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Abstract—Buck-boost DC/DC converters have been
extensively employed in stepping up/down the voltage for
PV applications. The input and the output port current of
the traditional quadratic buck-boost converter are
discontinuous, which result in increased input and output
current ripples and complicate the design of the input and
output filters. Hence these problems can be solved by using
a modified quadratic buck boost converter, which provides
wider voltage conversion ratio with continuous input and
output ports current. Dual output can be derived from this
single input converter for multiple output applications. Also
a fuzzy logic controller can be designed for this proposed
converter for better and faster performance.

Index Terms—Buck-boost DC/DC converters, voltage
conversion ratio, quadratic buck boost converter, FLC

I INTRODUCTION

Nowadays, renewable energy systems such as fuel cell stacks
and photovoltaic power systems are becoming one of the most
attractive and promising sources of providing electrical energy
compared to the conventional fossil fuel energy generating
sources. With the elevation of the power electronic technology,
awareness about the effects of exhaustible energy sources on
the environment, the employment of inexhaustible energy
sources have gained more importance as a future energy source.
However, these alternative energy systems have an output,
whose voltage is variable, depending on various environmental
conditions. Works related to quadratic relationship of input and
output voltages are recently analysed because of its wider
conversion ratio[1]-[2]. Plenty of studies have been flourished
and described on quadratic buck converters, where some
investigations have been done on the mathematical modelling,
methods of control [3]-[7] and quadratic boost converters where
its novel topologies[8]-[11] were analyzed . But only a few
investigations are done on quadratic buck-boost converters.
These converters are less expensive, better structured besides
the regular quadratic boost converter.

Few research works on conventional quadratic buck-boost
converters which is created by combining two conventional
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buck-boost converters where the input and output current are
not continuous [12] and the application area where the
converter can be used like energy stocking devices similarly
batteries/supercapacitors with electrical and electrochemical
principle was analysed [13].

High step up/step down voltage gain can be obtained by using
a transformer less buck boost converter [14]. Even though its
construction is simple, it produces naturally discontinuous input
and output current. Two synchronously operating switches are
responsible for their discontinuous input and output waveforms.
The soft switching in this converter was obtained by
introducing two resonant networks [15]. The switches are not
subjected to high switch voltage or current stresses and,
consequently, present low conduction losses. But it consist of
more number of components than other configurations. So
these limitation is solved by using single switch quadratic buck
boost converter. As the name suggests, it consists of only one
switch.
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Fig. 1. Traditional quadratic buck boost converter system

Traditional quadratic buck-boost converter as shown in
Fig.1, encounters increased input and output ripple currents
with discontinuous input and output currents causing
complexity in construction of i/p and o/p filters [16]-[17]. It is
formed by combining two ordinary step-down-up converters.
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As the inductor current is alike to the i/p current during turn on
of switch, the L inductor current is alike to the o/p current
during switch turn off. Hence the input and output current are
not continuous. This was overcame by quadratic buck boost
converter with continuous input and output port current, which

uses only one switch as in Fig. 2.
[ I|<1I +——BUCK-BOOST
BOOST Ds BUC\K .

7 Y Y | I~
Ly ! Ly —'dclz RS
. E-
in| DN -G [
r Ds\Z Cigr {] K

s1h

INPUT OUTPUT

S\

Fig. 2. Existing Converter

But for many applications, well-regulated power supplies
with multiple outputs are needed. In the modern world fields
such as industries, telecommunication, LED drivers, dc based
nano grid etc. require multiple output because of the auxiliary
circuits present in those system other than main circuit [18].So
that the researches on single input multiple output DC-DC
converters are going on in order to get a less bulky system and
more reliable control strategy.

So a dual output quadratic buck boost converter with
continuous input and output port current controlled by a fuzzy
logic controller is proposed for faster and stable response
control. It uses only one switch. The ripples present in output
current and output voltage are lower than the proposed
structures in existing literature. The modified converter has
wide range of voltage conversion ratio with same duty cycle.

Il. PROPOSED SYSTEM
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Fig. 3. Proposed System

Fig. 3 shows the overall circuit of proposed system. It is
mainly composed of three different types of converters. First at
the beginning of the circuit, there is a boost converter, followed
by a buck-boost converter as an intermediate stage and finally
a buck converter is placed as the last stage of the converter. It
employs a single switch that is placed such that it can control
the three different sections at the same time. The boost
converter consists of input source Vi, diodes D1 and Dy,
inductor Lj, capacitor C;, and switch S. The buck-boost
converter consists of capacitors C; and C,, inductor L, diode
Ds, and switch S. The buck converter consists of capacitors C,
Csand C4, diodes Dsand Ds, inductor Ls, switch S, and load
resistors Ry and Rz. And also Vo1 = Vo2 = Vo(Output voltage). It
can be seen that the output capacitor of the boost converter is
the input source of the buck-boost converter while the output of
the buck-boost converter is the input source of the buck
converter. It is of interest to note that there is an inductor
connected in the input port and an inductor connected in the
output port of the converter, which can contribute to the unique
feature of drawing continuous input port current and continuous
output port current.

With the help of fuzzy logic controller we can regulate the
output as per the need of voltage requirement. Required level
of output voltage can be maintained by the employment of
closed loop control thereby enhancing production of system.
With the help of this control techniques settling time of the
output voltage can be reduced.For comparing the performance
of fuzzy logic controller, Pl controller based on tyreus

Luyben(T-L) tuning method is formulated.
)
Conversion ratio of converter, Vin ‘1—D

When the duty ratio(D) is below 50%, the converter act as
buck and when the duty ratio is above 50%, the converter act as
boost converter. The working of the circuit can be explained by
two modes of operation.

Similar to other buck-boost converters, the proposed
converter can theoretically operate in both continuous inductor
current mode and discontinuous inductor current mode.
However, since the continuous inductor current mode is
normally preferred in many industrial applications to reduce the
current ripple and also operating with continuous input and
output current is a main benefit of the proposed converter.

A. Operation of Converter

When the switch is turned on, all of the diodes 1, 3, and 5 are
turned off while diodes 2 and 4 are turned on as shown in Fig.
4. On the contrary, when the switch is off, diodes 2 and 4 are
off while diodes 1, 3, and 5 are on as shown in Fig. 5. At this
point, each mode has its own component function and behavior,
which is different from the other sections and it is explained in
the following subsections.

1) Mode 1: As shown in figure 4, the switch S is
conducting, diodes D2 and D4 are in ON state, and diodes D,
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D3, and Ds are reverse-biased by vci, Ve1 + Vez, and vey,
respectively. The input source Vi, delivers power to the inductor
L, through the diode D; and the switch S, meantime, the energy
stored in capacitors Cyand C;is being released to inductors L
and Ls, respectively. Some of the main equations among the
components in this mode are as follows:

dip, dirs dips
=Vy, L :I/(" 3, — ("_V;) 2
1 " hr 15 37 2 (2)
v di\/” — . (“/;Q —
1=y Tt Camom = ,
cWo _dVo . Vo )
374t Y 37 R
D3
— L3
— AN — -
et i e
nzﬁz ot ¥ []
Vin W D5 \ l

~C3S R1

e

Fig. 4. Mode 1

2) Mode 2 : As shown in Fig. 5, the switch S is turned
OFF, diodes D1, D3, and Dsare in ON state, and diodes D, and
D, are reverse-biased by vc, and vca, respectively, in this
operating mode. The energy stored in the inductor L; as well as
the input source is delivered to the capacitor Ci;, and the
capacitor C; starts to store energy. The inductor L discharges
energy to the capacitor C, through the diode Ds. At the same
time, the inductor Lz discharges energy to the capacitor Csand
Casand load resistors.Some of the main equations among the
components in this mode are as follows:

R2

Fig. 5. Mode 2

di diy- dij-
LZE v, Vi, LT = Ve, L2y,
dt dt dt
4)
diy V.
YL — iy, Cz% = —iL2,
C'd%*CdV:)*i Y
sy —Cigy s R

1. STATE SPACE REPRESENTATION OF
SYSTEM

The quadratic buck boost converter is assumed to be in
continuous conduction mode and few assumptions like all the
components are ideal are taken into consideration. The
converter is analysed in two switching modes, ie. Mode 1 is
when the switch is turned ON [DT] and Mode 2 when switch is
turned OFF [(1-D)T].By considering the state space equations
in each of these intervals and combining gives the final model
representation. The state space model of system can be
represented by following state and output equation respectively.

X =Ax +Bu
y=Cx+Du
A. Mode 1

The currents flow through inductors L1, Ly, and Ls, i.e., iv1,
iL2, and i3 are increasing(to to t1). Eq(2) and Eq(3) can be
rearranged as follows:

dig _Vy diey _Va  dis _Va Vo (o
dt L dt Lo dt Ly Ly
divy, _ iz dVer _irg

o W ”
dt Cs  RCjy
B. Mode 2

Inductor currents iv1, iz, and i3 are decreasing .Eq(4) and
Eq(5) can be rearranged as follows:

dipy Vg Va  digg Ve digz  —V, )
dt Ll Ll ’ dt Lg ’ dt L;;
dVey  —ipy dVee  —ipa
a ¢ dt Gy’
dt n C:_i RCYg

Equations for both mode-1 [DT] and mode-2 [(1-D)T] can be
combined together for analysis.

Combining eq(4) and eq(7),
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dins _ VoD | Vy(1-D)
dt Ly L
dipy Vg
dt L (10)
1
digy VoD N —Veo(1 — D)
dt Lo Lo
di VD VD Vv D (11)
L3 2 o - 0(1 - )
dt Ly Ls N L
dips VoDV,
dt L L3 (12)
Combining eq(5) and eq(7),
d‘&IVM _ !‘,[gD _?"L'l(l — D)
dt 4 C (13)
dVee  ipsD  —iga(1 — D)
= 14
dt Cy * Cs (14)
dV, ipaD VoD ip3(1-D)  V,(1-D)
dt — C3  RCj Cs  RCy
Wy i -V,
dt — C3  RCjy

The above equations can be represented as state space model as
shown below in eq(16).
Choose the state variable as i1 = X1, iL2= X2, iL3 = X3, Vc1 = X4,
Vc2= x5, Vo= Vec3= Vca = Xg, U= Vip, ¥y = Vo.
) 0 0 (I ——— 0 0
’V'r:l“ 0 0 0 i &L 0 [
Fu iy T
3 s S |
Ly Lz
0 0 0 0 ‘
0 —’ r’—’ 0 0 0 [ _
0 0 < 0 ] —‘ ol

e
—1
e

e

Ty

| —

I
Ia
1173 (e
Iy
Is5
Ig

V. CONTROLLER DESIGN

Controller based on fuzzy logic and PI controller based on
Tyreus-Luyben were designed for the proposed system.

A. PI controller

In the simple Pl controller, the Ziegler-Nichols tuning
procedure works quite well, but this method is laborious and
time consuming. There are many tuning rules to determine the
tuning parameters systematically. However, poorly tuned PI
controllers are often found in industry.

One of the keys to overcome this problem is that the tuning
rules should be simple and applicable to a wide range of

processes. The methods of Tyreus and Luyben, along with the
most accepted PI tuning rule given by Ziegler and Nichols (Z—
N), is more conservative approach and provide disturbance less
response.

PI controller based on Tyreus Luben(T-L) method was also
designed for the system to analyze the controller performance.
For TL method calculation, system must be in sustained
periodic oscillation and this is obtained when proportional gain
is increased to a certain value and this value is called ultimate
gain,K, and time period of one such oscillation obtained is
called ultimate period,Py.

Sustained oscillation for both buck and boost mode is obtained
as shown in Fig. 6 and Fig. 7. With these values K,=0.31*K,
and Ki=(0.31*Ky) / (2.2*P,) can be found out. The (K, K;)
values thus obtained from TL method are (0.2,15) for boost
mode and (0.4,30) for buck mode.

B. Fuzzy Logic Controller

A rule based Fuzzy Logic Controller is created for quadratic
buck-boost converter as in Fig 6. A FLC has to be created
before the system is simulated in the MATLAB/SIMULINK.
Using fuzzy logic tool box, a FIS file has to be created in FIS
editor. Membership functions needed for this system is selected
and accordingly rules were setup for the membership functions
for the constant output.
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Fig. 6. Output of PI controller with K,=0.6(Boost Mode)
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Fig. 7. Output of PI controller with K,=1.2(Buck Mode)
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The fuzzy rules map an input space to an output space by
means of a list of IFF-THEN statements. There are two input
variables each with five linguistic levels, therefore the total
number of possible fuzzy rules could be 5*5=25. Table |
illustrates the 25 fuzzy rules. The realization of a controller is
obtained in the MATLAB/SIMULINK. The membership
functions i.e. two inputs, an error(E), change in error(dE) and
one output which is duty ratio control(dD) is created and 25
fuzzy rules are determined. Membership functions are shown in
Fig. 8, Fig. 9 and Fig. 10.

NL NS Z PS PL

Fig. 11. Output:Duty ratio control

XX '\ TABLE |
- FEG __Fuzzy RULES
(mamdani) E - ML NS A Ps FL
Xx / NL ML | ML | ML | N8 | &
dD NS NL | WL | %5 | 2 | P§
dE Z ML | N5 | Z | Ps | PL
= NS | £ | B [ PL | PL
Fig. 8. Membership functions of FLC FL Z | s | PL | PL | PL
In the Table I, NL means Negative Large, NS means Negative
Small, Z means Zero, PS means Positive Small and PL means V. RESULTS AND DISCUSSION
Positive Large. These are the possible variation that may occur For analysing the proposed system, the simulation model of
in control variables. proposed system is simulated using MATLAB. A FLC is
ST T e T ~ p| created in FIS editor using a fuzzy logic toolbox. Parameter
'w specifications taken for simulation are listed in the table (Table
).
TABLE Il
PARAMETERS
SI.No. Components Symbol | Specifications
1 Input Voltage Vin 25V
2 Output Voltage Vo 50V
3 Load Resistance R1,R2 400hm
| 4 2 ) 0.2 0.4 : 1 4 Inductors Ly 100pH
Fig. 9. Inputl: Error L, 400uH
L3 3mH
5 Capacitors C1,C2 ATuF
" C3,C4 660uF
NL NS 2 PS PL 6 Switching frequency fs 40KHz
A. Open Loop

The converter is first simulated in MATLAB as open loop
without the controller to analyse the dual output and inductor
currents.

Fig. 10. Input2: Change in error
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Fig. 12. Input and Output ports voltage

Fig. 12 shows the input and output ports voltage of the
converter in open loop. Dual output voltages of 50v is obtained
when an input voltage of 25V is applied across the input of the
converter.

) 3 -
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Time(s) Time(s)

Fig. 13. Inductor currents iLs,ii,irsand Switch current is

Fig. 13 shows current through inductors. Inductors get
charged during Tonand get discharged during Tor of switch. The
current flow through the switch is approximately equal to the
sum of the three inductor currents when the switch is turned
ON. The proposed converter has continuous input port current
and continuous output port current, so they do not require extra
inductors and capacitors as input and output filters, to satisfy
the EMI/EMC issues in practical applications.

B. Closed Loop

Closed-loop systems are designed to automatically achieve
and maintain the desired output condition by comparing it with
the actual condition. It does this by generating an error signal,
which is the difference between the output and the reference
input. In other words, a “closed-loop system” is a fully
automatic control system in which its control action being
dependent on the output in some way.

Converter was simulated in MATLAB using PI controller
and then with fuzzy logic controller to analyse the performance.

Design criterias chosen for controller are V=48V for boost
mode and V=12V for buck mode.

Pl and fuzzy logic controller implementation was done in
MATLAB. System response are compared for both the
controller as shown in Fig. 14. It is evident that the fuzzy logic
controller can provide better and faster response compared to
PI controller.
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=3 =Bl ity
E =FLC
i

T
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n nns ] 0,13 0z [ ¥ [ %] 1 L] [IE] (X 4] [ %]
Tisht [sitonds)

ihy

Fig. 14. Comparsion of output voltage for Pl controller and FLC in (a)boost
mode and (b)buck mode

Fig. 15 shows the input and output waveforms with variable
irradiance from PV panel in buck mode. Dual output Voltage
of 12V is obtained. Even with variable irradiance from PV
panel, FLC regulated the output in buck mode without any
ripple.

Fig. 16 shows the input and output waveforms with variable
irradiance from PV panel in boost mode. Dual output Voltage
of 48V is obtained. Even with variable irradiance from PV
panel, FLC regulated the output at required value without any

ripple.

The performance of fuzzy logic controller is further analysed
with the large variation of input voltage. This large variation of
input was simulated with help of signal builder in MATLAB.
Fig. 17 and Fig. 18 show that the output voltage remains
constant as per the design requirements of 48V in boost mode
and 12V in buck mode given to the controller respectively.
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in boost mode and buck mode can be seen in Fig. 14. Simulation
outcome of proposed converter shows that settling time of PIC
in boost mode is 0.07 seconds whereas for FIC it is reduced to
0.03 seconds, similarly in buck mode in PIC it is 0.05 seconds
and in FLC its reduced to 0.01 seconds where fuzzy logic
control performance is greatly improved. And also ripple

~amount in output voltage is comparitively more in PIC than

,« FLC in boost mode. Eventhough output is well regulated till
0.35s in buck mode for PIC, it looses its stable output after 0.35s
which may affect overall system. This controller performance
comparison is shown in Table Il

0 0.5 1 15 2 25
Time (seconds) TABLE 111
b Output Veltage(Port 1): CONTROLLER PERFORMANCE COMPARISON
2%
o] Pl CONTROLLER
] 0‘ _ Factors (TL method) FLC
0 05 1 1.5 2 25 i
Time (seconds) S:ertltrlrllr;g Buck mode 0.05s 0.01s
= Output Vokage(Port 2): Boost mode 0.07s 0.03s
280 i
o / Disturbance | g4 mode Yes No
2 in output
0.5 1 15 2 25 Boost mode Yes No

Time (seconds)

Fig. 16. Input and output waveforms for varying irradiance-Boost Mode

100 I
==Input Voltage
E = Qutput Voltage
o
o 50
S
0
>
O 1 1
0 1 2 3 4

Time (s)

Fig. 17.Input and output waveforms for varying input(Boost Mode) with
FLC

Fig. 19 shows the comparison of output ripple in
existing[Fig. 2] and proposed converter topology. The ripples
present in the output voltage is less than 1% in the proposed
system.

50.055

——Existing System
~—Proposed System

50.054 — A~~~
50.052 i

0.23016 0.2302 0.23024 0.23028
oo Time(s)

Ve3 (V)

Fig. 19. Comparison of output ripple in existing and proposed converter
topology
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TABLE IV
TOPOLOGY COMPARISON

Factors Existing system Proposed system
Dual output No Yes
Output voltage ripple 1.2mV 0.4mVv
Controller No Yes

Table 1V shows the comparison of the proposed topology of
converter with the existing topology of converter. With the dual
output voltage, there is an added advantage of reduced voltage

ripple.

VII. CONCLUSION

Dual output quadratic buck boost converter offers a wide
range of conversion ratio and uniform current sharing with an
added advantage of reduced output ripple. The proposed
converter has an inductor in the input port as well as an inductor
in the output port, which is capable of making the input port
current and output port current to be continuous and contributes
to the simplification of the design of input and output filters.
The circuit is simulated in MATLAB/SIMULINK software to
substantiate the circuit function. The conventional control i.e.
Proportional-Integral (PI) controller is differentiated from
smart/intelligent fuzzy logic controller (FLC) in both buck-
boost mode. Simulation outcome and investigation of proposed
converter shows that settling time of PIC in boost mode is 0.07
seconds whereas the for FLC it is reduced to 0.03 seconds,
similarly in buck mode in PIC it is 0.05 seconds and in FIC its
reduced to 0.01seconds, where fuzzy logic control performance
is greatly improved and superior as shown in the Table I11.
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