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Ionic polymer-metal composite (IPMC) is an electro-active polymers which exhibits the

property of ion migration under the application of external electric field. This property of

IPMC along with the ability to operate in aqueous environment is useful in dissociating

chemical bond in water (H2O), and produce hydrogen (H2) and oxygen (O2) gases. In this

paper, a control-oriented model of IPMC as an electrolyzer is presented. By equating the

thermodynamic and electrochemical equations of the system, a linear relationship be-

tween flow rate of hydrogen generation and the source current is derived. A nonlinear

state-space model is then used to capture the source current related to the voltage input.

The model has been verified with the experimental data. Temperature-dependent effect

and energy-conversion efficiency have been investigated, which shows the need of state

feedback control for achieving high energy conversion efficiency. Based on a linearized

model, a linear quadratic regulator (LQR) is designed to optimize the control performance.

Experimental results have shown that the output performance of LQR is better than that of

PID. It has also been validated that the control-oriented model is useful in optimal control

of IPMC electrolyzer.

Copyright © 2016, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Increase in the dependency on non-renewable energy sources

has led to the concern on it's degrading impact on the envi-

ronment. Majority of it is consumed by the transportation

sector. Also, with the gradual decrease in the petroleum based

fuel resources over the period of time, it has become neces-

sary to search for alternative fuel options [1]. Therefore

research on minimum carbon dioxide emission technologies

has been intensified. And the solution is found out to be in the

use of vehicles powered by electricity. This has led to the

challenges in storage and utilization of electricity, which
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requires novel and clean methods. In present situation, the

electrical vehicles are powered by two technologies, i.e. bat-

tery and hydrogen. Battery powered electric vehicle offers low

cost per unit energy consumption. However, it suffers from

the drawback of slow charging period, which is not ideal for

transportation sector. Comparatively, hydrogen as a fuel of-

fers faster refueling time, and can serve higher payloads.

Hydrogen H2 gas is one of the clean and green options avail-

able among alternative sources such as solar, wind, tidal en-

ergy, etc.

Hydrogen has a gas density of 0.0899 kg/Nm3, which is 15

times lighter than air. It has higher heating value (HHV) of

144 MJ/kg that is twice to three times more than methane and
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gasoline, respectively [2]. This makes Hydrogen have the

highest mass energy density. When used in combination with

other alternative sources of energy such as solar andwind, the

hydrogen battery can form a highly efficient energy storage

system. Even though hydrogen has abundant availability in

nature, implementation of hydrogen as a fuel is disrupted by

the fact that it is not available in a stable molecular state. It is

mainly extracted from fuel sources, such as coal gasification,

natural gas reformation and water electrolysis [2,3]. In com-

mercial hydrogen production, 3e4% comes from electrolysis

processes [4].

Ionic polymer-metal composite (IPMC) is an electro-active

polymer that exhibits the property of sensing and actuation

effects [5]. It consists of an ion exchange membrane, such as

Nafion, coated with platinum electrode. Nafion is permeable

to the flowof ions, however it is impermeable to themolecules

of considerable size such as hydrogen and oxygen molecules

[6]. When electrical field is applied to the membrane, the

positive surface becomes anode and the negative surface be-

comes cathode. When the polymer is perfectly hydrated and

the magnitude of the electric field is high, it dissociates the

water molecule at anode and produces free negative oxygen

ions and positive hydrogen ions. The oxygen ions recombine

with each other to produce stable diatomic hydrogen mole-

cule. The hydrogen ions passes from anode to cathode. At

cathode these free ions combinewith the electrons to produce

diatomic hydrogen molecule. This diatomic hydrogen mole-

cule is stable in nature and can be stored and used as a fuel.

Due to the ion transportation, the IPMC swells in cathode side

and shrinks in anode side, which leads to a bending effect [5].

Fig. 1 shows themechanism of bothmechanical actuation and

water electrolysis. IPMC electrolyzer is advantageous for the

following reasons: It has a conductivematerial between anode

and cathode which provide ionic channels to keep activation

voltage low. Free sodium and calcium ions act as charge car-

riers in themembrane, so electrolysis can be done in tapwater

as well. Platinum electrode made IPMC is chemically stable in
Fig. 1 e Mechanism of IPMC enabled water electrolysis.
water [7]. IPMC has been used for water electrolysis generators

by many research groups [7,8].

The Nafion based IPMC membrane are highly durable

because ionomer as a catalytic layer acts as a binder to provide

mechanical stability. Compared to the PEM, IPMC promote

proton transport from the concentrated catalyst layer to the

membrane. This enhances overall efficiency by reducing

ohmic losses. However it exhibits highly nonlinear properties.

The doping concentrations, structure of the membrane, type

of free ions and water conditions highly influence the internal

parameters of IPMC for electrolysis. Therefore, for the given

sets of input voltage the flow rate of hydrogen gas production

varies. Hydrogen gas is stored in high pressure tanks. The high

pressure physical storage of hydrogen is achieved with the

help of compressors. Hydrogen gas at 1 bar and constant flow-

rate act as an input for compression. Given the unpredictable

behavior IPMC due to its non-linearity, it is necessary to

assure that the output of IPMC electrolyzer is at a constant

flow-rate. Therefore demonstrations are needed for control of

the flow rate of hydrogen gas.

In this context, the paper presents a study onmodeling and

control of the electrolysis using IPMC. First, it derives a linear

relation between the flow rate of hydrogen gas and DC current

required for work done based on the electrochemical funda-

mentals. Second, a nonlinear partial differential equation is

introduced to capture the ion transportation dynamics and a

nonlinear circuit model is used to capture the impedance of

the IPMC electrolyzer. Third, a nonlinear state space model is

derived based on the circuit model and electrochemical fun-

damentals. Fourth, the model obtained is verified by con-

ducting experiments on electrolysis of water to produce

hydrogen using IPMC. Fifth, the temperature-dependent effect

has been investigated and the energy efficiency of the system

is computed by evaluating the electrical energy input to the

system and calorific value of hydrogen gas produced. The

evidence has been shown that a state feedback control is

needed to maintain a high energy conversion efficiency under

temperature variations and other disturbances. Last, the

model is reduced to a linear model. Based on that, a linear

quadratic regulator (LQR) control is designed and imple-

mented in real time. It has also shown that the model-based

LQR control is better than a model-free PID control in terms

of tracking a desired hydrogen gas flow rate with minimum

energy consumption.

The paper is organized as follows: the electrochemical

fundamentals are described in Section 2. The ion trans-

portation dynamics is introduced in Section 3. The nonlinear

circuit model and control-oriented state space model are

discussed in Section 4. Model verification, temperature-

dependent effect, and energy conversion efficiency are

described in Section 5. Model-based LQR control and imple-

mentation are presented in Section 7. Conclusion and future

work are discussed in Section 8.
Electrochemical fundamentals

This section describes the actuation voltage for electrolysis

and the relation between supply current and hydrogen gen-

eration flow-rate.

http://dx.doi.org/10.1016/j.ijhydene.2016.03.055
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System thermodynamics

Electrolysis of water using IPMC produces one mole of

hydrogen (H2) and a half mole of oxygen.

Anode 2H2O/4HþO2 þ 4e�: (1)

Cathode 4Hþ þ 4e�/2H2: (2)

The energy necessary to accomplish electrolysis repre-

sents a change in enthalpy of the system. However, with the

increase in temperature entropy of the system (TDS) increases

and the necessary energy required becomes the energy ob-

tained from difference between the change in enthalpy and

the change in entropy, this is called as Gibbs free energy [9].

DG ¼ DH� TDS; (3)

where DG is the change in Gibbs free energy per mole, DH is

the change in enthalpy per mole, DS is the change in entropy

per mole inside the system and T is the temperature of the

system. Each molecule of hydrogen (H2) is produced by two

positive ions of hydrogen and two electrons (-2e). The charge

on each electron is 1.602� 10�19 coulombs. Avogadros number

(Na) is defined as the number of molecules per mole, which is

given as 6.022 � 1023 per mole [10]. Taking the product of

electron charge per molecule and Avogadros number gives

total molar charge. And since Faraday's constant (F) is the

magnitude of electric charge per mole of electrons [11], the

total molar charge q is given by:

q ¼ �2e�Na ¼ �2F: (4)

Considering IPMC as charged parallel plates, then by defi-

nition work per unit charge is

W ¼ qDV; (5)

where W is the work done per mole and DV is the change in

applied potential. From the definition of Gibbs free energy

from Equation (3), the change in it is the energy available to do

the work, assuming that it is under a constant pressure and

volume condition.

DG ¼ �2FV�; (6)

V� ¼ DG
�2F

: (7)

Since, the obtained voltage is negative, it is called reverse

voltage (V�). The significance of this reverse voltage is that the

process of electrolysis begins only when applied voltage

across electrodes exceeds the magnitude of (V�). At standard

room temperature and 1 atm, reversible potential required is

1.23 V [11]. Due to variations in the contributing parameters

for electrolysis process, the true potential needed for decom-

position of water can be as high as 1.6 V [12].
Hydrogen flow rate

Two electrons circulate through the external circuit for the

production of one mole of hydrogen. The charge produced by

each mole of hydrogen is given in Equation (4). So, the total

charge Q produced by system is equal to molar charge times
number of moles produced Nm. Thus the number of hydrogen

moles produced is the fraction of total charge to the molar

charge.

Q ¼ qNm: (8)

With Equation (4), one can have

Nm ¼ Q
�2F

: (9)

The number of hydrogen moles produced over the period

of time t gives the generated mole rate of hydrogen (M2).

Therefore, the above equation can be expressed in terms of

mole rate (M2) by dividing both the terms by time,

M2 ¼ Q
t

1
�2F

: (10)

Since the steady state current Idc ¼ Q/t, one can have

M2 ¼ Idc
�2F

: (11)

Equation (11) describes the flow rate of hydrogen gas in

terms of moles per second, which is not measurable in

quantity. Themole flow-rateM2 is converted in to measurable

volumetric flow-rate H2.

H2 ¼ Idc
�2F

m
r
; (12)

where molar hydrogen mass (m), density (r) and (F) are con-

stant values, it can be substituted by constant (a), which is

defined as

a ¼ mr

�2F
: (13)

With the appropriate value of constant a, the flow-rate of

hydrogen gas can be obtained in measurable cubic centimeter

per second.
Ion transportation dynamics

While the electrochemical fundamentals capture the

hydrogen flow rate in terms of source current, the ion trans-

portation dynamics has not been considered yet. The ion

transportation dynamics leads to a model that captures the

source current related to a voltage input. In this section, the

ion transportation dynamics is described. The governing PDE

for charge distribution in an IPMC was first presented in Ref.

[13] and then used by Farinholt [14] for investigating the

actuation and sensing responses. Let D, E, f, and r denote the

electric displacement, electric field, electric potential, and

charge density, respectively. The geometric definitions of an

IPMC beam is shown in Fig. 2. The following equations hold:

E ¼ D
ke

¼ �Vf; (14)

V$D ¼ r ¼ F
�
Cþ � C�� ; (15)

where ke is the effective dielectric constant of the polymer, F is

Faraday's constant, and Cþ and C� are the cation and anion

concentrations, respectively. Since the thickness of an IPMC is
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Fig. 2 e Geometric definitions of an IPMC electrolyzer.
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much smaller than its length or width, it has been assumed

that D and E are restricted to the thickness direction (x-di-

rection) only, and from here on drop the boldface notation for

these variables. The continuity expression relates the ion flux

J (in x-direction) to the cation concentration Cþ,

vJ
vx

¼ �vCþ

vt
: (16)

The ion flux consists of diffusion, migration, and convec-

tion terms, and can be expressed as [13,15]

J ¼ �dke
F

�
v2E
vx2

� Fð1� C�DVÞ
RT

E

�
vE
vx

þ FC�

ke

��
: (17)

where d is the ionic diffusivity, R is the gas constant, T is the

absolute temperature, DV is the volumetric change. With the

continuity Equation (16), one can derive the nonlinear gov-

erning PDE in terms of the electric field,

v2E
vtvx

¼ d
v3E
vx3

� d
Fð1� C�DVÞ

RT

"
v2E
vx2

$Eþ
�
vE
vx

�2
#

� d
F2C�ð1� C�DVÞ

RTke

vE
vx

: (18)

It is challenging to analytically solve the nonlinear PDE (17)

to obtain the control-oriented model that relates the output

source current to the input voltage. An approximationmethod

must to be applied to find the model, which will be described

in Section 4.
Control-oriented model

The ion transportation dynamics is governed by PDEs, which

is not suitable for control system design. The goal of this

research is to derive a control-oriented model that the control

engineer can use for control design purpose. The approach to

modeling of the electrolysis process is based on the identifi-

cation of equivalent electrical characteristics of IPMC mem-

brane. The capacitance and resistance in the circuit model are

related to the PDEs described in Section 3. The following de-

scriptions explain the circuit model term by term.
Potential model of IPMC

The losses occurring in the thermodynamic and electrical

systems are irreversible and modeled in terms of over po-

tentials inside and on the surface of IPMC cell. According to
Carmo et al. [6] the equation used for explaining cell potential

(V) is:

V ¼ V� þ Vact þ Vohm þ Vtrans; (19)

where Vohm is the ohmic potential and Vact is the actuation

potential. As explained earlier, V� is the reversible cell voltage

without losses. It is required by the electrolyzer to begin the

electrolysis process and mainly depends on the change in

Gibbs free energy of the system. From Equation (3), Gibbs free

energy is temperature dependent. Therefore V� also depends

on the internal and ambient temperature of the system. The

activation potential Vact is the voltage attributed for over-

coming electrochemical reaction. The slowness of electro-

chemical reaction at electrode surface consumes a portion of

applied voltage to transfer electrons from electrode.

The ohmic potential Vohm is created by resistance from

electrode and ionic diffusion. Electrode resistance depends

upon the material used for electrode formation. As the re-

sistivity varies with the type of material used, Vohm changes

accordingly. Ionic diffusion is due to opposition to the flow of

ions through the IPMC membrane. Vohm is linear and pro-

portional to the circuit current. Vtrans is the mass transport

potential and it is the voltage loss due to excess reaction

products at electrodes under high pressure and high current

densities [16]. It is not significant in this work as the system is

operating at 1 atm and the current density is between 100mA/

cme200 mA/cm.

Circuit model of IPMC

As explained in Chen et al. [17], the nonlinear circuit model of

IPMC membrane comprises of non-linear capacitance of the

membrane (C1), pseudo-capacitance due to electrochemical

adsorption (Ca), ion diffusion resistance (Rc), electrode resis-

tance (Ra) and DC resistance of polymer (Rdc). The physics

based non-linear circuitmodelwith above parameters is given

in Fig. 3(b). Comparing the circuit model with cell potential

model of IPMC electrolyzer, equations for electrical parame-

ters are derived.

Ohmic potential of IPMC
The ohmic potential drop (Vohm) is due to the ion diffusion

resistance (Rc) and electrode resistance (Ra). IPMC is fabricated

with platinum electrodes by chemical deposition process. Due

to the platinum deposition over the surface area of the

membrane, the concentration of negative ion is high on the

electrode compared to the polymer. This results is a Gibbs-

http://dx.doi.org/10.1016/j.ijhydene.2016.03.055
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Fig. 3 e IPMC actuation mechanism for (a) Overpotential

model, (b) Equivalent electrical circuit representation of

IPMC electrolyzer.
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Donnan effect which creates electric field in opposition to the

applied potential. The potential drop due to the Gibbs-Donnan

is represented in terms of ion diffusion resistance (Rc). The

electrode resistance (Ra) is the resistance at point of contact

between platinumelectrode and themembrane. The potential

drop due to both of the resistance is termed as ohmic potential

and is proportional to the source current.

Vohm ¼ IðRa þ RcÞ: (20)

Actuation potential
The actuation potential (Vact) is due to the non-linear capaci-

tance of the cell, pseudo-capacitance and non-linear DC

resistance.

Non-linear capacitance (C1)
Chen et al. analytically solved the PDEs at steady-state to

obtain the nonlinear relationship between the charge and

input voltage, which leads to the nonlinear capacitance of

IPMC [17]. The nonlinear capacitance captures fundamental

physics in IPMC. When voltage is applied across the mem-

brane, current flowing from one electrode to the other creates

charge separation at the interface between Nafion and plat-

inum electrode. This effectively creates two capacitors that

are connected in series by the polymer called electric double

layer. It is expressed in terms of dimension of the membrane

and therefore proportional to the surface area (S) and dielec-

tric constant (ke). Non-linear capacitance is given by:

C1ðVÞ ¼ Ske

_GðVÞffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GðVÞp ; (21)

GðVÞ ¼ b
a

�
aV

eaV � 1
� ln

aV
eaV � 1

�
� 1

�
(22)
_GðVÞ ¼ b
a

�
1� eaV � 1

aV

�
eaV � 1� aVeaV

ðeaV � 1Þ2
!

(23)

where V is the applied voltage, a and b are fractions of Faraday

constants. When the external potential is applied to IPMC

membrane it undergoes physical deformation due to ion

movement. In this work the membrane is held rigid across its

surface and physical deformation is miniscule, therefore

volumetric change in membrane is assumed to be zero. So

constants a and b becomes independent of volumetric change

in IPMC.

a ¼ F
RT

(24)

b ¼ F2C�

RTke
(25)

where, R is the gas constant, T is absolute temperature and C�

is cation concentration.

Pseudo-capacitance (Ca)
Reversible Faradaic reactions occur on the surface of the

electrode. Ions in the Nafion polymer within the electric

double-layer transfer some electrons to the atoms of the

electrode surface. This is called under potential deposition or

electrochemical adsorption which results in a Faradaic cur-

rent [18,19]. This charge transfer between the electrode sur-

face and polymer is called pseudo-capacitance (Ca). Pseudo-

capacitance is 10e100 times larger than nonlinear

capacitance.

CaðVÞ ¼ q1SF
RT

K1cHþe
VF
RT�

K1cHþ þ e
VF
RT

�2; (26)

K1 ¼ k1

k�1
; (27)

where q1 is some constant, k1, k�1 are the chemical rate con-

stant and cHþ is concentration of hydrogen ions in the IPMC.

For H on polycrystalline platinum, q1 ¼ 210 mC/cm2,

cHþ ¼ 10�6 mol/m3 and K1 ¼ 4 � 105 [18].

Non-linear DC resistance Rdc

Leakage resistance exists because of the behavior of IPMC as

an electrochemical capacitor. In practical case the electrode-

solution interface is not ideally polarizable. So upon polari-

zation some potential-dependent Faradaic current passes

through the polymer. It can also be stated as the charge

transfer resistance in nonlinear capacitance and pseudo-

capacitance. Combining this leakage resistance with the

ohmic solution resistance, it forms non-linear DC resistance.

Assuming that the ButlereVolmer equation describes the dy-

namic behavior of the reaction, the source current Idc as a

function of applied potential V is given as,

Idc ¼ I0

 
e
a0FnðV�V�Þ

RT � e
arFnðV�V�Þ

RT

!
; (28)

where I0 is the exchange current, nis the number of electrons

involved in each reaction and a0 and ar are the anode and
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Fig. 4 e Test electrolyzer.
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cathode charge transfer coefficient [20]. It is evident from

Equation (28) that the current density is an exponential

function of applied potential. Equation (28) can be extended by

a Taylor series in terms of V�V�. If one defines Gdc ¼ Idc/V�V�,
then Gdc is a non-linear conductance, which can be obtained

by a series of polynomial functions. A third-order polynomial

function gives a good agreement between themeasured curve

and the calculated curve of Gdc conductance for the input

voltage V�V�.

Gdc ¼ m
			�V � V��3			þ n

			�V � V��2			þ o
			�V � V��			þ p; (29)

where m, n, o, p are the coefficients. The nonlinear resistance

is then given by Rdc ¼ 1/Gdc.

From Fig. 3, the solution for actuation potential can be

obtained for steady state condition [21].

Vc ¼ Vc;ss þ Vc;tr; (30)

where Vc,ss is the steady-state voltage response of capacitor

branch and Vt,tr is transient response. The voltage response of

the capacitor is given as:

Vc ¼ V � V��
1þ ðRaþRcÞ

Rdc

��1� et=t
�
; (31)

t ¼ ðRa þ RcÞRdc

Rdc þ Ra þ Rc
ðC1 þ CaÞ: (32)

Nonlinear state-space model

Considering physics based the nonlinear circuit model given

in Fig. 3, by applying Laplace Transformation to the circuit

variables, a control-oriented model in state space can be ob-

tained. Define the state variable as x ¼ Vc (potential drop

across (Ca þ C1)), input variable u ¼ V�V� and system output

y ¼ H2, the system current responsible for gas production. A

first order state space model is obtained where _x is the dif-

ferential equation for the circuit in Fig. 3 and is given as:

_x ¼ �x
1

C1 þ Ca

Ra þ Rc þ Rdc

RdcðRa þ RcÞ þ u
ðC1 þ CaÞðRa þ RcÞ; (33)

y ¼ ax
Rdc

: (34)

Model verification and linearization

Experimental setup

An experiment was set up to measure the flow rate of

hydrogen gas at different input voltages. A one-membrane

IPMC model constructed in lab was used for this work. The

single cell model comprised of a Nafion 1110 (258 mm thick,

DuPont) IPMCmembranewith platinum (Pt) electrodes (anode

and cathode), a water chamber for electrolysis and measuring

tube to collect produced gases. As shown in Fig. 5, the mem-

brane was enveloped between two electrodes. The material

used for terminal connection was a gold (Au) foil. Assembly of

the membrane and electrode was hold together by frame
made from acrylic sheet. The whole assembly was enclosed in

a water chamber and the electrode terminals were brought

out using cables. Each electrode terminal was connected to

the positive and negative terminal of a DC power supply to

form anode and cathode respectively. Note that IPMC was a

bidirectional component i.e. either side along its length can be

used as anode or cathode. Experimental setup consisted of a

electrolysis model and a programmable DC Voltage source.

Observations were made on the same arrangement at tem-

peratures between 20 �C and 62 �C. The DC source used in this

experiment was a programmable bipolar power supply (Kepco

BOP 20-10, 200 W). Electrical measurements were recorded

using dSpace 1104 controller board. The molecules of

hydrogen gas accumulated on cathode and that of oxygen on

anode were collected in measurement tubes by displacement

of gas inside water (Fig. 4).

Parameter identification

The molar mass (m), density (r) of hydrogen and Faradays

constant (F) were constant values at a fixed absolute temper-

ature. Since the model simulation was done at 300 �K, the
electrical parameters were identified at a fixed absolute tem-

perature and therefore did not require identification. Anion

concentration C� and dielectric constant ke were used based

on the reported values in the literature [18]. The remaining

parameters were obtained by a direct measurement, such as

dimensions of IPMC membrane, circuit current and hydrogen

gas generated. Under a series of voltage step inputs, the cur-

rent responses of the membrane were measured. Measure-

mentwas taken for each step voltage input. In Fig. 6, the initial

value of source current (I0) was the current when capacitors

had no charge on it, while (Idc) was the steady state value of

circuit current, that was when capacitors were fully charged.

The electrode and ion diffusion resistance (Ra þ Rc) were

obtained by calculating the slope of I0�V curve in Fig. 6,

because the initial current was the ratio of applied voltage to

electrode and ion diffusion resistance.

I0 ¼ V
Ra þ Rc

: (35)
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Fig. 5 e Experimental setup.
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The proportional gain a between the gas flow rate and

source current was calculated based on the Equation (13).

Given mass of hydrogen molecule (m) as 0.00201588 kg per

mole and density (r) as 0.0899 kg per cubic meter at the tem-

perature of 273 �K, a ¼ 7.5 cm3/A. Based on Equation (29), the

nonlinear DC conductance Gdc was approximated by a third-

order polynomial function whose coefficients can be identi-

fied by a nonlinear fitting process in Matlab. Fig. 7 shows the

results of nonlinear fitting process, which leads to the iden-

tified coefficientsm, n, o, p shown in Table 1. V� wasmeasured

at the voltage when the DC current became none zero.
Model validation

The response of hydrogen gas flow rate under series of

increasing voltage inputs was measured to realize the flow

rate as observed in Equation (12). The corresponding input

current to the system was measured as well. The test was

done under room temperature (20 �C) and standard atmo-

spheric pressure (1 atm). Fig. 8 shows graph of measured and

calculated values of hydrogen gas flow rate for supply current
Fig. 6 e Initial current and steady state current versus

voltage step.
(Idc). The theoretical curve of flow rate shows a slight deviation

from the measured values. The possible reasons behind this

could be measurement error, deviation in the electrical pa-

rameters or the theoretical curve represents steady state

response, while the measured curve was due to dynamic

conditions of the system.

The ohmic potential (Vohm) was obtained by current

interrupt method explained in Ref. [22]. Under a steady-state

condition, when the IPMC membrane capacitors were fully

charged, the potential dropped across the circuit was due to

Vact and Vohm. When the steady-state current to the system

was interrupted, the potential drop across the electrode and

ion diffusion resistance, that was the ohmic potential which

reduced to zero. Vohm ¼ I(Ra þ Rc), I/0, Vohm ¼ 0. Fig. 9 shows

an abrupt drop in the system voltage as system current went

to zero. This difference in the voltage corresponded to the

ohmic potential.

The obtained value of (Ra þ Rc), is verified using Equation

(35). Fig. 10 shows the comparison between the theoretical

ohmic potential and the experimentally obtained values. It

was observed from the figure that ohmic potential drop fol-

lowed a linear relation with the steady-state current of the

system. The actuation potential can be obtained using Equa-

tion (19), where Vohm was known from Equation (20) and V�

was considered constant at 300 �K. The potential drop across

capacitor branchwas obtained from Equation (30). Then it was

used to get a polynomial equation for nonlinear conductance

Gdc.
Model linearization

The proposed physics-based model captured the non-linear

characteristics of the system. The aim of this project was to

design a linear quadratic regulator (LQR) controller to control

the flow rate of hydrogen gas. The method started with

defining state-space model and therefore it required lineari-

zation of the proposed non-linear model. To obtain linear

approximation of ButlereVolmer equation (given in the

Equation (29)), the equation parameters were obtained using
Fig. 7 e Nonlinear fitting of nonlinear conductance with a

third-order polynomial function.
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Table 1 e Parameter of IPMC membrane.

S 6.25 cm2 R 8.3143 J/mol �K
Thickness 180 mm T 300 �K
C� 1091 mol/m3 ke 1.34 � 10�6 F/m

K 7.5 cHþ 1 � 106 mol/m3

m �4.9195 � 103 n 5.6049 � 103

o �1.8613 � 103 p 0.1860 � 103

Ra þ Rc 5.44 U V� 1.5 V

Fig. 9 e Ohmic potential drop.
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Tafel plot. The slope of Tafel plot defines the charge transfer

coefficient and its X intercept, which gives the source current

as

Idc ¼ Vact � Vth

R0
dc

; (36)

where Rdc ¼ 1.5840 U is the linearized DC resistance and

Vth ¼ 4.7 V is the threshold voltage. Fig. 11 shows both the

linearized DC resistance and nonlinear DC resistance. When

the input voltage is larger than 5 V, the model with linear DC

resistance captures the experimental data well. The nonlinear

capacitance C1(V) and C2(V) were calculated based on the

Equations (21) and (26) when V ¼ 5 volts which was the

nominal value of operating voltage.

From Equation (12), it is evident that the output in terms of

hydrogen gas flowrate was proportional to the source current.

Therefore, the source current was the controlling factor for

this system. A nonlinear first order state-space model was

derived by linearizing the model (32) and (33) around the

original point, which was

_x ¼ Axþ Bu

y ¼ Cxþ Du� 2:967

where

A ¼ �2:2009; B ¼ 3:76; C ¼ 0:631; D ¼ 0: (37)

The proposed first order differential model can capture the

transient and steady state response. Fig. 12 shows the open-
Fig. 8 e Measured and calculated flow rate of hydrogen gas

for steady-state source current under room temperature

(20 �C) and standard atmospheric pressure (1 atm).
loop response of system current for a step input. Here the

peak value of transient current and steady state current of the

systemwere 1.362 and 0.3076 A respectively for a step input of

5 V.
Investigation of temperature dependent effect
and energy conversion efficiency

Experiments were carried out to understand the effect of

temperature on IPMC electrolysis. With increase in the tem-

perature of water, ion movement gained more energy. It

resulted to decreasing in the resistance to the flow of ions into

the polymer. Therefore, the current exchange density reduced

and so did the Faradaic resistance. This resulted to increasing

in the flow of current across membrane, as shown in Fig. 13.

With the increase in temperature, a smaller excitation leaded

into a higher current. This was translated into a higher

hydrogen production with less input power because,
Fig. 10 e Steady-state current of IPMC electrolyzer versus

ohmic potential drop.
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Fig. 11 e Linearized Rdc resistance.

Fig. 13 e Current response of the system at different

temperatures.
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according to Equation (12), the flowrate of hydrogen gas was

directly proportional to the source current.

The system efficiency was measured by observing the

input energy and usable output energy from electrolysis. The

volumetric output of hydrogen gas was measured and its

stored energy was calculated by using the standard value of

calorific content of hydrogen gas is 13,000 kJ/m3. The

measured quantity is obtained in terms of kilojoules. The

energy efficiency of the system is calculated by computing

input energy to the system and the output energy from the

measured calories. The energy-conversion efficiency can be

calculated by

E ¼ Vra=m
UIdcDt

; (38)

where Dt is the duration time (second), U is the applied DC

voltage (volt), Idc is the source current (amp),V is themeasured

volume of hydrogen gas (cc), r is the density of hydrogen (g/

cc),m is themolarmass of hydrogen (g/mol), aHHV is the higher

heat value (HHV) of hydrogen (285.8 Joul/mol). Fig. 14 shows

the system efficiency under a series of input voltages. It has

been shown from the graph that the efficiency of the system
Fig. 12 e Open-loop step response.
decreased with the increase in the input power to the elec-

trolyzer. Therefore it was necessary to control the applied

voltage and the source current.
Model-based control design and implementation

LQR control design

In order to achieve a better output performance, an optimal

controller was designed. LQR is a method that minimizes the

performance index of the system [23]. The performance index

used in this project for LQR was:

Jð0Þ ¼ 1
2
xðTÞTSðTÞxðTÞþ (39)

1
2

ZT
0

xðTÞTQðTÞxðTÞ þ uðTÞTRðTÞuðTÞdt (40)

A standard LQR design approach was used to find optimal
Fig. 14 e Efficiency of the system versus voltage inputs.
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control input law (u*) such that under the constraints of Q and

R, which minimizes the performance index (J(0)). The optimal

control law for close-loop was given as:

u ¼ �KxðtÞ; (41)

where K is the Kalman gain and determines the pole place-

ment for minimum performance index for close-loop. It

mainly depended on A, B, Q and R matrices. The equation to

obtain K was given as:

ATSþ SA� SBR�1BT ¼ 0 (42)

K ¼ R�1BTS (43)

For this controller the state Q and control weighting R

matrix was obtained by trial and error. The simulation results

were obtained for the proposed model between the perfor-

mance of the controller and the reference model. The ele-

ments of state weighting matrix and the control weighting

matrix were obtained to determine feedback gain K. The so-

lution was for constant gain and optimum value of gain ma-

trix K obtainedwith given Q¼ 12 and R¼ 0.6 value is K¼ 5.276.

The system caught the reference at the final point in less than

25 s, which is shown in Fig. 15(a). For a comparison purpose, a

PID control was designed and implemented in real-time. The

proportional, integral and derivative gain chosen for this

model are Kp¼ 4.775, Ki¼ 0.021, andKd¼ 0.001. Fig. 15(b) shows

a step response of the cell with PID controller. It can be

observed that system settles accurately with the reference

input. In real-time it is observed that the system entered into

an oscillation between�7 V andþ7 V with the derivative gain.

Therefore no derivative gain was applied to the controller. It

has been observed that the system took a longer time to settle

with PID control. It was due to constraint on the maximum

voltage of the system. The system is not allowed to exceed

þ7 V.
Fig. 15 e (a) A step response of the cell with LQR control; (b)

a step response of the cell with PID control.
Conclusion and future work

In this paper a nonlinear control-oriented model was pro-

posed for IPMC as an electrolyzer. The model captures the

electrochemical fundamentals of water electrolysis for

hydrogen generation as well as ion transportation dynamics

in IPMC. The electrochemical model shows that at constant

temperature and pressure, the flow-rate of hydrogen is

proportional to the steady state current drawn by the sys-

tem. The internal parameters of IPMC electrolysis were

realized and the system was represented in its electrical

equivalent form. A state-space model was derived to verify

the system response with the proposed model. Identifica-

tion of the parameters was done through the literature

survey and experiments. The system prediction error was

less than 4.629%. Experimental data have shown that the

efficiency of the system decreased with increase in the

input power and temperature variation affected the output

performance. Therefore, a controller was designed to

maintain the output flow-rate to maintain its optimum ef-

ficiency. Due to a slow settling response of the system with

PID control, an LQR controller was designed based on
optimal control theory. The controller was able to achieve a

minimum settling time of 25 s, which was better than a

model-free PID control.

IPMC exhibits electrical as well as mechanical hysteresis

which can be considered as an uncertainty. The future work

would be focused on hysteresis model of IPMC electrolysis to

investigate the mechanical actuation effect on water elec-

trolysis. The temperature-dependent effect on energy-

conversion efficiency will also be investigated experimen-

tally and theoretically.
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