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ABSTRACT 

Hydrogen gas has been pointed out as a promising fuel with green and minimum 

emission for energy storage applications. Standard resources to extract hydrogen gas such as 

gasoline, propane and diesel are vulnerable to depletion. Whereas, resources such as methanol 

and ethanol, require complex synthesis to produce the hydrogen gas. Among all of the 

technologies available today for extraction of hydrogen, electrolysis is the easiest and the 

cleanest method. However, commercial hydrogen production constitutes 3-4% from electrolysis 

processes. Proton exchange membrane (PEM) and Ionic polymer metal-composite (IPMC) has 

been identified as the new technologies to extract hydrogen using electrolysis. Significant 

research has been carried out on the PEM’s as future mechanism to perform electrolysis; 

however, the performance of IPMC for similar application has remained less explored. Owing to 

its advantages such as high mechanical durability and low ohmic losses, IPMC can also be 

considered as an agreeable future for hydrogen gas generation using electrolysis. In this paper we 

present the performance of IPMC as an electrolyzer. By equating the thermodynamic and 

electrochemical equations of the system we provide a linear relationship between flow rate of 

hydrogen generation and the source current. Linear and nonlinear parameters of the model are 

realized by incorporating nonlinear capacitance, pseudo-capacitance and a nonlinear resistance. 

A state space equation is obtained to simulate the proposed circuit model for electrolysis. System 

output in terms of the flow rate of hydrogen gas is controlled by designing a LQR controller. 

Experiments are carried out and are compared with the generated results. The results show 

convergence of proposed model with prediction error less than 5%. 
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CHAPTER 1 

INTRODUCTION 

1.1 HYDROGEN ALTERNATIVE FUEL 

Dependency on the non-renewable energy sources for transportation vehicles has 

increased. The degrading impact of combustion of fossil fuels on the environment is gaining 

concerns. Also, with the gradual decrease in combustion fuels over the period of time, it has 

become necessary to search for alternative fuel options [1]. The U.S. produced enough petroleum 

in 1989 to meet the needs of the transportation sector. But the country was short of meeting the 

petroleum needs of the sectors such as electric utilities for industrial, residential and commercial. 

In the year 2012, the gap between petroleum production and its consumption was 9 million 

barrels per day. By 2040, it is expected to be at least 6.0 million barrels per day if all sources of 

petroleum are included or 7.3 million barrels per day if only conventional petroleum sources are 

used [2]. 

 

Figure 1. United States Petroleum Production and Consumption 



2 
 

Therefore research on minimum emission hydrogen, methanol, and ethanol based 

renewable energy systems is intensified. Along with it, renewable energy based power system is 

subjected to new challenges concerning utilization, distribution management and system 

operations. Also, for integration with automotive sector primarily for electrically driven vehicles, 

storage and utilization of energy requires novel and clean methods. These technological 

challenges can be met with utilization of hydrogen as a fuel option. 

 

Hydrogen (𝐻2) gas is one of the clean and green options available among alternative 

sources such as solar, wind, tidal energy, etc. It has 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 gasoline, respectively [3]. This makes Hydrogen to have highest mass 

energy density. Hydrogen gas can also be used to store the energy in chemical form and later 

convert it into electrical energy as per demand. When used in combination with other alternative 

sources of energy such as solar and wind, the hydrogen battery can form a highly efficient 

energy storage system. 

 

1.2 CHALLENGES IN HYDROGEN EXTRACTION 

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 the molecular state. It is mainly 

extracted from fuel sources, such as gasoline, methanol, ethanol, propane, diesel and water 

electrolysis. Fossil fuels are reformed to release the hydrogen from their hydrocarbon molecules 

and are the source of approximately 95% of the hydrogen currently made in the U.S. However it 



3 
 

is considered as a short term source by the U.S. Department of Energy. In commercial hydrogen 

production 3-4% comes from electrolysis processes [4].  

Alkaline electrolyzers are the commercial way of extraction of hydrogen gas from water 

[5].  In this, water with liquid alkaline solution of sodium or potassium hydroxide is used as an 

electrolyte. Electrodes are inserted into the solution and potential is given to them. The oxygen 

accumulates at positive electrode (anode) and hydrogen accumulates on negative electrode 

(cathode). This method is not suitable for application such as automobile fuel system because of 

the electrolyte solution [6]. 

 

Proton Exchange Membrane is one of the material used to perform water electrolysis. 

PEM is a semipermeable membrane that conducts protons. It is also impermeable to the gasses 

such as hydrogen and oxygen [7]. It is this property of PEM that is suitable for electrolysis of 

water. Studies have been conducted on PEM based water electrolysis in concatenation with 

electric supply form grid or non-renewable energy sources [8]. 

 

1.3 IONIC POLYMER METAL-COMPOSITE (IPMC) ELECTROLYSIS 

IPMC is a material that exhibit similar properties to PEM [9]. When electrical excitation 

of an appropriate voltage is given to an IPMC membrane, the charge distribution inside material 

exerts electric field on its surface. This potential gradient across the surface of IPMC allows flow 

of positive ions inside the material. When submerged in water, it dissociates molecule of water 

into its constituent elements and traverses free ions of dissociated molecule from anode to 

cathode. At cathode these free ions combine with the electrons to produce diatomic hydrogen 

molecules. This diatomic hydrogen molecule is stable in nature and can be stored and used as 



4 
 

fuel. IPMC electrolyzer is advantageous for the following reasons: It has a conductive material 

between anode and cathode which provide ionic channels to keep activation voltage low. Free 

sodium and calcium ions act as charge carriers in the membrane, so electrolysis can be done in 

tap water as well. IPMC made of platinum electrode is chemically stable in water [10]. 

 

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 demonstrations are needed 

about the performance of IPMC as an electrolyzer for hydrogen gas generation. 

 

1.4 THESIS ORGANIZATION 

In this context, this work presents study in modeling and control of the electrolysis using 

IPMC. It derives linear relation between flow rate of hydrogen gas and DC current required for 

work done. The model obtained is verified by conducting experiments on electrolysis of water to 

produce hydrogen using IPMC. A PID controller is designed to achieve constant flow-rate of the 

hydrogen production. 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 paper is organized as follows:  

Chapter 2 discusses the present research on polymer based electrolysis and evolution of 

IPMC.   
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Chapter 3 gives the detail of electrochemical fundamentals of electrolysis and IPMC 

physics based model. It explains the governing equations of IPMC for its application as an 

electrolyzer. 

Chapter 4 presents the circuit model and control model of the system. It also includes 

realization of internal parameters of the system, which is continued in the next chapter.  

Chapter 5 shows the experimental results and its agreement with the proposed model. 

Chapter 6 concludes the project and proposes possible future work. 
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CHAPTER 2 

LITERATURE SURVEY 

2.1 ALKALINE ELECTROLYSIS 

Alkaline based electrolysis has become a matured technology for up to the megawatt 

range of hydrogen production. It is the commercial level electrolyte technology available at 

present [11]. However it suffers from drawbacks such as; separation between the anode and 

cathode does not provide complete isolation, and therefore produces cross-diffusion of gases 

which lower the efficiency.  The other drawback is that in alkaline electrolyzer the liquid 

electrolyte has high ohmic losses; this lowers the current density of the system. It will be showed 

later on how the hydrogen flow-rate is proportional to the current drawn in electrolysis. To 

overcome these drawbacks research were carried out to develop a solid polymer based 

electrolysis process [12].  

 

Figure 2. Scheme of operation for an alkaline electrolysis. 
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2.2 PROTON EXCHANGE MEMBRANE 

J. H. Russell, L. J. Nuttall and A. P. Fickett explain polymer electrolyte hydrogen 

production which is also known as SPE or PEM [12]. The polymer sheet of cation exchange 

membrane when saturated with water self-sufficiently conducts ions, that is, it do not require 

alkaline in the system. The positive aspect of such system is that it can operate at comparatively 

higher current densities. This reduces the ohmic loss and so the operational cost [13]. It also 

offers low gas crossover rate, because proton transport responds quickly to the power input 

across membrane, while in alkaline electrolysis it is delayed by inertia of liquid electrolytes. 

 

Figure 3. Scheme of operation for a PEM electrolysis. 

In PEM cross-diffusion of gases at high pressure still persist. This makes the membrane 

less durable. To avoid gas permeability through membrane, it requires increasing the thickness of 

the membrane by incorporating fillers inside it [14]. Also PEM increases the pH level due to the 

presence of strong sulfonic acid. Therefore it requires current collectors made out of the material 
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that are corrosion resistive such as Pt, Ir, Au, titanium, etc. IPMC is comparatively durable to 

PEM and can be made to withstand the corrosive regime of electrolysis. 

2.3 EVOLUTION OF IPMC 

IPMC is an electro active polymer membrane with ionic transport properties. It operates 

best in moist and humid environment, which makes it suitable for aqueous application. Owing to 

its unique flexible and soft structure and relatively large bending forces, it has gained 

tremendous research interest for robotic applications. Viljar Palmre et al. explained the 

challenges in developing biometric actuators to produce considerable strain and actuation at low 

voltage. The nanostructured electroplating on polymer makes the membrane to achieve highly 

enhanced electrochemical performance [15].  

Chen et al. proposed a black box model for IPMC actuator using a hysteresis model in 

linear system. An infinite dimensional explicit transfer function model for actuation is derived 

[16]. Chen derived a control oriented nonlinear model for actuation of IPMC. He explains the 

internal charge distribution of polymer membrane by governing the nonlinear partial differential 

equation at steady state. In order to define internal capacitance of IPMC, he obtained nonlinear 

mapping of voltage to the induced charge with analytical approach. It is derived by incorporating 

system perspective on nonlinear PDE. The paper gives a valid state space model which could be 

used for nonlinear control of IPMC. 

Most of the application models explained is mainly for bending motion, actuation and 

displacement purpose. Yamakita et al. presents robotic application of IPMC [17]. Brunetto-

Fortuna introduced a transducer model based on IPMC for the detection of tissues in biomedical 
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application [18]. Chen, Um and Smith have developed bio-inspired manta ray by introducing 

IPMC based pectoral fins as a propelling mechanism. Preparation of IPMC for electrolysis was 

first cited in Kim-Shahinpoor [19]. The paper explained that on the application of electric 

potential to the IPMC in water, it dissociates the water molecule and produces positive ions of 

hydrogen. The ionic conductivity of the polymer membrane makes the hydrogen ions to 

permeate through the membrane and combine with electrons on the cathode to produce diatomic 

hydrogen gas (𝑯𝟐). 

Anode: 2𝐻2𝑂 → 4𝐻+ + 𝑂2 + 4𝑒− (1) 

Cathode: 4𝐻+ + 4𝑒−  → 2𝐻2 (2) 

 

Figure 4. Scheme of operation of IPMC electrolysis. 
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CHAPTER 3 

PROPOSED MECHANISM 

PEM based electrolysis suffer from cross-permeation of the gasses at high pressure [20]. 

Low gas permeability can be achieved by incorporating fillers inside the membrane at the cost of 

less conductivity. The addition of polymer solution to the membrane act as a binder and provide 

three dimensional stable catalyst structure, giving mechanical stability and durability to IPMC at 

high pressure. 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 at 700 bar [21]. The high pressure physical storage 

of hydrogen is achieved with the help of compressor. Hydrogen gas at 1 bar and constant flow-

rate act as an input for compression. Given the unpredictable behavior IPMC due to its 

nonlinearity, it is necessary to assure that the output of IPMC electrolyzer is at constant flow 

rate.  

We propose an electrolysis model for hydrogen gas production using IPMC. As it has 

been observed later in the chapter, the IPMC has nonlinear electrical properties, we developed a 

physics based control oriented model to control the output of IPMC electrolyzer in terms of 

hydrogen gas flow-rate. In order to control the flow-rate it is necessary to understand 

electrochemical fundamentals of the process. In proceeding sections we obtain the equation for 

flow-rate of hydrogen production and propose a control model. 
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3.1 ELECTROCHEMICAL FUNDAMENTAL 

3.1.1 System Thermodynamics 

In electrochemical reaction of electrolysis, the energy necessary to accomplish 

electrolysis represents change in enthalpy of the system. However, with the increase in 

temperature entropy of the system increases and the necessary energy required becomes the 

energy obtained from difference between change in enthalpy and change in entropy, this is called 

as Gibbs free energy. 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 (3) 

In equation (3), ∆𝐺 is the change in Gibbs free energy per mole, ΔH is the change in enthalpy per 

mole, ∆𝑆 is the change in entropy per mole inside the system and T is temperature of the system 

in kelvin. The absolute change in enthalpy and entropy of the electrolysis process is the sum of 

electrochemical products minus the sum of reactants. 

∆𝐻 = ℎ𝐻2
+

1

2
ℎ𝑂2

− ℎ𝐻2𝑜 
(4) 

∆𝑆 = 𝑠𝐻2
+

1

2
𝑠𝑂2

− 𝑠𝐻2𝑜 
(5) 

Where ℎ𝐻2
, ℎ𝑂2

, ℎ𝐻2𝑜 are the enthalpy of hydrogen, oxygen and water and 𝑠𝐻2
, 𝑠𝑂2 , 𝑠𝐻2𝑜 are 

the respective entropy per mole. For the system working under constant pressure, the enthalpy 

(ℎ𝐻2
, ℎ𝑂2

, ℎ𝐻2𝑜) of the system is the change of specific heat of involved reactants. The entropy 
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(𝑠𝐻2
, 𝑠𝑂2 , 𝑠𝐻2𝑜 ) of the system is the area under the curve of specific heat of reactants by 

temperature against temperature.  

  

∆ℎ𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 = ∫ 𝑐𝑝 𝑑𝑇
𝑇𝑓

𝑇0

 
 

∆𝑠𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 = ∫
𝑐𝑝

𝑇
 𝑑𝑇

𝑇𝑓

𝑇0

 
 

Table (1) in appendix shows specific heat of hydrogen, oxygen and water across the temperature 

ranging from 272.15°𝐾 to 360°𝐾. 

The diatomic molecule of hydrogen (𝐻2) is the product of two positive ions of hydrogen 

and two electrons (-2e), 2𝐻+ + 2𝑒−  → 2𝐻2. Therefore molar charge of each reaction is the 

product charge on each electron is 1.602*10-19 coulombs and Avogadro’s (Na). Avagadro’s 

number is defined as the number of molecules per mole and it is given as 6.022*1023 per mole 

[22]. So, the total electric charge for hydrogen generation is the product of molar charge for each 

reaction and electric charge of each mole that is the Faradays constant (F) in charge per mole of 

electrons. 

𝑀𝑜𝑙𝑎𝑟 𝑐ℎ𝑎𝑟𝑔𝑒 = −2𝑒− × 𝑁𝑎 = −2 × 𝐹  (6) 

The energy required for the flow of electron through external circuit is the energy available to do 

the external work. From the perspective of thermodynamics it is the remaining energy obtained 

from internal energy content of the system and heat content, form equation (3) it is the Gibbs free 

energy. Similarly, the electrical energy is the product of charge on the system and electric 
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potential. In electrolysis this charge is the molar charge given by equation (6). Therefore, Gibbs 

free energy in terms of electrical parameters is given as, 

∆𝐺 = −2𝐹𝑉−  (7) 

𝑉− is the internal voltage of electrolysis. The significance of this voltage is that the process of 

electrolysis begins only when applied voltage across electrodes exceeds the magnitude of 𝑉−. 

Hence it is called as reverse voltage. Using equation (3) - (7) and table (1) reverse voltage can be 

obtained for various absolute temperatures of the system. 

 

Figure 5. Reversible potential vs temperature variation. 

 

3.1.2 Hydrogen Flow-rate 

The flow-rate of hydrogen is crucial for the feasible application, management and storage 

of output gas. Along with observation it is necessary to obtain the relation between the input and 
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output of the system. 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 (6). 

So, the total charge produced by system is the product of molar charge and quantity of moles 

produced (𝑁𝑚), 

𝑇𝑜𝑡𝑎𝑙 𝐶ℎ𝑎𝑟𝑔𝑒 = 𝑄 × 𝑁𝑚  (8) 

𝑁𝑚 =
𝑇𝑜𝑡𝑎𝑙 𝐶ℎ𝑎𝑟𝑔𝑒

−2 × 𝐹
 

(9) 

The number of hydrogen moles produced over the period of time gives volumetric flow 

of hydrogen. Therefore, the above equation can be expressed in terms of volumetric flow rate 

(𝐻2𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒) by dividing both the terms by time (𝑡), 

𝐻2𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 =
𝑇𝑜𝑡𝑎𝑙 𝐶ℎ𝑎𝑟𝑔𝑒

𝑡
×

1

−2 × 𝐹
 

(10) 

𝐻2𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 =
𝐼𝑑𝑐

−2 × 𝐹
 

(11) 

𝐼𝑑𝑐 is the steady state current of the system. Given the mass of hydrogen atom is 0.00100794 kg 

per mole. Therefore, mass of hydrogen molecule (𝑚) is 0.00201588 kg per mole. Density (𝜌) of 

hydrogen at 273.15 K is given as 0.0899 kg per cubic meter. Multiplying equation (7), by mass 

and divide by density of (𝐻2), volumetric flow rate of hydrogen gas is given by: 

𝐻2𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 =
𝐼𝑑𝑐

−2 × 𝐹
×

𝑚

𝜌
 

(12) 
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Molar hydrogen mass (𝑚), density (𝜌) and Faraday’s constant (𝐹) are constant values, 𝐾 =

𝑚×𝜌

−2×𝐹
.  With the appropriate value of constant 𝐾, flowrate of hydrogen gas can be obtained in 

measurable units. 

3.2 POTENTIAL MODEL OF IPMC ELECTROLYSIS 

Losses occurring in the thermodynamic and electrical systems are irreversible and 

modeled in terms of over potentials inside and on the surface of IPMC cell. According to Carmo 

et al. [23] the equation used for explaining cell potential (V) is: 

𝑉 = 𝑉− + 𝑉𝑎𝑐𝑡 + 𝑉𝑜ℎ𝑚 + 𝑉𝑡𝑟𝑎𝑛𝑠, (13) 

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 overcoming electrochemical 

reaction. The slowness of electrochemical 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 resistivity 

varies with the type of material used, 𝑉𝑜ℎ𝑚 changes accordingly. Ionic diffusion is due to 
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opposition to the flow of ions through the IPMC membrane. 𝑉𝑜ℎ𝑚  is linear and proportional 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 [24]. It is not 

significant in this work as the system is operating at 1 atm and the current density is between 100 

mA/cm- 200 mA/cm. 

3.3 GOVERNING EQUATIONS 

3.3.1 Ohmic Potential 

Ohmic potential drop (Vohm) is due to ion diffusion resistance (Rc) and electrode 

resistance (Ra). IPMC is fabricated with platinum electrodes by chemical deposition process. Due 

to platinum deposition over the surface area of the membrane, concentration of negative ion is 

high on the electrode compared to the polymer. This result is Gibbs-Donnan. It is the behavior 

charged ions near the semipermeable membrane which is not distributed equally across both the 

sides of IPMC. This effect creates uneven electric field in opposition to the applied potential. 

The potential drop due to Gibbs-Donnan is represented in terms of ion diffusion resistance (Rc).  

 

Electrode resistance (Ra) is the resistance offered by current collectors (electrode) and the 

point of contact between electrode and the polymer. Electrode resistance mainly depends upon 

the type of material used. Favorable properties of current collectors are; it should be corrosion 

resistant, the electrical conductivity should be high and do not lose over time and it should 

provide mechanical stability at high pressures. The noble material such as Au, Pt, Ir are used for 

current collectors owing to their low resistivity and non-corrosive nature in high pH solution. 
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The Potential drop due to both of the resistance is termed as ohmic potential and is proportional 

to the source current (𝐼). 

𝑉𝑜ℎ𝑚 = 𝐼(𝑅𝑎 + 𝑅𝑐) (14) 

3.3.2 Actuation potential 

The actuation potential (𝑉𝑎𝑐𝑡) is due to the non-linear capacitance of the cell, pseudo-

capacitance and non-linear DC resistance.  

 

Non-linear capacitance (C1):  

 

Figure 6. Structure of IPMC’s non-linear and pseudo-capacitance. 

 

The nonlinear capacitance captures fundamental physics in IPMC [25]. When voltage is applied 

across the membrane, current flowing from one electrode to the other creates charge separation 
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at the interface between Nafion® polymer and platinum electrode. This effectively creates two 

capacitors that are connected in series by the polymer and is called electric double layer 

capacitor. It is expressed in terms of dimension of the membrane and therefore proportional to 

the surface area (S) and dielectric constant (ke). Non-linear capacitance is given by [25]: 

𝐶1(𝑉) = 𝑆𝑘𝑒

�̇�(𝑉)

√2𝛤(𝑉)
 

(15) 

𝛤(𝑉) =
𝑏

𝑎
(

𝑎𝑉

𝑒𝑎𝑉 − 1
− ln (

𝑎𝑉

𝑒𝑎𝑉 − 1
) − 1) 

(16) 

The equation for 𝛤(𝑉) depends mainly on the applied potential�̇�(𝑉) is the first order derivative 

of 𝛤(𝑉). 𝑎 and 𝑏 are defined as the fractions of faradays constant to the product of gas constant 

and internal temperature. 

�̇�(𝑉) =
𝑏

𝑎
(1 −

𝑒𝑎𝑉 − 1

𝑎𝑉
) (

𝑒𝑎𝑉 − 1 − 𝑎𝑉𝑒𝑎𝑉

(𝑒𝑎𝑉 − 1)2
) 

(17) 

𝑎 =
𝐹(1 − 𝐶−∆𝑣)

𝑅𝑇
 

(18) 

𝑏 =
𝐹2𝐶−(1 − 𝐶−∆𝑣)

𝑅𝑇𝑘𝑒
 

(19) 

Where, 𝑅 is the gas constant, 𝑇 is the absolute temperature, ∆𝑣 is the volumetric change in the 

membrane and 𝐶− is cation concentration. When the external potential is applied to IPMC 

membrane it undergoes physical deformation due to ion movement. In this work the membrane 
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is held rigid across its surface and physical deformation is miniscule, therefore volumetric 

change (∆𝑣) is assumed to be zero. So capacitance 𝐶1 becomes independent of volumetric 

change in IPMC. 

 

Pseudo-capacintance (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 underpotential deposition or electrochemical adsorption which results in a 

Faradaic current [27]. This charge transfer between the electrode surface and polymer is called 

pseudo-capacitance (Ca).  

𝐶𝑎(𝑉) =
𝑞1𝑆𝐹

𝑅𝑇

𝐾1𝑐𝐻+𝑒
𝑉𝐹
𝑅𝑇

(𝐾1𝑐𝐻++𝑒
𝑉𝐹
𝑅𝑇)

2 
(20) 

𝐾1 =
𝑘1

𝑘−1
  

(21) 

Where, 𝑞1 is some constant, 𝑘1, 𝑘−1 are the chemical rate constant and 𝑐𝐻+  is concentration of 

hydrogen ions in the IPMC. For H on polycrystalline platinum, 𝑞1 = 210𝜇𝐶/𝑐𝑚2, 𝑐𝐻+ =

10−6𝑚𝑜𝑙/𝑚3 and 𝐾1 = 4 × 105. 

Pseudo-capacitance occurs together with non-linear capacitance. The amount of electric 

charge stored in a pseudo-capacitance is linearly proportional to the potential applied across the 

electrodes, therefore pseudo-capacitance contribute 10-100 times more capacitance compared to 

non-linear capacitance. 
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Figure 7. Total capacitance of IPMC at different voltages. 

 

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 

polarization some potential-dependent faradic 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 Butler-Volmer equation describes the dynamic behavior of the 

reaction, the current (𝐼) as a function of applied potential (𝑉) is given as, 

𝐼 = 𝐼0 (𝑒
𝛼0 𝐹 𝑛(𝑉−𝑉−)

𝑅𝑇 − 𝑒
𝛼𝑟 𝐹 𝑛(𝑉−𝑉−)

𝑅𝑇 ) 
(22) 

Where, 𝐼0 is the exchange current, 𝑛 is the number of electrons involved in each reaction 

and 𝛼0 and 𝛼𝑟 are the anode and cathode charge transfer coefficient [28]. It is evident from 

equation (22) that the current density is an exponential function of applied potential and since 
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𝑅𝑑𝑐 =
(𝑉−𝑉−)

𝑗 𝐴
 (𝐴 is the surface area), 𝑅𝑑𝑐  is non-linear obtained by a series of polynomial 

functions. A third orders polynomial function gives a good agreement between the measured 

curve and the calculated curve of DC resistance for steady state input current (𝐼𝑑𝑐). 

𝑅𝑑𝑐 = 𝑚|𝐼𝑑𝑐
3| + 𝑛|𝐼𝑑𝑐

2| + 𝑜|𝐼𝑑𝑐| + 𝑝 (23) 
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CHAPTER 4 

MODELING 

In this chapter we are going to discuss the control modeling of IPMC for proposed 

system. Analysis in section 3.3 provides us with the non-linearity in the system. But it cannot 

capture the dynamic process involved in IPMC enabled electrolysis. A control oriented model is 

therefore required to capture the transient and steady state electrical performance.  

4.1 NON-LINEAR CIRCUIT MODEL 

 

Figure 8. IPMC actuation mechanism for (a) Overpotential model,  

(b) Equivalent electrical circuit representation of IPMC electrolyzer. 
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Figure (8) presents a non-linear circuit model to capture electrical dynamics of the IPMC 

electrolyzer. The main potential drops in the system that affect electrolyzer voltage is ohmic and 

actuation voltage. Therefore, the total potential applied to the system is equal to the sum of 

ohmic voltage, actuation voltage and the reversible voltage. Therefore, this can be represented by 

a circuit composed of three voltage sources as shown in figure (8a), where all the voltages are 

connected in series with the input voltage. For the application that involves constant temperature, 

reversible potential can be considered as a constant DC voltage source. Whereas ohmic potential 

mainly depends on ion diffusion resistance (𝑅𝑐) and electrode resistance (𝑅𝑎), and actuation 

potential depends on non-linear capacitance of the membrane (𝐶1), pseudo-capacitance due to 

electrochemical absorption (𝐶𝑎) and DC resistance of polymer (𝑅𝑑𝑐). Both of the potential drops 

are proportional to the input current to the system and are represented as current controlled 

sources. Figure (8b) is obtained by associating the identified parameters responsible for voltage 

drop in the electrolyzer. 

Considering physics based nonlinear circuit model given in figure (8b), by applying 

Laplace Transformation to the circuit variables, a control oriented model can be obtained.  

𝑑𝑉𝑎𝑐𝑡

𝑑𝑡
= 𝑉𝑎𝑐𝑡

−𝑅𝑑𝑐 − (𝑅𝑎 + 𝑅𝑐)

(𝐶1 + 𝐶𝑎)(𝑅𝑎 + 𝑅𝑐)𝑅𝑑𝑐
+ 𝑉

1

(𝐶1 + 𝐶𝑎)(𝑅𝑎 + 𝑅𝑐)
−  𝑉−

1

(𝐶1 + 𝐶𝑎)(𝑅𝑎 + 𝑅𝑐)
 

(24) 

𝑦 = 𝐻2𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 = 𝐼𝑑𝑐𝛼 = 𝑉𝑎𝑐𝑡

1 − 𝑅𝑑𝑐 − (𝑅𝑎 + 𝑅𝑐)

𝑅𝑑𝑐
+ 𝑉

1

(𝑅𝑎 + 𝑅𝑐)
− 𝑉−

1

(𝑅𝑎 + 𝑅𝑐)
 (25) 

4.2 CONTROL MODEL 

The state-space description of a plant is given by 
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𝑑𝑥

𝑑𝑡
 =  𝐴𝑥 + 𝐵𝑢 

 

𝑦 = 𝐶𝑥 + 𝐷𝑢  

Where, 𝑥 is the state vector, 𝑢 is the input vector and 𝑦 is the output vector. From equation (24) 

and (25), defining the state variable as 𝑥 = 𝑉𝑎𝑐𝑡 (potential drop across (𝐶𝑎  +  𝐶1)), input variable 

𝑢 = 𝑉 − 𝑉− and system output 𝑦 = 𝐻2𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒, the system current responsible for gas 

production (equation (12)). A first order state space model is obtained. 

�̇� = 𝑥
−𝑅𝑑𝑐 − (𝑅𝑎 + 𝑅𝑐)

(𝐶1 + 𝐶𝑎)(𝑅𝑎 + 𝑅𝑐)𝑅𝑑𝑐
+ 𝑢

1

(𝐶1 + 𝐶𝑎)(𝑅𝑎 + 𝑅𝑐)
 

(26) 

𝑦 = 𝐻2𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 = 𝐼𝑑𝑐𝛼 = 𝑥
1 − 𝑅𝑑𝑐 − (𝑅𝑎 + 𝑅𝑐)

𝑅𝑑𝑐
+ 𝑢

1

(𝑅𝑎 + 𝑅𝑐)
 

  

(27) 

4.3 MODEL LINEARIZTION  

The proposed physics based model captures non-linear characteristics of the system. The 

aim of this project is to design a linear quadratic regulator (LQR) controller to control the flow 

rate of hydrogen gas. The method starts with defining state space model and therefore requires 

linearization of the proposed non-linear model. 

To obtain linear approximation of Butler-Volmer equation (given in the eq. 22), we 

obtained the equation parameters using Tafel plot. The slope of Tafel plot defines the charge 

transfer coefficient and its X intercept gives the transfer current (𝐼0).  
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Figure 9. Tafel Plot 

The charge transfer coefficient (𝛼0) is obtained by measuring the slope of Tafel plot in 

figure (9) and the X intercept of the plot is the charge transfer current (𝐼0). By substituting these 

values in equation (22), we obtained the plot of 𝐼𝑑𝑐 vs input voltage. 

 

Figure 10. a) Comparison of 𝐼𝑑𝑐 from the Butler-Volmer equation and the experimental data and 

b) Linear approximation of the equation. 

The slope tangential to the Butler-Volmer curve represents polymer resistance (𝑅𝑑𝑐). The 

linearized capacitance is obtained by observing the capacitance at the voltage corresponding to 

the X intercept. The ion diffusion resistance and the electrode resistance are constant depending 



26 
 

on the surface area of the polymer. Substituting the values obtained from above method into 

equation (26) and (27), gives following linearized state space model. 

�̇� = 𝑥(−2.2009) + 𝑈(3.76) (28) 

𝑦 = 𝐻2𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 = 𝐼𝑑𝑐𝛼 = 𝑥(0.833) + 𝑢(0.0809) 

  
(29) 

4.4 LINEAR QUADRATIC REGULATOR CONTROL 

From equation (28) matrix A and B obtained are verified for controllability. LQR is a 

method of minimizing the performance index of the system. The performance index used in this 

project for LQR is: 

𝐽(0) =
1

2
𝑥(𝑇)𝑇𝑆(𝑇)𝑥(𝑇) +

1

2
∫ 𝑥(𝑇)𝑇𝑄𝑥(𝑇) + 𝑢(𝑇)𝑇𝑅𝑢(𝑇)𝑑𝑡

𝑇

0

 
(30) 

Here Q is a semi-definite symmetric state weighting matrix that is all Q≥ 0 and has dimension of 

n×n. R is a control weighting matrix and it is also a positive semi definite symmetric matrix with 

dimensions m×m. The choice of Q and R influences the system greatly and weights individual 

state variables and inputs. The LQR problem is used to find optimal control input law (𝑢∗) such 

that under the constraints of Q and R it minimizes the performance index (𝐽).  

The Optimal control law for close loop is given as: 

𝑢∗ = −𝐾𝑥  
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Where K is the Kalman gain and determines the pole placement for minimum performance index 

for close loop. It mainly depends on A, B, Q and R matrices. The equation to obtain K is given 

as: 

𝐴𝑇𝑆 + 𝑆𝐴 − 𝑆𝐵𝑅−1𝐵𝑇𝑆 + 𝑄 = 0  

𝐾 = 𝑅−1𝐵𝑇𝑆  

The weighting matrix Q and R for the system are crucial as it influences the system performance. 

The method to obtain Q and R is based on knowledge of the system and iterative procedure. For 

this project the variable and control weighting matrices are obtained by trial and error method. 

For the simplicity of the system the Q matrix is considered to be having only diagonal elements 

and the R is a scalar value. 
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CHAPTER 5 

EXPERIMENTAL DETAILS 

An experimental setup was designed to observe the behavior of IMPC as an electrolyzer 

and validate the proposed model. This chapter describes the construction of electrolyzer and 

apparatus used to perform the experiments. 

5.1 IPMC FABRICATION 

To construct an electrolyzer, the first step is to fabricate the IPMC membrane. The 

membrane fabrication was done by following the procedure outlined by Chen et. al. [29]. 

Following is the procedure followed:  

1. A Nafion 1110 (258 µm thick, DuPont) is used. The Nafion membrane is put in a 

chemical solution of 70 mg Tetraammineplatinum and 70 ml of water (Pt(NH3)4Cl2+H2O). 4 ml 

of Ammoniumhydroxide NH5O is added into the solution. The ion exchange process takes about 

1 day to allow the membrane to fully absorb platinum (Pt) ions;  

2. Pt absorbed membrane is placed in de-ionized water bath and is heated to 80 °C. 

A diluted solution of sodium borohydride (NaBH4) in the proportion of 0.4 gm per 25 ml of 

water is prepared. For ion reduction, 4 ml of the solution is added iteratively to the water bath 

containing membrane until the bubbles created by the reaction disappears. For balanced reaction, 

the solution is stirred and the membrane is flipped at an interval of every 5 minutes for 30 

minutes.  
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3. The membrane is then kept in the solution of Tetraammineplatinum and water, 

and step 1 and step 2 are repeated. The resistance of the membrane is continuously measured 

until reaches 2 – 3 ohms. 

4. The membrane is then soaked in a sodium solution for a day to exchange 

hydrogen ions with sodium ions to enhance the performance of the IPMC. 

 

5.2 ELECTROLYZER DESIGN 

 

Figure 11. IPMC Electrolyzer single line diagram. 

The electrolyzer houses IPMC membrane housed between the Styrofoam sheets. The 

sheets are enclosed in acrylic frames of 5 millimeter thickness. The water tubes are connected to 
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the whole enclosure using barb hose. The whole assembly is held together using screws. The 

final prototype is shown in figure (12a). 

    

Figure 12. a) IPMC Electrolyzer and b) experimental setup. 

 

Experimental setup consists of electrolyzer prototype and a programmable DC Voltage source. 

Observations were made on the same arrangement at room temperature. The DC source used in 

this experiment was a programmable bipolar power supply (Kepco BOP 20-10, 200W). 

Experimental data was recorded using dSpace 1104 controller board. The molecules of hydrogen 

gas accumulated on cathode and that of oxygen on anode are collected in measurement tubes by 

displacement of gas inside water. 
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CHAPTER 6 

RESULTS AND VERIFICATION 

6.1 PARAMETER IDENTIFICATION 

The molar hydrogen mass (𝑚), density (𝜌) and Faraday’s constant (𝐹) are constant values 

at fix absolute temperature and thus do not require identification. Anion concentration 𝐶− and 

dielectric constant is used from the reported values in the literature. The remaining parameters 

are obtained by direct measurement like dimensions of IPMC membrane, circuit current and 

hydrogen gas generated. Under a series of voltage step inputs, the current responses of the 

membrane are measured. Measurement is taken for each step voltage input. 

 

Figure 13. Transient current and steady state current versus voltage step. 

The initial value of source current (𝐼0) is the current when capacitors have no charge on 

it, while (𝐼𝑑𝑐) is the steady state value of circuit current, that is when capacitors are fully charged.  
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Figure 14. a) Current response of IPMC electrolyzer for voltage step input 
b) Ohmic potential drop. 

 

The ohmic potential (𝑉𝑜ℎ𝑚) was obtained by current interrupt method explained in [29]. 

Under steady state condition, that is when the IPMC membrane capacitors are fully charged, the 

potential drop across the circuit is due to 𝑉𝑎𝑐𝑡 and 𝑉𝑜ℎ𝑚. When steady state current to the system 

is interrupted, the potential drop across the electrode and ion diffusion resistance, that is ohmic 

potential reduces to zero. 𝑉𝑜ℎ𝑚 = 𝐼(𝑅𝑎 + 𝑅𝑐), 𝐼 → 0,  𝑉𝑜ℎ𝑚 = 0. Figure (14a) shows abrupt drop 

in the system voltage as system current goes to zero. This difference in the voltage corresponds 

to ohmic potential. The electrode and ion diffusion resistance (𝑅𝑎 + 𝑅𝑐) was obtained by 

calculating the slope of 𝐼0 − 𝑉 curve in figure (5), because initial current is the ratio of applied 

voltage  to electrode and ion diffusion resistance, i.e. 𝐼0 =
𝑉

𝑅𝑎+𝑅𝑐
. The obtained value of (𝑅𝑎 +

𝑅𝑐), is verified using equation (14). Figure (14b) shows the comparison between the theoretical 

ohmic potential and the experimentally obtained values. It is observed from the figure that ohmic 

potential drop follows a linear relation with steady state current of the system. The actuation 

potential can be obtained using equation (13). Where, 𝑉𝑜ℎ𝑚is known from equation (14) and 𝑉− 

is considered constant at 300°K. The potential drop across capacitor branch is obtained from 

equation (15) and (20).  
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6.2 MODEL VERIFICATION 

6.2.1 Hydrogen Flowrate 

 

Figure 15. Measured and calculated flow rate of hydrogen gas for steady state source 
current. 

 
 

Response of hydrogen gas flow rate under series of increasing voltage inputs was 

measured to realize the flow rate as observed in equation (12). Corresponding input current to the 

system is measured. Figure (7) shows graph of measured and calculated values of hydrogen gas 

flow rate for supply current (𝐼).Theoretical curve of flow rate shows slight deviation from the 

measured values. The possible reasons behind this could be measurement error, deviation in the 

electrical parameters or the theoretical curve represents steady state response, while the 

measured curve is due to dynamic conditions of the system.  

6.2.2 Temperature variation 

Experiments were carried out to understand the effect of temperature on IPMC 

electrolysis. 
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Figure 16. a) System current for different temperature b) current obtained from Butler-

Volmer equation. 
 
 
 

With increase in the temperature of water, ion movement gains more energy. It results 

into decrease in the resistance to the flow of ions into the polymer. Therefore, the current 

exchange density reduces and so does the faradic resistance. This results into increase in the flow 

of current across membrane, shown in figure (16a). Figure (16b) shows the current obtained from 

the Butler-Volmer equation and different temperature. With the increase in temperature, smaller 

excitations result into higher currents. This is translated into higher hydrogen production at less 

input power because, according to equation (12), flowrate of hydrogen gas is directly 

proportional to the system current. However, IPMC cannot be operated above 80(degree Celsius) 

as it damages the polymer. 

 

6.2.3 System Efficiency 

Enthalpy of a system is the energy released in joules if the fuel is burnt. System 

efficiency is measured by observing the input energy and usable output energy from electrolysis. 
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Figure 17. Electrolyzer efficiency. 

Volumetric output of hydrogen gas is measured and its stored energy is calculated by 

using the standard value of calorific content of hydrogen gas is 13000 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. Figure 

(17) shows the system efficiency for a series of input voltages. It is evident from the graph that 

efficiency of the system decreases with the increase in the input power to the electrolyzer. 

Therefore it is necessary to control the applied voltage and the source current.  

 

6.2.4 Control Model Verification 

From equation (12), it is evident that the output in terms of hydrogen gas flowrate is 

proportional to the system current. Therefore, source current is the controlling factor for this 

system. A nonlinear first order state space model is derived from the control model in the 

equation (26) and (27). This non-linear model is linearized by using Tafel plot, as shown in the 

equation (28) and (29).  
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(a)       (b) 

Figure 18. a) Step response of the system and b) step response of the PID controller. 

The proposed first order differential model can capture the transient and steady state 

response. Figure (8a) shows the response of system current for a step input. Here the peak value 

of transient current and steady state current of the system is 1.362 and 0.3076 ampere 

respectively for a step input of 4 volt. Figure (18b) shows the simulation of the closed loop PID 

controller. It can be observed that system settles accurately with the reference input. The 

proportional, integral and derivative gain chosen for this model are 𝐾𝑝 = 4.775, 𝐾𝑖 =

0.021, 𝐾𝑑 = 0.001. 

 

Figure 19. Experimental step response of the system with PID control. 

The step response of the PID controller suffers from slow response time. It is due to the 

small integral and derivative gains applied to the system. This constraint is due to limitation upon 
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the maximum voltage that can be applied to the system. In order to achieve better performance, 

we designed an optimal controller.  

    

Figure 20. Tracking performance of the Optimal controller with LQR tracker. 

An Optimal controller for this system was designed with LQR tracking method 

(explained in section 4.4).  The solution is for constant gain. For this project the variable and 

control weighting matrices are obtained by trial and error method. The simulation results were 

obtained for the proposed model between the performance of the controller and the reference 

model. The elements of state weighting matrix and the control weighting matrix were obtained to 

determine feedback gain K. The solution is for constant gain and optimum value of gain matrix 

𝐾 obtained with given 𝑄 = 12 and 𝑅 = 0.6 value is 𝐾 = 5.276. The system catches the 

reference at the final point. 

 
Figure 21. Experimental step response of system with LQR control. 



38 
 

CHAPTER 7 

CONCLUSION AND FUTURE WORK 

7.1 CONCLUSION 

In this work we studied the behavior and performance of IPMC as an electrolyzer. The 

aim of this work was to realize the potential model of water electrolysis for hydrogen generation. 

The ionic transport property of the membrane promotes proton conductivity, which helps in the 

hydrogen ion transportation. It also adds to the stable three-dimensional catalytic structure, 

which improves the mechanical stability. And therefore it is best suited for the application of 

electrolysis. 

A physics based non-linear model was proposed based on the actuation model proposed 

by Chen et. al. The internal parameters were identified, and were represented in their electrical 

equivalent form. The model was differentiated into three main potential model, i.e. ohmic 

potential due to electrode and ion diffusion resistance; reversible potential that contributes to 

thermodynamic effect of on the system.; and actuation potential that is due to non-linear 

parameters such as non-linear capacitance, pseudo-capacitance and non-linear resistance.  

Thermodynamic equations governing the system were identified and used to capture 

relation between the input and output of the system. The derivation concludes that the system 

output, i.e. the flowrate of hydrogen gas at cathode is proportional to the steady state current 

drawn by the system. 

The electrical parameters were identified using the available literature, identification 

techniques such as current interrupt method and the experimental data.  
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A control oriented non-linear model was derived using physics based model and the 

thermodynamic model of the system with actuation voltage of the cell as a state variable. The 

simulations were done in MatLab and the response of the model was obtained. The model was 

verified by comparison of the simulation results with the actual response of the system. The 

model prediction error was 4.564%. 

Depending on the control and thermodynamic model, a PID controller and an LQR based 

Optimal controller were designed. The output of the controllers converges with the reference 

input. 

 

7.2 FUTURE WORK 

The proposed physics based non-linear model is derived with the assumption of constant 

temperature and pressure of the system. However, electrolysis is an endothermic process; hence 

it consumes the thermal energy. Also due to electrical losses occurring in the system, heat is 

dissipated that results into increase in the temperature of the electrolyzer. Therefore, the future 

work would be to obtain a control oriented model incorporating system thermodynamics. 

The controller is designed using linear approximation of the proposed model. However 

the slight deviation in the system parameters would lead to sub-optimal operation of the 

electrolyzer. A solution for this would be to have a look up table, such that, for the variation in 

parameters due to change in the input voltage, the corresponding optimal gain can be chosen. 

This would lead to a better performance of the system. 

The aim of this project is to design a prototype that can use renewable energy source to 

for hydrogen gas production. Thus, it can deliver hydrogen as a clean and ecofriendly energy 

supply and storage system.  
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APPENDIX 

Table 1. 

Specific heat capacity, 

Hydrogen (H2) Gas Oxygen (O2) Gas Water (H2O) Liquid 
Temperature 

(K) 
Specific Heat 
(kJ/Kg.K) 

Temperature 
(K) 

Specific Heat 
(kJ/Kg.K) 

Temperature 
(K) 

Specific Heat 
(kJ/Kg.K) 

275 14.20 275 0.915 275 4.217 
300 14.31 300 0.918 300 4.180 
325 14.38 325 0.923 325 4.182 
350 14.43 350 0.928 350 4.194 
375 14.46 375 0.934 375 4.219 
 

Table 2. 

Parameter of IPMC membrane, 

S  6.25 cm2  R  8.3143 J/mol °K  
Thickness   180 μm  T  300 °K  
C-  1091 mol/m3  ke  1.34x10-6 F/m  
K  7.5  cH+  1×10−6 mol/m3  
m  -4.9195x103  n  5.6049x103  
o  -1.8613 x103  p  0.1860 x103  
 


