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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-DOF Mem-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.

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

I. INTRODUCTION

Temperature and temperature control are important factors
in different classes and processes of industrial production
that should be taken into consideration, especially in terms
of the safety of the production facility and product quality
[1]. In practice, tracking the reference temperature profile,
keeping the temperature at a set point, and controlling the
distribution of the atmospheric temperature are the most
common temperature control tasks encountered. Temperature
reference tracking control is also important, as it requires
flexible, stable, and adaptable control because of various
control theory issues such as the operating environment,
varying time constants, and disturbing external factors that
can be seen in real systems. Ahn et al. introduced a new
analytical tuning method for the fractional-order integral
derivative (FO-ID) IaDp controller and applied it to analyze
the heat flow in the obtained controller heat flow experiment
(HFE) module. In addition, they presented comprehensive
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simulation results to demonstrate the practical and simple
nature of the proposed new tuning rules [2]. Al-Saggaf et al.
proposed a new model-based analytical design for fractional-
order controllers. The efficiency and performance of this
proposed method was demonstrated by simulations and on
a heat flow platform experimentally [3]. In another study,
a control design approach for input saturated linear systems
was presented. Two practical applications in both a heat flow
system and a liquid flow system were presented to verify
the effectiveness of the proposed control design method. The
effectiveness of the proposed approach was demonstrated by
experimental results [4]. Hernandez-Perez et al. investigated
the stabilization problem of the class of highly unstable
time-delayed systems. In the control structure they proposed,
a new control law called the PIf controller, consisting of
a standard PI controller and a first-order low-pass filter,
was used. The performance of the proposed controller was
tested in a thermal flow assembly equipped with a time delay
and a recycling path, and it was reported that an adequate
performance had been achieved [5]. In order to obtain a
generally acceptable process response, Nath ef al. proposed
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an automatic tuning scheme for the traditional internal model
control - PID (IMC-PID) controller by changing the single
setting parameter depending on the latest process operating
conditions [6]. They also demonstrated the superiority of the
proposed fuzzy rule-based automatic adjustment scheme with
the results of real-time experiments on level and temperature
control processes.

The proportional-integral / proportional-integral-derivative
(PI/PID) controller structure is a control mechanism that has a
wide range of uses such as in electronic devices, mechanical
devices, and pneumatic systems, and for process control in
different fields of industry [7], [8], [9], [10]. In addition, the
advantages of the two-degree-of-freedom (2-DOF) control
structure over the one-degree-of-freedom (1-DOF) control
structure were stated by Horowitz [11]. The 2-DOF controller
structure was developed for situations where a 1-DOF con-
troller structure is insufficient. By adding the g parameter
to the controller structure, better performance is provided
in terms of maintaining the response of the controller to
disturbances and improving the transient response of the
system. In recent years, there have been many studies based
on different tuning and optimization algorithms proposed for
2-DOF control structures [12], [13], [14], [15], [16].

The memristor was first described by L.Chua in 1971 as
a memory resistor and was produced by HP researchers in
2008 [17], [18]. The physically realized memristor quickly
managed to attract the attention of researchers, but its appli-
cation as a discrete circuit element has been delayed. How-
ever, researchers have realized many models and circuits by
working on circuits that act as memristors [19], [20], [21],
[22], [23], [24]. Recently, testing of the memristor has begun
in the control field, and memristor-based controllers have
been suggested by researchers [25], [26], [27], [28], [29],
[30], [31], [32]. In applications such as variable gain and
automatic gain control, the TiO, memristor model was used
as the memristor model due to the simplified expressions and
the same ideal physical behavior [33], [34], [35]. In particular,
once controllers designed using memristor emulator circuits
increase and production has begun, their use will be possible
in the future.

In previous studies, unlike this study, 1-dof PI con-
troller with memristor-based integrator circuit was designed
and applied to the heat flow system [28]. In [30], a PD
control structure was obtained with a memristor deriva-
tive circuit and applied to the ball and beam system.
In [31], a sliding mode control approach was obtained
by using a memristor-based derivative circuit and sim-
ulation results for speed control of BLDC motor were
presented.

In this study, a novel memristor-based 2-DOF PI controller
structure was proposed and a comparison was made between
standard PI, standard 2-DOF PI, 1-DOF mem-PI and 2-DOF
mem-PI controllers. The simulation model of Quanser’s heat
flow experimental (HFE) setup was used to test the tempera-
ture profile tracking performance of the proposed controller
and simulation results were presented.
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FIGURE 1. Heat flow experimental (HFE) setup https://www.quanser.
com/products/heat-flow-experiment/.

Il. HEAT FLOW EXPERIMENTAL (HFE) SETUP
The heat flow experimental (HFE) setup produced by
Quanser, which enables simulation and experimental studies
related to the control of a heat flow system, is shown in
Figure 1. The air mass heated by the coil is transported
through a channel with three temperature sensors at fixed
distances using a fan whose speed can be measured.
Although it is difficult to obtain a thermodynamic model
of the system, the state variables of this system can be deter-
mined as follows:

iTn = F(Vn, Vi, Ta, xn) (D
dt
where V), and V}, are the blower and heater voltages, respec-
tively. Similarly, 7, and T, are the n™ sensor and ambi-
ent temperature, respectively, and x, indicates the distance
between the heater and the n' sensor.
The first-order transfer function model of the system,
as follows, is sufficient to design a temperature controller.

Kth(S)
s+ 1

Ta(s) = 2
where 7, and K, are the time constant and steady state gain
for the n'M sensor, respectively. The voltage-to-temperature
transfer function of the HFE system is as follows [36]:

T(s) K

GO =y5 = a1

3

In practical applications, time delay and dead time occurs
in real systems [37], [38]. In the handbook presented by
Quanser, dead time is not included as in the equation given
in (3).

lll. MEMRISTORS

In 1971, Leon Chua claimed that there should be a fourth
basic circuit element in addition to the resistor, inductor, and
capacitor. He stated that it is a power-consuming element
such as a resistor, that it cannot be modeled by other circuit
elements, and that its value can be expressed by the ratio of
voltage to current depending on the load [17]. The memristor,
which was always thought of as a mathematical concept, was
produced by an HP research team about 36 years later [18].
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FIGURE 2. a) Physical structure of a memristor with total body length D,

and doped and undoped region lengths » and D-w respectively; b)
Two-resistor model of the memristor.
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FIGURE 3. Block diagram of 2-DOF Pl-based temperature control for HFE.

The relationship between voltage and current recommended
by the HP research group for a 7iO> memristor [18] is:

. w (1) o@®)\].
Vi)=Mi() = |:R0N_D + RorF (1 — _D >:| i(t)
4

where w is the state variable of the device, M represents
the memristance, Roy indicates low resistance states, Rorr
indicates high resistance states, and D represent the total
length of the 7iO, memristor, respectively.

The memristance value, which is directly dependent on the
change of the w value, is defined as:

do (1) Ron

i = MvTi(l) ©)

Here, 1, is the mobility of the memristor [18]. The physical
structure of the memristor is given in Figure 2.

IV. CONTROLLER DESIGN

A. 2-DOF PI CONTROLLER

Using the temperature profile tracking error based on the
current temperature 7' and the desired temperature value 7,
an error signal can be defined for the controller design as
follows:

e(t) =Ty (1) =T (1) (6)

The block diagram of the 2-DOF PI-based closed-loop
control function for temperature profile tracking in the HFE
simulation model is given in Figure 3.
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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
Figure 3 can be expressed as follows:

1
u(s) =K, [ﬂTd @)+ - Tals) =T () — T(S)} (N

If this equation is rearranged,

1
u(s) =Ky [{ﬂTd () =T} + T {Ta(s) =T (S)}}
®)
1
u(s) =K, [{.BTd () =T} + T {e (S)}} &)

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

B. MEMRISTOR-BASED INTEGRATOR

In the integrator circuit shown in Figure 4, the resistance

of the memristor is automatically changed with the voltage

applied to it, so that an adjustable gain can be obtained [39].
The mathematical expression of the memristor-based inte-

grator circuit can be written as follows:

1 t
up (1) = M—C/O e(t)dt (10)

where C is capacitance and M represents the memristance.

C. MEMRISTOR-BASED 2-DOF PI CONTROLLER
If the integration process in the 2-DOF PI control structure
given in Figure 3 is carried out with the memristor-based
integrator circuit given in Figure 4, a memristor-based 2-
DOF PI controller structure is obtained. A block diagram
of the temperature profile tracking control of the HFE with
the memristor-based 2-DOF PI (2-DOF Mem-PI) approach
is given in Figure 5.

Using (4), (6), (9) and (10), the control signal u(s) in the
proposed control structure can be written as follows:

1
MCs

u(s) =K, |:{/3Td () =T} + {e (S)}} (1)
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u(s) =Ky | {BTa (s) = T(s)}

1
[RON)%) + Rorr (1 - %)] Cs

x{Ta () =T (s)} 12)

D. DETERMINATION OF CONTROLLER PARAMETERS
Parameters in the proposed control structure were determined
using the multiple dominant pole method (MDPM) as in the
study presented by Viteckova and Vitecek [40]. The definition
of the HFE as a first-order plus time-delay (FOPTD) plant in
the Quanser instruction manual is as follows [36]:

Ys) K
UGs) ts+1
By solving the system of equations given in (14), adjustable
controller parameters and multiple dominant poles §,41 can
be obtained. The FOPTD system and the quasi-polynomial

characteristic of the standard PI controller described in [38]
are given in (15) and (16), respectively.

(13)

d'N(s)

pE =0 forj=0,1,...p (14)
K —Ls
G (s) Ts le (15)

N (s) = (Ts2 + s) " + KK, (s + %,) (16)

where p is the number of adjustable controller parameters,
K is plant gain, L is time delay, Kp is controller gain, 77 is
integral time, and N (s) is the quasipolynomial characteristic
of the control system. The form of the standard PI controller
adjusted with MDPM and the approximate control system
transfer functions to be designed for a plant expressed as
in (16) is given in (17) [40].

CE)=—"—7e" (17)

In Table-1 presented in [40], in light of (15) and (17), itAis
stated that for p = 2, two adjustable controller parameters K,
and 77 and triple dominant pole §3 values can be obtained as
indicated below:

. 2 1 2 1

S A ST 18
S=E"rmwNeE e (18)

R 1r R ;
Ry =—— [LTS3 +QT+L)5+ 1] LB (19)

. LTS24+ 2T +L)53+ 1

f = S CTADS (20)
(LTs3+T + L)s3

. 1

B =min{——1 1)
Ty |33
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Block Parameters: Memristor2 X
Memristor

Models an ideal memristor with a nonlinear dopant drift approach.

The memristance is given by M=x*Ra+(1-x)*Rb, where x is the fraction of the memristor that is in
state A, and Ra and Rb are the resistances when the entire memristor is in state A or B, respectively.
The memristor state is determined by dx/dt=i*F(x)/Q0, where i is the current from the positive to the

negative terminal, QO is the total charge required for a full transition between states A and B, and F(x)
is a window function designed to keep x between 0 and 1.

Source code
Settings

Parameters  Variables

Resistance of state A: ‘700 ‘ | kOhm V‘
Resistance of state B: ‘2000 ‘ | kOhm V‘
Total charge required for full - o
state transition: ‘ te2 ‘ | c ‘
State A fraction at t=0: \0 \

Exponent of the window

function: ‘2 ‘

OK Cancel Help Apply

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
for the step response were K =10, T =5sand L = 1 [36].
Considering these values, if (18), (19), (20), and (21) are
solved, the parameters of the 2-DOF PI controller given in (8)
are obtained:

§3 = —0.6823 K, =0.2112
T = 3.4668 f =0.4228

V. SIMULATION

In this study, the memristor model in the MATLAB
(2016a)/Simulink Simscape model library was used. The
Ron and Rppp resistance values in (4) are used as state-
A and state-B resistors in the model parameter given in
Figure 6. Considering the memristor model parameters and
(10), it was determined that MC = T; = f} and hence,
C = 1.7334 pF. The designed 2-DOF mem-PI controllers
and the standard 2-DOF PI controllers were compared in
terms of temperature profile tracking performance and the
results are given in Figures 7-12. The reference temperature
profile signal includes sudden and smooth changes.

In Figure 7, both controllers are seen to perform similarly
in terms of time to reach the reference. However, the 2-DOF
Mem-PI controller was more successful than the 2-DOF PI
controller in terms of eliminating the error early on.

Figure 8 gives the control signals of the 2-DOF Mem-PI
controller and the 2-DOF PI controller. Both control signals
have a similar form, but the 2-DOF Mem-P1I control signal is
smoother than that of the 2-DOF PI.

Considering the previous study of [28], it was thought
to examine the relationship between memristor-based con-
trollers and classical controllers, and for this purpose, the
temperature control of HFE for the same reference signal was
tested with the standard 1-DOF PI, 1-DOF Mem-PI, standard
2-DOF PI, and 2-DOF Mem-PI controllers. The reference
temperature profile tracking simulation results of these four
controllers are given in Figure 9.
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FIGURE 7. Simulation result of temperature profile tracking control of the

HFE using 2-DOF Pl and 2-DOF Mem-PI controllers.
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FIGURE 8. Control signals of 2-DOF PI and 2-DOF Mem-PI controllers.
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FIGURE 9. Simulation result of temperature profile tracking control of the
HFE using Standard PI, Mem-Pl, 2-DOF Pl and 2-DOF Mem-PI controllers.

The graphic in Figure 9 shows that, regardless of whether
the controller was standard or memristor-based, the 2-DOF
control structures reached the reference earlier than the
1-DOF control structures. On the other hand, the memristor-
based control structures (Mem-PI and 2-DOF Mem-PI)
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FIGURE 11. Memristance value of the memristor.

x1071°

Current (A)

2 | |
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Voltage (V)

FIGURE 12. The memristor current-voltage relationship.

eliminated the error more quickly than the standard control
structures (PI and 2-DOF PI). This is more clearly seen where
the error signals are given in Figure 10.

Figure 11 gives the simulation results of the change of the
memristance (M) value under the adjusted parameter values
of the memristor used in the simulation study. During sudden
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changes in the reference, the memristance value is also seen
to change, thus realizing an adaptation function.

Memristors exhibit a hysteresis voltage-current relation-
ship when a sinusoidal signal is applied, and the voltage-
current relationship of the memristor model used in this study
is given in Figure 12.

VI. DISCUSSIONS AND CONCLUSION

In practice, many control systems have a time delay within
the closed loop of the system, which affects the stability of
the system. The time delay for the heat flow system given
in (15) was represented by e 5. where L is the time delay.
One of the valid methods used to determine the effect of
time delay on the relative stability of the feedback system
is the Nyquist criterion. The Nyquist criterion remains valid
for a time-delayed system, as the factor e~ LS, which adds a
phase shift to the frequency response without changing the
magnitude curve, does not introduce any additional poles or
zeros in the contour. Also, a time delay e ™™ introduces an
additional phase delay in the feedback system and makes
the system less stable. In the stability analysis of such sys-
tems, most analytical tools are considered and the transfer
functions of the systems are defined by rational functions
or a finite set of ordinary constant coefficient differential
equations. The Padé approximation can be used to obtain a
rational function approximation of the time delay. The Padé
approximation uses a series expansion of the transcendental
function e and matches as many coefficients as possible
with a series expansion of a rational function of specified
order. In practical applications of heat flow systems, time
delay occurs. However, dead time and time delay are ignored
in the model used in this study. In addition, stability analysis
of the proposed controller was not performed.

In this study, 2-DOF PI controllers based on memristors
were tested via HFE temperature profile tracking control
and simulation results were presented. It was demonstrated
that the memristor, known as the missing circuit element,
can be applied in 2-DOF control structures. Results of this
simulation study showed that the 2-DOF Mem-PI controller
was successful in the temperature profile tracking control
of the HFE. When Figure 9 was examined, it was observed
that no overshoot occurred in all the compared controllers.
Additionally, the 2-DOF control structures were faster in
terms of reaching the reference compared to the 1-DOF
control structures because of the extra adjustable parame-
ter. As can be seen in Figure 9, 2-DOF control structures
reached the reference approximately 1 second earlier than
1-DOF control structures. On the other hand, because they
contained an extra parameter, the 2-DOF control structures
were faster in eliminating error compared to the 1-DOF con-
trol structures. Figure 10 shows that the error elimination
time of the 2-DOF PI controller is approximately 46% lower
than the 1-DOF PI controller. Furthermore, the Mem-PI and
2-DOF Mem-PI controllers designed using a memristor were
successful in eliminating error faster than the PI and 2-DOF
PI standard controllers because of their variable memristance
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value. Depending on the voltage change of the error signal
at the controller input, the resistance value of the memristor
takes a value between the Ron and Ropg values. Therefore,
an adaptation effect occurs in the system.

Future studies are planned to demonstrate the effectiveness
of this simulation study, to test the proposed controller struc-
ture on a real system with a dead-time included system model,
and to analyze the stability, sensitivity and frequency stability
of the system.
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