ISSN 1330-3651 (Print), ISSN 1848-6339 (Online)

https://doi.org/10.17559/TV-20200105141443
Original scientific paper

Design of a Memristor-based Chattering Free Sliding Mode Controller and Speed Control
of the BLDC Motor
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Abstract: In this study, a memristor-based sliding mode controller (Mem-SMC) was designed for speed control of BLDC motor and the performance of the controller was
tested in simulation. The sliding mode controller, known for its robustness against disturbances and parameter variations, was designed with a memristor known as a missing
circuit element. Simulation results show that the proposed controller is successful in the speed reference tracking and is also able to respond quickly to sudden changes in

the reference.
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1 INTRODUCTION

Brushless DC (BLDC) motors have undergone many
changes since they were first designed and are used in
many areas of the industry, from transportation to
communication, from home electronics to space studies.
Brushless DC motors have advantages such as small size,
high efficiency and high torque compared to other DC
motors and they can be controlled more easily. Because of
the studies carried out today, the robust control of BLDC
motors is realized thanks to the driver circuits that offer
high processing capability and the designed control
algorithms.

In the circuits, inductor connects flux and current,
resistor provides connection between voltage and current,
capacitor connects voltage and charge. It can be said that
there is a missing relation between charge and flux when
taking into account the four fundamental quantities
(voltage, current, flux and charge). This new circuit
element provides a connection between charge and flux.
Chua defined the new element as memristor (memory +
resistor) [1], which connects the missing relationship
between charge and flux. Memristor is nonlinear,
frequency and history dependent fourth fundamental
circuit element. Memristor exhibits pinched hysteresis and
linear voltage-current relationship when applied sinusoidal
voltage with low and high frequencies, respectively.
Researchers think that memristor can be useful when used
in classical circuit designs thanks to its interesting
properties. Memristor and its applications did not attract
researchers’ interest until its physical realization in 2008
[2]. But now many types of studies can be found in
literature about memristor and its application [3-9].

To date, many studies have been carried out for speed
control of brushless DC motors. Zhang and Wang proposed
a model-based PID controller that adjusts PID parameters
to control the speed of the motor using the voltage equation
and torque and speed equation of the brushless DC motor
[10]. In the study given in [11], an inverse model of BLDC
motor speed was created by using artificial neural network
(ANN) and the model was used as a controller. Hassan et
al. [12] in their simulation study tested PID controller,
Fuzzy logic controller and Neuro fuzzy controller to
control the speed of a brushless DC motor. Verma et al.
have tested the speed control of the BLDC motor drive with

different controllers [13]. They compared the performance
of the proposed zero-crossing detection of indirect back
EMF technique with different controllers such as a PI
controller, anti-windup PI, and Hybrid (Fuzzy-PI)
controllers at different loads and speeds. They also stated
that the Neuro fuzzy controller is a very complex controller
but has a very good performance. The effectiveness of the
study was demonstrated by simulation and the results were
analyzed.

The most significant advantage of the sliding mode
control (SMC) method is the ability to eliminate the effects
of uncertainties caused by model errors and unwanted
disturbances that affect the system response. Therefore,
different and hybrid structures of the SMC method, which
is known as robust control technique, have been designed
by researchers and applied for different systems [14-22].
The disadvantage of this method is the chattering effect,
which means oscillation in the control signal.

In this study, a design for the sliding mode control
approach was proposed and the controller was designed
using memristor known as a missing circuit element. The
performance of the memristor based SMC (Mem-SMC)
was tested in the speed control of the BLDC motor and the
success of the controller was presented with simulation
results.

2 BASIC DEFINITION of BLDC MOTOR and MEMRISTOR
2.1 BLDC Motor Model

The transfer function of the BLDC motor can be
expressed by considering the equations of voltage and
mechanical part of the DC motor given below.

v-1% gk 92 (1)
dr dt
oLl dz_q’JrB do Q)
K\ ™ d? de

where L is phase inductance, mH; R is resistance between
phases, Q; Jn motor inertia, kgm?, Bn is friction
coefficient, Nm/(rad/s); K. is back-emf constant, Vs/rad;
K is torque constant, mNm/A. First, (1) and (2) can be
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written in s-form to achieve the transfer function of the
system.

V(s)=Ls](s)+RI(s)+Kes¢(s) 3)
](s)=KLt(Jms2(p(s)+Bmsg0(S)) 4)

If (3) is rearranged and replaced in (4)

V(S)—KeS(/)(S)

I(S) - R+Ls ®)
K, [V(s)—KCS(p(s)] B )

T Ls =Jns 0(s)+ Byso(s) (6)
is obtained. If (6) is rearranged to obtain V(s)

(s Jms2 +B,s ||R+Ls|+ K. K. sp(s
-2t Jires)eKkools)

K,

and if (7) is rewritten to make the a)(s) = sgo(s) conversion

here;

S¢(S) _ Kt (8)
V(s)  [Jus+Bn][R+Ls]+ KK,

CU(S) Kt (9)

V(s) [Jms+Bn][R+Ls]+ KK,

So that after the (9) is obtained, the transfer function
of the system can be written as follows.

o(s) K,
Gls)= V(s) [Jms+Bu][R+Ls]+ KK, (10

Eq. (10) can be simplified by making the following
assumptions.

e B tends to go too small and even zero,
o J.R>>B.,L
o KK.>> BuR

and if very small values are neglected, the transfer function
can be written as below.

G(s)

— Kt (11)
LJ,s*+J, Rs+ KK,

and the transfer function is rewritten;

s (12)

is obtained. Electrical time constant and Mechanical time
constant are:

L m
7, :E , Ty = (13)

If the electrical and mechanical time constants given in
(13) are used in (12), the transfer function of the system is
obtained;

1

K
G(s):—e (14)
2
Tl +7,5+1

The mechanical and electrical time constants given in
(13) are very important in the motor model and show the
difference between the DC motor and the BLDC motor.

X ‘ﬁrj r'r\l_*
M J("ﬁ

H/all ICs

y 21 3
Rotor position
Microprocessor

Figure 1 Typical BLDC Motor and driver [23]

Due to the 3-phase symmetrical structure of the BLDC
motor shown in Fig.1, (13) can be rewritten as follows.

RJ J. 3R

r =y —m —‘m_ (15)

3R KK, KK,

On the other hand, to determine the relationship
between mechanical and electrical torques, electrical
energy and mechanical power equations can be expressed
as follows:

If (11) is multiplied by ) o oy
JEI=2ENT | Z - (16)
R 1 60 N 6031
KK, R
< 2n
R 1 Ko =0 7 K = 0.0605K, (17)
KK, R
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where T is tork, N is rotating speed and E, I are motor
voltage and currents, respectively.

In order to obtain the transfer function of the BLDC
motor to be used in the simulation study, the parameters of
the BLDC motor of Maxonmotor (EC-32) to be used in
(14) are given in Tab. 1 and Tab. 2.

Table 1 The operation features of Maxon BLDC motor [24]

S. No. Parameter (unit) Specification
1 Nominal voltage - V 24
2 No load speed - rpm 11000
3 No load current - mA 286
4 Nominal speed - rpm 9510
5 Nominal torque - mNm 43.6
6 Nominal current - A 3.37
7 Stall torque - mNm 355
8 Starting current - A 17.3
9 Maximum efficiency 76%
Table 2 Maxon BLDC motor's characteristic features [24]
S. No. Parameter (unit) Specification
1 Terminal resistance 1.39
phase to phase - Q
2 Terminal inductance 0.226
phase to phase - mH
3 Torque constant - 20.5
mNm/A
Speed constant - rpm/V 465
5 Speed/torque gradient - 31.5
rpm/mNm
6 Mechanical time 6.59
constant - ms
7 Rotor inertia- gem® 20

7. and K. vales require calculation so if the following
calculations are made according to the values given in the
tables above.

3
=L (02607 g 9010 (18)
3R 3139

3RJ,

m __

K - 3.1.39-2.26x10°°

e = = : +=0.06173 Vs/rad (19)
7K, 6.59x107.20.5-10"

These values are substituted in Eq. (14) and the
transfer function of BLDC motor is obtained as follows.

1
G(s)= e ST 0
54.19x107:6.59%x107° -s” +6.59%10 " -5 +1

G( ) 16.19

s)= 21)
0.357x107° 5% +6.59x107 -5 +1

2.2 Memristor

A memristor (memory resistor) is a non-linear two-
terminal electrical component relating electric charge and
magnetic flux linkage. It was described and named in 1971
by Leon Chua, completing a theoretical quartet of
fundamental electrical components which comprises also
the resistor, capacitor and inductor [1]. Later on, it was
produced in 2008 by HP researchers [2]. The relationship

between current and voltage of the memristor can generally
be expressed as follows.

/()= R()i(0) =45 () @)

where, ¢ and Q denote the flux and charge, respectively
and the memristor resistance, termed memristance, is
expressed as the ratio of flux to charge. The relationship
between voltage and current proposed by HP research
group for TiO, memristor.

V(t)= RON%JFROFF [1—%} i(t) (23)

where, Rorr and Ron are high and low resistance states,
respectively, D and x denote the thickness of TiO,
memristor and the doped area, respectively. The resistance
value directly depends on the change of the x value and is
defined as

de(r) Ry
o A i(r) (24)

where, u, is the mobility of memristor and also the
memristors exhibit a stuck hysteresis voltage-current
relationship when sinusoidal signal is applied, and non-
linearity decreases with increasing frequency such as in
Fig. 2.
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Figure 2 Memristor voltage-current relationship with various frequencies [25]
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Figure 3 The application areas of memrsitor [26]
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Memristor as nonlinear circuit elements have many
types of applications from analog to digital circuits.
Mazumder categorized the applications of memristor as in
Fig. 3 [26].

3 CONTROL
3.1 Sliding Mode Controller

The error of the variable to be controlled and the
sliding surface of the SMC to be designed can be defined
as follows.

e(t) = Xpof (t)—x(t) (25)
s={x:&(x,t)=0} (26)

The second order system controlled by the SMC can
be defined as follows;

mii (1) +bx (1) +kx(t) =u(r) 27)

If x = o transformation is used to convert this second
order system to first order system;

N P
X=0= - (u bo loc) (28)
: 0 1 0
X X
[.} —k b { } 1 |u 29
o — —||o —
m m m
[x]=f (x.t)+ Bu (30)

The sliding function ¢ in (26) can be determined as
follows;

e=De=D(x —x)=¢(t)-o(x) 31)
¢(t) - Dxref
o(x)=Dx (32)
do(x) _

dx

where D is the design parameter. If the derivative of the
sliding function is equated to zero, the solution to be
obtained is called the equivalent controller. The derivative
of the sliding function;

de dg(¢) de(x) dx

S S A N i 33

dt dt dx dr 33)
If this equation is rewritten using (30) and (32);

de _dg(1)

—= -D x,t)+ Bu 34

i A CHEED (34)

If (34) is equal to zero, the control signal to be obtained
is equivalent control (4 = ).

de dg (1)
Emeq - —D(f(x,t)+Bueq)=O (35)
DBu,, :%Et)—D(f(x,t) (36)

In order for the closed loop system to be stable, an
appropriate Lyapunov function can be selected as [27, 28].

1 : .
V=55Tg>0 andV =&"é (37)
For stability:

V=-=£"Ge<0 (38)

here G determines the speed of approach of the system
states to the sliding surface and if the derivatives in (37)
and (38) are equalized,

elé=-e"Ge (39)
&' (é+Ge)=0 (40)
£+Ge=0 (41)

is obtained. If (34) is replaced by Eq. (41) to obtain the
control signal,

digt)—D(f(x,t)—i-Bu)—i-Dg:O (42)
)y (1) D+ Do =0 @)

In addition, considering (36).

DBu,, —DBu+Ge =0 (44)

By performing a simple mathematical operation, the
control sign is obtained as follows.

U=y +Ke (45)

where K = G/DB. This will eliminate the chattering effect
with the help of a continuous signal, (Ke), added to the
equivalent control signal (ueq). If f{x, £) and B are unknown
or very little known, (ucq) 'cannot be calculated or will be
very different from the actual (u.q). If the physical effect of
the equivalent control is considered, the average value of
the total control can be regarded as equivalent control. In
this case, it would be appropriate to design a low-pass filter
that determines the average of the entire signal instead of
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the rapidly changing high-frequency components in the
total control signal to find equivalent control.

U=ttg +Au+Ke (46)

where Au is the high-frequency components within the
total control signal and u.q is the average value of the total
control signal. In this case, a low pass filter may be

designed for the estimated equivalent control signal (ﬁeq)
as follows.

U =1y + Tl 47
. 1

Heg = 1+7zs %)

Here 7 = 1/f; is the cut-off frequency of low-pass filter. If
Tleq is written in (45) instead of ucq.

U=ty +Ke (49)

u= u+Ke (50)

I+7zs

For a robust control approach, it is necessary to control
the error and the speed of the error. Therefore, & can be
determined as follows.

e=é+De (51)

As a result, if (51) is substituted in (50), the control
signal is obtained as follows.

u= u+K(é+De) (52)

1+7s

3.1 Memristor-based Differentiator
In the differentiator circuit shown in Fig. 4, the
resistance of the Memistor is automatically changed by its

voltage, which can be used as an adjustable gain [29].

Memristor

-I- e

°- - « ., | i
Caplalcxlor >‘ e.(t)
| Op-Amp

Figure 4 Memristor-based Differentiator Circuit

The Eq. (53) represents the mathematical expression
of memristor based derivator circuit and it is given as.

where, M represents the memristance and C is capacitance.
3.2 Memristor-based Low-Pass Filter

The low-pass filter shown in Fig. 5 has an adjustable
gain and adjustable cut-off frequency as the memristor
memristance can change as a function of the memristor
charge [30].

Memmnstor
M : i
Umem
Vi Capacitor Vo

Ve

Figure 5 Memristor Based Low-Pass Filter Circuit

The filter cut-off frequency and the filter gain are:

Je r 2n 2nMC 54
1
Gipgp = 20l0g| ——e (55)
1+(a)CM)

In the above equations, M is the memristance of the
memristor, C is the capacitance and f. is the cut-off
frequency of low-pass filter.

3.3 Memristor-based Sliding Mode Controller
If the derivative operation and low-pass filter in the
sliding mode control signal given in (52) is carried out by

the memristor based derivator and filter circuits, the control
signal can be written as follows.

u=

( de(t) J
u+K MCT‘FDe (56)

1+7s

Memristor Based
Differentiator

Wrer() o) é(t) u(t) w(t)
: %00 ] o4

1

h 4

1+1s
Menistor Based
Low-Pass Filter

Figure 6 Speed control of the BLDC motor with Memristor based sliding mode
control (Mem-SMC)

The block diagram of the speed control of the BLDC

P (t) - MC de(f ) (53) motor with the memristor based sliding mode control
a dr (Mem-SMC) approach is given in Fig. 6.
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3 SIMULATION

First of all, in the simulation study, the memristor
model in Matlab (2016a)/Simulink Simscape model library
was used. The model parameters are set as shown in Fig. 7.
The model parameter state-A and state-B resistances are
Rox and Rorr resistance values in Eq. (23), respectively.

Block Parameters: Memristor] b
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=1*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: ‘ 1 ‘ ‘ ©Ohm ~ ‘
Resistance of state B: B | [ohm ~]
Total che d for full

sate wanstion: 122 | e 7]
State A fraction at t=0: lo |

Exponent of the window
function:

Cancel Help Apply
Figure 7 Memristor parameter on Matlab/Simulink

In this section, the proposed controller is tested for
reference tracking and error reduction and the results are
given in Figs. 8 to 15. As a reference, a trapezoidal speed
reference with soft changes was first selected, followed by
a square speed reference with sudden changes. In the first
simulation study, 10 rpm trapezoidal and 10 rpm square
speed references was applied.

10

—Reference
— Simulation

Speed (rpm)
o

-10 L 1 1 1 1 1
0 10 20 30 40 50 60
Time (sec)
1 F T T T T T
0.5 Mty
= —Command
S o
=]
-0.5
-1F 1 [ [ 1 1
0 10 20 30 40 50 60

Time (sec)
Figure 8 10 rpm trapezoidal speed ref. (Ron=1 Q and Rorr=2 Q)

As shown in Fig. 8 and Fig. 9, the Mem-SMC has
reached the reference at about 5 seconds in both references
and has successfully followed the speed reference and the
error is around 0.01%. However, when the control signs
were examined in Fig.8 and Fig. 9, chattering effect was

observed despite the application of Continuous sliding
mode control approach.

10 F { 1 4

~ 5f : 1
£ —Reference
g — Simulation
o 0 + .
[0]
[0
Q.
2N |
10 P S_-
0 10 20 30 40 50 60
Time (sec)
1 F ]
WWWWAAN NN
0'5 - ! ! { ! 1! .
3 —Command
a O - 1 ! <
2
05 MWWANMAAAAAA | ' o
1L i i I i i ]

0 10 20 30 40 50 60
Time (sec)
Figure 9 10 rpm square speed ref. (Ron=1 Q and Rorr =2 Q)

In the second simulation study, Ron and Rorr values of
Memristor for the same reference signals were adjusted by
trial and error method (Rox= 2.3 Q and Ropr= 3.1 Q) and
the results in Fig. 10 and Fig. 11 were obtained. The
Chattering effect in the control signal is eliminated.
Moreover Mem-SMC has a faster reaching time when the
speed reference changes to the =10 rpm. In addition, the
Mem-SMC has no overshoot during sudden changes in the
reference.

T T T T T

10 ’ T 1
—Reference ™~

—Simulation

Speed (rpm)
o

5t 1
10 1
0 10 20 30 40 50 60
Time (sec)
1 F ]
05F —
= —Command
©
2 0f 1
=}
051 1
1L I I I i I ]
0 10 20 30 40 50 60

Time (sec)
Figure 10 10 rpm trapezoidal speed ref. (Ron=2.3 Q and Rorr= 3.1 Q)
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£ —Command
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Figure 11 10 rpm square speed ref. (Roxn=2.3 Q and Rorr = 3.1 Q)

Then, 1000 rpm trapezoidal and 1000 rpm square
references were applied respectively to test the
performance of the controller at high speeds. When Ron =
1 Q and Rorr = 2 Q are selected in the memristor
parameters, the obtained results are given in Fig. 12 and
Fig. 13. The reaching time of the Mem-SMC for both
references is around 1 second. In addition, the error in
reference tracking is around +/— 0.01, and the chattering
effect occurred during the time of reaching the reference in
the control signs.

1000 I~
= 500 5 1
£ —Reference
= — Simulation
ko) O - 1 - .
oy
oy
Q.

9 500 f .

-1000 1

0 10 20 30 40 50 60
Time (sec)

5 e ™
2o : ]
=1

—Command
5t ]
0 10 20 30 40 50 60
Time (sec)

Figure 12 10 rpm trapezoidal speed ref. (Rox=1 Q and Rorr= 2 Q)

1000
0 500 .
g —Reference
= — Simulation
° 0r T
@
)
Q.
9 500 +
1000 . | I
0 10 20 30 40 50 60
Time (sec)
10
5t { | / | | | 1
S o . WN— .
5 S [ —Command
_5 b + 28 +
101
0 10 20 30 40 50 60
Time (sec)

Figure 13 10 rpm square speed ref. (Ron=1 Q and Rorr =2 Q)

After the reference was reached, the chattering effect
in the control signals disappeared. Finally, when the
parameters in the memristor model in Matlab/Simulink are
set to Ron= 2.3 Q and Rorr= 3.1 Q, the obtained results
are given in Fig. 14 and Fig. 15. The reaching time to both
references is around 0.5 seconds, and the chattering effect
in the control signals has disappeared and smooth control
signals were obtained. In addition, the Mem-SMC has no
overshoot.

1000 I~

= 500
g_ —Reference
= —Simulation
° 0r 1
®
©
Q.
9 500 +

-1000 [

0 10 20 30 40 50 60

Time (sec)

58

—Command

0 10 20 30 40 50 60
Time (sec)
Figure 14 10 rpm trapezoidal speed ref. (Roxn=2.3 Q and Rorr = 3.1 Q)
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10
51 | | /
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=] —Command
5L 28
-101
0 10 20 30 40 50 60
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Figure 15 10 rpm square speed ref. (Ron=2.3 Q and Rorr=3.1 Q)

4 CONCLUSIONS

In this study, a memristor-based sliding mode
controller is tested in the speed control of BLDC motor and
simulation results are presented. It has been shown that the
Memristor can be applied in nonlinear control methods by
means of a sliding mode controller designed using a
Memristor known as a missing circuit element. Simulation
results show that Mem-SMC is successful in speed control
of BLDC motor. However, the chattering effect seen in the
control signal in the first simulation study is due to the
memristor voltage equation given in equation (23).
Depending on the change in voltage at the controller input,
Memristor receives a resistance value between Ron and
Rorr values. Therefore, a kind of chattering effect occurs
in the control signal. In this simulation study, chattering
effect was eliminated by adjusting the Rox and Rorr values.
In the future, it is planned to test the performance of the
Controller and the effectiveness of this simulation study on
a real system.
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