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Abstract This article presents a design, output voltage and inductor current regulations of the

negative output elementary boost converter (NOEBC) operated in continuous conduction mode

(CCM) using sliding mode controller (SMC) plus proportional double integral controller

(PDIC). The NOEBC is a dc–dc converter that can provide high voltage transfer gain, high

efficiency, and reduced output voltage and inductor current ripples in comparison with the

conventional boost converter. Owing to the time varying switched mode operation, the

dynamic characteristics of the NOEBC is non-linear and the designed SMC plus PDIC aims

at enhancing the dynamic characteristics along with the inductor current and the output volt-

age regulations of the NOEBC. The proposed SMC is more appropriate to the essentially

variable-structured NOEBC when represented in the state-space average based model. Here,

the PDIC suppresses the steady state error and excellent initial start-up response of NOEBC

in spite of input supply voltage and load resistance variations. The performance of the SMC

plus PDIC is verified for its robustness to perform over a broad range of working conditions

in MATLAB/Simulink models as well as in the experimental with the comparative study of a

SMC plus proportional-integral-controller (PIC). Simulation and experimental results are pre-

sented.
� 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In modern days, the dc–dc conversion topologies are develop-
ing very fast and it is more suitable for various medical equip-
ment, power supply for telecommunication network, power

supply for computer hardware parts, robot systems, defense
electronic power supplies, renewable energy power systems,
military applications and many more [1–3]. In theoretical point

of investigations, the conventional dc–dc converters such as
the buck, boost, buck–boost, Cuk, SEPIC (single-ended pri-
mary inductor converter), and Zeta converter can achieve a
huge voltage transfer gain through an extremely high duty

cycle [4–8]. However wretchedly, in real-time practice, which
is limited due to the effect of power semiconductor switches,
rectifier power diodes and the equivalent series resistance

(ESR) of storage elements. Furthermore, the extremely huge
duty-cycle operation of the converter will affect in a grave
reverse-recovery trouble.

The super-lift technique (SLT) increases the output voltage
stage by stage in geometric progression, whereas the negative
output elementary boost converter (NOEBC) does the same

with a simple formation [9]. The NOEBC is an attractive dc–
dc converter topology, which converts the positive dc source
voltage into negative dc load voltage. The intensive research
has offered most new dc–dc converter circuit topologies

reported in [10]. These converters in general have intricate
non-linear models with parameters variation. The understand-
ably better candidate in the family of dc–dc converters, the

NOEBC, is well thought-out for this article study.
The most famous modeling methods for higher order dc–dc

power converters are signal flow graph (SGF) and state space

averaging methods [11–14]. The SGF method is simple but
dynamic performance is still limited as high frequency compo-
nents are averaged out in the model. It makes the controller
unsuitable for large-signal dynamic control. The small-signal

analysis of dc–dc converters with sliding mode controller
(SMC) has been reported in [15]. It would not envisage the
dynamic response of a switching converter in saturated region

and works only for a particular best possible operating
condition.

The realization of classical linear controllers namely, pro

portional-integral-derivative (PID) or proportional-integral-c
ontroller (PIC) for the outer voltage loop control has been well

executed in [16–19]. However, these controllers are very sensi-
tive to circuit parameter changes, and transform in working
state, input supply voltage and load variations.

The victory of classical non-linear controller lies in per-

forming superior against these problems as dc–dc converters
are naturally variable structure systems (VSS) [20]. The con-
troller of NOEBC must manage with their intrinsic nonlinear-

ity and large input voltage and load variations, ensuring
stability in any working condition providing fast transient
and enhanced dynamic responses. Fundamentally, the SMC

utilizes a high-speed switching control law to drive the nonlin-
ear phase trajectory onto a precise surface in the state space,
called the sliding or switching surface, and to keep it on this

surface for all consequent time [21–25]. All these traditional
based SMCs offer many merits over the linear PIC or PID con-
troller; they provide stability even for large line and load vari-
ations, robustness, good dynamic response, and simple

implementation.
Claim of SMC at variety of sliding surfaces for dc–dc con-

verters has been well reported in [26–31]. However, these con-

ventional SMCs are enforcing the system phase trajectory
along with ideal sliding surface at infinite frequency. This is
undesirable, as high operating switching frequency will result

in excessive switching losses, inductor loss and electromagnetic
interference (EMI) noise problems. The reduced order SMC
for Cuk’ dc–dc converter has been dealt [32]. However, this

article discussed about the control of output voltage and sup-
ply current for Cuk’ converter using SMC, which generated
more initial start-up overshoots as well as dynamic operating
regions. The reduced order based fixed switching frequency

SMC for negative output elementary super lift Luo-converter
has been well addressed in [33]. However, this article presented
the control of output voltage, inductor current for selection of

single integral based sliding surface, which resulted the more
steady state error, large start-up settling time of the response,
and large overshoots during the dynamic conditions and also

difficulty controller implementation. Current distribution con-
trol for paralleled POESLLCs and output voltage regulation
of NOBC using variable frequency based SMC has been well
presented in [34,35]. But, these articles are considered the con-

trol of output current and output voltage for sensing all the
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state variables of the converters to form the sliding surface for
the SMC, which reported the large number of sensor units, and
huge number of mathematical calculations are necessary and

also huge overshoots during dynamic performance at input
supply voltage and load variations. The fixed switching fre-
quency based SMC for higher-order dc–dc converters has been

addressed in [36,37]. Yet, this control method has more calcu-
lations, complex implementation and needs of larger sensors
for sensing the circuit feedback variables. The double integral

type of indirect SMC for power converters has been reported
[38,39]. The main advantages of the double integral term are
added to SMC to reduce the steady state error and also good
regulation in comparison with single integral term. Reduced

order linear quadratic regulator plus proportional double inte-
gral controller for positive output elementary super lift Luo-
converter has been presented [40]. The simulation and experi-

mental results of the same double integral controller have pro-
duced reduced peak overshoots, quick settling time and
excellent steady state error regulation in comparison with sin-

gle integral controller. These abovementioned problems are
overcome by the proposed sliding mode controller (ROSMC)
plus proportional double integral controller (PDIC).

Therefore, in this paper, it is proposed to design a variable
frequency based SMC plus PDIC for NOEBC operated in con-
tinuous conduction mode (CCM). The state-space average
model for NOEBC is derived at first and then SMC plus PDIC

is developed. The performance of NOEBC with developed
SMC plus PDIC is verified at different working regions viz.
proper choice of the controller parameters. This initiative

and attempt of implementing a SMC for VSS in an analog
platform will be a useful contribution to researchers working
in this field and also a simple solution to the problems con-

nected with the conventional SMC. The tuning of PDIC
parameters is obtained by using Ziegler Nichol’s tuning
method. The sliding surface coefficient of SMC is found by

using state space average model of the NOEBC. The main
quality of the designed SMC is implementation with variable
frequency (within the boundary limit), simple control struc-
ture, small computation, simple implementation and less num-

ber of sensing devices.
The organization of this paper is as follows. Section 2 pre-

sents the operation and state-space average modeling of the

NOEBC. The systematic design procedure of SMC plus PDIC
for the NOEBC is presented in Section 3. The simulation and
experimental results of the NOEBC and conventional boost
Figure 1 The power circuit of NOEBC, (a) topology, (b) equivalent

stage 2 operation.
converter using SMC plus PDIC and SMC plus PIC at the var-
ious operating regions are discussed in Sections 4 and 5. The
conclusions are listed in Section 6.

2. Circuit operation and state space average modeling of a

NOEBC

2.1. Circuit description and operation of NOEBC

The power circuit diagram of NOEBC is shown in Fig. 1(a). It
includes DC input supply voltage Vin, capacitor C1, and input
inductor L1, power switch (n-channel MOSFET) Q, freewheel-

ing diodes D1, and load resistance R. The efficient voltage step-
up capability can be attained by controlling the power switch
Q of the NOEBC. It is assumed that all the components are

ideal and also the NOEBC operates in CCM. To analyze the
operation of the NOEBC, the circuit can be divided into two
stages, viz. the switch-ON and the switch-OFF. Fig. 1
(b) and (c) shows the two operation intervals of the NOEBC

[9].
In stage 1 operation, when the switch Q is ON, the capac-

itor C1 is charged by supply voltage Vin and the current

through the inductor iL1 increases with Vin. The equivalent cir-
cuit of NOEBC in stage 1 operation is shown in Fig. 1(b). In
stage 2 operation, the switch Q is OFF, and iL1 decays with

the voltage of – (VC1 � Vin). The current iL1 flows through
the freewheeling diode D1. The equivalent circuit of NOEBC
in stage 2 operation is shown in Fig. 1(c) [9]. The voltage trans-

fer gain is

G ¼ Vo

Vin

¼ 1

1� d
� 1 ð1Þ
2.2. State space averaging analysis of NOEBC

The state variables of NOEBC are the inductor current iL1 and
the capacitor voltage VC1 (=Vo) respectively x1 and x2. When
the switch is in ON state (Fig. 1(b)), the state space equation

can be engraved as

diL1
dt

¼ Vin

L1

dVC1

dt
¼ VC1

C1R
� Vin

RC1

(
Switch ON ð2Þ

Similarly, when the switch is in OFF state (Fig. 1(c)), the
state space equation can be inscribed as
circuit during stage 1 operation, and (c) equivalent circuit during



Table 1 Specifications of the NOEBC.

Parameters name Symbol Value

Input voltage VIN 12 V

Output voltage Vo �36 V

Inductor L1 100 lH
Capacitors C1, Co 30 lF
Nominal switching frequency f 100 kHz

Load resistance R 50 X
Output power Po 25.92 W

Input power Pin 28.236 W

Average input current Iin 2.283 A

Efficiency g 94.6%

Average output current Io �0.72 A

Duty ratio d 0.75

Peak to peak inductor current ripple DiL1 25% of Iin
Peak to peak output capacitor ripple voltage DVo �0.18 V
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diL1
dt

¼ Vin

L1
� VC1

L1

dVC1

dt
¼ iL1

C1
þ Vin

RC1
� VC1

RC1

(
Switch OFF ð3Þ

The state-space average modeling of the equivalent circuit
of NOEBC with state variables iL1 and VC1 is given by [11–14].

_iL1
_VC1

" #
¼

0 � 1�d
L1

1�d
C1

� 1
RC1

" #
iL1

VC1

� �
þ

1
L1

1�2d
RC1

" #
Vin ð4Þ

where d is switching duty cycle of the switch or the status of the
switch (d= 1 when the switch is ON, and d = 0 when the
switch is OFF).

A ¼
0 � 1�d

L1

1�d
C1

� 1
RC1

" #
; B ¼

1
L1

1�2d
RC1

" #
ð5Þ

where A and B are averaged system state space matrices.

2.3. Design of NOEBC components

The NOEBC parameters are designed with the following spec-
ifications listed in Table 1.

The calculated values of the inductor and capacitor of
NOEBC are
Figure 2 Design of SMC plus PDIC, (a) the control scheme for NO

phase plane using SMC plus PDIC.
L1 ¼ VC1�Vin

DiL1
ð1� dÞT ¼ 100 lH

Co ¼ d
fDVo

Vo

R
¼ 30 lH

ð6Þ

The design parameters are substituted in (5) and after using
the phase-variable transformation, A and B matrices become

A ¼ 0 �2500

8333 �666:67

� �
; B ¼ 0

1

� �
ð7Þ
3. Design of control techniques

The main aim of this section is to discuss about the design of
controller for NOEBC. The controller is divided into two
loops namely, an inner current loop which uses SMC for con-

trol the inductor current, and an outer voltage control loop
utilizing the PDIC to regulate the output voltage and steady
state error of NOEBC as shown in Fig. 2(a).

3.1. Design of SMC

Let J be the vector which contains dynamic variables, X be the
original state variables and e be the error vector.

J ¼ j1 j2½ �T; X ¼ x1 x2½ �T; e ¼ e1 e2½ �T

Considered the actual state variables are x1 = iL1,
x2 = Vo = Vc1, and dynamic reference variables are j1 = iL1ref,
j2 = Voref. The error values e1 and e2 are expressed as (8)

e1 ¼ j1 � x1½ � ¼ iL1ref � iL1
� �

e2 ¼ j2 � x2½ � ¼ Voref � Vo

� � ð8Þ

Using the phase-variable transformation to represent the
NOEBC while fixing the sliding surface S(e, t), the state space

average model of NOEBC in phase-variable form is expressed
by (9)

_X ¼ AXþ Bu ð9Þ
where

A ¼ 0 �2500

8333 �666:67

� �
; B ¼ 0

1

� �
ð10Þ

For a NOEBC, the S(e, t) is defined as the linear function of
tracking vector and is given by (11)
EBC and (b) simulated result of region of existence of SM in the



Table 2 Simulated results – ISE, IAE, ITAE and optimal

values of Kp and Tis.

ISE IAE ITAE Kp Tis (s)

4.352e+5 1.347e+4 3.175e+6 0.013 0.0011 and 0.00133
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Sðe; tÞ ¼ ½K�½e� ð11Þ
where co-efficient vector K ¼ K1K2½ � and K1;K2 > 0.

The aim of the tracking error problem is to keep the error

vector (e) always on the sliding surface S(e, t) = 0, which
implies that the error signal converges exponentially to zero
and is engraved by (12).

_S e; tð Þ ¼ K½ � _e½ � ¼ 0 ð12Þ
On the sliding surface, a second-order system model is

reduced to first-order system model with stable linear differen-

tial equation. In addition, the system dynamics on the sliding
surface is computed only by the controller co-efficient vector
K. Thus, the control is insensitive to parameter variations.
To calculate the control law, the error state space equation

using the nearby states is derived as indicated in (13) and (14).

_e ¼ _J� _X ð13Þ
_e ¼ _J� AXþ Bu ð14Þ
Substituting X= J–e in (14), _e is expressed as

_e ¼ _J� AJþ Ae� Bu ð15Þ
The Filippov’s average equivalent switch control ueq that guar-

antees the _Sðe; tÞ ¼ 0 is found as

_S ¼ Ke ¼ ½K� _J� AJþ Ae� Bueq
� � ¼ 0 ð16Þ

The value of control signal is found by using the above
equation and it can be expressed as

ueq ¼ ½KB��1
K _J� AJþ Ae
� � ð17Þ

Substituting (17) into (15) gives the system error dynamics sig-
nals as

_e ¼ _J� AJþ Ae� BðKBÞ�1
K _J� AJþ Ae
� �

_e ¼ I� BðKBÞ�1
K

h i
_J� AJþ Ae

� � ð18Þ
By applying invariance condition _J� AJ

� � ¼ 0, the above

equation is simplified as

_e ¼ I� BðKBÞ�1
K

h i
Ae ¼ Aeqe ð19Þ

If ðKBÞ�1
exists, the vector K is derived by choosing the

eigenvalues of Aeq such that it guarantees the asymptotic con-

vergence of error to zero at the desired value. The matrix Aeq is

selected to satisfy (19) and is expressed as

Aeq ¼
�0:904 0

0 �0:099

� �

The values of matrix K are then found using (19) as

K ¼ K1 K2½ � ¼ 1 0:09½ � ð20Þ
Thus, the sliding surface S is given by

S ¼ K1e1 þ K2e2 ð21Þ
Eq. (21) indicates that if the NOEBC works in sliding mode

(when S= 0, stability condition), the dynamics of errors e1
and e2 be possible exponentially to zero with a time constant
ratio of K1/K2. While in the step transient’s period, the NOEBC
is in reachingmode, and therefore for this useK1 andK2 are com-

puted to be in 1 and 0.09, respectively. Also (19) describes the
error action under SMC. Once the sliding surface S(e, t) = Ke
is designed then the control law for hitting condition is defined as
u ¼ M sgnðSÞx2

¼ Ux2

ð22Þ

where
U ¼ 1 for S > d
U ¼ 0 for S < d

.

(U= 1 when the switch is the conduction subinterval, and

U= 0 when the diode is the conduction subinterval).
In this work, d= 0.05 is selected by trial and error iterative

method. The (22) is applied to generate the gate pulse to drive
power MOSFET of NOEBC, which in turn regulates DC out-

put voltage, steady state error and inductor current.
In this work, M is constant number and equal to unity so

that SŚ< 0 (existence condition is satisfied). The reaching con-

dition ensures that the tracking error trajectory is asymptoti-
cally involved to S= 0 (stability condition). It is shown that
Eq. (22) does not depend on the working regions, system

parameters and limited disturbances. This is achieved as long
as the control input u is more enough to maintain the NOEBC
subsystem in sliding mode.

SðXÞ ¼ X1 þ K2X2 ð23Þ
where KT = [1, K2] is the vector of sliding surface coefficients
which correspond to K in (17)

_SðXÞ ¼ KTAXþ KTBUþ þ CTD; for SðXÞ > 0

KTAXþ KTBUþ þ CTD; for SðXÞ < 0

(
ð24Þ

After substituting the values of A, B, C and K, the above
equation can be expressed by

S1ðXÞ ¼ 8333K2X1 � 2500K1X2 � 666:67K2X2

S2ðXÞ ¼ 8333K2X1 � 2500K1X2 � 666:67K2X2 þ K2

ð25Þ

Equations S1(X) = 0 and S2(X) = 0 define two lines in the
state plane with the same slope passing through the origin.

These equations represent the sliding surface for switch ON
state and OFF state conditions, which are limited to single
and the sliding surface of a NOEBC with SMC for K1, K2 is

shown in Fig. 2(b). From this phase trajectory, it is clearly
observed that the suitable value of K2 controls the dynamic
response of the system proficiently. When the phase trajectory
is above the sliding surface, the switch is turned off state

(U= 0) and when the phase trajectory is below the sliding sur-
face, the switch is turned on state (U= 1).

3.2. Design of PDIC

A PIC/PDIC is selected for providing the better output voltage
regulation in NOEBC. The DC output voltage is sensed and

compared with reference output voltage, and error signal is
obtained. This error signal is processed by the PIC/PDIC to
maintain the output voltage constant and to reduce the steady

state error. The PIC/PDIC parameters, proportional gain (Kp)
and integral times (Ti), are obtained by using Zeigler–Nichols
tuning method [16–19].
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The transfer function (T.F) model of NOEBC is,

T:F ¼ �333:3sþ 8:333e7

s2 þ 666:7sþ 2:083e7
ð26Þ

The characteristics equation with proportional control (K)

of (26) is expressed by

S2 þ ð666:7� 333:3KÞsþ ðK8:33e7 þ 2:083e7Þ ¼ 0 ð27Þ
The Routh array of equation (27)is

S2: 1 K8.33e7 + 2.083e7

S1: 666.7 � 333.3K

S0: K8.33e7 + 2.083e7

From this Routh array, the range of K for stability is
K8.33e7 + 2.083e7 > 0, K= �0.33, (666.7 � 333.3K) > 0,

K> 2, 0 < K< 2. So, the ultimate critical gain Kcr = 2.
When K= 2, the imaginary root since the S1 row is identically
0. The corresponding auxiliary equation is

S2 þ ð16:66þ 2:083Þe7 ¼ 0

and their corresponding roots are xn = 13527.7 rad/s and
Pcr = 2 * pixn = 84954.26. After tuning the controller using

this method, the NOEBC reaches expected steady state with
few oscillations, where the ultimate gain for stability can be
found as Kcr = 0.02 and their corresponding ultimate period
as Pcr = 0.0012 s. Using this method the values of Kp =

Kcr/2 = 0.01205 and integral time Ti = Pcr/.2 = 0.00133 s
are determined. Also, the another value of Ti = 0.0011 is
found by trial-error method based on the system performance

and errors of time. The optimal values of Kp and (Ti)s of PDIC
for dc output voltage regulation of NOEBC are obtained by
computing the minimum values of integral of square of error

(ISE), integral of time of square of error (ITAE) and integral
of absolute of error (IAE) using simulation, which are listed
in Table 2.

The SMC plus PDIC scheme for a NOEBC converter is

shown in Fig. 2(a), where the PDIC voltage controller and
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Figure 3 (a) Simulated startup-response of average output voltage of

SMC plus PIC and (b) Simulated response of output voltage of NOE
SMC act as outer voltage controller and inner current con-
troller, respectively. The input to the PDIC is the output volt-
age error and the output sets the average reference inductor

current for inner current loop. The inputs to the SMC are out-
put voltage error e1 and the current error e2. The output of
SMC u is the control signal, which in turn sets the new duty

ratio of the switching pulse for driving the power MOSFET
switch.
4. Simulation results and discussions

The main purpose of this section is to discuss about the sim-
ulation results of NOEBC and conventional boost converter

with designed control schemes. A SMC plus PIC is used
for comparison with the designed SMC plus PDIC. The val-
idation of the system performance is done for five different

conditions viz. start-up transient, line variation, load varia-
tion, steady state region and also circuit components varia-
tions. The MATLAB/Simulink simulation model is
performed on the NOEBC circuits with specifications listed

in Table 1.

4.1. Start-up transient

Fig. 3(a) shows the dynamic behavior in the start-up region
for output voltage of NOEBC for Vin = 12 V and
R= 50 X using both control schemes. It can be found that

output voltage of NOEBC using SMC plus PDIC has a neg-
ligible overshoot and quick settling time of 0.003 s, whereas
for NOEBC using SMC plus PIC there are overshoots of
�0.06 V and long settling time of 0.008 s. Fig. 3(b) shows

the output voltage of designed controller for both the
NOEBC and conventional boost converters in start-up
region. From this figure, it is clearly shown that the output

voltage of NOEBC has negligible initial start-up overshoot
and quick settling time over the conventional boost converter
during the transient region.
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Figure 4 Simulated responses of output voltage, inductor current and input voltage with R= 50 X at line variation, (a) for input step

change from 12 V to 09 V at time of 0.05 s using SMC plus PDIC, (b) for input step change from 12 V to 09 V at time of 0.05 s using SMC

plus PIC, (c) for input step change from 12 V to 15 V at time of 0.05 s using SMC plus PDIC, (d) for input step change from 12 V to 15 V

at time of 0.05 s using SMC plus PIC, (e) Simulated response (zoomed) of output voltage of NOEBC for input step change from 12 V to

15 V at time of 0.05 s using both controllers, and (f) simulated response of output voltage of NOEBC for input step change from 12 V to

9 V at time of 0.05 s using both controllers.
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Figure 5 Simulated responses of output voltage of NOEBC with Vin = 12 V at load variation (a) when load value takes a step changes

from 50 X to 60 X at time 0.05 s using SMC plus PDIC and SMC plus PIC, (b) zoomed output voltage when load value takes a step

changes from 50 X to 60 X at time 0.05 s using SMC plus PDIC and SMC plus PIC, (c) when load value takes a step changes from 50 X to

40 X at time 0.05 s using SMC plus PDIC and SMC plus PIC, and (d) zoomed output voltage when load value takes a step changes from

50 X to 40 X at time 0.05 s using SMC plus PDIC and SMC plus PIC.
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4.2. Line variation

Fig. 4(a)–(d) shows the simulation responses of average output
voltage and inductor current of NOEBC using both SMC plus
PDIC and SMC plus PIC for input voltage step change from
12 V to 15 V and 12 V to 9 V at time of 0.05 s. Fig. 4(e) shows

the distended form of response of output voltage of NOEBC
for input voltage step change from 12 V to 15 V at time of

0.05 s. From this figure, it is clearly found that simulated
responses of output voltage of NOEBC using SMC plus PDIC
have overshoot of �0.8 V and settling time of 0.006 s, whereas
for NOEBC using SMC plus PIC there are overshoot of

�1.6 V and long settling time of 0.007 s. Fig. 4(f) shows the
distended response of output voltage of NOEBC for input
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Figure 6 Simulated results of NOEBC in steady state conditions, (a) output voltage and inductor current iL1 in steady state condition

using SMC plus PDIC, (b) output voltage and inductor current iL1 in steady state condition using SMC plus PIC, (c) sliding surface using

SMC plus PDIC at Vin = 12 V and load R= 50 X, (d) sliding surface in steady state condition, (e) plot of steady-state output voltage

against switching frequency using both the controllers at minimum output current Io = �0.36 A, and (f) plot of steady-state output

voltage against switching frequency using both the controllers at maximum output current Io = �1.8 A.
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voltage step change from 12 V to 9 V at time of 0.05 s. It
pinpoints that the output voltage using SMC plus PDIC has

overshoot of �1.1 V and settling time of 0.006 s, while the
SMC plus PIC has the overshoot of �2.5 V and long settling
time of 0.007 s. From Fig. 4(a)–(d), it is well evidenced that
the simulated results of the designed SMC plus PDIC exhibited

an outstanding performance in comparison with a SMC plus
PIC under the line variation.
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4.3. Load variation

Fig. 5(a) shows the simulation response of output voltage of
NOEBC using both control schemes for load step change
from 50 X to 60 X at time of 0.05 s. Fig. 5(b) shows the dis-

tended response of output voltage of NOEBC. The SMC
plus PDIC possesses the overshoot of �0.8 V with settling
time of 0.006 s and negligible steady state error, whereas
in SMC plus PIC there are overshoot of �1.6 V with long

settling time of 0.007 s and steady state error of �0.06 V.
Fig. 5(c) shows the simulation response of output voltage
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Figure 7 Simulated results of circuit components variation and perfor

inductor variation from 100 lH to 150 lH using SMC plus PDIC an

variation from 30 lF to 100 lF using SMC plus PDIC and SMC plus

and (d) input power, output power and efficiency using SMC plus PD
of NOEBC using both control schemes for load step change
from 50 X to 40 X at time of 0.05 s. Fig. 5(d) shows the dis-
tended response of output voltage for both the cases. SMC

plus PDIC has overshoot of �1.1 V with settling time of
0.006 s and negligible steady state error. The SMC plus
PIC has the overshoot, the long settling time and steady

state error as �2.5 V, 0.007 s and �0.06 V respectively.
Fig. 5(a)–(d) proves that the designed SMC plus PDIC
results in less overshoot, quick settling time and negligible

steady state error in comparison with a SMC plus PIC
under the load variation.
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Figure 8 Experimental circuit and results of NOEBC using proposed controller at line variation, (a) Laboratory prototype model of the

NOEBC using a SMC plus PDIC in analog platform, (b) output voltage of NOEBC using SMC plus PDIC for input step change from

12 V to 15 V at time 0.05 s with R = 50 X, and (c) output voltage of NOEBC using SMC plus PDIC for input step change from 12 V to

09 V at time 0.05 s with R= 50 X [Ch1:5V/Div-output voltage and Ch2:5V/Div-input voltage].
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Figure 9 Experimental results of NOEBC using proposed controller at load variation (a) output voltage of NOEBC using SMC plus

PDIC for load step change from 50 X to 60 X at time 0.05 s with Vin = 12 V and (b) output voltage of NOEBC using SMC plus PDIC for

load step change from 50 X to 40 X at time 0.05 s with Vin = 12 V [Ch1:1A/Div-output voltage and Ch2:5V/Div-input voltage].
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4.4. Steady state region

Fig. 6(a) and (b) shows the simulated instantaneous output
voltage and the inductor current of NOEBC in the steady state
region using both control schemes. It is evident from the figure

that the output voltage ripple is very small about
�0.025 V/�0.0127 V and the peak to peak inductor ripple cur-
rent is 0.1 A/0.12 A for the average switching frequency of

100 kHz closer to theoretical designed value listed in Table 1.
Fig. 6(c) and (d) shows the simulated response of sliding sur-
face of NOEBC using proposed control scheme, where the slid-

ing surface oscillates around zero. Fig. 6(e) and (f) shows the
graphs of the steady-state output voltage against the switching
frequency of the NOEBC under the SMC plus PDIC and SMC
plus PIC respectively for the minimum and maximum output

currents. From this figures, it is clearly found that the pro-
posed controller reduces the steady-state error regulation for
all values of switching frequency in comparison with SMC plus

PIC.

4.5. Circuit components variations

Fig. 7 shows (a) simulation response of output voltage of a
NOEBC using both control schemes for the change in inductor
L1 value from 100 lH to 150 lH. It could be found that the

change does not influence the NOEBC behaviors due to profi-
cient designed SMC plus PDIC in comparison with SMC plus
PIC. An interesting result is illustrated in Fig. 7(b). It shows
the simulation response of output voltage of a NOEBC with

both control schemes for the variation in capacitor values from
30 lF to 100 lF. It can be seen that the proposed SMC plus
PDIC is very successful in suppressing effect of capacitance

variation except a negligible output voltage ripple and quick
settling time in comparison with SMC plus PIC. From Fig. 7
(c) and (d), it is evident that the average input/output currents,

input/output powers and efficiency of NOEBC using proposed
control scheme are 2.283 A/�0.72 A, 27.39 W/25.92 W and
94.6% respectively and match with the theoretical design pre-

sented in Table 1.

5. Experimental results

The main purpose of this section is to discuss about the exper-
imental results of NOEBC with designed SMC plus PDIC. The
validation of the system performance is done for different con-

ditions. The laboratory prototype model is performed on the
NOEBC circuits with same simulation specifications. The lab-
oratory prototype model of NOEBC using proposed control

circuits is shown in Fig. 8(a). The parameters of the power cir-
cuits are as follows:
Q
 IRFN 540 (MOSFET);
D1
 FR306 (diodes);
C1
 30 lF/100 V (electrolytic and plain polyester type);
L1
 100 lH/5 A (ferrite core)
The parameters of the controller are as follows: K1 = 1,

K2 = 0.09, d= 0.05, Kp = 0.013 and Ti = 0.0011 s and
0.0013 as calculated in the previous section. The designed
SMC plus PDIC is implemented in analog platform as shown
in Fig. 8(a) and its operation is as follows: the inductor current

and the output voltage Vo of NOEBC are sensed by using
shunt resistance, and potential dividing resistances. The mea-
sured output of NOEBC is compared with reference output

voltage signals by using TL084 operational amplifier, it gives
the error signal, this error signal is processed through the
PDIC to generate the reference current which is compared with

the measured circuit inductor current and this will give the cur-
rent error signal. Further, both the current and voltage errors
are processed through the sliding surface coefficients and its



Figure 10 Experimental output voltage response of circuit components variation of NOEBC using SMC plus PDIC (a) for inductor

variation from 100 lH to 150 lH and (b) for capacitor variation from 30 lF to 100 lF.
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outputs are summed to form the sliding surface using TL084

operational amplifiers. This sliding surface signals are com-
pared using TL071 to generate the pulse width modulated
(PWM) gate drive control signal. The hysteresis upper and

lower limits are implemented by using the TL071, flip-flop
4013, logical AND gate, and NE 555 IC (used to generate
and set the 100 kHz operating frequency for proposed system).

The generated gate signal is passed through the op-isolator
(6N137), driver IC 2125, and resistances and capacitor
arrangement associated in the gate terminal. The output of
the driver is directly connected to the gate of the MOSFET

(IRFN 540) as shown in Fig. 8(a). Using the SMC plus PDIC,
the switching frequency of gate pulse is varied to regulate the
output voltage and inductor current and enhance the transient,

reduced steady state errors and proficient dynamic perfor-
mances of NOEBC.

5.1. Line variation

Fig. 8(b) shows the experimental response of output voltage of
NOEBC using SMC plus PDIC for input voltage step change
Figure 11 Photograph model and performance of NOEBC using SMC

and (b) simulation and experimental results of % efficiency at various
from 12 V to 15 V at time of 0.05 s. From this figure, it is
clearly found that experimental response of output voltage of

NOEBC using SMC plus PDIC has overshoot of �1 V and
settling time of 0.006 s. Fig. 8(c) shows the experimental
response of output voltage of NOEBC using SMC plus PDIC
for input voltage step change from 12 V to 9 V at time of

0.05 s. Experimental response of output voltage of NOEBC
using SMC plus PDIC has overshoot of �1.23 V and settling
time of 0.006 s.

5.2. Load variation

Fig. 9(a) shows the experimental response of output voltage of

NOEBC using proposed control scheme for load step change
from 50 X to 60 X at time of 0.05 s. It could be seen that the
experimental result of output voltage of NOEBC using SMC

plus PDIC has a small overshoot of �0.72 V with settling time
of 0.006 s and negligible steady state error. Fig. 9(b) shows the
experimental response of output voltage of NOEBC using pro-
posed control scheme for load step change 50–40 X at time of

0.05 s. It could be seen that the experimental result of output
plus PDIC, (a) photograph of laboratory prototype set-up model

load conditions.
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Figure 12 Simulated output voltage of NOEBC and conventional boost converter using SMC plus PDIC, (a) input supply voltage

variation from 12 V to 15 V at time of 0.02 s and (b) load resistance variation from 50 Ω to 60 Ω.
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voltage of NOEBC using SMC plus PDIC has a small over-
shoot of �0.88 V with settling time of 0.006 s and negligible

steady state error.

5.3. Circuit components variation

Fig. 10 shows (a) experimental response of output voltage of a
NOEBC using proposed controller for inductor L1 variation

from 100 lH to 150 lH. It could be found that the change does
not influence the NOEBC behaviors due to proficient designed
SMC plus PDIC. An interesting result is illustrated in Fig. 10

(b). It shows the experimental response of output voltage of a
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Figure 13 Simulated results of NOEBC with inductive load (R = 50 Ω
output voltage and (b) input voltage, inductor current and output vol
NOEBC using SMC plus PDIC for the variation in capacitor
values from 30 lF to 100 lF. From these figures it is clearly

found that the proposed SMC plus PDIC is very successful
in suppressing effect of capacitance variation except a negligi-
ble output voltage ripple and quick settling time.

Fig. 11(a) indicates the photograph of laboratory prototype
set-up model of NOEBC using designed controller. Fig. 11(b)
indicates that simulation and experimental results of percent-

age efficiency of NOEBC using SMC plus PDIC at various
load conditions. The efficiency of NOEBC using SMC plus
PDIC is improved from 87% to 93% at various load
conditions.
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Figure 15 Simulated output voltage results of NOEBC with

inductive load (R = 50 Ω and L = 10 lH) using both the

controllers in line variations (12–09 V).
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Figure 14 Simulated results of NOEBC with inductive load (R = 50 Ω and L = 10 lH) using SMC plus PDIC, (a) average input and

output currents and (b) input power, output power and efficiency.
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Fig. 12(a) shows the output voltage of designed controller

for both the NOEBC and conventional boost converters when
input supply voltage varied from 12 V to 15 V. From this fig-
ure, it is clearly shown that the output voltage of NOEBC has
better performance over the conventional boost converter dur-

ing line variation region. Fig. 12(b) shows the output voltage
of designed controller for both the NOEBC and conventional
boost converters when load resistance varied from 50 Ω to

60 Ω. From this figure, it is clearly shown that the output volt-
age of NOEBC has excellent performance in comparison with
the conventional boost converter under the load variation

region.
Fig. 13(a) shows the simulated output voltage response of

the NOEBC with inductive load (R= 50 Ω and L = 10 lH)
using both controllers in transient state with nominal power

ratings. From this result, it is evident that the output voltage
of the same converter using designed controller has quick set-
tling time and negligible overshoot over the SMC plus PI con-

troller with inductive load. Fig. 13(b) shows the simulated
inductor current, input voltage and output voltage of the
NOEBC using SMC plus PDIC. It can be found that the out-
put voltage of this converter has negligible overshoot, whereas

the inductor current of same converter using controller has
produced small overshoot in transient region with inductive
load. Fig. 14(a) shows the simulated average input and output

currents of the NOEBC with inductive load using SMC plus
PDIC. It is evident that the average output current and input
current of NOEBC exactly match the theoretical value. Fig. 14

(b) shows the simulated performance of the NOEBC using
designed controller with inductive load. From these results, it
is clearly focused that the efficiency of this converter has
slightly higher (94.56%) for inductive load in comparison with

resistive load. Fig. 15 shows the simulated output voltage of
the converter using both controllers for input voltage variation
with inductive load. It can be seen that the output voltage of

the converter has produced less steady state error, small over-
shoot and quick settling time using designed controller in com-
parison with PI controller. Fig. 16 shows (a) experimental

output voltage response of the NOEBC using designed con-
troller for line variation (12–09 V) with inductive load. It is
found that the output voltage has small overshoot and quick

settling time using SMC plus PDIC with inductive load.
Fig. 16(b) shows the experimental sliding surface of SMC plus
PDIC for NOEBC.

In summary, from Figs. 3–16, it is clearly indicated that the

experimental results of the NOEBC using the designed SMC
plus PDIC match the simulated results with a tolerance of
±2.5%. Finally, the proposed SMC plus PDIC performed

well in the entire operating situation of the NOEBC.



Figure 16 Experimental results of NOEBC with inductive load (R = 50 Ω and L = 10 lH) using the controllers in line variations (12–

09 V), (a) output voltage (input voltage variation) and (b) sliding surface.
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6. Conclusions

In this article, the theoretical analysis, design, and output volt-
age regulation of the NOEBC operated in CCM using a vari-

able frequency based SMC plus PDIC have been successfully
demonstrated. The proposed controller parameters have been
implemented in analog platform. A major merit over a linear
PIC lies in the fact that the SMC plus PDIC is robust to large

variations on line, load and parameter variations without
modifying the sliding coefficients. Many simulation and exper-
imental results are presented in order to prove the performance

of the proposed controller. The influence of the controller
parameters on the performances of the system is studied.

The effortless analog circuit based implementation of a

SMC plus PDIC and detailed experimental analysis are the
key contributions of this article. Theoretical analysis, experi-
mental and simulations are presented to illustrate the effective-
ness of designed SMC plus PDIC for the NOEBC operated in

CCMwith resistive and inductive loads resulted in fast dynamic
response, proficient regulated output voltage, non-disturbed
output voltage during the circuit component variations, excel-

lent steady state and transient responses, etc. Also, the simula-
tion results of NOEBC using designed controller have better
performance in comparison with conventional boost converter

using the same controller. It is, therefore, suitable for any stable
power source real-world commercial applications and it is
mainly designed for power supply in different medical equip-

ments, telecom, industrial and military applications.
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