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Abstract—A microgrid is a free-standing electrical network 
consisting of several energy sources and loads meant for specific 
applications or localized areas of operation. Power electronic 
converters are used in a microgrid for interfacing electrical 
sources and electrical loads of different power and voltage 
ratings with the standard bus bars of the microgrid. Microgrids 
use renewable energy sources like the wind and solar photo-
voltaic energy source, and the fuel cell-based energy conversion 
systems. DC to DC converters is inevitable in a microgrid. The 
Quadratic Boost Converter (QBC) is a high voltage gain DC to 
DC converter with a single power electronic switch. In this work, 
the applicability of the Sliding Mode Controller (SMC) for the 
maximized harvest of energy from a solar photovoltaic system 
using the QBC is studied. Further, the capability of the QBC, 
along with an SMC, for the regulation of voltage across the 
terminals of the load, when the QBC acts as an interface between 
a load and the bus bar of the microgrid is also investigated.  
Relevant dynamic equations are derived from fundamental 
principles. The proposed model is simulated in the 
MATLAB/Simulink environment and experimentally verified. 
 
Index Terms— Microgrid, Quadratic Boost Converter, 
Microcontroller, Maximum Power Point Tracking  

I. INTRODUCTION 

ICROGRID systems with standardized operational 
features and protocols are coming up recently [1]. 
Where human habitats are not connected to the 

national grid an AC or DC microgrid can be used. Microgrids 
of DC or AC or hybrid AC DC types are applicable for 
industrial establishments like manufacturing or processing 
plants.  A microgrid consists of several AC or DC sources, 
loads and bus bars. A microgrid may include one or more bus 
bars operating with different voltages and may be AC or DC 
[2]. The voltage ratings of the bus bars and the type of the bus 
bars to be used in a microgrid are selected according to the 
applications including the different loads and the different 
electrical sources to be connected to the microgrid. 
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 DC to DC converters like the generic buck, boost, and buck-
boost converters are popular for a long time and they are basic 
units of power electronic conversion systems. Numerous novel 
power electronic converter topologies have also been derived 
from the DC to DC converters.  
 While the buck DC to DC converter exhibits a linear 
correlation among the controlled variable (Output Voltage) 
and the manipulated variable (Duty Cycle), the other two basic 
converters like the boost or the buck-boost converter exhibit a 
non-linear relationship [3]. When a large voltage gain is 
required a large duty cycle is required. The characteristics 
relating duty cycle and voltage gain of the boost or the buck-
boost converters are highly non-linear and it becomes difficult 
to design traditional controllers like the Proportional and 
Integral converters [4].  
The SEPIC, CUK and LUO converters are the smatter of DC 
to DC converters [5][6][7]. These developed converters 
guarantee better source side and load side power quality 
characteristics like minimization of ripple. The SEPIC, the 
CUK, and the Positive output LUO converters are buck-boost 
converters with the same voltage gain given by the voltage 
gain equation,  
Voltage Gain = D/(1-D)    (1) 
where D is the duty cycle.  The number of components used in 
DC to DC converters is almost the same. Using the same 
number of components, the different topologies like the 
SEPIC, CUK and the LUO converters are formed. Since all 
these converters use a set of two inductors and two capacitors 
the transfer function among the duty cycle and the output 
voltage for all these converters is of order four [8]. 
The QBC on the other hand also uses the same number of 
components with just two more diodes and offers quadratic 
high voltage gain. The QBC can be visualized as the cascading 
of two generic boost converters [9]. A generic boost converter 
uses a single power electronic switch, a single diode, a single 
inductor, and a single capacitor. Since the QBC can be 
visualized as the cascade of two generic boost converters the 
order of the transfer function of the QBC is four.  
Almost all DC to DC converters exhibits a non-linear 
relationship between the controlled parameter and the 
manipulated parameter. The Proportional, Integral and 
differential (PID) [10] controllers, the fuzzy logic controllers 
(FLC) [11], the Artificial Neural Network (ANN) [12] based 
controllers, the ANFIS [13] controllers, the internal model 
controllers (IMC) [14] all have been proposed and validated 
by many researchers. 
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Further, when the interface between the load or a battery or a 
DC voltage bus bar and the Solar Photo Voltaic (SPV) energy 
harvesting system the DC to DC converters work with the 
focus of harvesting the ultimate power for the given 
environmental conditions [15]. Maximum Power 
Tracking (MPPT) is incorporated in the DC to DC converters 
which draw power from the solar PV panels and deliver power 
to the load. 
There are techniques for achieving MPPT when harvesting 
power from renewable sources like the SPV or the WECS. 
With SPV sources the popular MPPT techniques [16] and the 
Incremental Conductance (INC) [17] technique. These 
techniques require the measurement of the terminal voltage of 
the SPV source and the current supplied by the SPV source. 
The Sliding mode Controller is a relatively novel method of 
controller that has been adopted for the MPPT of SPV sources. 
In [18] the authors have used a buck converter along with the 
MPPT scheme for the harvest of the solar power source. 
In this work, the performance of the SMC with t
boost converter is analyzed from the perspective of the output 
voltage regulation. The performance of the SMC has been 
compared with other popular techniques like the PI controller 
and the Fuzzy Logic controllers. The performance of the SMC 
with the QBC has also been analyzed from the perspective of 
an MPPT controller. 
The State Space analysis of electrical networks gives a deeper 
insight into the dynamics of the networks [19]. The Power 
electronic circuits, since they contain semiconductor swit
that are discretely switched the power electronic circuit can be 
treated as a set of two linear electrical circuits being active for 
two different periods dictated by the ON and OFF periods of 
the duty cycle. Therefore, the average state-space analysi
become a standard practice for the study of the power 
electronic circuits [20] 
The basic dynamic equations in the state space form of the 
QBC have been derived and the simulations in the MATLAB 
SIMULINK environment have been studied. A circuit model 
with the different control schemes has also been studied. The 
performance of the SMC as an MPPT controller for the QBC 
has also been developed and validated. Experimental 
verifications with a suitable prototype have also been carried 
out and finally, it has been established that the QBC with 
SMC is a better candidate as a voltage regulation unit when 
fed from standard DC sources and also a good MPPT system 
can be built around the QBC with the SMC. 
The contents of the rest of the paper are arranged as follow
Next to this introduction, the topology of the QBC is presented 
and the State Space modeling is carried out in the second 
section. Open-loop studies using the State Space model, by 
way of simulations in the MATLAB environment have been 
presented in this section. The discussions on building an SMC 
based MPPT scheme using the QBC is presented in the third 
section. The development of an output voltage regulation of a 
QBC with SMC and its performance in the face of 
disturbances on the source and the load sides are presented in 
the fourth section. The details of the experimental verification 
are given in the fifth section. A discussion on the comparison 
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The QBC is a DC to DC converter with a high voltage gain. 
As compared to the basic or Generic Boost Converter (GBC) 
for which the voltage gain is expressed in 
voltage of the QBC is quadratic and is 
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𝑉௜௡

1 − 𝑑ൗ  (2) 
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𝑉௜௡

(1 − 𝑑)ଶൗ  (3) 

The relationship between the steady
GBC and the QBC is given in figures 1 and 2.

(a) 
Figure 1. The Voltage Gain characteristics of the GBC

of 0.0 to 1.0, (b) D in the range of 0.0 to 0.8 

(a) 
Figure 2. The Voltage Gain characteristics of the QBC

of 0.0 to 1.0, (b) D in the range of 0.0 to 0.8 

Concerning Figures 1 and 2, the gain voltage of the QBC is 
immense than the GBC. 

 
 
 
 
 
 
Figure 3. Topology of the QBC  
The topology of the QBC is given in figure 3. Four storage 

elements comprise of two inductors and two capacitors. In 
addition to the main power electronic switch, three diodes are 
also used. A large number of storage elements increase the 
order of the system and a large number of power electronic 
semiconductors there are chances of higher switching losses. 
In spite of these drawbacks, the QBC has gained popularity 
because of the straight forward operational fea
easy controllability offered by the QBC.

III. OPERATIONAL MECHANIS

The operational mechanism of the QBC can be studied by 
considering the structure or topology of the QBC. Regarding 
figure 3 the topology of the QBC suggests that t
nothing but a set of two GBC units cascaded in series. The 
first unit consists of inductor L1, diode D
The second GBC consists of the second inductor L
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2. The Voltage Gain characteristics of the QBC, (a) D in the range 
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considering the structure or topology of the QBC. Regarding 
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second diode D2, and the capacitor C2. The second GBC unit 
has a power electronic switch S and the first GBC unit does 
not have its power electronic switch.  
As per the figure 3, a set of two GBCs can be cascaded with 
two sets of inductors, diodes, and switches. In the cascaded 
GBCs the switches S1 and S2 may be operated sim
Essentially, in the QBC the switch S is shared by both the first 
and the second GBC units. The diode D3 facilitates the direct 
use of the common switch S by the first GBC unit while it 
prevents the backflow of power from the aspect of 
the input hand which are similar to the action of the other two 
diodes D1 and D2. 
The first GBC output appears across the capacitor C
voltage astride the capacitor C1 is the input to the second 
stage. If Vin is the input voltage, then the output of the first 
stage can be given as 
𝑉௢௨௧ଵ = 𝑉௜௡ଵ 1 − 𝐷⁄  (4) 
For the second stage, the input is Vout1, therefore, the output of 
the second stage will be as shown in equation (
𝑉௢௨௧ଶ = (𝑉௢௨௧ଵ 1 − 𝐷)⁄  (5) 
The two equations (4) and (5) can be combined as shown in 
equation (6).  
𝑉௢௨௧ ଶ = ൬

(ೇ೔೙భ భషವ)⁄

భషವ
൰ୀ

ೇ೔೙భ
భ (భషವ)మ⁄

 (6)           

The circuit model simulation in the MATL
shows the following results that validate this discussion.
shows the source side voltage. Fig. 5 shows the
duty cycle. Fig. 6 shows the Response of the output voltage

Figure 4 Source side voltage 12 V  Figure 5 step-change in 

 

(a) 
Figure.6. Response of the output voltage, (a) step-change in duty cycle for 

GBC, (b) step-change in duty cycle for QBC 
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Similarly, regarding the results of the simulations 
it can be confirmed that the 
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are respectively around 25.32 V and 58.15 V. The following 
calculations hold good. 
Vout 1=Vin 1*(1/(1-D))= 30 V  
Vout 2=Vin 2*(1/(1-D))= 70 V  

In the simulations, the exact values for
respectively 25.329V and 58.15V and the difference between 
the calculated values and simulated values can be attributed to 
the forward voltage drops of the MOSFET and the diodes D
D2 and D3. It is to be noted that the drop of voltage in the first 
stage causes a huge difference between calculated values and 
the simulated values for the second stage.

IV. DERIVATION OF THE VOLTAGE GAIN FROM FUN

PRINCIPLES

Although the voltage gain obtained from the earlier discussio
it is evaluated using simulations in the MATLAB
the voltage gain of the QBC can be derived from the first 
principles as discussed in this section.
The topology of QBC is shown in figure 
switch S, which changes the circuit 
Mode 1 is obtained when the status of 
Mode 2 is obtained when the status
two structures of Mode 1 and 2 are shown in 
By applying Kirchhoff’s voltage law, the basic voltage 
equations of two modes of operation 
Regarding figure 7, of Mode 1 the v
across Inductor L1.  According to the Kirchhoff’s voltage law 
for Mode 1, for a period D,   VL1(D)  = V
Similarly, for the mode 2 configuration as shown in 
the voltage equations are  VL1(1-D) = (V
VL2(1-D) = ((VC1 – V0)(1-D). When a duty cycle of D is used 
mode 1 is operational for a period D and mode 2 for a period 1 
– D. To maintain the voltage drop across an inductor is zero 
over a switching cycle. This implies that the follo
condition should be satisfied. 

D (VL1(D)) + (1-D) V
D (Vs) +(1-D) (Vs

DVs +Vs –DVs –V
VC1/Vs = 1/(1-D) 

Similarly, the voltage balance of inductor 2 is as follows
D (VL2(D)) + (1-D) V
D (VC1) +(1-D) (V
DVC1 +VC1 –V0 –DV

Since VC1/Vs = 1/(1-D) and Substituting V
D(Vs/(1-D) + Vs/(1-D) – V0 – D (V

Multiplying the whole by (1-D), 
DVs + Vs – V0(1-D) - DVs + D(1
DVs + Vs – V0 + DV0 - DV
Vs = V0 -2DV0 +D2V0 
Vs = V0 (D

2 + 1 – 2D) 
V0 /Vs = 1/ (D2 + 1 – 2D)= 1/(1

4.1. The State Space averaged model of the QBC
 The state-space average modelling is an important proced
to get an insight into the dynamics of the system for the given 
circuit parameters like source voltage, the load and the other 
circuit components connected in the topology.
Besides, power electronic converters are variable structure 
systems and they usually work in different structures 
depending upon the switching states of the power electronic 
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switches involved. In the case of the QBC, there is only one 
power electronic switch.  

Figure 7. Mode 1operation Figure 8. Mode 2 operation
The switch is ON for a period D and OFF for a period, 1
Based on the two positions of the switch, two modes of 
operation are considered. During each mode of operation, the 
topology is differently configured. The diodes which are 
forward biased are considered as closed-circuit elements and 
those diodes that are reverse biased are considered as open 
circuit elements. The two topological substructures are 
considered for the two different durations of D and (1
within one switching cycle. During these two periods, the 
substructures formed are considered linear and separate st
equations are drawn out. Then depending upon the periods D 
and (1-D) an average model is formed by the application of 
the following procedure. 
dX/dt = A1 * X + B1 * Y for the period D 
dX/dt = A2 * X + B2 * Y for the period (1-D) 
The final dX/dt = (A1*D)*X + (A2*(1-D)) X
(B2(1-D))*Y 
In the proposed QBC for the given circuit parameters as 
shown in Table 1, the state-space averaged model has been 
produced and the associated simulation results are 
Table 1. Circuit Parameters 
Parameter Value Unit
Nominal Source Voltage 12 Volts
Inductor L1 1.00 Milli Henry
Inductor L2 1.00 Milli Henry
Capacitor C1 2200 Micro Farad
Capacitor C2 2200 Micro Farad
Load resistance  48  Ohms
Nominal Power Output  48  Watts

During switching period D, concerning figure 
equations are obtained. 
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During switching period 1-D, concerning figure 
following equations could be obtained. 
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ௗ௜ಽభ

ௗ௧
ቁ + 𝑉஼ଵ  
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di୐ଶ

dt
ൗ )       

ୢ୚ిభ
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୚ిమ
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The state-space model of the system during period D is given 
in equation (15). The state-space model of the system during 
period 1 – D is given in equation (16). By employing the 
principle of finding the average state matrix as A = D*A
D) * A2 and the average input matrix B =D* B
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equation (17). 

⎣
⎢
⎢
⎢
⎢
⎢

ௗ௜ಽభ

ௗ௧
ௗ௜ಽమ

ௗ௧
ௗ௩಴భ

ௗ௧
ௗ௩಴మ

ௗ௧ ⎦
⎥
⎥
⎥
⎥
⎥

 = 

⎣
⎢
⎢
⎢
⎢
⎢
0 0 0 0

0 0
ଵ

௅మ
0

0
ିଵ

஼భ
0 0

0 0 0
ିଵ

ோ஼మ⎦
⎥
⎥
⎥
⎥
⎥

*ඎ

𝑖௅ଵ

𝑖௅ଶ

𝑣஼ଵ

𝑣஼ଶ

ඒ+

⎣
⎢
⎢
⎢
⎢௅

0
0
0

⎣
⎢
⎢
⎢
⎢
⎢

ௗ௜ಽభ

ௗ௧
ௗ௜ಽమ

ௗ௧
ௗ௩಴భ

ௗ௧
ௗ௩಴మ

ௗ௧ ⎦
⎥
⎥
⎥
⎥
⎥

 = 

⎣
⎢
⎢
⎢
⎢
⎢
⎢ 0 0

ିଵ

௅భ
0

0 0
ଵ

௅మ

ିଵ

௅మ

ଵ

஼భ

ିଵ

஼భ
0 0

0
ଵ

஼మ
0

ିଵ

ோ஼మ⎦
⎥
⎥
⎥
⎥
⎥
⎥

*ඎ

𝑖௅ଵ

𝑖௅ଶ

𝑣஼ଵ

𝑣஼ଶ

ඒ+

⎣
⎢
⎢
⎢
⎢

⎣
⎢
⎢
⎢
⎢
⎢

ௗ௜ಽభ

ௗ௧
ௗ௜ಽమ

ௗ௧
ௗ௩಴భ

ௗ௧
ௗ௩಴మ

ௗ௧ ⎦
⎥
⎥
⎥
⎥
⎥

 = 

⎣
⎢
⎢
⎢
⎢
⎢
⎢ 0 0

஽ିଵ

௅భ
0

0 0
ଵ

௅మ

஽ିଵ

௅మ

ଵି஽

஼భ

ିଵ

஼భ
0 0

0
ଵି஽

஼మ
0

ିଵ

ோ஼మ ⎦
⎥
⎥
⎥
⎥
⎥
⎥

*ඎ

𝑖௅

𝑖௅

𝑣஼

𝑣஼

The averaged State Space Model 
MATLAB/Simulink environment is given in figure 

Figure .9. Implementation of Averaged State Spac
The results obtained in the simulation of the averaged state
space model in MATLAB are as shown in figures 1

(a) 

(c) 
Figure 10. source Voltage and current variations
= 12 V (b) The Source Current with a duty cycle of 0.5 and load R = 10 
Ohms (c) The Voltage Across the load (Output voltage) 
with load R = 10 Ohms and output voltage = 48 V with D= 0.5

 

4 

the state equation of the state space averaged model is given in 
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The averaged State Space Model is simulated in the 
Simulink environment is given in figure 9. 

.9. Implementation of Averaged State Space Model of the QBC  
The results obtained in the simulation of the averaged state-
space model in MATLAB are as shown in figures 10 to 12. 

(b) 

(d) 
Voltage and current variations, (a) The source voltage Vin 

The Source Current with a duty cycle of 0.5 and load R = 10 
The Voltage Across the load (Output voltage)  (d) The load current 

tput voltage = 48 V with D= 0.5 

This article has been accepted for publication in IEEE Journal of the Electron Devices Society. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JEDS.2023.3340249

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



 

(a) 

Figure 11.The change of the current rate through inductors
(a) The change of the current rate through inductor L1. (b) The change of the 
current rate through inductor L2 

(a) 

Figure 12. Change of the voltage across capacitors (a) C
rate across capacitor C1. (b) Change of voltage rate across Capacitor C

4.2 Circuit Model of the QBC 
Fig. 13 shows the circuit model of QBC.  

Figure 13. Circuit model of the QBC

Fig. 14(a) shows the voltage source at 12 V
shows a step-change in the duty cycle. Fig. 14
reaction of the output for the change in the duty cycle

(a) 
 
 
 
 
 
 
 
 

(c) 
Figure 14. (a) The voltage source at 12 V (b) A step-change in the duty cycle
(c) The reaction of the output for the change in the duty cycle

4.3. SMC of QBC and Lyapunov stability analysis
Fig. 15 shows the simulink model of the SMC for the QBC
 
 
 
 
 
 
 
 
Figure 15. The SIMULINK realization of the SMC for the QBC 

(b) 

e change of the current rate through inductors 
. (b) The change of the 

(b) 

Change of the voltage 
hange of voltage rate across Capacitor C2 

f the QBC 
voltage source at 12 V. Fig. 14(b) 

14(c) presents the 
reaction of the output for the change in the duty cycle. 

 
(b) 

change in the duty cycle 
The reaction of the output for the change in the duty cycle 

Lyapunov stability analysis 
of the SMC for the QBC. 

on of the SMC for the QBC  

(a) 

(c) 
Figure 16. (a) Step disturbance in the source voltage from 12 V to 18 V

(b) Regulation of the output voltage at 48 V
no significant overshoot if the system encounters a source side disturbance

 
 
 
 
 
 
 
Figure 17. Response of the SMC with a change of command

Fig. 16 (a) shows the step disturbance in the source voltage 
from 12 V to 18 V. Fig. 16(b) shows the 
output voltage at 48 V. Fig. 16(c) 
and fig. 16(d) shows that there is no significant overshoot if 
the system encounters a source side disturbance
the response of the SMC with a change of command from 24 
V to 48 V at 1 sec. Table 2 shows the 
Sliding Mode Controller. 

Table 2 Performance of the Sliding Mode Controller

Controller Peak Overshoot Transient Period

SMC 2.2 V 

4.4 Implementation of a PI controller for the QBC
 The PI controller is a popular general
suitable for regulatory operations. In the context of the QBC, 
it may be needed to improve the output voltage of the QBC at 
the desired level irrespective of the disturbance that could 
occur on the source side voltage or the distur
the load side. 

Figure.18. Block diagram of the PI controller implementation

The Block diagram of a closed-loop controller using the PI 
controller is shown in figure 18. 
Regarding the block diagram shown in 
system contains the plant under control, a feedback system, 
the summing unit, and the PI controller. The parameter to be 
controlled is measured and supplied to the feedback 
subsystem. The feedback subsystem may introduce either 
attenuation or an amplification depending upon 
used for the command input derived out of the plant.
4.5 Tuning of the PI controller  
For the required performance of the PI controller, it has to be 
tuned appropriately. The most popular method of tuning the PI 
controller is by the Zeigler Nicholas (ZN) technique. There are 
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(b) 

(d) 
tep disturbance in the source voltage from 12 V to 18 V, 

egulation of the output voltage at 48 V, (c) Peak overshoot (d) There is 
no significant overshoot if the system encounters a source side disturbance 

esponse of the SMC with a change of command 
tep disturbance in the source voltage 

shows the regulation of the 
 shows the peak overshoot 

here is no significant overshoot if 
the system encounters a source side disturbance. Fig. 17 shows 

esponse of the SMC with a change of command from 24 
Table 2 shows the performance of the 

erformance of the Sliding Mode Controller (SMC) 

Transient Period 
Steady State 

Error 
18 ms 0.4 V 

of a PI controller for the QBC 
The PI controller is a popular general-purpose controller 

suitable for regulatory operations. In the context of the QBC, 
the output voltage of the QBC at 

the desired level irrespective of the disturbance that could 
occur on the source side voltage or the disturbances caused in 

 
Figure.18. Block diagram of the PI controller implementation 

loop controller using the PI 

Regarding the block diagram shown in figure 18, the whole 
plant under control, a feedback system, 

the summing unit, and the PI controller. The parameter to be 
controlled is measured and supplied to the feedback 
subsystem. The feedback subsystem may introduce either 
attenuation or an amplification depending upon the scaling 
used for the command input derived out of the plant. 

For the required performance of the PI controller, it has to be 
tuned appropriately. The most popular method of tuning the PI 

holas (ZN) technique. There are 
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two methods of tuning the PI controller by the ZN technique. 
The first method is the reaction curve method.  

For the QBC under consideration, the reaction curve is 
drawn by giving a step input of the duty cycle of 0.5. The 
reaction curve obtained is shown in figure 19. 
 
 
 
 
 
 
 
Figure 19. The reaction curve when a step input is applied  

By the simple procedure following the ZN technique, the Kp 
and KI values are represented in table 3. 

Table 3 Kp and KI values of the PI controller 
Kp 0.25 
KI 0.5 

Figure 20 shows the response of the PI controller with the 
command changed from 24 V to 48 V at time instant 1 second. 
The overshoot while at startup when the command is 24 V is 
more as compared to the overshoot when the command is 48 
V. The average steady-state error is found to be nearly 0.8 V 
and the ripple at the output voltage is 1.6 V Peak to peak. 
Table 4 shows the performance of the PI controller. 

 
Figure 20. The response of the PI controller 

 
Table 4 Performance of the PI controller 

Controller Peak Overshoot Transient Period Steady State Error 
PI 10 V  200 Micro Sec 0.8 V 

 
4.6. Implementation of Fuzzy Logic Controller for QBC 
A fuzzy logic controller (FLC) is a control scheme based on 
the fuzzy algebra. The FLC belongs to the category of 
intelligent controllers. The decision making uses the human 
experience which is imparted to the control system in the form 
of simple rules. The FLC, unlike the Artificial Neural 
Network, cannot learn by itself but it can use third party 
experience in the form of a knowledge base. The knowledge 
base supplied to the FLC is usually in the form of a lookup 
table 5 consisting of a certain number of 'IF-THEN ' rules.  
FLC can be used under different circumstances and mainly 
they are used when there is no mathematical model available 
for the system to be controlled or that the available 
mathematical model is either complex or highly nonlinear. 
In the context of the QBC, the open-loop characteristics of the 
QBC relating the output voltage Vout and the duty cycles are 
highly nonlinear and hence we can opt for the FLC. The FLC 
is intelligent and is adaptive as well. 
4.7. Methodology of the FLC 
 In the context, output voltage regulation of the QBC two 
variables are supplied to the front end of the FLC. These two 
are the setpoint (SP) voltage and the actual (Act) voltage. The 
difference between these two is called the error. The 
difference between the present error or the current error (CE) 

and the error observed in the previous measurement (PE) is 
called the change in error.  
Thus, the current error (CE) = SP – Act (Current Value); 
The past error (PE) = SP – Act (Actual Value measured in the 
previous cycle) 
The change in error = PE – CE = ∂E; 
The two terms namely the CE and ∂E are then normalized on a 
universal scale that ranges typically between -100 and +100 or 
-1 and +1. The following terminology associated with the 
Fuzzy Logic Control system is important. 
Universe of Discourse (UOD): The complete range of the 
variable under consideration. It could be the output parameter, 
the manipulated parameter like the duty cycle, the error. 
Segmentation: UOD of the given parameter is divided into 
some segments. Each segment is assigned with a meaningful 
name. The names of the segments are called the linguistic 
variables. Unlike the conventional variables like x, y or z used 
in algebra the linguistic variables have some relevant meaning.  
Normalization: If many variables are associated in a process 
control systems then the actual full range of the individual 
variables are to be converted into a common scale like the Per 
Unit scale or the percentage scale. This operation is called 
Normalization. After normalization, all the variables involved 
in the process control are transformed to the common scale. 
Fuzzification: It is the process in which the degree of the 
given variable in a given segment of the UOD is found. The 
extent of membership of a variable in a particular segment is a 
function of the normalized value of the variable and the 
membership function. The membership function is a curve o 
some specified shape drawn over the segment and the shape of 
the membership function differs from problem to problem.  
Fuzzy Engine: It is the system that implements the fuzzy 
logic control algorithm. The Fuzzy engine carries out its job in 
two phases. In the first phase, considering the membership 
function of the inputs to the fuzzy engine the segment in 
which the output lies is first found out. In the second phase, 
the exact value of the output to be implemented is found out. 
Finally, the output in the fuzzified form is defuzzified using 
any standard defuzzification method like the centroid method.  
In a typical regulatory control system like the output voltage 
regulation of the QBC, the error and the change in error is first 
found as shown in figure 21 (a), and then these two are 
fuzzified. After fuzzification, a rule matrix as shown in figure 
21(b) is used to locate the segment in which the manipulated 
variable should lie in its UOD.   
MATLAB provides a convenient toll box for implementing 
Fuzzy logic control. Figures 21 (a), 21(b), and 21(c) show the 
important screenshots of MATLAB associated with the FLC.  

The response of the FLC controlled QBC is shown in figure 
21(c). The parameters of the QBC used remain the same for 
the results of FLC as shown in table 6. 

  

Figure 21(a). The estimation of Error and Change in Error 
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Figure 21 (b). The Triangular Membership Functions
 

 
 
 
 
 
 
 
Figure 21 (c). The response of output voltage with FLC

 
4.8. The Integral Square Error 
The Integral Square Error (ISE) is a measure of 
performance index of regulatory controllers like the PI 
controller (in figure 22(a)) or Fuzzy Logic 
SMC controller (in figure 22(b)).  

Table 5: Rules 
 Error 

  NB NM NS ZE PS 

C
ha

ng
e 

in
 e

rr
or

 

NB NB NB NM NM NS
NM NB NM NM NS NS
NS NM NM NS NS ZE
ZE NM NS NS ZE PS 
PS NS NS ZE PS PS 
PM NS ZE PS PS PM
PB ZE PS PS PM PM

Negative Big (NB), Negative Medium (NM), negative Small (NS), Zero 
(ZE), Positive Big (PB), Positive Medium (PM) and Positive Small (PS)

Table 6. The results of FLC 
Controller Peak Overshoot Transient Period Steady State Error
FLC 1.2 V 15 ms 0.8V

The estimation of the ISE involves the integration of the 
squares of the instantaneous values of errors. 
estimated over the period commencing from the instant of a 
new command or a change in the source voltage or load 
current until the system reaches the steady-state value.

 The ISE is a comprehensive measure of performance that 
takes into consideration the peak overshoot, the oscillations, 
the transient period and the steady-state error
figure 22(c). 

Figure 22(a). PI controller with a provision to read ISE 

 
 
 
 
 
 
 
 
 
 

Figure 22(b). Implementation of SMC with provision to measure ISE 

). The Triangular Membership Functions 

). The response of output voltage with FLC 

The Integral Square Error (ISE) is a measure of 
x of regulatory controllers like the PI 

or Fuzzy Logic Controller or 

 PM PB 
NS NS ZE 
NS ZE PS 
ZE PS PS 

 PS PM 
 PM PM 

PM PM PB 
PM PB PB 

Negative Big (NB), Negative Medium (NM), negative Small (NS), Zero 
um (PM) and Positive Small (PS) 

Steady State Error 
0.8V 

The estimation of the ISE involves the integration of the 
squares of the instantaneous values of errors. The ISE is 

over the period commencing from the instant of a 
new command or a change in the source voltage or load 

state value. 
The ISE is a comprehensive measure of performance that 

hoot, the oscillations, 
state error, as shown in 

. PI controller with a provision to read ISE  

). Implementation of SMC with provision to measure ISE  

In this work, the performance of the PI controller and the 
FLC are compared for identical conditions of opera
results of simulations reveal that the performance of the SMC 
is better than the PI controller and the Fuzzy Logic Controller
as shown in table 7. With the Fuzzy Logic controller, the 
system is adaptive and it is easier to design since i
require a mathematical model. 

(c)_1 
 
 
 
 
 
 

 
(c)_3 

Figure 22(c): (1) The integral square error with PI controller, (2) Integral 
square error with FLC, (3) Integral Square Error with SMC
 

Table 7: Comparative analysis of utilized controllers
Controller Peak 

Overshoot 
Transient 
Period 
(ms) 

Steady 
State 
Error

PI 10 V  200 ms 0.8 V
FLC 1.2 V 15 ms 0.8V
SMC 2.2 V 18 ms 0.4 V

The PI controller is difficult to design tune and implement. 
However, in the DC output voltage the 
is the least in the PI controller. 

V. THE EXPERIMENTAL V

An experimental verification prototype has been built to 
evaluate the proposed idea of the QBC to be driven by the 
SMC. For the experimental verifications, the specifications 
were the same as used for the simulations and are shown in 
table 8. Figure 23 shows the experimental set
proposed research.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Photograph of the experimental Prototype

Table 8. Experimental parameters
Nominal Power Rating 
Nominal Input Voltage 
Nominal Output Voltage 
Load 
Power Electronics Switch 
Inductors L1=L2 
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In this work, the performance of the PI controller and the 
FLC are compared for identical conditions of operations. The 
results of simulations reveal that the performance of the SMC 
is better than the PI controller and the Fuzzy Logic Controller, 

With the Fuzzy Logic controller, the 
system is adaptive and it is easier to design since it does not 

(c)_2 

The integral square error with PI controller, (2) Integral 
square error with FLC, (3) Integral Square Error with SMC 

Table 7: Comparative analysis of utilized controllers 
Steady 
State 
Error 

Integral 
Square 
Error 

Ripple at 
Output DC 

0.8 V 16.4 0.2 V 
0.8V 12.2 0.8V 

V 8.6 1.3 V 

The PI controller is difficult to design tune and implement. 
the presence ripple content 

VERIFICATIONS 

ation prototype has been built to 
the proposed idea of the QBC to be driven by the 

SMC. For the experimental verifications, the specifications 
were the same as used for the simulations and are shown in 

Figure 23 shows the experimental set up of the 

Figure 23. Photograph of the experimental Prototype 
Table 8. Experimental parameters 

50W 
12V DC 
48 V DC 
50 Ohms resistor 
IRF 540 
1 mH 
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Capacitor C1=C2 2200 MFD
Switching Frequency 5 kHz 
Microcontroller PIC 16F877A
Isolation Optocoupler MCT2E 

The closed-loop controller was implemented using 
the Analog inputs available in the microcontroller. 
voltage was used to set the desired voltage with a scaling of 
4.8 V corresponding to 48 V. The actual output voltage was 
attenuated using a resistive network and the scaling factor was 
used. 

The PWM 1 channel is available with the microcontroller 
pin no 17 was used to deliver the switching pulses to the 
Optocoupler. The important waveforms obtained using the 
experimental setups are shown in the figures from 
Figure 24(a) gives the switching pulse with
0.5. The durations one switching cycle was 200 milliseconds 
and the ON and OFF timings are respectively 99 milliseconds 
and 101 milliseconds. 
Regarding figure 24(b) the source voltage was disturbed from 
12 V to v10 V and then to 12 V at different time instants and 
the output voltage was observed to stay at 48 V. The controller 
adopted was the SMC and the output exhibits less chattering at 
a lower input voltage of 10 V and the more chattering when 
the source voltage was 12 V. 

When the SMC is in action two different duty cycle
and 0.1 were used alternately when the output voltage 
deviated from the desired value of 48V. With the actual output 
voltage crossing the 48 V level and going up the duty cycle 
was changed from 0.6 to 0.1 and as the output voltage falls 
below the 48V the duty cycle was changed from 0.1 to 0.6.  
The resulting square pulses as applied to the Optocoupler is 
represented in figure 24(c). 

 
 
 
 
 
 
 
 
 
 

Figure 24(a).The switching pulses duty cycle close to 0.5

Figure24(b).Output voltage regulated at 48 V with source disturbed from 
12 V to 10 V to 12V. 

2200 MFD 

PIC 16F877A 

loop controller was implemented using 
the Analog inputs available in the microcontroller. A 0-5 DC 
voltage was used to set the desired voltage with a scaling of 
4.8 V corresponding to 48 V. The actual output voltage was 
attenuated using a resistive network and the scaling factor was 

The PWM 1 channel is available with the microcontroller at 
pin no 17 was used to deliver the switching pulses to the 
Optocoupler. The important waveforms obtained using the 
experimental setups are shown in the figures from 24 to 25. 

h a duty cycle of 
one switching cycle was 200 milliseconds 

timings are respectively 99 milliseconds 

the source voltage was disturbed from 
10 V and then to 12 V at different time instants and 
t voltage was observed to stay at 48 V. The controller 

adopted was the SMC and the output exhibits less chattering at 
a lower input voltage of 10 V and the more chattering when 

When the SMC is in action two different duty cycles of 0.6 
and 0.1 were used alternately when the output voltage 
deviated from the desired value of 48V. With the actual output 
voltage crossing the 48 V level and going up the duty cycle 
was changed from 0.6 to 0.1 and as the output voltage falls 

48V the duty cycle was changed from 0.1 to 0.6.  
The resulting square pulses as applied to the Optocoupler is 

Figure 24(a).The switching pulses duty cycle close to 0.5 

ith source disturbed from 

Figure.24(c). The switching pulses applied to the gate of the MOSFET when 
the SMC is in action  

The application of switching pulses charge the energy 
storage devices and the stored energy is discharged to t
and this operation happens during every switching cycle. This 
causes a change in the voltage drop across the inductors and 
capacitors and the voltage across the inductor 1 is
in figure 25(a).  Since the voltage is boosted in cascade the 
voltage across the inductor L2 is much more than that across 
inductor L1.  The voltage across the inductor L
duty cycle is represented in figure 25(b)

 
 
 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 

(b) 
 
 
 
 
 
 
 
 

(c) 
 
 
 
 
 
 
 
 

(d) 
Figure. 25 (a) The voltage across the inductor L1, (b) The volta
inductor L2, (c) The DC output voltage of 54 V with the system under open
loop condition, (d) The ripple in the DC voltage output of the QBC
The topology of the QBC is built around two inductors and 
two capacitors and a common power electroni
However, the complete QBC can be treated as the series 
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Figure.24(c). The switching pulses applied to the gate of the MOSFET when 

The application of switching pulses charge the energy 
storage devices and the stored energy is discharged to the load 
and this operation happens during every switching cycle. This 
causes a change in the voltage drop across the inductors and 
capacitors and the voltage across the inductor 1 is represented 

.  Since the voltage is boosted in cascade the 
is much more than that across 

.  The voltage across the inductor L2 for the same 
25(b). 

Figure. 25 (a) The voltage across the inductor L1, (b) The voltage across the 
inductor L2, (c) The DC output voltage of 54 V with the system under open-
loop condition, (d) The ripple in the DC voltage output of the QBC 
The topology of the QBC is built around two inductors and 
two capacitors and a common power electronic switch. 
However, the complete QBC can be treated as the series 
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combination or cascading of two generic boost converters. The 
overall order of the system is four. The steady-state DC 
voltage of the QBC with any duty cycle is almost steady, 
stable and is free from ripple as shown in figure 25(c). 
However, with the inclusion of the closed-loop controller like 
the SMC and because of the inherent switching operation 
happening in the circuit there are little ripple notices. The 
ripple content of the output of the QBC is represented in the 
figure 25(d) and the peak value of the ripple noticed is just 20 
mV peak to peak. 

V. CONCLUSION 

The Quadratic Boost Converter is emerging as an important 
entity in the development of the microgrid. A detailed analysis 
of the quadratic boost converter in the light of the state-space 
averaging method has been carried out. In consideration of the 
non-linearity exhibited an SMC has been proposed. The 
stability analysis of the SMC for the QBC has been carried out 
by the Lyapunov stability analysis method. The circuit model 
realized in MATLAB SIMULINK and the experimental 
prototype both included an SMC and the proposed control 
scheme has shown greater performance as compared to the PI 
controller and the Fuzzy Logic Controller. 
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