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ABSTRACT In this study, a memristor-based 2-DOF PI controller (2-DOF Mem-PI) was designed for
the temperature profile tracking control of a model of heat flow experiment (HFE) setup. A simulation
study is presented in which the performance of the designed controller is compared with a standard 2-DOF
PI controller. Compared to 1-DOF control structures, 2-DOF controllers that include an extra adjustable
parameter perform better in terms of response to disturbances and improving the transient response of the
system. In addition, memristor-based controllers (Mem-PI and 2-DOFMem-PI) and standard controllers (PI
and 2-DOF PI) were compared and it was determined that because of the variable memristance value, the
control structures containing memristors showed an adaptive feature. The simulation results demonstrated
the success of the proposed controller in temperature profile reference tracking and showed the memristor
to be applicable in nonlinear control structures.

11 INDEX TERMS 2-DOF PI controller, memristor, memristor-based controller, temperature profile control.

I. INTRODUCTION12

Temperature and temperature control are important factors13

in different classes and processes of industrial production14

that should be taken into consideration, especially in terms15

of the safety of the production facility and product quality16

[1]. In practice, tracking the reference temperature profile,17

keeping the temperature at a set point, and controlling the18

distribution of the atmospheric temperature are the most19

common temperature control tasks encountered. Temperature20

reference tracking control is also important, as it requires21

flexible, stable, and adaptable control because of various22

control theory issues such as the operating environment,23

varying time constants, and disturbing external factors that24

can be seen in real systems. Ahn et al. introduced a new25

analytical tuning method for the fractional-order integral26

derivative (FO-ID) IαDβ controller and applied it to analyze27

the heat flow in the obtained controller heat flow experiment28

(HFE) module. In addition, they presented comprehensive29
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simulation results to demonstrate the practical and simple 30

nature of the proposed new tuning rules [2]. Al-Saggaf et al. 31

proposed a new model-based analytical design for fractional- 32

order controllers. The efficiency and performance of this 33

proposed method was demonstrated by simulations and on 34

a heat flow platform experimentally [3]. In another study, 35

a control design approach for input saturated linear systems 36

was presented. Two practical applications in both a heat flow 37

system and a liquid flow system were presented to verify 38

the effectiveness of the proposed control design method. The 39

effectiveness of the proposed approach was demonstrated by 40

experimental results [4]. Hernandez-Perez et al. investigated 41

the stabilization problem of the class of highly unstable 42

time-delayed systems. In the control structure they proposed, 43

a new control law called the PIf controller, consisting of 44

a standard PI controller and a first-order low-pass filter, 45

was used. The performance of the proposed controller was 46

tested in a thermal flow assembly equipped with a time delay 47

and a recycling path, and it was reported that an adequate 48

performance had been achieved [5]. In order to obtain a 49

generally acceptable process response, Nath et al. proposed 50
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an automatic tuning scheme for the traditional internal model51

control - PID (IMC-PID) controller by changing the single52

setting parameter depending on the latest process operating53

conditions [6]. They also demonstrated the superiority of the54

proposed fuzzy rule-based automatic adjustment schemewith55

the results of real-time experiments on level and temperature56

control processes.57

The proportional-integral / proportional-integral-derivative58

(PI/PID) controller structure is a control mechanism that has a59

wide range of uses such as in electronic devices, mechanical60

devices, and pneumatic systems, and for process control in61

different fields of industry [7], [8], [9], [10]. In addition, the62

advantages of the two-degree-of-freedom (2-DOF) control63

structure over the one-degree-of-freedom (1-DOF) control64

structure were stated by Horowitz [11]. The 2-DOF controller65

structure was developed for situations where a 1-DOF con-66

troller structure is insufficient. By adding the β parameter67

to the controller structure, better performance is provided68

in terms of maintaining the response of the controller to69

disturbances and improving the transient response of the70

system. In recent years, there have been many studies based71

on different tuning and optimization algorithms proposed for72

2-DOF control structures [12], [13], [14], [15], [16].73

The memristor was first described by L.Chua in 1971 as74

a memory resistor and was produced by HP researchers in75

2008 [17], [18]. The physically realized memristor quickly76

managed to attract the attention of researchers, but its appli-77

cation as a discrete circuit element has been delayed. How-78

ever, researchers have realized many models and circuits by79

working on circuits that act as memristors [19], [20], [21],80

[22], [23], [24]. Recently, testing of the memristor has begun81

in the control field, and memristor-based controllers have82

been suggested by researchers [25], [26], [27], [28], [29],83

[30], [31], [32]. In applications such as variable gain and84

automatic gain control, the TiO2 memristor model was used85

as the memristor model due to the simplified expressions and86

the same ideal physical behavior [33], [34], [35]. In particular,87

once controllers designed using memristor emulator circuits88

increase and production has begun, their use will be possible89

in the future.90

In previous studies, unlike this study, 1-dof PI con-91

troller with memristor-based integrator circuit was designed92

and applied to the heat flow system [28]. In [30], a PD93

control structure was obtained with a memristor deriva-94

tive circuit and applied to the ball and beam system.95

In [31], a sliding mode control approach was obtained96

by using a memristor-based derivative circuit and sim-97

ulation results for speed control of BLDC motor were98

presented.99

In this study, a novel memristor-based 2-DOF PI controller100

structure was proposed and a comparison was made between101

standard PI, standard 2-DOF PI, 1-DOF mem-PI and 2-DOF102

mem-PI controllers. The simulation model of Quanser’s heat103

flow experimental (HFE) setup was used to test the tempera-104

ture profile tracking performance of the proposed controller105

and simulation results were presented.106

FIGURE 1. Heat flow experimental (HFE) setup https://www.quanser.
com/products/heat-flow-experiment/.

II. HEAT FLOW EXPERIMENTAL (HFE) SETUP 107

The heat flow experimental (HFE) setup produced by 108

Quanser, which enables simulation and experimental studies 109

related to the control of a heat flow system, is shown in 110

Figure 1. The air mass heated by the coil is transported 111

through a channel with three temperature sensors at fixed 112

distances using a fan whose speed can be measured. 113

Although it is difficult to obtain a thermodynamic model 114

of the system, the state variables of this system can be deter- 115

mined as follows: 116

d
dt
Tn = F(Vh,Vb,Ta, xn) (1) 117

where Vh and Vb are the blower and heater voltages, respec- 118

tively. Similarly, Tn and Ta are the nth sensor and ambi- 119

ent temperature, respectively, and xn indicates the distance 120

between the heater and the nth sensor. 121

The first-order transfer function model of the system, 122

as follows, is sufficient to design a temperature controller. 123

Tn(s) =
KnVh(s)
τns+ 1

(2) 124

where τn and Kn are the time constant and steady state gain 125

for the nth sensor, respectively. The voltage-to-temperature 126

transfer function of the HFE system is as follows [36]: 127

G (s) =
T (s)
V (s)

=
K

τ s+ 1
(3) 128

In practical applications, time delay and dead time occurs 129

in real systems [37], [38]. In the handbook presented by 130

Quanser, dead time is not included as in the equation given 131

in (3). 132

III. MEMRISTORS 133

In 1971, Leon Chua claimed that there should be a fourth 134

basic circuit element in addition to the resistor, inductor, and 135

capacitor. He stated that it is a power-consuming element 136

such as a resistor, that it cannot be modeled by other circuit 137

elements, and that its value can be expressed by the ratio of 138

voltage to current depending on the load [17]. The memristor, 139

which was always thought of as a mathematical concept, was 140

produced by an HP research team about 36 years later [18]. 141

VOLUME 10, 2022 98385



K. Orman: Design of a Memristor-Based 2-DOF PI Controller and Testing of Its Temperature Profile Tracking

FIGURE 2. a) Physical structure of a memristor with total body length D,
and doped and undoped region lengths ω and D-ω respectively; b)
Two-resistor model of the memristor.

FIGURE 3. Block diagram of 2-DOF PI-based temperature control for HFE.

The relationship between voltage and current recommended142

by the HP research group for a TiO2 memristor [18] is:143

V (t) = Mi (t) =
[
RON

ω (t)
D
+ ROFF

(
1−

ω (t)
D

)]
i(t)144

(4)145

where ω is the state variable of the device, M represents146

the memristance, RON indicates low resistance states, ROFF147

indicates high resistance states, and D represent the total148

length of the TiO2 memristor, respectively.149

The memristance value, which is directly dependent on the150

change of the ω value, is defined as:151

dω (t)
dt
= µv

RON
D

i (t) (5)152

Here, µv is the mobility of the memristor [18]. The physical153

structure of the memristor is given in Figure 2.154

IV. CONTROLLER DESIGN155

A. 2-DOF PI CONTROLLER156

Using the temperature profile tracking error based on the157

current temperature T and the desired temperature value Td ,158

an error signal can be defined for the controller design as159

follows:160

e (t) = Td (t)− T (t) (6)161

The block diagram of the 2-DOF PI-based closed-loop162

control function for temperature profile tracking in the HFE163

simulation model is given in Figure 3.164

FIGURE 4. Memristor-based integrator circuit.

FIGURE 5. Block diagram of the 2-DOF PI controllers based on a
memristor for temperature profile tracking.

The control signal u(s) indicated in the block diagram in 165

Figure 3 can be expressed as follows: 166

u (s) = Kp

[
βTd (s)+

1
Tis

(Td (s)− T (s))− T (s)
]

(7) 167

If this equation is rearranged, 168

u (s) = Kp

[
{βTd (s)− T (s)} +

1
Tis
{Td (s)− T (s)}

]
169

(8) 170

u (s) = Kp

[
{βTd (s)− T (s)} +

1
Tis
{e (s)}

]
(9) 171

is obtained, where e(s) is the error signal specified in (6). 172

B. MEMRISTOR-BASED INTEGRATOR 173

In the integrator circuit shown in Figure 4, the resistance 174

of the memristor is automatically changed with the voltage 175

applied to it, so that an adjustable gain can be obtained [39]. 176

The mathematical expression of the memristor-based inte- 177

grator circuit can be written as follows: 178

u1 (t) =
1
MC

∫ t

0
e (τ ) dτ (10) 179

where C is capacitance andM represents the memristance. 180

C. MEMRISTOR-BASED 2-DOF PI CONTROLLER 181

If the integration process in the 2-DOF PI control structure 182

given in Figure 3 is carried out with the memristor-based 183

integrator circuit given in Figure 4, a memristor-based 2- 184

DOF PI controller structure is obtained. A block diagram 185

of the temperature profile tracking control of the HFE with 186

the memristor-based 2-DOF PI (2-DOF Mem-PI) approach 187

is given in Figure 5. 188

Using (4), (6), (9) and (10), the control signal u(s) in the 189

proposed control structure can be written as follows: 190

u (s) = Kp

[
{βTd (s)− T (s)} +

1
MCs
{e (s)}

]
(11) 191
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u (s) = Kp

{βTd (s)− T (s)}192

+
1[

RON
x(t)
D + ROFF

(
1− x(t)

D

)]
Cs

193

× {Td (s)− T (s)}

 (12)194

D. DETERMINATION OF CONTROLLER PARAMETERS195

Parameters in the proposed control structure were determined196

using the multiple dominant pole method (MDPM) as in the197

study presented byViteckova andVitecek [40]. The definition198

of the HFE as a first-order plus time-delay (FOPTD) plant in199

the Quanser instruction manual is as follows [36]:200

Y (s)
U (s)

=
K

τ s+ 1
(13)201

By solving the system of equations given in (14), adjustable202

controller parameters and multiple dominant poles ŝp+1 can203

be obtained. The FOPTD system and the quasi-polynomial204

characteristic of the standard PI controller described in [38]205

are given in (15) and (16), respectively.206

d jN (s)
dsj

= 0 for j = 0, 1, . . . p (14)207

G (s) =
K

Ts+ 1
e−Ls (15)208

N (s) =
(
Ts2 + s

)
eLs + KK p

(
s+

1
TI

)
(16)209

where p is the number of adjustable controller parameters,210

K is plant gain, L is time delay, KP is controller gain, TI is211

integral time, and N (s) is the quasipolynomial characteristic212

of the control system. The form of the standard PI controller213

adjusted with MDPM and the approximate control system214

transfer functions to be designed for a plant expressed as215

in (16) is given in (17) [40].216

C (s) =
T̂I s+ 1(
1
|ŝ3|

s+ 1
)3 e−Ls (17)217

In Table-1 presented in [40], in light of (15) and (17), it is218

stated that for p= 2, two adjustable controller parameters K̂p219

and T̂I and triple dominant pole ŝ3 values can be obtained as220

indicated below:221

ŝ3 = −
2
L
−

1
LT
+

√
2
L2
+

1
4T 2 (18)222

K̂p = −
1
K

[
LT ŝ23 + (2T + L) ŝ3 + 1

]
eLŝ3 (19)223

T̂I = −
LT ŝ23 + (2T + L) ŝ3 + 1

(LT ŝ3 + T + L)ŝ23
(20)224

β̂ = min

{
1

T̂I
∣∣ŝ3∣∣ , 1

}
(21)225

FIGURE 6. Memristor parameters in MATLAB/Simulink. (https://www.
mathworks.com/help/physmod/simscape/ref/memristor.html).

In the Quanser instruction manual, the values determined 226

for the step response were K = 10, T = 5 s and L = 1 [36]. 227

Considering these values, if (18), (19), (20), and (21) are 228

solved, the parameters of the 2-DOF PI controller given in (8) 229

are obtained: 230

ŝ3 = −0.6823 K̂p = 0.2112 231

T̂I = 3.4668 β̂ = 0.4228 232

V. SIMULATION 233

In this study, the memristor model in the MATLAB 234

(2016a)/Simulink Simscape model library was used. The 235

RON and ROFF resistance values in (4) are used as state- 236

A and state-B resistors in the model parameter given in 237

Figure 6. Considering the memristor model parameters and 238

(10), it was determined that MC = TI = T̂I and hence, 239

C = 1.7334 µF . The designed 2-DOF mem-PI controllers 240

and the standard 2-DOF PI controllers were compared in 241

terms of temperature profile tracking performance and the 242

results are given in Figures 7-12. The reference temperature 243

profile signal includes sudden and smooth changes. 244

In Figure 7, both controllers are seen to perform similarly 245

in terms of time to reach the reference. However, the 2-DOF 246

Mem-PI controller was more successful than the 2-DOF PI 247

controller in terms of eliminating the error early on. 248

Figure 8 gives the control signals of the 2-DOF Mem-PI 249

controller and the 2-DOF PI controller. Both control signals 250

have a similar form, but the 2-DOF Mem-PI control signal is 251

smoother than that of the 2-DOF PI. 252

Considering the previous study of [28], it was thought 253

to examine the relationship between memristor-based con- 254

trollers and classical controllers, and for this purpose, the 255

temperature control of HFE for the same reference signal was 256

tested with the standard 1-DOF PI, 1-DOFMem-PI, standard 257

2-DOF PI, and 2-DOF Mem-PI controllers. The reference 258

temperature profile tracking simulation results of these four 259

controllers are given in Figure 9. 260
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FIGURE 7. Simulation result of temperature profile tracking control of the
HFE using 2-DOF PI and 2-DOF Mem-PI controllers.

FIGURE 8. Control signals of 2-DOF PI and 2-DOF Mem-PI controllers.

FIGURE 9. Simulation result of temperature profile tracking control of the
HFE using Standard PI, Mem-PI, 2-DOF PI and 2-DOF Mem-PI controllers.

The graphic in Figure 9 shows that, regardless of whether261

the controller was standard or memristor-based, the 2-DOF262

control structures reached the reference earlier than the263

1-DOF control structures. On the other hand, the memristor-264

based control structures (Mem-PI and 2-DOF Mem-PI)265

FIGURE 10. Error signals of Standard PI, Mem-PI, 2-DOF PI and 2-DOF
Mem-PI.

FIGURE 11. Memristance value of the memristor.

FIGURE 12. The memristor current-voltage relationship.

eliminated the error more quickly than the standard control 266

structures (PI and 2-DOF PI). This is more clearly seen where 267

the error signals are given in Figure 10. 268

Figure 11 gives the simulation results of the change of the 269

memristance (M ) value under the adjusted parameter values 270

of the memristor used in the simulation study. During sudden 271
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changes in the reference, the memristance value is also seen272

to change, thus realizing an adaptation function.273

Memristors exhibit a hysteresis voltage-current relation-274

ship when a sinusoidal signal is applied, and the voltage-275

current relationship of the memristor model used in this study276

is given in Figure 12.277

VI. DISCUSSIONS AND CONCLUSION278

In practice, many control systems have a time delay within279

the closed loop of the system, which affects the stability of280

the system. The time delay for the heat flow system given281

in (15) was represented by e−Ls. where L is the time delay.282

One of the valid methods used to determine the effect of283

time delay on the relative stability of the feedback system284

is the Nyquist criterion. The Nyquist criterion remains valid285

for a time-delayed system, as the factor e−Ls, which adds a286

phase shift to the frequency response without changing the287

magnitude curve, does not introduce any additional poles or288

zeros in the contour. Also, a time delay e−Ls introduces an289

additional phase delay in the feedback system and makes290

the system less stable. In the stability analysis of such sys-291

tems, most analytical tools are considered and the transfer292

functions of the systems are defined by rational functions293

or a finite set of ordinary constant coefficient differential294

equations. The Padé approximation can be used to obtain a295

rational function approximation of the time delay. The Padé296

approximation uses a series expansion of the transcendental297

function e−Ls and matches as many coefficients as possible298

with a series expansion of a rational function of specified299

order. In practical applications of heat flow systems, time300

delay occurs. However, dead time and time delay are ignored301

in the model used in this study. In addition, stability analysis302

of the proposed controller was not performed.303

In this study, 2-DOF PI controllers based on memristors304

were tested via HFE temperature profile tracking control305

and simulation results were presented. It was demonstrated306

that the memristor, known as the missing circuit element,307

can be applied in 2-DOF control structures. Results of this308

simulation study showed that the 2-DOF Mem-PI controller309

was successful in the temperature profile tracking control310

of the HFE. When Figure 9 was examined, it was observed311

that no overshoot occurred in all the compared controllers.312

Additionally, the 2-DOF control structures were faster in313

terms of reaching the reference compared to the 1-DOF314

control structures because of the extra adjustable parame-315

ter. As can be seen in Figure 9, 2-DOF control structures316

reached the reference approximately 1 second earlier than317

1-DOF control structures. On the other hand, because they318

contained an extra parameter, the 2-DOF control structures319

were faster in eliminating error compared to the 1-DOF con-320

trol structures. Figure 10 shows that the error elimination321

time of the 2-DOF PI controller is approximately 46% lower322

than the 1-DOF PI controller. Furthermore, the Mem-PI and323

2-DOFMem-PI controllers designed using a memristor were324

successful in eliminating error faster than the PI and 2-DOF325

PI standard controllers because of their variable memristance326

value. Depending on the voltage change of the error signal 327

at the controller input, the resistance value of the memristor 328

takes a value between the RON and ROFF values. Therefore, 329

an adaptation effect occurs in the system. 330

Future studies are planned to demonstrate the effectiveness 331

of this simulation study, to test the proposed controller struc- 332

ture on a real systemwith a dead-time included systemmodel, 333

and to analyze the stability, sensitivity and frequency stability 334

of the system. 335
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