SYNTHESIS AND ANALYSIS OF A MEMRISTOR-BASED
RECTIFYING CIRCUITS IN MATLAB AND SIMSCAPE

Stoyan Kirilov, Valeri Mladenov

Dept. of Theoretical Electrical Engineering, Faculty of Automatics, Technical University of Sofia,
1000, 8, Kliment Ohridski, Blvd., Sofia, Bulgaria, tel. +3592/965-34-45
e-mails: s_kirilov@tu-sofia.bg, valerim@tu-sofia.bg

Abstract: The main purpose of this paper is to propose a new memristor-based rectifying circuits
for hard-switching mode. It is specified that when the memristor operates in hard-switching
mode for high-level signals with low frequency then the current-voltage characteristics are
non-symmetrical and the element can rectify sine-wave and other bipolar signals. For hard-
switching mode the state variable of the memristor element reaches the boundaries of the
memristor and the state-flux characteristic is multi-valued. The rectifying properties of the
memristor element depends primarily on the ratio between the resistances of the memristor in
fully-open and fully—closed states. For the analysis of several rectifying memristor-based cir-
cuits a modified MATLAB and SIMSCAPE memristor model with nonlinear dopant drift is pro-
posed. It is based on the Joglekar Model and on Boundary-Condition Memristor Model (BCM)
respectively.
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1. INTRODUCTION

The memristor element was predicted in 1971 by Prof. Leon Chua as the fourth
nonlinear circuit element [1]. Its prototype based on titanium-dioxide was invented in
2008 by Stanley Williams in the HP research labs [2]. Several prototypes based on
different technologies were also invented — like polymeric, spintronic and other reali-
zations [2, 3, 4, 5]. The asymmetric current-voltage relation for hard-switching mode
Is a precondition for investigation of the memristor-based rectifiers [6, 7, 8, 9].

In Section 2 a modified memristor model with nonlinear dopant drift appropriate
for simulating hard-switching mode is proposed and the pseudo-code based algorithm
for its description is presented. In Section 3 two rectifying circuits based on the clas-
sical diode realizations are analyzed using the new SIMSCAPE memristor model,
based on the previous pseudo-code, and the new rectifying circuits are compared with
their diode analogs. In Section 4 the concluding remarks are presented.

2. ANEW MEMRISTOR MODEL WITH NONLINEAR DOPANT DRIFT

The structure scheme of the Williams’ memristor is presented in Fig. 1. The
length of the doped region is denoted with w and the length of the memristor is D [2].

The state variable x is equal to the ratio between the length of the doped region w
and the length of the whole memristor D [2]:

W
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Fig. 1. Structure scheme of the Williams’ memristor element

The minimal value of the state variable x according to [2] and [3] should have
been Xmi, = 0. This announcement will be mathematically true if the minimal length
of the doped region is w = 0. One of the new ideas in the present paper is based on
physical and chemical considerations. Actually when we apply a voltage in reverse
direction for a long time then the doped region will shrink but the oxygen vacancies
will remain in the same section. The oxygen vacancies are generated in the initial
process of electroforming the memristor and they cannot vanish. Due to this the
length of the doped region could have a very small minimal length but this length
cannot be zero. So the minimal value of the state variable x will have, for example, a
value of X, = 0.05. The maximal value of the state variable X, could be equal to
unity. The last statement is physically possible because the oxygen vacancies could
reach the right boundary of the memristor. According to this reason we have:

x €[X.n,1]. The derivative of the state variable x with respect to time t is [2, 3]:
dx .
— =kif (x
o = K (x) (2)
The coefficient k depends on memristor parameters and it is [2]:
k — /uRON

D ®)

The quantity Roy = 100 Q is the resistance of the memristor in a fully closed state.
The quantity u is the average value of the oxygen vacancies mobility. It could be dif-
ferent for the special realizations and materials of the memristor element. The win-
dow function used in (2) is proposed by Joglekar [3]:

f(x)=1-(2x-1)" (4)

The Joglekar window function in the nonlinear ionic drift memristor model is
used for presenting the nonlinear relationship between the velocity of the oxygen va-
cancies v and the memristor current i for high-intensity electric field. The exponent in
this case is p = 1. If we choose p > 1 the problem is analytically unsolvable but only
in Gaussian hyper-geometric forms. The basic current-voltage relation is [2]:

v=Mi=[R, x+R_ (1-x)]i (5)
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The quantity M is called “memristance” and it presents the resistance of the
memristor. The quantity Rorr = 16 £Q is the resistance of the element in a fully open
state. Actually Rorr >> Ron. Then the following approximation is used for (5) [2]:

Ron = Rore = —Roer (6)

After expressing the current i from (2) and substituting in (5) we obtain the basic
differential equation of the memristor:

Roee 1
vdt = —2FF —dx
4k X ()
The solution of (7) with respect to state variable x is:
4k
X=X, exp| — | v(t dt 8
|:ROFF t-!: :| ( )

It is important to denote that formula (8) is valid for the soft-switching operating
mode. Then the state variable x does not reach its limit values:xe(x,,.1). The

memristor element operates in soft-switching mode when the memristor voltage has a
low-level magnitude and comparatively high frequency. The state-flux characteristic
of the memristor element for this mode is a single-valued function and the operating
point is moving on the curve described by (8). The current-voltage relation is sym-
metrical. Let’s the initial value of the state variable is Xo. When we have a signal with
high magnitude and low frequency the flux linkage has high level. Then the state var-
iable x could reach its limiting positions [5, 6, 7]. The memristor element operates in
the so called hard-switching mode. For this mode the current-voltage characteristic is
asymmetrical. Follows the pseudo code algorithm for simulating the memristor model
with nonlinear dopant drift, based on Eq. (1) — (8). In the code presented below the
basic memristor and voltage source parameters are given. The basic formula used for
the code generation is the differential equation (7). For the pseudo-code the differen-
tial of time dt is substituted with the limited step value At.

1 Procedure: A modified memristor model with nonlinear dopant drift
2 Given: Voltage source with instantaneous value v (t)

3: Given: The duration of the simulation T = tpax — tmin

4: Given: The number of samples N

5: Given: The sample step time: deltat = T / N

6 Given: Memristor parameters: Ry, = 100; Ryrr = 16e3;

7 mu = le-13; D = Xpax = 10e-9; x5, = 0.05;

8 k = mu*R,,/ (D"2); const = (4*k) / Roff;

9: Given: The initial value of the state variable x

10: set x = x, for t =0

11: for t = tmin:deltat:tmax

12: psi = int(v(t)dt,-«,t);

13: for n=1, x,=xq;

14: for n=2:1:N+1, x;(n)=x;(n-1)+const*u(n-1)*x;(n-1)*deltat;
15: if x;(n)<=xm;, AND u(n)<=0 then x;(n)=Xuin;

16: if x;(n)>=Xp.x AND u(n)>=0 then x;(n)=xmax;
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17: else x;(n)=x;(n-1)+const*u(n-1)*x;(n-1)*deltat;
18: end cycle
19: return u,i,psi, x, M;

20: end procedure

Verifying the modified memristor model in MATLAB

The state-flux characteristic for hard-switching mode in given in Fig. 2. The cur-
rent-voltage relation of the memristor is presented in Fig. 3.
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Fig. 2. State-flux relation Fig. 3. Current-voltage relationship
for hard-switching mode for hard-switching mode

The state-flux and current-voltage characteristics are compared with previous-
published results in [3, 4, 6] and the comparison verifies the abilities of the modified
memristor model for using both in soft-switching and hard-switching simulation.

3. ANALYSIS OF MEMRISTOR-BASED RECTIFYING CIRCUITS
IN MATLAB

The classical half-wave diode rectifier with a capacitive filter is given in Fig. 4.
The new memristor-based half-wave rectifier is presented in Fig. 5. The SIMULINK
model of the circuit presented in Fig. 5 is given in Fig. 6. The SIMSCAPE modified
memristor library model is based on the pseudo-code presented above. The
SIMULINK model of the diode rectifier is similar to the model of the memristor rec-
tifier [6, 7, 8, 9]. The capacitors have a capacitance of 100 uF and the resistors have a
resistance of 2,2 kQ.
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Fig. 4. A half-wave diode rectifier Fig. 5. A half-wave memristor rectifier



Advanced Aspects of Theoretical Electrical Engineering

Uin(t)

| [i

(\15 AC Voltage

—fg,

' LY
Cumrent Sensor

W Sensord

=

-

HFmemrister_mod

% Resistor

Capacitor =/

Constant

W) |V Senser2

=
PS-Simulink

Converter1

¥ ‘T —
FS-Simulink To Workspaced
Converterd
‘l
L —*

Solver
Configuraticn

Electrical Reference

PS-Simulink
Converter2

To Workspace2

PS-Simulink

To Workspaced

Converterd

Fig. 6. SIMSCAPE and SIMULINK schematic of the circuit given in Fig. 5

Integrator  To Worspace

To Weorkspace!

_B
—

Integratoer!  To Wordspaced

145

The time diagrams of the output voltage for the diode and memristor rectifying
circuits are given in Fig. 7. It is clear that the transient in the memristor circuit has a
long duration and the output voltage is less than the output voltage of the diode recti-
fier. The memductance-flux relation of the memristor element is given in Fig. 8.
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2.5

I
o

Memductance, [S]

[

0.5

P T
0 2 4 6 8 10
Flux linkage, [Wb]

Fig. 8. Memductance-flux relationship
for hard-switching mode

Follows the Graetz bridge rectifying circuits with diodes and memristors, which
circuits are given in Fig. 9 and Fig. 10, respectively [8, 9]. The capacitors have a ca-
pacitance of 100 xF and the resistors have a resistance of 2,2 kQ. The output voltages
for sine wave input signal with amplitude 10 V are given in Fig. 11.
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Time diagrams of the output wltage

6 Output wltage of the memristor bridge rectifier
Output wltage of the diode Graetz rectifier
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Fig. 11. Time diagrams of the output voltages of the Graetz rectifying circuits

4. CONCLUSIONS

The results from the simulations of the memristor-based circuits presented above
confirm that the memristor elements could be used in rectifying circuits if they are
operating in hard-switching mode. Really the ratio between the high-resistance and
low-resistance states for the memristor is less than the same ratio for the classical
semiconductor diode. The output voltage of the memristor-based rectifiers has about
two times less value than the value of the output voltage of the diode rectifiers. But
the memristor element has several different advantages — good scalability and possi-
bility for integrating with the CMOS technology.
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