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ABSTRACT

Switching power converters bring a desired output magnitude using semiconductor devices.
These switching converters are generally classified as voltage lift and super lift. The conventional
lift converters such as buck, boost and buck-boost come under the category of voltage lift tech-
nigue, in which the output voltage increases in arithmetic progression. The other lift approach
that increases the output voltage in the geometric progression is the super-lift method. Nowa-
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days super-lift converters find their role in various applications, because of their high gain and
low ripple. The converter taken for analysis is a modified negative output super-lift Luo converter
(MNOSLCQ). Current mode control (CMC) is employed to maintain a stable DC voltage at the load
side. This is investigated using different types of controllers such as PI, fuzzy, sliding mode con-
troller (SMC) and fuzzy SMC. The performance of these controllers is compared and it is found
that fuzzy SMC results in better line and load regulation. A prototype is developed that validates

the simulation results.

1. Introduction

MNOSLC is a type of super-lift converter which pro-
duces a very high negative voltage with low ripple. It
is derived from the conventional NOSLC circuit. The
modified topology is formed by adding an inductor L,
and diode D3 to the elementary NOSLC circuit. The
negative converter is preferred because negative volt-
age prevents corrosion in metals, reduces the effect
of lightning in telecom towers, overcomes wet cable
problems, aids in cathodic protection and helps in the
long-distance transmission of signals.

The proposed topology shows an increase in voltage
transfer ratio with the increase in passive energy storage
components. The increase in gain is mainly achieved by
the inductor and diode-capacitor multiplier combina-
tion in the circuit. One more significant advantage is the
presence of only one switching device which overcomes
the effect of switching loss and conduction loss.

Although MNOSLC is a new topology, it is always
desirable to have regulation at the line and load side,
which is mandatory for any DC-DC converter. Here,
the technique adopted for line regulation is the cur-
rent mode control (CMC). This control [1] provides
an effective closed-loop performance and makes the
circuit produce the desired output in every region of
operation. DC-DC converters are generally employed

with voltage mode control in which the output voltage
is taken as a feedback signal. However, this control
will not provide an appropriate control action under
different operating conditions. So, an additional loop
referred to as the current loop is implemented that
resolves the problem of voltage mode control. The
interrelation between the voltage and current mode
lies in generating the current reference. The influence
of potential change in voltage mode control is com-
pensated by the current loop introduced that provides
a reference signal [2] for loop regulation. CMC also
offers a good dynamic performance regardless of the
operating conditions.

The analysis of CMC is carried out in a detailed
way using various controllers in this research. These
controllers have been modelled and employed to gen-
erate the current reference for good voltage regulation
in the circuit. The controllers employed are Propor-
tional-Integral (PI) controller [3], fuzzy [4], Sliding
mode controller (SMC) [5] and fuzzy SMC (FSMC)
[6]. The characteristics of each and every controller are
analysed for different operating points and its response
curves are plotted. Since the dynamic response is found
better with low ripple characteristics in FSMC com-
pared to the other controllers, FSMC is chosen for
the current mode control to achieve better regulation.

CONTACT V.Chamundeeswari @ chamuvins@gmail.com @ Department of Electrical and Electronics Engineering, St. Joseph'’s College of

Engineering, Chennai 600119, India

This article has been corrected with minor changes. These changes do not impact the academic content of the article.

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the Accepted

Manuscript in a repository by the author(s) or with their consent.


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00051144.2023.2280875&domain=pdf&date_stamp=2024-03-13
mailto:chamuvins@gmail.com
http://creativecommons.org/licenses/by/4.0/

46 V. CHAMUNDEESWARI AND R. SEYEZHAI

Another important factor that led to the choice of
FSMC is the reduced chattering level in its time-varying
response. Thus, the FSMC technique provides an inner
current loop control with the aid of an outer voltage
loop.

Section 2 deals with an overview of the proposed
work and the modes of operation of MNOSLC. Section
3 deals with the modelling of MNOSLC. Section 4
deals with current mode control and its implementa-
tion using conventional controllers. Section 5 deals with
current mode control implementation using FSMC
along with its prototype developed for line and load
regulation. Finally, Section 6 ends with a conclusion.

2. Overview of the proposed work

The topological structure includes only an additional
inductor and diode in the conventional NOSLC to form
MNOSLC. The output voltage increases in geometric
progression and it is almost six times the input volt-
age which is drastically high. Thus, a power-efficient
DC-DC converter is portrayed in the proposed work.

This section describes the working of a modified Luo
converter with its modes of operation and equations
[7]. The analysis of this novel DC-DC Converter with
its simulation waveforms and a prototype developed
has also been clearly depicted. A slight change in the
topological structure of NOSLC brings high gain and
reduced ripple in its output voltage. The gain of the pro-
posed MNOSLC is found three times higher than the
conventional NOSLC circuit. The performance param-
eters also reveal that the proposed is better compared to
the conventional circuit.

2.1. Modes of operation

Figure 1 shows the circuit of MNOSLC. It consists of
DC supply voltage V1, capacitors C; and C,, inductor
L, and L,, switch Sy, diodes D1, D,, D3 and a load resis-
tance R;. The working principle is explained with the
switch “S;” on and off in two modes of operation, as
shown in Figures 2 and 3.

In mode 1, the switch S; is turned on between the
period 0 and AT. When the switch is closed, the source
voltage causes the current to flow through induc-
tor L; and capacitor C,. Since capacitor C, has zero
impedance to current, capacitor C, charges faster than
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Figure 1. Circuit diagram of Topology 3: MNOSLC.
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Figure 3. Circuit diagram of mode 2.

inductor thus forward biasing the diode D;. Thus, the
charge gets stored in inductors L;, L, and capacitor C,.
During this period, the load current is maintained con-
stant by the discharging capacitor C;. Thus the energy
stored in the capacitor C; during the previous cycle is
transferred to the load.

In mode 2, the switch S; is turned off between the
period AT and T. In this mode, when the switch is
open, the energy that is stored in the inductors Ly, L
and the capacitor C; discharge across the nodal points
of the capacitor Cs, thus boosting the output voltage. To
include figures, tables or text in mode 2, the switch §; is
turned off between the period AT and T. In this mode,
when the switch is open, the energy that is stored in the
inductors L;, L, and the capacitor C; discharge across
the nodal points of the capacitor Cs, thus boosting the
output voltage.

3. Modelling of MNOSLC

The equations governing mode 1 are as follows.
The input voltage V; is given in terms of current flow

through the inductor

di;

dt

V1 can also be represented as

Vi=1L (1)

VCl = V1 (2)
where V¢, is the voltage across the capacitor C;.
The current through the inductor L; is given by
Vindt VinkT
IL L= =
L L

)

where k is the duty ratio and T is the on-period cycle.



Table 1. Simulation parameters of MNOSLC.

Parameters Values
Vin (input voltage) 6V

fs (switching frequency) 50 kHz

k (duty ratio) 0.67

R (resistive load) 100
Expected Vy (output voltage) —36.36V
Ly, Ly (inductors) 0.01 Mh
C4, C; (capacitors) 30 uF, 10 uF

The voltage across the capacitor C; is the load or the
output voltage Vy and during mode 1 it is given as

VCZ = VO (4)

The current through the capacitor C, during on is
given by
dV()
=Jyg=C— 5
0=C— (5)
During mode 2, the current through the inductor L;

is given by

ICZun

_ VO_Vindt:VO_Vin

1
b L Ly

A-KT (6

where Vj is the output voltage and (1 — k) T is the off-
period cycle.
The current through the inductor L; is given by
Vo—Vi Vo—Vi
ILZ — 0 in dt — 0 in
Ly Ly
Equating (3) and (6),
VikT Vo — Vi
L, L

(1-KT (7)

1-KT (8)

From the above, the gain equation is obtained as

Vo 2

= 9

Vin 11—k ®)
The output voltage is given by
2Vin

Vo = 10

=1z (10)

Using the design equations, the simulation parame-
ters are computed, as shown in Table 1.

3.1. Simulation results

MNOSLC is simulated using the design values and the
results are shown in Figure 4.

Figure 4 depicts the simulation results of MNOSLC.
For an input voltage of 6V, as shown in Figure 4(a),
the output voltage obtained is —36.36 V as shown in
Figure 4(b). Figure 4(c,d) represents the input current
as 2.337 A and the output current as —0.36 A. The volt-
age across the diode D; is shown as 38 V in Figure 4(e,f)
show the voltage across the diode D3 as 44 V. Figure
4(g,h) represents the voltage across capacitor C; and
the current through the inductor L; as 5.1 Vand 2.54 A,
respectively.
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4. Current mode control

Generally, voltage regulation is achieved by employ-
ing a suitable controller in DC-DC converters. The
controller employed for DC regulation in the referred
MNOSLC is the current mode control (CMC). In this
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Figure 4. Waveforms of MNOSLC. (a) Input voltage of 6V, (b)
output voltage of —36.36 V, () input current of 2.637 A, (d) out-
put current of —0.36 A, (e) voltage across the diode D, = 38V,
(f) voltage across the diode D3 = 44V, (g) voltage across the
capacitor Cq as 5.1V and (h) current through the inductor L1 as
—254A.
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Figure 4. Continued

technique, [8] the control signal is generated through
the inner current loop. However, it is indirectly influ-
enced by the outer voltage loop. The two control loops
are effectively involved in this CMC technique. First,
in the voltage loop, the output voltage of MNOSLC is
sensed and compared with the reference signal to gen-
erate the error voltage. This is compared with a ramp-
like inductor current to generate the desired PWM
signal. Thus, the outer loop provides a correct control

reference for the inner loop [9]. The comparator out-
puts a latching signal for the switch to turn on and
off.

With this concept, several linear and non-linear con-
trollers are investigated in this chapter. A controller
generally modifies the error signal and produces a
proper control to get the desired output. The con-
trollers employed for MNOSLC compensate for the
load variations and give stabilized output from the
DC-DC converter. To have a mandatory closed-loop
regulation of the DC-DC converter, the controllers
employed are Proportional-integral (PI), fuzzy PI, Slid-
ing mode controller (SMC) [10] and fuzzy SMC. Since
PI acts as a linear controller, compensation for the non-
linearities is introduced using fuzzy [11] and sliding
mode controllers. Although fuzzy and SMC showed a
good dynamic approach, they show sluggish responses.
To overcome this, an integrative method is employed by
combining fuzzy and SMC as FSMC [12]. This gives a
better dynamic response and generates the exact refer-
ence signal for the inner CMC technique [13].

4.1. Description of controllers

To achieve voltage regulation, the PI controller, fuzzy,
sliding mode controller and fuzzy sliding mode con-
troller are studied. These controllers are verified and
their characteristic outputs are depicted from which the
proposed controller is chosen.

First, a PI controller is designed and implemented
for MNOSLC [14]. K, and T; are the PI parameters,
which are tuned using Ziegler-Nichols tuning [15] and
used in the transfer function of the controller and it is
simulated. Although the controller proves to be a bet-
ter linear controller it may not respond well to changes
in the operating point. To overcome this, a non-linear
controller, namely a fuzzy controller is designed by
fuzzyfying the K, and T; values [16] with expert knowl-
edge. Here, it works only for a systematic approach and
prefers the trial and error method in the absence of
expert understanding. So, a robust method of control
is implemented using SMC for uncertainties and other
disturbances. Although the output voltage reaches its
desired value in this, the ripple is higher than the other
two control techniques. Considering the noteworthy
features of fuzzy and SMC a combinational controller,
named fuzzy SMC (FSMC) [17,18], is developed and
proposed here. The proposed approach showed a better
characteristic output and also a satisfactory operation
in all regions. The generation of reference magnitude
is carried out by the prescribed FSMC method in the
current mode control [19].

4.1.1. Implementation of Pl controller for MNOSLC
This section deals with the PI controller. The PI
controller modifies the error signal and produces a



N\ K
(-I—LI-’ D3
s1

AN
Y
71

MA

g
A
A

Vo

PI == er

Ramp

Vr

Figure 5. Pl controller for MNOSLC.

proper output. Initially, the converter transfer func-
tion is calculated and the step response is obtained.
From the response curve, the proportional constant K,
and the integral constant T; values are estimated using
Ziegler-Nichols tuning. These values of K, and T; are
then used for predicting the transfer function of the
controller.
The transfer function of the controller is given as

Vo (s) s+ 1.174e— 14
Vi(s) - s

(11)

Thus, the design of the controller using the transfer
function decides the reference magnitude of the control
signal.

Figure 5 shows the PI controller implemented for
MNOSLC [20]. Here, the output voltage is measured
and compared with its reference signal “C”. The error
generated is given to the controller transfer function
block “TF”. The controller modifies the error signal and
produces a proper latching signal to the switch “S;” by
comparing it with a repeating sequence ramp signal.

The simulation results of MNOSLC using a PI con-
troller are depicted in Figure 6(a-f). Figure 6(a) shows
the input voltage of 6V and the output voltage of
—34.69V as depicted in Figure 6(b). The input current
of 2.7 A is shown in Figure 6(c) and the corresponding
output current of —0.35 A is shown in Figure 6(d). Since
there are two capacitors, the voltage across the capaci-
tor C; is shown in Figure 6(e) as 5.1 V and the diode
voltages D, and D3 are represented in Figure 6(f,g) as
36 and 41V, respectively.

4.1.2. Analysis of output voltage ripple in the
MNOSLC-fed PI controller
The ripple waveform of about 1.57% is shown in Figure
7. The maximum and minimum magnitude of the sig-
nal is —34.7 and —35.25V, respectively.

It shows the ripple obtained in the closed loop of
MNOSLC with the PI controller which is low when
compared to the ripple in the open loop value of 1.64%.
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4.1.3. Implementation of fuzzy controller for
MNOSLC

The PI controller is a good linear controller but may
not respond well to non-linear conditions. Hence
fuzzyfying the values of K, and T; [21] using expert
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Figure 6. Waveforms of MNOSLC using the PI controller. (a)
Input voltage of 6 V, (b) output voltage of —34.69 V, (c) input cur-
rent of 2.7 A, (d) output current of -0.35A, (e) voltage across the
capacitor Cq of 5.1V, (f) voltage across the diode D, of 36 V and
(g) voltage across the diode D3 of 41 V.



50 V. CHAMUNDEESWARI AND R. SEYEZHAI

VC1 (V)

0.6195 0.0196 0.0197 0.0198 0.0199  0.02

Time(s)
(e)VC, =5.1V

40

oY N
S
S22 R T
>

oHHFHHHHHHHHHHEH

0.0195 0.0196 0.0197 0.0198 0.0199  0.02
Time(s)

(f) VD, = 36V

| |
| |
| |
| |
| |
L

0.0196 0.0197 0.0198 0.0199  0.02

Time(s)
(g) VD; =41V

Figure 6. Continued

understanding of the system makes it act as a very good
non-linear controller [22].

In the fuzzy controller [23], as shown in Figure 8,
the output voltage is taken and compared with the
reference. The error generated is given to the fuzzy
controller. Since the fuzzy is a systematic approach
controller [24], it generates the latching signal for the

6.05 6.1 6.15 6.2
Time(s) x10?

Figure 7. Output voltage ripple waveform — Pl controller.
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Figure 8. Fuzzy controller for MNOSLC.
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Figure 9. Fuzzy surface viewer.

switch “S;” with its knowledge-base rule. The surface
viewer with its knowledge base is given in Figure 9.

Figure 9 shows the surface viewer of MNOSLC in
a fuzzy controller. The input in the plot represents the
error signal from the comparator given to the controller
and the output is the reference control magnitude gen-
erated from the fuzzy controller. This signal is again
compared with the ramp to generate the switching pulse
for the converter.

The fuzzy expert knowledge [25] works only on the
rule base and the rules are tabulated in Table 2.

Table 2 conveys the relation between the input fed
to the fuzzy controller and the output obtained from
the fuzzy block. It has segregated the error magnitude
as negative (N), small (S), zero (Z), positive (P) and
positive big (PB). It has been denoted that if the error

Table 2. Rule base table for
a fuzzy controller.

Error (e) Duty ratio (D)
S VS

NS S

z M

P L

PB VL




is small, the latching magnitude should be very small
and for a very small value of error which is called a
negative small, the duty ratio should be small magni-
tude. In the same way, the rules have been framed for
the larger values of error with their corresponding duty
ratio magnitudes.

4.1.4. Simulation results of fuzzy controller

The simulation results are depicted for fuzzy controller-
based MNOSLC in Figure 10(a-f). It shows the input
voltage of 6 V in Figure 10(a) and the output voltage of
—35.5V in Figure 10(b). For an input current of 2.7 A,
the output current of —0.36 A is obtained as shown in
Figure 10(c,d). The voltage across the capacitor C; is
6V in Figure 10(e).
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Figure 10. Waveforms of MNOSLC using a fuzzy controller. (a)
Input voltage of 6 V, (b) output voltage of —35.5V, (c) input cur-
rent of 2.7 A, (d) output current of —0.36 A and (e) voltage across
the capacitor C; of 6 V.
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4.1.5. Analysis of output voltage ripple in the
MNOSLC-fed fuzzy controller

The ripple waveform of about 1.15% is shown in Figure
11. The maximum and minimum magnitude of the
signal is —35.42 and —35.83 V, respectively.

4.1.6. Implementation of the sliding mode
controller for MNOSLC

Controllers like PI and fuzzy have been verified for the
proposed MNOSLC circuit. PT has shown its result with
the justified proportional and integral constant values
and fuzzy has shown itself as a controller that works
based on expert knowledge and systematic understand-
ing. Since it is a knowledge-based approach, it has
made its effort with the trial and error method which
sometimes is a time-consuming approach. Having these
uncertainties, SMC is predicted which works on the
concept of sliding coefficient selection. One significant
feature of SMC is that the error magnitude generation
is not only from the load side but also it considers signal
from the line side capacitor and inductor [26]. It senses
the values of those elements and compares them with
the respective reference signal to generate the latching
signal of switch S;.

4.1.7. Analysis of SMC

A sliding surface equation in the state space can be
expressed by a linear combination of state-variable
errors as given by

S= (i1, Ve, Vo) = Kie1 + Kper + Kzez - (12)

where coefficients Ky, K, and K3 are proper gains, &
is the feedback current error, & is the feedback voltage
error and &3 is the feedback voltage error.

€1 = iL1 — iLlref (13)
g =Vc — VClref (14)
&3 = V2 — Vearef (15)

By substituting (13), (14) and (15) in (12) the sliding
surface “S” equation is obtained as
§ = (i1, Vor, Vez) = Ki(ipy — iryref)
+ Ky (Vey — Verref) + K3 (Vey — Vearef) (16)

35.2
354
2z
2 -35.6
-35.8
-36 4.05 4.1 4.15 4.2
Time(s) X 10'3

Figure 11. Output voltage ripple waveform - fuzzy controller.
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Figure 12. Sliding mode controller for MNOSLC.

Thus, the sliding surface equation obtained in (16)
reflects that it is dependent on the error generated by
the passive component signals. This error magnitude
given as an input to SMC [27] is rectified and a proper
latching signal is provided to the converter.

Figure 12 portrays the SMC controller implemented
for MNOSLC. The inductor current and the capacitor
voltages are measured and compared with its references
multiplied by its gain parameters and then fed to the
adder. The output of the adder is then compared with
a ramp signal to generate the control magnitude for the
switch S of the converter.

4.1.8. Simulation results of SMC
The simulation results are depicted for SMC in this
section.

Figure 13(a—e) portrays the outputs obtained. Figure
13(a) represents the input voltage of 6 V and the respec-
tive input current of —4.2 A as shown in Figure 13(b).
Figure 13(c) shows the output voltage and output cur-
rent of —35.75V and —0. 50 A, respectively. The volt-
age across the capacitor C; is 5V in Figure 13(d,e)
represents the voltage across the diode of 42 V.

4.1.9. Analysis of output voltage ripple in
MNOSLC-fed SMC

The ripple analysis is carried out for the output volt-
age in SMC control. Figure 14 represents the ripple
waveform of output voltage.

The maximum and minimum magnitude level is
—35.25 and —36.88V, respectively. Here the ripple is
4.51%. Although the ripple is slightly high, SMC has
produced the required high magnitude output than the
conventional PI and fuzzy and the settling time of the
response is 0.0005s which is faster than that of the
conventional controllers.

Chattering is defined as the oscillations in the con-
trol output that result in instability. SMC technique
introduces this kind of chattering which is overcome in
fuzzy-based SMC. Tuning the rule base of fuzzy makes
the system travel on the sliding surface “S” in the FSMC
technique and provides stability to the system.
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Figure 13. Waveforms of MNOSLC using a sliding mode con-
troller. (a) Input voltage of 6V, (b) input current of —4.2 A, ()
output voltage of —35.75 V, output current of —0.50 A, (d) volt-
age across the capacitor C; of 5V and (e) voltage across the
diode D3 = 42V.
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Figure 14. Output voltage ripple waveform — SMC.

When ripple is more, it provides an unregulated DC
output in converters and also discontinuous conduc-
tion. Chattering results in low control accuracy and heat



Table 3. Comparative analysis of Pl, fuzzy and SMC.

AUTOMATIKA (&) 53

Table 4. Rule table of FSMC.

Parameter Pl Fuzzy SMC eAe zZ PS PL
Output voltage (V, in V) —34.69 —35.5 —35.75 NL NL NS ZE
Settling time (t; in's) 0.0018 0.004 s 0.003s NS NS ZE PS
Ripple (in %) 1.57 1.15 4.51 Z ZE PL PS
PS PS PL PL
PL PL PL PL

losses in electric circuits. It is caused due to unmodelled
dynamics and discrete time implementation which low-
ers the accuracy of the control. Chattering is created
because of sliding mode control.

4.2. Comparative analysis of Pl, fuzzy and SMC

The analysis of the controllers is tabulated in Table 3.
It has conveyed the feature of SMC in its output
voltage of —35.75V, which is slightly higher than the
conventional PI and fuzzy whose values are —34.69 and
—35.5V, respectively. The time domain characteristics
have also shown SMC as a better controller since the
response of SMC settles at a sooner time of 0. 003 s
[28] than the PI and fuzzy whose settling time val-
ues are 0.0018 and 0.004 s, respectively. It has revealed
the feature of fuzzy in its ripple reduction though it is
a slow expert-based approach. Having these features,
named FSMC is developed in this work to meet the
uncertainties and produce a steady-state output.

5. Implementation of FSMC with CMC for
MNOSLC

The proposed controller [29] overcomes the phe-
nomenon of chattering, reduces the settling time and
provides a good dynamic response compared to classi-
cal controllers such as PI, fuzzy and SMC.

The FSMC [30] is explained with the concept of
fuzzytying SMC parameters using a stability approach.
It defines a sliding surface “S” [31] and the reach of the
surface is highly obtained with the rule frame technique
in fuzzy. The rule frame logic brings control in the duty
ratio “D” of the switching pulse of the converter, thereby
maintaining steady-state output. The FSMC satisfies the
condition of Lyapnov stability which is given by

S$*dS < 0 where dS is the derivative of S (17)

The duty cycle increase and decrease is obtained only
by S and dS.

The sliding surface equation is formed only with the
generated errors which are given below.

S=ki& + k&, (18)

where k; and k; are the respective error gains and &,
and &, are the errors generated from the voltages of
the load and input capacitor by comparing with its
references. This sliding surface and its derivative act
as an input to the fuzzy block, thereby generating the
required duty ratio for the converter. Thus, the fuzzy
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Figure 15. Fuzzy sliding mode controller for MNOSLC.

rule table forms the controlled duty ratio for the con-
verter. These control signals are assigned with five val-
ues negative big, negative small, zero, positive big and
positive small. The change in error to the fuzzy block,
one of the control signals, gives the desired duty ratio,
thereby maintaining the output to a steady-state value.
The rule table is tabulated in Table 4.

Figure 15 represents the FSMC control of MNOSLC
[32] for current mode control. The reference for CMC
[33], (Fang W, Liu X-D, Liu S-C, et al) is generated
using the fuzzy sliding mode controller. To generate the
reference signal, it first compares the load voltage and
the voltage across the input capacitor with its standard
references and generates the error signal. These error
signals are multiplied with their respective gains fed to
the controller and modified to produce a proper control
output that acts as a reference for current mode control
[34]. Thus, the outer voltage loop influences the inner
current loop.

The current mode control [35] is employed. It senses
the inductor current and the rise and fall ramp signal is
fed to a comparator as one of the inputs and the control
magnitude from FSMC is fed as the other input. Thus
both are compared and the required PWM signal for
the converter is produced. So, the inner loop brings a
regulation in the converter with the aid of the outer loop
[36].

To compensate for the non-linearities produced in
other controllers, FSMC is implemented. It overcomes
the drawbacks of the conventional and produces the
desired steady-state output with less chattering and
ripple. Since fuzzy acts as a trial-and-error-oriented
method, sliding mode control is implemented that
works on the concept of sliding surface “S” selection.
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Table 5. Comparative analysis of fuzzy, SMC and Fuzzy SMC
control-fed MNOSLC.

Parameters Fuzzy SMC FSMC
ty (delay time) 0.0001 s 0.00006 s 0.00005 s
t, (rise time) 0.001s 0.0009 s 0.0001s
ts (settling time) 0.004 s 0.003 s 0.001s
Oscillatory response Yes Yes No
Ripple (%) 1.816 1.709 1.64

The system response is made to follow the sliding sur-
face, and if any deviation occurs from the sliding sur-
face, the controller will take respective action to bring
the response to the line of the surface. However, with
the SMC technique, the switching operation proceeds
at discrete intervals of time which introduces chatter-
ing. To minimize this, fuzzy logic is implemented which
compensates the deviation produced in SMC with its
rule base and provides system stability. A compara-
tive analysis is carried out with the fuzzy and SMC
techniques as tabulated in Table 5.

It is clearly shown that the fuzzy SMC shows better
results than the conventional fuzzy technique in terms
of the following.

(1) The settling time (t;) of the response in fuzzy is
0.004 s whereas in Fuzzy SMC it settles at 0.001 s.

(2) Thedelay time (¢;) and rise time (#,) are 0.0001 and
0.001 s for fuzzy control and 0.00006 and 0.0009 s
for SMC whereas it is about 0.00005 and 0.0001 s
in FSMC control which is comparatively low when
compared with SMC and fuzzy.

(3) The output voltage is —35.45V in fuzzy and there
is an increased output of —35.57 V in FSMC con-
trol.

5.1. Simulation results of the FSMC-fed MNOSLC -
line regulation

MNOSLC circuit is simulated for different values of
input voltages and the response curve is plotted, as
shown in Figure 16.

ESMC technique introduced in MNOSLC has con-
veyed the concept of line regulation. The simulation is

Vo for various Vin (V)

0 0.005 0.01
Time(s)

0.015 0.02

Figure 16. Line regulation plots of MNOSLC using FSMC.

carried out for 4.5, 5, 5.5, 6 and 6.5 V. It shows that the
output lies between the range of —33 and —37 V. This
shows that for variation in input, the output is main-
tained between the respective regulated limit values.

5.2. Simulation results of MNOSLC-fed FSMC -
load regulation

The regulation of the output voltage across the load is
depicted in this section. The maintenance of standard
DC magnitude for varying loads is shown here.

Figure 17 depicts the load regulation of MNOSLC
using CMC-based FSMC control. It shows the magni-
tude of —35.33V for the ohmic value of 482 and the
variation goes to —35.82 for 49 Q. The output volt-
age magnitude has been depicted for 50 and 52 Q2 as
—36.62 and —36.79 V. It also clearly shows a magnitude
of —36.89V for 54. This conveys that the regulation of
the voltage is maintained around —36 V which satisfies
the property of the controller. Thus, the load regulation
is also achieved properly.

5.3. Hardware results of FSMC-fed NOSLC - line
regulation

A prototype developed for MNOSLC is depicted in
Figure 18. It shows the implementation of the PIC
16F877A microcontroller, driver IR2101 and the con-
verter. The PIC controller projects the function of
FSMC clearly to get the regulated output and the
switching duty ratio which is maintained due to its per-
formance. MNOSLC also depicts the rise of output for
the input voltage applied.

The line regulation has been explained with the con-
cept of maintaining the regulated output around —36 V
for different values of input voltages. Here it is depicted
for two input voltages of 4.8 and 6 V, as shown in Figure
19. For 4.8V, it shows an output of —34.6 and for 6V, it
shows an output of —36.4 V. The geometric progression
is shown in the proposed value of 6 V with an output
magnitude of —36.4 V.

Vo for varying loads (V)

0 0.005 0.01 0.015 0.02

Time(s)

Figure 17. V, (V) for variable loads.
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Figure 18. Overall Hardware of MNOSLC Vi, of 4.8V with V¢
of —34.6V.

Figure 19. Vi, of 6 V with Vyyr of —36.4 V.

5.4. Hardware results of MNOSLC-fed FMSC - load
regulation

The hardware results of load regulation are depicted in
this section. The voltage across the load is measured
for varying loads and the constant level maintenance
is depicted, thereby influencing the process of load
regulation using CMC-based FSMC control.

The regulation at the load side is depicted in the fig-
ures. Figure 20 shows the output voltage of —36.6 V for
aload of 2 K. For the value of 1 K load, Figure 21 shows
the output voltage of —35.8 V. One important feature is
the regulation which is again maintained around —36 V
even at the load side. Thus, the proposed concept is
verified and validated at the source and the load side.

Chattering is defined as the oscillations in the con-
trol output that result in instability. SMC technique
introduces this kind of chattering which is overcome
in fuzzy-based SMC. Tuning the rule base of fuzzy
makes the system travel on the sliding surface “S” in
the FSMC technique and provides stability to the sys-
tem. To overcome the chattering, the fuzzy technique

Figure 21. V, of —35.8V for 1 K load.

is implemented as a method handler which is consid-
ered a non-conventional robust control. It is suitable
for non-linear control a system that is characterized by
parametric fluctuations.

Although a Fuzzy sliding mode controller is used to
control partly unknown non-linear dynamic parame-
ters of the non-linear system and the chattering effect
without losing robustness against inaccuracies and
varying loads, there exist some weak points and borders
of the FSMC technique which are given as follows.

5.5. Reaching phase

From the initial to the reach of the sliding surface is
called the reaching point. It is tuned only by the con-
troller and carried out by trial and error method. In
this, the fuzzy rule base makes the response travel on
the sliding surface.

The weak and the border points have been proposed
for external load disturbance and found that the fuzzy
tuning in SMC gives a better response for the load
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Figure 22. Output voltage (V,) of MNOSLC using FSMC for the
variation in the load.

disturbance between 50 and 60 €2 when compared to a
range between 40 and 45 €2 for an input of 6 V, as shown
in Figure 22. It gives an output around —35V for the
load values ranging between 50 and 60 ohms, whereas
it gives an output of —31V for the other values of load.

6. Conclusion

This work has given the detailed analysis of differ-
ent controllers employed for line and load regulation
in MNOSLC circuits. The controllers portrayed are
PI, fuzzy and SMC. The response of the PI controller
has been shown only for the linear region of opera-
tion, as well as the output voltage ripple is found high,
so, the non-linearity focus has been depicted through
the implementation of a fuzzy controller. The expert
knowledge concept is shown through the fuzzy rule
base. The slow approach using fuzzy is compensated by
the introduction of a sliding mode controller. The slid-
ing coeflicient selection for the generation of an ener-
gizing pulse has been portrayed. Although SMC has
been shown in a better way than the conventional, the
existence of duty cycle oscillation in this technique has
been depicted. To compensate for these uncertainties,
the implementation of FSMC has shown itself as a good
dynamic controller with low ripple and steady-state
output. Thus, the reference signal generation through
FSMC has been conveyed for the current mode con-
trol. CMC has shown the line regulation through the
comparison of inductor current with its reference mag-
nitude and generation of exact duty cycle pulse to get
a steady-state output. The effect of chattering and the
weak points of FSMC are also explained.
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