,) of the following frequency weighting W,(s)

Wo(s) = =(|-P1(9) 0] = P01 + GutoIR (s
xGu(5)|-Kes) 1)
= P! (1 + G G) ' |Guto) 1]

=C,(sI-A)"'B,+ D, (46)
where P(s) is given in @3) and G,(s) is the augmented plant defined as follows
Ga(s) = Wa(s)G(s) 47)

d) As explained in [S2], the weighted observability Gramian X, and the controllability Gramian Z. are obtained
using the following procedure:

i) Compute matrices Ay, By and Cy given by

A 0 Ig -
B = ,Q=h£ Q] 48)
B,C A, 0

with CT = [6QT cr ] and where A, Cp and C are given in (@3). Notice that

W, (s) 00\ _ Cy(sl —Ap) ' By.
P(s)

ii) Solving the two following Lyapunov equations

0=A7%s +Zp,As+CiCy (49a)

0=A%, +3XAT + BB" (49b)
provides the weighted observability Gramian X, and the controllability Gramian X. where
%, = B{Z,By. (50)

e) Let T be the balancing transformation that diagonalized the product £.Z, and the diagonal balanced Gramian
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X is given by
% =T'%X,T (51

with Hankel singular values sorted in descending order and the frequency weighted balanced state-space real-

ization of the NRCF of K(s) is given by
A |B T-'AT | T-'B
Q(s)
=| =~ = = (52)
P(s) o] O CoT 0
Cr| b CrT | I

f) Consider 7 < 9 as the order of the balanced truncation. The frequency weighted truncated NRCF has the

following state-space realization

0#()| |Co, —v1= |0
=| (st -2) By + (53)
Px(s) Cp, I
where matrices ;f;, E;, 5Q7 and aof are composed by the block (1...7x1...7) of Z, theblock (1...7x1...3)
of B, the block (1...3 x 1...7) of Cp and the block (1 x 1...7) of Cp, respectively.
g) The reduced order controller K+(s) is given by
Ar - ~75P7 B:
?7(5) =
Co. 0
= E;,.(S) E;pi(s) E;pv(s)] 5 (54)

and the reduced controller Kz(s) to be implemented is expressed as

K (s) = Kr(s)Wa(s)
Ki(s) — -
= [( s + Kr,,,(é‘)) Krm,(s)]

= [(7<;,.(s> + %, (5)) 7<;,,‘.<s)]- (39

The closed-loop with negative feedback in Fig. [9] can be formulated as in Fig. [I3] by replacing the full order
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controller by the reduced-order controller K+(s)

~|

07

Figure 13: Closed-loop with reduced-order controller K(s) and negative feedback

where

B
B

» -K(s) —K(s)

»—P‘1 (s) —P7I(s)
[P.(s)

a.
»Qe(s)

I3

0

B

(56a)

(56b)

Therefore, Fig. [13]is identical to the following lower Linear Fractional Transformation (LFT) given in Fig. [T4]

-K(s) —K(s) ;13

—Pl(s) | =P I(s) ; 0

2w

Figure 14: Closed-loop with reduced-order controller Kx(s) and negative feedback

where W,(s) is an upper LFT given in ({46).

Pe(s)

So, using Fig. the balanced frequency weighting truncation of the controller’s NRCF of K(s) described below

can be transformed into an H,, robust stability problem as shown in Theorem and proven in [S3] and [54].

Theorem 1. [53], [54]] The reduced-order controller K(s) given in @]), stabilizes internally the plant G(s) if

1. the controller E(s) stabilizes internally the augmented plant G,(s),
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2. the coprime factor errors Q.(s) = Qz(s) — Q(s) and P.(s) = P5(s) — P(s) are stable,
3. the inequality

Wo(s) O5(s) — Q(s) -1 57)

Px(s) — P(s)

is satisfied.

Remark 3. Since (see remark 5.3 of [4] and remark 4.9 of [5]])

I _
Wolle = ||| | s + Ga()R(5)! [Ga(s) 13] (58)
K(s)

oo

the four sensitivity functions with full-order controller K(s) are close to the four sensitivity functions with the reduced-

order controller %G(s). O

4.2.2. Evaluation of Reduced-Order Controller

Using Theorem [I]and Remark 3] the evaluation of the full and reduced order controllers is based on the following
principle: the behavior of the reduced-order controller in closed loop must be close to that of the full-order controller.
The evaluation of this proximity is performed with the four closed-loop sensitivity functions given in the transfer

matrix ¥ (s)

(s) L
F(s) = (I + G(HK(5)) [12 G(s)] (59)
L

for the full-order controller K(s) to be implemented given in (37). For the reduced-order controller K#(s) to be
implemented, given in (33), the transfer matrix #(s) is replaced by #7 This proximity is measured with the gap
metric defined in (60): in proposition 1 in [53] and in equation 2 in [56], the gap metric between transfer functions

Pi(s) and Py(s), called 6(P;(s), P»(s)), is given by

, M(s)| | Ma(s)
0(P1(s), P2(s)) = max @(1)an . -1 (s ,
VRN || Na(s)
inf Mas)) | M1 () a(s) (60)
- S
COTEN Ny (s) | [ Ni(s)

where (N, (s), M,(s)) and ( Na(s), M»(s)) are NRCF of P;(s) and P,(s), respectively.
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The obtained gap metrics for closed-loop sensitivity functions are small and given in Table[3]

Table 3: Gap metric for the closed-loop sensitivity functions

Order 7 | 6(F (s), Fr(s))
8 32172 x 107
7 0.00035543
6 0.00093697
5 0.0010081
4 0.0018083
3 0.01148
2 0.040401
1 0.093676

In Table |3} the gap metric for reduced-order controllers %K (s), K>(s) and K3(s) are higher than those of Ky(s) to
Kz(s). Therefore, to analyze the effect of the reduction method on the closed-loop specifications, only the frequency

singular values of K (s)G(s), K>(s)G(s) and K5(s)G(s) are plotted in Fig.

50 N I IR RE
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—K3 s s

o
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Figure 15: Frequency singular values of K(s)Wa(s)G(s), K3(5)Wa(5)G(s), K2(s)Wa(5)G(s) and K1 (s)Wa(5)G(s)

In the frequency bandwidth (before 107 rad/s) the four curves are very close. The open-loop gain for full and
reduced-order controllers differ after the frequency bandwidth. The Kj3(s) curve shows better tracking of design
specifications than those of K (s) and K (s), since its peak is lower. However, the obtained attenuation of the peak

for the three reduced-order controllers is satisfactory since it is between —80 and —60 dB.
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4.3. Robustness Analysis With Regards to Model Identification and RES Framework

In this section, the robustness of full- and reduced-order controllers are analyzed with regards to the five identified
models in Sections [3.2] and [3.3] and to the variations of V; provided by RES. By using the same approach as for
identified model Fgys,(s) in Section the four other models Fgs,(s), For, (), For,(s) and Fog,(s) are connected
with the SIBC (see Fig. [8). For all obtained systems (identified models coupled with SIBC), the variations range of
V; considered in this paper is [25V, 55 V].

The robustness is evaluated for each controller order 7, i.e. ¥ = 15 corresponds to controller K (s) before pole/zero
cancellations given in (34), ¥ = 9 is associated to controller K(s) after pole/zero cancellations given in (37) and 7 = 8
to 7 = 1 stand for Kz(s) given in (33). The used robustness criterion is modulus margin defined in Remark 2] and
employed in ({@2).

Table 4: Modulus margins defined in Remark

Order 7 Vi=25V Vi=40V Vi=55V
15 [0.88936, 0.92289] | [0.84128, 0.88353] | [0.79845, 0.84735]
9 [0.88936, 0.92289] | [0.84128, 0.88353] | [0.79845, 0.84735]
8 [0.88935,0.92291] | [0.84129, 0.88357] | [0.79849, 0.8474]
7 [0.88948, 0.92309] | [0.84166, 0.88378] | [0.79895, 0.84759]
6 [0.88976, 0.92307] | [0.8418, 0.88364] [0.7989, 0.84734]
5 [0.88792, 0.92209] | [0.83927, 0.88286] | [0.79645, 0.84714]
4 [0.88787,0.92203] | [0.83918, 0.88278] | [0.79633, 0.84703]
3 [0.88726, 0.92145] | [0.83812, 0.88193] | [0.79494, 0.84598]
2 [0.88223, 0.936] [0.86775,0.92863] | [0.86414, 0.92842]
1 [0.98829, 0.99073] | [0.98203, 0.98669] | [0.97611, 0.98204]

Due to lack of place only three value of V; are presented in Table [} the minimal value V; = 25V, the nominal
value V; = 40 V used for the design of the full- and reduced-order control laws, and the maximal value V; = 55 V. Note
that the modulus margins obtained for all variations in V; are within the range of those provided by the minimum and
maximum values of V;. For each controller and each value of V;, the interval between the minimum and maximum
value of the module margin for the five considered systems is given.

The level of robustness with regards to V; variations and each identified model is satisfactory since the modulus
margin is always superior to 0.79494 0.79845. Therefore, large model parameter uncertainties can be tolerated by the

designed full- and reduced-order controllers.

5. Experimental Validation

After describing the test bench, the controllers K(s) in (37) and Ki(s) in (53) are evaluated in the following

situations:
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(1) for V; = 40V, the tracking of the current reference is checked for several changes in operating points i (see

Section[5.2);
(2) variations of V; are considered to take into account the intermittence of RES in Section [5.3] in two cases:

variations which emulate a wind turbine (Section[5.3.T)) and abrupt variations (Section [5.3.2).

5.1. Test Bench Description

The test bench used for the validation of the designed controllers is shown in Fig. [T6]

Figure 16: Test bench

The PEMWE stack specifications are given in Table while the SIBC electrical components are given in the 1%
paragraph of Section 3.3} A dSPACE DS1104 board is used for the acquisition of the stack current i and voltage
v on the one hand, on the other hand to implement the control laws. The sampling time for data acquisition is
T, = 0.001s. The calculated control signals are sent to the PWM Matlab block to drive the power switches of the
SIBC. An interface board converts 0-5 V PWM signals to 0-15 V signals required by the SEMIKRON driver boards
SKHI 22. The frequency switching of the PWM is 10kHz, i.e. Tpym = 5 X 1073s. The SIBC power supply is
generated by a device called EA-PS 980-100 with a voltage value sent by the dSPACE DS1104 board. This emulates

the intermittency of the RES through the voltage V.

5.2. Current Tracking With V; = 40V

Since all reduced-order controllers are robust (see table d), the three reduced-order controllers generating closed-
loop behaviors furthest from full order (see table [3) are compared in Fig. where full order corresponds to K(s)
given in (37)), reduced order corresponds to %K3(s), reduced order, and reduced order; correspond to K (s) and K (s),
respectively. The %G (s) controller meets the objective of the controller reduction method in section[d.2} to generate a

closed-loop behavior close to that obtained with K(s). Indeed, the blue and red curves are almost identical in Fig.
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Figure 17: Current step responses for full and reduced-order controllers
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Figure 18: Operating current steps with zooms on increasing and decreasing steps: PEMWE current i response

It is not the case for K, (s) and K (s): there is an overshoot for K, (s) and the settling time for K (s) is too long. The
analysis of Fig. lead us to retained only K3(s) for the sequel of Section

The responses (5-22 A) in Fig. and the associated zooms show that controllers K'(s) and %(s) provide a very
similar closed-loop behavior: the set-point is reached around 0.05 s without overshoot.

Fig. [[9]shows the stack voltage for the step current changes applied for this scenario. Due to the non-linearities of
the PEMWE and the fact that the voltage is not controlled, there is a difference between the voltage behaviors obtained

with K'(s) and K5(s).
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Figure 19: PEMWE voltage v response to current steps shown in Fig.

5.3. Intermittency of RES: V; Variations

In this section, the robustness of full and reduced-order controllers is evaluated with regards to the intermittency

of RES: V; variations supplied by wind turbine in Section[5.3.1]and abrupt V; variations in Section [5.3.2}

5.3.1. Variations of V; Supplied by Wind Turbine
The emulated voltage V; supplied by the wind turbine is given in Fig. 20| with a total duration of about 11.5 min.
Two cases are considered: in the 1% case, the current is regulated at a fixed setpoint (18 A), and in the 2" case, several

setpoint changes are applied.
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Figure 20: Variations of V; supplied by wind turbine

In the 1% case, the large variations of V; in Fig. have almost no effects on the current i responses generated by

K (s) and K;(s) controllers as shown in Fig. To illustrate this point, the large variations in V; around 320, 420s
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Figure 21: Current i responses due to variations of V; in Fig. @without set-point change

and 570 s in Fig. [20]do not significantly affect the steady-state behavior of the closed-loop current responses i in the

time intervals [280s 340s], [380s 470s] and [500s 620 5] in Fig. @ respectively.
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Figure 22: Current i responses due to variations of V; in Fig. [20[ with set-point changes

In the 2™ case, several changes on the desired current » when V; is changing are made in order to evaluate the

closed-1

oop with K(s) and %K;(s) controllers as shown in Fig. The zooms in Fig. 2] and Fig. 23] show that both

controllers guarantee that the desired current r is followed with slight overshoot and the settling time between 0.05 s

and 0.07s. For the two cases treated, both K(s) and Kj3(s) controllers provide a similar closed-loop behavior as in

Section

The

realistic variations in the voltage V; supplied by a wind turbine have no significant effect on the regulated

current Z, i.e. the controllers K'(s) and K3(s) maintain the current at the desired value despite these realistic variations.
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It should be noticed that the voltage variations V; in Fig. 20| have a slower dynamic than the obtained closed-loop

settling times. So, to study the effects of V; variations on the closed-loop behaviors, it is interesting to generate more
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Figure 23: Zoom on Fig.

fast and abrupt changes in V;. This is the aim of Section[5.3.2]

5.3.2. Abrupt Variations of Supplied Voltage V;

The emulated voltage V; with abrupt variations is given in Fig. 24 with a total duration around 7 min. As in Section

5.3.1} two cases are considered: in the 1 case, the current is regulated at a fixed setpoint (18 A), and in the 2" case,

several setpoint changes are applied.
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In the 1% case, the abrupt variations in V; in Fig. [24] have significant effects on the i current responses generated

by the K(s) and %G(s) controllers, as shown in Fig. but these effects are quickly rejected. Indeed, for abrupt

Figure 24: Abrupt variations of supplied RES voltage V;(¢)
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Figure 26: Zoom on Fig.

variations in V;, the settling time to follow the desired current r is an interval between 0.015 s and 0.05 s as shown in
the zooms of Fig. 25]and Fig. [26]

The 2" case corresponds to Fig. and Fig. The same comments as in the 1% case can be made: when
the current set-point changes, the effects of abrupt V; variations are asymptotically rejected with settling time in an
interval between 0.015 s and 0.05 s. In addition, for the two cases treated, both K(s) and Kj3(s) controllers provide a

similar closed-loop behavior as in Sections[5.2]and [5.3.1}
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6. Discussion and conclusion

In this paper, a closed-loop framework based model and integrating RES intermittency via the variations of the
supplied voltage has been proposed to DC/DC converter and PEM water electrolyzer. This closed-loop framework
begins by modelling the entire system using several identification approaches, and continues by synthesizing a robust
control law based on normalised coprime factorisations integrating a new closed-loop controller reduction approach.
Several experimental validations are performed under RES variations with or without changes of the set-point. In
order to highlight the link between the theoretical developments made in this paper (modelling, full-order control

design and controller order reduction) and the experimental validations, a discussion in three parts is presented below.

(i) 1°t part: PEMWE modelling and identification

e The PEMWE is a highly nonlinear system and can not be described by only one linear model in open-loop
since its behavior is not the same at different operating points. The identification results reveal noticeable
differences between the linear models obtained by EIS approach and OE method at the three operating
points. This confirms that the PEMWE exhibits nonlinear behavior over its operating range, and that
each model captures only local dynamics specific to its operating condition. The EIS approach allows the
system to be excited over a wide range of frequencies, whereas the OE approach is applied to a smaller
frequency range, despite the use of PRBS as the input signal. In addition, the use of a large amplitude
in the PRBS contributes to accelerate PEMWE aging. For these reasons, the results obtained by EIS

approach fits well with real data of the system than those generated by OE method.

e The fact that there are several operating points, and therefore several models that must be identified in
open-loop, is treated as a control problem: it is the robustness of the controller that must guarantee perfor-

mances and stability in closed-loop.
(ii) 2™ part: full-order controller design

e In order to guarantee this robustness and these performances in the face of parametric uncertainties due to
the obtained identified model and V; variations supplied by the RES, the control law synthesis method is
based on two important points: choose an ad-hoc loop gain, called G(s), by determining the weightings
Wi(s) and W,(s) and synthesize a control law that follows at best this loop gain by using an approach

based on normalised coprime factorizations.

e This method allows the minimum inverse of the robust stability margin to be obtained analytically by
solving two Riccati equations, whereas most methods in the literature rely on iterative approaches based

on solving an LMI (Linear Matrix Inequality) feasibility problem. The obtained nominal modulus margin
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(with V; =40V and Fgs,(s)) is given in Eq. (@2) and is equal to 0.88224. The modulus margin obtained
with V; € [25 40]V and with five models identified in Sectionis superior to 0.79845, see line 7 = 15
in Table[d]. This theoritical results are in accordance with the experimental responses given in Section [3]:

for all variations of V; and of current set-points, the obtained settling-times are fast and overshoots are low.

e The developed controller has demonstrated a strong ability to track the current reference, i.e. to follow
the desired hydrogen production, and maintain it even in the event of significant fluctuations in the supply
voltage to the electrolysis system, see Section [5.3.2]. This enables efficient power-to-gas conversion by
ensuring a rapid response in hydrogen production, within less than a second. This results in an optimal

use of the energy supplied to the electrolyser.

e The drawback of the chosen controller design is that, due to the use of frequency weightings, the resulting
full-order controller is higher: order of the system to be controlled plus two times weightings order, i.e.
10 + 2 x 3 = 16 in our case. Furthermore, determining the weighting W;(s) is not easy and requires the

designer’s expertise to translate robustness and performance specifications into the shaped loop gain.
(iii) 3'9 part: controller order-reduction in closed-loop

e The reduction controller method developed has never been presented and explained in detail in the litera-
ture as in Section[#.2.1]. Furthermore, the article [53]] describes this method very briefly, and the reference

[54] is not available on IEEE xplore.

e The proposed controller truncation approach incorporates closed-loop behavior into the truncation process
by using a frequency weight constituted by closed-loop sensitivity functions. As shown in Table[3|and in
Section [3], the closed-loop behaviors with the reduced-order controller %G(s) closely approximate those
obtained with the full-order controller K'(s). We invite the reader to refer to supplementary material for

additional experimental tests that have been carried out.

e The developed Theorem [I] gives sufficient condition to ensure closed-loop stability with the obtained
reduced-order controller: the closed-loop stability is achieved for order 7 = 1, ... 8 and validated experi-

mentally.

An interesting perspective of this work is to consider that the intermittency of RES includes the following problem:
the power supplied to the PEM electrolyzer may sometimes be too low to enable the desired hydrogen production.
The use of an energy storage system can contribute to stabilizing the power supply to the PEMWE. Such a energy

storage system affects the overall cost of the plant and requires the development of an energy management strategy
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between the PEM electrolyser, the storage system and energy from renewable sources. This issue is beyond the scope

of this paper and will be the subject of future work.
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