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ABSTRACT This paper proposes a robust nonlinear controller for a proton exchange membrane fuel cell
coupled with a DC-DC boost converter. The key feature is to maintain the desired reference output voltage
despite significant disturbances while improving transient stability. In order to do this, a nonlinear robust
integral terminal sliding mode controller (ITSMC) is proposed, along with the derivation of the control
law, explanation of the reachability analysis, and stability condition. An adapted integral sliding surface is
used to capture the dynamics caused by variations in the input voltage and loads. In addition, a modified
reaching law is proposed to guarantee the finite time convergence while reducing the chattering. Afterward,
the Lyapunov control theory is employed to evaluate the DC-DC boost converter’s large-signal stability while
guaranteeing the resilience of the proposed controller. Finally, the applicability of the proposed controller is
evaluated through comprehensive analyses on both the simulation platform and the real-time processor-in-
loop (PIL) platform under various operating conditions, such as the variation in load resistance, reference
output voltage, etc. All of the results, when compared to an existing integral terminal sliding mode controller,
indicate quick reference tracking capability with reduced overshoots and robustness against disturbances.
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INDEX TERMS Control Lyapunov function, integral terminal sliding mode controller, DC-DC boost
converter, fuel cell.

I. INTRODUCTION16

Due to the modern lifestyle and industrialization, energy17

consumption is constantly growing. Again, due to a lack of18

adequate reservoirs and inept or disorderly management, the19

use of traditional power sources is becoming increasingly20

constrained. Under this situation, researchers are looking21

for alternate energy sources to combat air pollution, global22

warming, and oil depletion [1], [2], [3]. Renewable energy23

sources (RESs), such as tidal energy, wave energy, wind24

energy, solar energy, geothermal energy, hydroelectric power25
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and biomass energy, are the solutions to all of these prob- 26

lems [2], [3], [4]. 27

However, fuel cells (FCs) are frequently employed as an 28

alternative energy source because, unlike other RESs, such as 29

wind energy and solar systems, FCs can be deployed every- 30

where and are climate independent. The proton exchange 31

membrane FC (PEMFC) is chosen for this study over other 32

types of modern FCs because of its high efficiency, high 33

energy density, quicker transient response, rapid start-up, low 34

degradation rate, and ease of maintenance [5], [6], [7]. But 35

this PEMFC is inappropriate owing to the underlying elec- 36

trochemical and thermodynamic processes, sluggish reaction 37

during transient and instantaneous time, quick voltage drop, 38

and inability to attain maximum load in the case of abrupt 39
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load demand [8]. Furthermore, unlike batteries, which have a40

fairly constant output voltage, FCs voltage drops dramatically41

as the output current increases [9]. As the voltage obtained42

from the output of a single FC is too low to be employed in43

practical applications, multiple FCs are linked in series con-44

nection to increase the voltage. The cell numbers in the stack45

of a FC typically ranges from few hundreds to even thou-46

sands, depending on the demand of voltage and power. How-47

ever, such a large number of FCs would reduce the resilience48

of the stack. Also, the nonlinear features of voltage–current49

make it difficult for maintaining the stability of output voltage50

of an FC stack. Therefore, to supply a fixed voltage and51

raising up the voltage of the FC stack to the required level,52

a DC–DC converter is necessary. However, due to the non lin-53

earity of switching pulses and the non-minimum phase issue54

that a DC-DC boost converter faces, load voltage stability is a55

challenging task [10], [11]. To address such a difficulty while56

improving the performance of the DC-DC boost converter in57

FC applications, it is required to include a suitable controller58

with it [12].59

The output voltage obtained from a DC-DC boost con-60

verter is commonly controlled using proportional-integral-61

derivative (PID) and a few additional linear controllers that62

use other approaches [1]. Linear controllers, on the other63

hand, have a relatively limited operating band since they often64

employ linearized converter models with a single working65

point. Furthermore, some of these strategies do not neces-66

sitate the use of a model in which the gains are manually67

or automatically tweaked. As a result, even with a slight68

step change in the load, these controllers do not achieve69

the necessary performance [13]. Basically, the switching70

states of the boost converter give it a nonlinear shape, which71

makes it difficult to implement in linear controllers [14].72

Therefore, nonlinear controllers are essential as these con-73

trollers can provide satisfactory results by overcoming all74

of the constraints of linear controllers. Fuzzy logic con-75

trollers [15], feedback linearization controllers [5], backstep-76

ping controllers [9], and sliding mode controllers [13] are77

some examples of nonlinear controllers for FC applications.78

For its simplicity and robustness, the data-driven fuzzy-79

logic controller (FLC) is widely used [15]. In [16], a FLC80

based on adaptive law is used for a DC-DC step up con-81

verter in applications of PEMFCs. However, a significant82

drawback of FLCs is that the computational requirements83

have to be incremented for the fuzzy set growth when com-84

plex strategies are used during their implementation [5].85

Again, the accuracy of the fuzzy system is compromised86

somehow as the system mostly works on imprecise data and87

inputs [6].88

To overcome the limitations of FLCs, a model-based non-89

linear feedback linearization controller (FBLC) is proposed90

in [7]. However, though the proposed controller can operate91

over a large range of control points, the expect information92

about the parameters and explicit model of the system is93

mandatory to achieve a satisfactory result [8], [9]. To avoid94

these drawbacks, an adaptive FBLC to handle paramet-95

ric uncertainties is proposed in [10]. However, the main96

limitation of this adaptive approach is that it cannot ensure 97

robustness against state-dependent uncertainties [11]. 98

As a result, the nonlinear backstepping controller (NBC) 99

might be utilized to overcome the disadvantages of FBLCs 100

since it can provide satisfactory performance without requir- 101

ing precise knowledge of the system’s parameters, as men- 102

tioned in [17]. Ref. [18] discusses aNBC strategy for ensuring 103

the system’s dynamic stability. Though this approach can 104

be used to achieve the desired performance, the derivative 105

of a stabilizing function creates some complexities, espe- 106

cially for higher order systems, while overcoming the FBLC’s 107

limitations. Furthermore, if the user-defined constants are 108

not appropriately selected, the system’s response could be 109

delayed [19]. 110

For mitigating the aforementioned limitations, the slid- 111

ing mode controller (SMC) is the most operative approach 112

due to its stability, robustness, better energetic response, 113

and high compatibility with the innate switching nature of 114

power converters [20], [21]. Furthermore, as discussed in [22] 115

and [23], an SMC scheme can provide a promising solution 116

for rejecting disturbances and compensating for uncertainty. 117

An SMC approach of dual loop is presented in [24] where 118

the output side voltage is controlled for a fixed input side 119

voltage to establish the asymptotic stability of closed-loop 120

systems. But the controller design is not easy for any dual 121

loop control structure. In association with the FC, a similar 122

type of controller is proposed in [25], but chattering prob- 123

lems are limiting its application practically. To reduce the 124

chattering problem, higher order SMCs are initiated in [26] 125

and [27]. Though these controllers can enhance the output 126

voltage regulation of DC-DC boost converters in the case of 127

FC applications, the tracking error of steady-state cannot be 128

fully diminished. For this reason, a robust SMC scheme is 129

required that not only improves the transient performance of 130

the system but also eliminates the steady-state tracking error. 131

It is well-known that in the SMC technique, it is required to 132

find a control law conditional on a particular sliding surface 133

that changes the dynamics of the system and ensures the 134

asymptotic convergence. But the equilibrium point cannot be 135

gained in a finite time if a conventional reaching law is used, 136

which is challenging for this strategy, Consequently, to solve 137

this challenge and to obtain a finite-time response, a terminal 138

SMC (TSMC)was introduced in [28]. But still, this controller 139

gives a slower response at a distant place from the origin and 140

it terminates with an unbounded control signal due to singu- 141

larities found. An integral TSMC (ITSMC) can improve the 142

convergence time as well as enhance the chattering reduction 143

stuff and the dynamics of the overall system as discussed in 144

[29] and [30]. 145

Being motivated from the above discussion, the main 146

objective of this paper is to design an ITSMC that is based 147

on a new reaching law to regulate the output voltage of 148

the boost converter. The overall stability and the robust- 149

ness of the system are proved by the help of control Lya- 150

punov functions (CLFs) at the end of the design procedure. 151

Finally, the proposed controller has been implemented on a 152

MATLAB/SIMULINK platform to assess its performance in 153
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comparison to an existing controller. Moreover, to manifest154

the effectiveness of the proposed control strategy in practice,155

the controller performance is also tested on a processor-in-156

loop (PIL) platform. Basing on the aforementioned analysis,157

the key offerings of this paper can be described as follows:158

• A robust controller is designed by incorporating a159

time-varying and dynamic sliding surface into this sur-160

face to record changes in the system. Furthermore, the161

related stability certificates give theoretical justification.162

• Taking uncertainty, operating state, and circuit param-163

eter changes into consideration, the efficacy of the164

designed controller is validated.165

• Simulation and real-time processor-in-loop (PIL) vali-166

dations are performed to show efficiency while aiding in167

the achievement of desired goals in a variety of operating168

scenarios.169

• Due to the application of time-varying reaching laws,170

it provides improved output voltage tracking accuracy171

and faster transient responses.172

The remaining part of the paper is arranged in the following173

manner. The system description and its modeling are covered174

in Section II. Section III represents the suggested controller’s175

design, based on the modeling which is presented in the176

preceding section. Section-IV is notable for its simulation177

findings and evaluation of the suggested controller’s perfor-178

mance. Finally, section-V represents the concluding words179

and future scope of this work.180

II. SYSTEM DESCRIPTION AND MODELING181

The FC and the DC-DC boost converter are the primary units182

of study, and it is essential to know their operating principles183

and build a mathematical model for them. Due to the diffi-184

culty of modeling chemical processes and the influence of185

multiple conditions, a common and simple equation of FC186

model is used. On the basis of the continuous conduction187

mode, a nonlinear model of the DC-DC boost converter has188

been built, and all of these are discussed in the following189

section.190

FIGURE 1. Equivalent circuit diagram addressing different types of
voltage drops of a PEMFC.

A. MODELING OF THE PEMFC191

Basically, the current density of the PEMFC under specific192

operating circumstances determines its voltage [31]. The cur-193

rent density is frequently used to distinguish between three194

components: the loss of mass transport, ohmic polarization,195

and activation polarization. Moreover, before developing the 196

PEMFC model, a few essential presumptions would be taken 197

into account, which are discussed in [32]. According to the 198

assumptions as discussed in [32], the PEMFC equivalent elec- 199

trical circuit can be represented by Fig. 1 (a). From Fig. 1 (a), 200

the cell voltage of the PEMFCmight be written as follows [1], 201

[33]: 202

Vcell = ENernst −1Vconc −1Vohmic −1Vact (1) 203

where ENernst stands for the open-circuit reversible voltage, 204

1Vconc for the concentration-related voltage drop, 1Vohmic 205

for the ohmic resistance-related voltage drop, and 1Vact for 206

the activation voltage drop, respectively. 207

At this stage, the open-circuit reversible voltage expression 208

by applying the conventional thermo-dynamical assumptions 209

reported in [34] might be expressed as follows: 210

ENernst = 1.229+ 4.308× 10−5(lnPH2 + lnPO2 ) 211

− 8.5× 10−4(T − 298.15) (2) 212

where T is the temperature, PH2 is the potential pressure of 213

hydrogen, and PO2 is the potential pressure of oxygen. 214

The concentration voltage drop,1Vcon can be expressed as 215

follows: 216

1Vcon = −
RuT
nF

ln
(
1−

IFC
AiL

)
(3) 217

where F , n, Ru, iL , IFC and A are used to represent Fara- 218

day’s constant, number of electrons, constant for the universal 219

gas, limiting current, cell current, and area of the active cell, 220

respectively. 221

The ohmic voltage drop,1Vohmic can bewritten as follows: 222

1Vohmic = IFCRohmic (4) 223

where Rohmic is the ohmic resistance. Finally, the activation 224

voltage drop, 1Vact can be expressed as follows [35]: 225

1Vact = ε1 + T ε2 + T ε3lnCo2 + T ε4lnIFC (5) 226

where εi with i=1, 2, 3, 4 represents the cell’s parametric 227

coefficient and Co2 is the dissolved oxygen concentration. 228

At this stage, the FCs output voltage can be calculated 229

by combining all of the preceding equations. However, the 230

single cell’s output voltage of a PEMFC is extremely low. So, 231

to boost the output voltage, numerous FCs must be linked to 232

a bipolar plate. Therefore, the stack voltage of a PEMFC can 233

be expressed as follows: 234

VFC = nFCVcell (6) 235

where nFC represents the total number of series connected 236

single FCs. 237

As discussed in [36], if the operating frequency of the 238

stack reaches to 10 kHz, then Ract and Rconc can be omit- 239

ted. Consequently, it could be viewed as a pure and constant 240

resistance, which would then simplify the proposed model to 241

a DC voltage source and an impedance of resistive nature, 242

as illustrated in Fig. 1 (b). For the convenience expression, 243

a voltage source, as indicated in Fig. 1 (c), might be utilized 244
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to replace the structure in Fig. 1 (b). Based on this description,245

it is clear that the input voltage of a DC-DC boost converter246

follows the same dynamics as the PEMFC.247

An appropriate controller with that of a DC-DC converter248

might be installed in the real application to increase the249

PEMFC voltage from lower to a higher and stable DC-bus250

voltage while staying within the conversion capacity limit.251

The performance of the current of PEMFC and the DC bus252

voltage are the key elements of taking into account during this253

operation. Therefore, the model as displayed in Fig. 1 (c) is254

worthy of meeting the needs of this study, and basing on this255

model, the dynamical model of a DC-DC boost converter is256

presented in the following section.257

B. MODELING OF THE DC-DC BOOST CONVERTER258

Fig. 2 shows the DC-DC boost converter’s comparable circuit259

diagram. This converter is made up of several parts, including260

a FC as the input supply voltage, a capacitor (C), an induc-261

tor (L), a switch (IGBT), a diode (D), and a load resistor (R).262

On the basis of pulse width modulation (PWM) approach,263

the boost converter will be operated for the regulation of264

output voltage. As a result, the PWM modulated signal must265

alternate between ON and OFF states to modify the output266

voltage. The following equation might be used to explain the267

basic relationship in between the input and the output voltage:268

Vo =
VFC
1− d

(7)269

where d indicates the duty cycle, Vo is the output voltage, and270

VFC is the input voltage.271

FIGURE 2. Equivalent circuit drawing of a DC DC boost converter with fuel
cell as input.

To regulate the output voltage, controlling of duty cycle is272

indispensable to control the DC-DC boost converter’s switch-273

ing element via a PWM. A dynamical model is required to274

manage the duty cycle according to the operational condition275

of the system of DC-DC boost converter, which is explained276

in the following.277

When the switch is OFF:278

İL =
VFC
L
−

1
L
Vo (8)279

V̇o =
1
C
IL −

1
RC

Vo (9)280

When the switch is ON:281

İL =
VFC
L

(10)282

V̇o = −
1
RC

Vo (11)283

where Vo is the average voltage obtained at the output, IL is 284

the current flowing through the inductor and uε{0, 1} is the 285

control input of the converter. Therefore, the entire dynamical 286

average model can be represented as follows: 287

İL =
VFC
L
−

1
L
(1− u)Vo (12) 288

V̇o =
1
C
(1− u)IL −

1
RC

Vo (13) 289

Eqs. (12), (13) reflect the complete propellant paradigm of a 290

DC-DC boost converter, and the suggested controller will be 291

designed conditioned on this model in the next section. 292

III. PROPOSED CONTROLLER DESIGN 293

The control law (u) must be designed to gain quicker transient 294

response, tighter output voltage regulation, and resilience 295

with fewer steady state tracking errors, which is the main goal 296

of this section. The output voltage of the boost converter must 297

be controlled by the tracking of the inductor current. Before 298

continuing further with the design method, the tracking error 299

must be identified. The duty cycle is adjusted to make the 300

output voltage of the converter equal to the reference voltage. 301

To achieve the final control law (u), two steps must be fol- 302

lowed according to the controller design technique, which is 303

detailed in the following. 304

A. SLIDING SURFACE SELECTION 305

The initial step of this sub-section is to select a stable sliding 306

surface that is aimed to meet the system’s requirements. Fol- 307

lowing the objectives of the design procedure, the tracking 308

error of the inductor current can be expressed as follows: 309

e = IL − IL(ref ) (14) 310

where IL(ref ) is the value representing the reference of the 311

inductor current which is calculated using the following 312

formula: 313

IL(ref ) = K (Vo − Vo(ref )) (15) 314

where K is a proportional gain and Vo(ref ) is the value repre- 315

senting the reference of the output voltage. The derivative of 316

Eq. (14), using Eq. (12), can be written as: 317

ė =
VFC
L
−

1
L
(1− u)Vo − İL(ref ) (16) 318

Now, along with the tracking error, the proposed nonlinear 319

integral terminal sliding surface might be defined as follows: 320

S = e+
∫
(
α

2
e+

β

2γ
eγ )dt (17) 321

where α, β > 0, and 0 < γ < 1 are the tuning parameters 322

that are required to control the speed of convergence of the 323

controller. It is worth mentioning that when the frequency 324

is extremely high or infinite, it is feasible to achieve the 325

required control target by simply considering the first term. 326

For a constant frequency, however, this is not practicable 327

since steady-state tracking errors in the inductor current and 328

output voltage will remain. As a result, the integral terminal 329
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term is examined in this study to enhance the steady-state330

tracking error. Using Eq. (16), the derivative is expressed as331

follows:332

Ṡ =
VFC
L
−
Vo
L
+
Vo
L
u− İL(ref ) +

α

2
+
β

2γ
eγ (18)333

B. DERIVATION OF THE FINAL CONTROL LAW334

In the second step, a control law (u) is required to be found to335

bring the sliding surface into finite time convergence. It is336

well-known that in the SMC approach, the overall control337

consists of two parts, which are written as follows:338

u = ueq + url (19)339

where ueq is the equivalent part of control law and url is the340

reaching law. To obtain ueq, it is obvious to set Ṡ = 0, i.e.,341

Ṡ =
VFC
L
−
Vo
L
+
Vo
L
u− İL(ref ) +

α

2
+
β

2γ
eγ = 0 (20)342

From Eq. (20), the equivalent control law can be written343

as:344

ueq =
L
Vo

[
Vo
L
−
VFC
L
− İL(ref ) −

α

2
−
β

2γ
eγ
]

(21)345

However, to ensure the overall system’s stability an improved346

reaching law url is incorporated with the original control law347

which is written as follows:348

url = −η1|s|σ1sgn(s)− η2|s|σ2sgn(s), (22)349

where η1, η2 > 0, σ1 > 1, 0 < σ1 < 1. Combining Eqs. (19),350

(21), and (22), the overall control law is351

u =
L
Vo

[
Vo
L
−
VFC
L
− İL(ref ) −

α

2
−
β

2γ
eγ352

− η1|s|σ1sgn(s)− η2|s|σ2sgn(s)
]

(23)353

Using Eq. (23), Eq. (20) can be rewritten as follows:354

Ṡ = −η1|S|σ1sgn(S)− η2|S|σ2sgn(S) (24)355

C. STABILITY ANALYSIS356

For analysing the inclusive stability of the whole system,357

the following control Lyapunov function (CLF) is chosen.358

According to this function, a system can be asymptotically359

stable ifW (S) is positive definite and meets the below condi-360

tions:361

W (∞) = ∞, W (0) = 0 and Ẇ (S) ≤ 0 Now, the CLF in362

terms of the sliding surface might be defined as follows:363

W (S) =
1
2
S2 (25)364

whose derivative is365

Ẇ (S) = SṠ (26)366

Putting the value from Eq. (24), Eq. (26) can be rewritten367

as follows:368

Ẇ (S) = −η1|S|σ1+1 − η2|S|σ2+1 (27)369

with Ssgn(s) = |S| From Eq. (27), it can be perceived that the370

system is steady as Ẇ (S) is negative definite.371

D. REACHABILITY ANALYSIS 372

Once the system state trajectory reaches the sliding surface, 373

the sliding surface design is such that the system state trajec- 374

tory will be reaching the equilibrium point in a finite time. 375

Now, the finite time of convergence, t will be determined in 376

this section by considering the nonzero initial state S(0). 377

By considering the first terms of Eq. (24), it can be detailed 378

as 379∫ t1

0
dt = −

∫ s(t1)

s(0)
η1|S|σ1dS (28) 380

After doing the mathematical manipulation, the required time 381

t1 can be detailed as follows: 382

t1 =
1

η1(σ1 − 1)
[|S(t1)|1−σ1 − |S(0)|1−σ1 ] (29) 383

Similarly, for the second term of Eq. (24), the required time 384

t2 can be detailed as follows: 385

t2 =
1

η2(σ2 − 1)
[|S(t2)|1−σ2 − |S(0)|1−σ2 ] (30) 386

Now, by combining Eqs. (29) and (30), the total finite time of 387

convergence (t) is expressed as follows: 388

t =
1

η1(σ1 − 1)
[|S(t1)|1−σ1 − |S(0)|1−σ1 ] 389

+
1

η2(σ2 − 1)
[|S(t2)|1−σ2 − |S(0)|1−σ2 ] (31) 390

Thus, from Eq. (31), it is confirmed that both the tracking 391

error and the derivative of it will converge to zero in a finite 392

time. In the next section, the efficacy of the designed con- 393

troller is analyzed. 394

IV. SIMULATION RESULTS AND PERFORMANCE 395

EVALUATION 396

This section includes both simulation and experimental 397

processor-in-loop (PIL) studies to evaluate the efficacy of the 398

designed controller. The simulation investigation has been 399

carried out on the MATLAB/Simulink platform. The imple- 400

mentation block diagram in Fig. 3 depicts the overall simula- 401

tion structure in which the FC output is provided as input to 402

the DC-DC boost converter. Afterward, the sliding surface is 403

determined using the system’s output. Finally, the actual con- 404

trol signal is computed and supplied back via the PWM to the 405

DC-DC boost converter switch. The simulation settings for 406

the designed nonlinear controller are selected by prioritizing 407

future prototype development while keeping practical situa- 408

tions in mind. As a result, the system and controller param- 409

eters utilized in this simulation are provided in Table 1 and 410

Table 2 respectively. For convenience, the controller param- 411

eters are chosen basing on the trial and error methodology to 412

fulfil the cherished control objectives. 413

By using these parameters, the final control law (u) is eval- 414

uated that is to be applied to the converter’s switch through a 415

pulse width modulator (PWM) where 100 kHz is chosen as 416

the switching frequency. To test the ability of output voltage 417

tracking and to assess the proposed controller’s performance, 418
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FIGURE 3. Schematic drawing for implementation of the proposed
controller.

TABLE 1. System parameters.

TABLE 2. Control parameters.

it is compared with an existing integral terminal sliding mode419

controller (ITSMC) as presented in [29] by considering three420

cases. These cases are listed as follows:421

Case I: Controller performance under the variation in load422

resistance.423

Case II: Controller performance under the variation in the424

input supply voltage.425

Case III: Controller performance under the variation in the426

reference output voltage.427

The above mentioned case studies were conducted to428

understand the robustness of the designed controller in appli-429

cations of proton exchange membrane fuel cells (PEMFC).430

The cases are elaborately discussed in the following.431

FIGURE 4. Various response curves for case-I.

A. CASE I: CONTROLLER PERFORMANCE UNDER THE 432

VARIATION IN LOAD RESISTANCE 433

In the study of this case, the performance of the designed 434

controller is validated by varying the load resistance. The load 435

resistance is varied according to the following mathematical 436

equation: 437

Rload =


130; 0 ≤ t < 0.2
140; 0.2 ≤ t < 0.6
130; 0.6 ≤ t < 1

438

The corresponding response is presented in Fig. 4. From 439

the above shown diagrams, it can be stated that the first 440

transient response occurs at a time period of 0.2 s and the 441

following occurs at a time period of 0.6 s. The red-colored 442

curve indicates the controller performance of the existing 443

one, while the black-colored curve indicates the performance 444

measure of the proposed controller. From Fig. 4, it can be 445

seen that the initial evaluation has started from a time period 446

of 0.05 s as priority is given to the two transient conditions 447

and has ended after 1 s. From Fig. 4 (a), it is also observed 448

that the proposed controller exhibits an overshoot of 1.57%, 449

an undershoot of 15.75%, and a settling time of 0.041s, while 450

the existing one shows an overshoot of 2.33%, an undershoot 451

of 16.67%, and a settling time of 0.043 s at an initial transient 452

time of 0.2 s. Similarly, an overshoot, undershoot, and settling 453

time of 18.17%, 7.13%, and 0.096s, respectively, is observed 454

for the proposed controller at a second transient time of 0.6 s, 455

while 19.25%, 9.13%, and 0.122 s of overshoot, undershoot, 456

and settling time are observed, respectively for the existing 457

controller. Fig. 4 (b) represents the inductor current response 458

versus time (s). This curve also represents the same type of 459

result at transient conditions as that of the response curve of 460

output voltage. So, the above mentioned observations clearly 461

shows the supremacy of the proposed controller design with 462

respect to the existing one. Table 3 is representing the quan- 463

titative analysis of the voltage for Case I. 464
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TABLE 3. Quantitative analysis of voltage for Case I.

FIGURE 5. Various response curves for case-II.

B. CASE II: CONTROLLER PERFORMANCE UNDER THE465

VARIATION IN THE INPUT SUPPLY VOLTAGE466

In the study of this case, the performance of the designed467

controller is validated by varying the input supply voltage.468

Actually, the input supply voltage that is proposed in this469

work is from the FC output voltage. The characteristics of a470

FC show a lower limit of voltage that is approximately 0.5 V,471

beyond which the FC voltage starts to decreases very sharply472

with an increase in current [37]. Due to various thermody-473

namic reactions taking place inside the FC, sometimes the474

rate of reaction is greater and sometimes less because the475

output obtained from the FC is also variable [29]. For this476

reason, the simulation is validated for variable input supply477

voltage to show the real scenario of the FC. Fig. 5 (a) depicts478

the curve of a variable input supply voltage where the initial479

supply is at 41 V, the input supply is replaced by 30 V after480

0.4 s, and the previous condition is regained after some time.481

The same phenomenon is observed for the second transient482

time of 0.8 s.483

Fig. 5 (b) depicts the output voltage response with time (s),484

and Table 4 shows the quantitative analysis of voltage for485

Case II. It is seen from the table that the proposed con-486

troller exhibits overshoot of 9.8%, undershoot of 4.92%, and487

TABLE 4. Quantitative analysis of voltage for Case II.

a settling time of 0.104 s at the initial transient response 488

time of 0.4 s, whereas the existing controller exhibits 10.7%, 489

4.93%, and 0.145 s of overshoot, undershoot, and settling 490

time, respectively. During the second transient response of 491

0.8 s, like the previous response time, the proposed con- 492

troller scheme exhibits overshoot, undershoot, and settling 493

time of 9.77%, 3.73%, and 0.093 s, respectively, and the exist- 494

ing controller curve exhibits 10.55%, 4.77%, and 0.12 s of 495

overshoot, undershoot, and settling time, respectively. Hence, 496

the designed controller shows better tracking performance in 497

comparison to the existing controller. Similarly, the inductor 498

current response versus time curve shown in Fig. 5 (c) demon- 499

strates that the proposed controller shows it’s supremacy over 500

the existing controller in terms of overshoot, undershoot, and 501

settling time. 502

FIGURE 6. Various response curves for case-III.

C. CASE III: CONTROLLER PERFORMANCE UNDER THE 503

VARIATION IN THE REFERENCE OUTPUT VOLTAGE 504

In this case study, at an initial transient response time of 505

0.35 s, the reference voltage starts to increase from 60 V 506

to 70 V and so on. But, during the second transient response 507

time of 0.7 s, the reference voltage steps down to 55 V 508

from 70 V and goes on. The following mathematical expres- 509

sion can clearly demonstrate the above statement: 510

Vo(ref ) =


60; 0 ≤ t < 0.35
70; 0.35 ≤ t < 0.7
55; 0.7 ≤ t < 1

511
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Fig. 6 (a) represents the output voltage response versus512

time (s) curve for understanding the controller performance513

with variable reference output voltage. The quantitative anal-514

ysis of voltage for Case III is shown in Table 5.515

TABLE 5. Quantitative analysis of voltage for Case III.

From the above table, it is observed that the designed516

controller gives an overshoot of 4.43%, an undershoot of517

1.49% and a settling time of 0.075 s during the first tran-518

sient response time of 0.35 s, whereas the existing ITSMC519

exhibits an overshoot of 5.43%, an undershoot of 2.27% and a520

settling time of 0.114s. Similarly, during the second transient521

response of time 0.7 s, the overshoot, undershoot, and settling522

time are 4.4%, 11.67%, and 0.089 s, respectively, for the523

designed controller, while the existing controller exhibits an524

overshoot of 5.38%, an undershoot of 13.24%, and a settling525

time of 0.15 s. So, in conclusion it is seen that the designed526

controller outperforms the existing controller.527

Fig. 6 (b) depicts the inductor current versus time (s) curve528

for the same scenario and exhibits a similar type of output529

response. Thus, it can be stated that the design is capable530

of providing better performance as compared to the existing531

controller.532

D. ANALYSIS OF COMPARATIVE PERFORMANCE USING533

INTEGRAL ERROR-PERFORMANCE INDICES534

Integrals of error-based performance indices such as the inte-535

gral of absolute error (IAE), integral time absolute error536

(ITAE), integral square error (ISE) and integral time square537

error (ITSE) are used to compare the proposed and exist-538

ing controllers. All four indices are calculated for both con-539

trollers and presented in Table 6, which clearly shows that540

the designed controller has substantially lower values than the541

existing controller. The following section covers the perfor-542

mance evaluation of the PIL platform.543

E. PIL VALIDATIONS544

The PIL platform is used to support the findings of theoretical545

and simulation investigations. The control input is directed to546

a real-time processor on this platform through a PIL block547

TABLE 6. Quantitative analysis of error for all the cases.

FIGURE 7. Experimental set up of PIL.

FIGURE 8. Output voltage response of controller for variable reference
voltage during PIL validation.

(as illustrated in Fig. 7). (Rasberry Pi 3B Quad-Core 64-bit 548

Microprocessor Development Board). The control signal gen- 549

erated from the processor is feedback to the Simulink plat- 550

form, which indicates that the control signal is generated on 551

a real-time platform where an analog signal is received by 552

the microprocessor board. Thus, a suitable control signal is 553

generated on the development board by a combination of ref- 554

erence values created in real time on the platform and actual 555

board values. This analog control signal is then transferred as 556

the input of the switching pulse generator. Fig. 7 depicts an 557

Ethernet cable that sends and receives data between the simu- 558

lator and the processor. It is noteworthy that a similar system 559

as that of the simulation study is used here with the only 560

difference being the implementation of the controller in the 561

real-time environment. Here, analysis is performed to show 562

the robustness of both the controllers under the variations of 563

reference output voltage as described in case-III of the earlier 564

discussed subsection. 565

The output voltage response curve in Fig. 8 indicates that in 566

the PIL platform, the proposed ITSMC controller has neither 567

overshoot or undershoot and has a faster settling time than 568

the existing controller when both transient times of 0.35 s 569

and 0.7 s are taken into account. This experimental setup and 570

approach can demonstrate the developed controller’s real- 571

time performance improvement in all circumstances. Finally, 572

the proposed controller provides a better dynamic response 573

than the existing one. 574

V. CONCLUSION 575

In this paper, a nonlinear robust integral terminal sliding 576

mode controller (ITSMC) for a DC-DC boost converter 577
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in applications of proton exchange membrane fuel cells is578

designed. An average mathematical model of the boost con-579

verter is used for designing the proposed controller, with580

the control purpose of monitoring the reference output volt-581

age. The final control law is considered to eliminate the582

steady state tracking error while producing a quicker tran-583

sient response using an integral terminal based sliding sur-584

face, as presented in this paper. The application of control585

Lyapunov functions confirms the overall system’s stability.586

MATLAB/Simulink and processor in loop are chosen as the587

platforms to implement the designed controller to ensure588

its effectiveness by varying the load resistance, the input589

supply voltage and the reference output voltage. In terms590

of dynamic stability and steady state tracking error, quicker591

transient response, overshoot, undershoot, and settling time,592

simulation results clearly indicate that the designed controller593

outperforms the existing integral terminal sliding mode con-594

troller. The effects of external disturbances and model pertur-595

bations are not taken into account by themathematical model.596

Therefore, by include these implications in the model, future597

work will further enhance the controller design process. Fur-598

thermore, the designed controller has not yet been imple-599

mented in the real physical system, despite being deployed600

in the processor-in-loop platform. So, the designed controller601

can be implemented in a practical prototype system built in a602

lab in the future to confirm its applicability.603
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