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Abstract

In Solar panel and UPS, high gain DC-DC converters are commonly used. In grid connected inverter specifications, the batteries and
solar panel voltage level are low. The use of multiple series related DC batteries and PV panels directly connected to the inverter,
it simplifies the process, but the expense is high, and efficiency is low. A high-gain Quadratic Boost Switched Capacitor Converter
is proposed in this paper. The high step up voltage gain is achieved by adding the voltage multiplier topology in the conventional
quadratic boost converter with the correct duty ratio. The fractional order controller isimplemented, and it's tuned by genetic algorithm
optimization method for improving the performance of the proposed converter. Its characteristics are low energy processing,

robustness and balanced voltage of cells. The performed that include the proposal and existing solutions, the theoretical results are

verified from MATLAB/SIMULINK toolbox.
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1 Introduction

In recent years, PV systems, fuel cell, wind energy and
more energy applications are developed to address
the global energy shortage issues [1, 2]. Fuel cell generat-
ing system provides electric power normally in the range
of 6 V to 48 V, which is not appropriate for high voltage
applications. Some high gain DC-DC converters are used
to boost up the voltage in the range of 200/400 V DC,
further it is converter to AC voltage by DC-AC inverter
for grid connected applications shown in Fig. 1.

The isolated DC-DC converter provides high gain DC
voltage by adjusting the turn’s ratio of transformer and
regenerating technique are employed by clamping the volt-
age [3-5]. Non-isolated DC-DC converters are attracted
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Fig. 1 Fuel cell power generation system

by low and medium power applications because of its
advantage like simplicity, low cost and improved effi-
ciency than isolated converter. A 15 V input, 200 V out-
put, 100 W DC-DC boost converter for micro grid appli-
cation is presented in [6], however high gain is achieved
through the coupled inductor. Due to the leakage induc-
tance of transformer voltage spike are produced across
the switches, mostly in high gain converter two or more
switches are used, it leads to switching stress. To improve
the reliability, safe, economics of the commercial fuel
cell EV hybrid systems are developed by Energy Storage
Devices (ESDs) optimization [7, 8], battery charger [9],
local renewable energy for electric vehicle and charging
management are explained [9, 10].

Power converter plays an important role to boost up the
voltage from 100 V to 400 V through a DC bus link, super
capacitor system with a low input current ripple [11, 12].
Recently high gain quadratic boost converter is cou-
pled with Cuk converter to overcome the need of high
voltage gain and reduced input current ripple. Quadratic
DC-DC Boost-Cuk HQBC converter type I and type II
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are examined in detail [13]. From the study, the controller
implementation of the modified high gain converter is very
minimum and very few control techniques are adopted only
for the quadratic boost converter. Controller is very essen-
tial to improve the dynamic and static performance for the
static load and dynamic load. Non minimum phase behav-
ior of the quadratic boost converter modeling, analysis and
some control technique like average current-mode control-
ler, two loop integer order controllers, sliding mode con-
troller have been widely discussed in the literature [14—20].

This paper concentrates on improving the output voltage
gain by designing of hybrid DC-DC converter (i.e., combi-
nation of quadratic boost converter and voltage multiplier)
named as Quadratic Boost Switched Capacitor Converter
(QBSCC). It has numerous advantages like high voltage
gain with single active switch and having provision to vary
the level of output voltage by using switched capacitor
circuit with self-balancing form. QBSCC also having the
properties of non-minimum phase, so non-linear controller
is adopted for improving the performance of the system.
PID controller technique is broadly adopted for converter
because it is simple, very effective and user friendly. It has
solely three tuning parameters and it is lack of robustness.

Due to the non-linearity constraint of input and out-
put variables several nonlinear control methods are devel-
oped. Recently nonlinear system design issues and anal-
ysis of uncertainties nonlinear problems are addressed
by sliding mode approach where uncertainties are grouped
in to unknown but bounded functions. It gives better per-
formance in internal parameter variation, external distur-
bance and provides good results in fast transient response.
To increase the stability of system and controller perfor-
mance PID controller is replaced by fractional order PID
controller. Fractional PID controller has the advantage of
additional tuning parameter (i.e., fractional integral and
derivative parameter) [21, 22]. Genetic algorithm optimiza-
tion method is used to tune the parameters of non- integer
order and integer order controller. The performance results
are analyzed and compared with integer order PID con-
troller for Quadratic Boost Switched Capacitor Converter
using the simulation platform of MATLAB/SIMULINK.

The rest of the paper is organized as follows. In Section 2
discussed about the operating principle, modes of oper-
ation, full order and reduce order model for QBSCC.
Fractional order controller implementation for QBSCC
is described in the Section 3. Performance comparison of
QBSCC with integer order and non—integer order control-
ler presented in Section 4. Finally, concluding remarks are
drawn in Section 5.
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2 Quadratic Boost Switched Capacitor Converter

2.1 Operating principle

The non-isolated quadratic boost converter switched
capacitor converter operates is continuous conduction
mode and produce output voltage in form of self-balanc-
ing. In QBSCC output voltage can be increased by adding
the pair of switched capacitor (see Fig. 2). The proposed
QBSCC has four different modes of operation with the
time interval of 7, 7, ¢, and ¢, respectively.

Mode I: (z,~¢,): During this ON state of switch SW, the
diode D, is in reverse biased condition and diode D, is
in forward biased condition. In this period the inductor
L, stores energy from input voltage £ and the inductor L,
stores the energy from voltage in capacitor C, is shown in
Fig. 3 (a). Hence the capacitor energy C, discharges slowly
through the inductor L, .

Mode II: (¢-t,): During this period, the switch SW
remains in turn ON state, the diode D, D, position remain
same as reverse biased and forward biased respectively.
However, diode D, starts conducting, due to C,'s voltage
is smaller than C,'s voltage then C, clamps C,'s voltage
through D, depicts in Fig. 3 (b) and Fig. 4.

Mode III: (z,-t,): Fig. 3 (c) shows the switch SW
in OFF state, here the diode D, and D, are forward biased
and diode D,, D,, D, are operated in reverse biased con-
dition. Hence the energy stored in both the inductors L,
and L, got discharged. Meanwhile, the voltage across
capacitor C, start charging through D, and the capacitor
C, is charged through inductor L, by the conduction of the
diode D,. Similarly, C, and C, are also charged by con-
duction of diode D, .

Mode IV: (¢,~t,): The position of switch remains same
as previous mode (OFF state). When D, closes, capacitor
C, and the input voltage E plus the inductor's voltage clamp
the voltage across C, and C, through D, (see Fig. 3 (d)).
The continuous conduction mode state of operation is pre-
sented in Fig. 4. Based on the four modes of QBSCC oper-
ation, dynamic behavior of the system is derived with two
LTI models (i.e., ON state and OFF state).
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Fig. 2 Quadratic Boost Switched Capacitor Converter
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Fig. 3 Modes of operation of the QBSCC

2.2 Modelling of Quadratic Boost Switched Capacitor
Converter

To obtain the transfer function of the proposed converter,
the full order state space model is derived. Since the pro-
posed converter has single switch, two different model is
derived. During switch ON state one model is obtained
and during switch OFF state another model is obtained.
The input voltage for the converter is E. The state vari-
ables in the circuit are voltage across capacitor C, denoted
as V.,
and i

current through the inductors L, and L, denoted as

lL] > L2°

as V., V,, V,and V, respectively.
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Fig. 4 Key waveform of CCM of QBSCC

The parameters are R, L, L,, C,, C,, C,, and C,.
Where R represents the load and the load voltage is denoted
as V. The state space model can be derived by writing the
voltage loop equations. The ON state dynamic equations
can be written using the Fig. 3 (b) and are given in Eq. (1).
The OFF state dynamic equations can be derived using the
model given in Fig. 3 (d) and are given in Eq. (2):

diy _E
dt L
i, Ve
dr L
Ve iy
da G

) M
ay___h N
dt (C,+C,)R (C,+C,)R
a__h N
dt ~ CR CR
av___n
di (G, +C)R (C,+C,)R
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2.3 Reduced order model of Quadratic Boost Switched
Capacitor Converter

The voltage balancing feature of the Quadratic Boost
Switched Capacitor Converter is obtaining a reduced
order model. The derived reduced order model exhib-
its an approximate dynamics for the two levels QBSCC.
This feature provides several advantages for the control
design and implementations. In order to increase the gain
of the converter, a diode-capacitor pair is added at the out-
put. The reduced order model is convenient for simplifi-
cation and this approach will focus only on output volt-
age across the load rather than to find voltage across every
capacitor at the output. The reason to go for reduced order
model because of its simplicity and robustness.

The dynamic behavior of the reduced order model is
approximately equal to the full order model. The balancing
form of voltage is present in capacitor which is connected
across the load. Hence the value of capacitor and the value
of voltage remain same. When increasing the number of
voltage level in output, then the capacitor can be treated as
series and parallel combination. In Fig. 5 (a), describes the
reduced order ON state. Here capacitors C, and C, are in
parallel, then the equivalent capacitor is taken as Ceql.
Similarly, the Fig. 5 (b) explains the reduced order model of
the circuit in switch OFF mode. Here the C, and C, are in

series, C, is taken as Ceqz. Here it is assumed that

2

14 .
C=C,=(C,=C,and VlezzIQz...zVNzN.Vlsthe

output voltage. The state equations are obtained using
Kirchoffvoltage law and Kirchoff current law. The dynamic
nonlinear state equations of reduced order switch ON state
and switch OFF state are given in Eq. (3) and Eq. (4):
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Fig. 5 Reduced order model of QBSCC
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In the transient state analysis, the large signal model
is evaluated for ON and OFF states of the circuit respec-
tively and we get the values of 4, B,, C,, D, from the ON
state and 4,, B,, C,, D, from the OFF state. Using the
above equation (Eq. (3) and Eq. (4)) averaged large sig-
nal model is formed from the Eq. (5), where d denoted
the duty ratio:
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A=Ad+4,(1-d)
B=Bd+B,(1-d)
C=Cd+C,(1-d)|
D=dd+D,(1-d)
The average state space model of the reduced order

)

Quadratic Boost Switched Capacitor Converter is shown
in Eq. (6). Small signal model is arrived by replacing
derivative x =0, duty cycle d is replaced as d. A%+ Bii
is termed as small signal model, here X xd assumed to be
neglected and x = Ax+Bu=0.

X=A%+Bi+[(A4 —A)x+(B -B,)uld (6)
§=Ci+Dia+[(C,—-C,)x+(D,-D,)ud @)

Similarly, the output state equation is given in Eq. (7).
x(D=[iy, iy, Voo Vey Vey Vo] €R* are the aver-
age values of the state vector, 4 is the matrix in R**and B is
a vector of R*. The parasitic capacitance is comparatively
small and is neglected for simplicity purpose. The repre-
sentation of the matrix is nonlinear depends on the control
signal d. General small signal model state equation and
output equations are written in the Eq. (8) and Eq. (9):

i= A3+ B, ®)
$=Ci+Dil ©)

The voltage ripple in the all capacitor considered as zero
and power loss in the switch also not considered. The small
signal model state space equation for the Quadratic Boost
Switched Capacitor Converter is given in Eq. (10):
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Based on the Eq. (11), the transfer function of output
voltage to duty ratio is derived and it expression is given
in Eq. (12), where e =0.

A

Z = C[SI—AT1 B (11)
d

V_ 25x10°s’ +4x10"s* +8.5x10"s +1.3x10” (12)
d s'+4410 5° +1.3x107s* +1.1x10" s +8.2x10"

From the transfer function (output voltage to duty
ratio). Zeros are located at (—4267, 13348 + i31447), Poles
are located at (—31901 + 129981, —28138). The operating
frequency of the MOSFET is 40 kHz. The bode plot for the
transfer function is given in Fig. 6.

Fuel cell output is unregulated and it is dynamic behav-
ior, this output of the fuel cell is given to the Quadratic
Boost Switched Capacitor Converter as an input. Due to
dynamic behavior in the input source the converter deliv-
ers an output with large variation. Also large variation
in load affects the performance of the converter, so the
controller is necessary with high performance for fast tran-
sient response and good regulation when an unregulated
source is used and load variation is occur. For achieving
good dynamic and steady state response PID controller is
extensively used. The proportional factor gives an over-
all control action which is proportional to the error signal
through constant gain factor. Steady state error reduced
through low-frequency compensation by an integrator.
Similarly, transient response improved through high fre-
quency compensation by a differentiator.

The main advantage of Fractional-order controller
is that it provides more adjustable time and frequency
responses of the control system allowing fulfillment of
better as well as robust performance. So a fractional-order
controller will always provide better response than inte-
ger-order controller if it is properly tuned whatever may
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Fig. 6 Bode plot of QBSCC



be the type of plant (integer or fractional). It provides more
degrees of freedom than its integer order counterpart.

The proposed QBSCC converter is behaving as non-min-
imum phase system. In order to reduce the complication,
the optimization technique is used for obtaining the param-
eters present in controller. In this proposed work IOPID
controller is designed and the gain of the controller is opti-
mized by the genetic algorithm tuning method.

3 Fractional order PID controller

There are analytical, numerical and rule-based tech-
niques and are presented for tuning the parameters
of FOPID controller and those methods are explained
in [22]. The parameters derived from nonlinear equa-
tions gives better results by satisfying phase margin and
gain margin for the given specification [23]. If the sys-
tem is first order and the equation is simple, then analyt-
ical method is appropriate. For the higher order systems
like fourth order or fifth order systems, the design of the
parameter of PI*D* for the given converter system, is dis-
cussed in the paper [24-27]. The rule based technique is
also difficult, because of the unstable behavior of the con-
troller plant [28-30]. Compared to the analytical and rule
based system, numerical technique is more convenient
for obtaining the controller parameters for higher order
system, which is optimization based method. In [31],
load disturbance constraint is addressed and also deals
the integral gain optimization algorithm for tuning FOPI
controller. Tuning and auto tuning algorithm are pro-
posed in [32], MATLAB optimization toolbox is adopted
to solve this problem:

.
dr
aD =11 R(r)=0, . (13)

R(») >0,

[ rGI<0

The basic definition of fractional calculus is discussed
in [33, 34]. The generalized operator function is given in
Eq. (13).

"r" denotes as complex number. Rienmann-Liouville
(RL) definition, Grunewald-Letnikov (GL) definition and
Caputo fractional derivatives are coincide at zero initial
conditions. All these three methods are suitable to elimi-
nate the difference arising due to different initial conditions.
The corresponding relations are given in the Egs. (14)—(16):

1 (d)njAdT’ (14)

r(n_a) E a(t_T)a—nH

aD! 1 (1) =
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=
“prf () =limh ™ > (-1) (a_]f(t—jh), (15)
h—0 P ]
Cpa _ 1 ©of (1)
D= e (16)

(n — 1) < a <n, where a is a real number, and 7 is an inte-
ger. The general form of G(z) of discrete transfer function
of the controlled system is represented by the Eq. (17):

b, (w(z'1 ))ﬁm +...+b, (W(z"))ﬂU '
a, (w(z ))a +...+b, (w(zfl ))ao

The discrete value of Laplace operator denoted as w(z ")

G(z)=

a7)

in the form of complex variable z. The generalized transfer
function of the fractional order PID (PI*'D*) controller is
presented in the Eq. (18):

V, (s)
E(s)
The discrete value of Laplace operator denoted as w(z™)

C(s)= :Kp+7;s’l+TdS“. (18)

in the form of complex variable z. The generalized transfer
function of the fractional order PID (PI*D*) controller is
presented in the Eq. (14). In Eq. (14) positive real numbers
are denoted by 4 and u. K,T,T, are proportional gain,
integral time constant and derivative time constant respec-
tively. The integer order PID controller can be obtained
from the non-integer controller making the assumption of
A=—1 and u = 1. If the value of 4 is kept as zero then the
controller termed as PD controller. Correspondingly u =0
will result in PI controller. The time domain function is
stated and is given in Eq. (19):

u(t) =K ,e()+T.D}e(t)+T,D/'e(r). (19)

PFD* controller accommodates more tuning parame-
ter to enhance the control system performance. PF'D* is
an infinite dimensional linear filter because of fractional
order in differentiator and/or in integrator. Since PID
control is omnipresent in portable hybrid electric vehi-
cle and industrial process control, FO PID control will
also become omnipresent once tuning and implementa-
tion techniques are well developed. Some typical frac-
tional order controllers which are introduced in literature
are namely, TID (Tilted Integral Derivative) controller,
CRONE controller and fractional lead-lag compensator.

3.1 Objective function of genetic algorithm

Genetic algorithm optimization method is popular and
operation is carried by natural way. It randomly generates
the solution by population; it is believed that good solu-
tions are to be evolved by applying the genetic operations,
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namely, cross over and mutation on some selected par-
ents [35]. It is used to search the best solution that problem
arises from maximizing the fitness function. The Integral
Absolute Error (IAE) function is used as an objective
function and is given in Eq. (20). The purpose of error
function is to reduce the peak overshoot, fastening the set-
tling time and improving the system performance:

IAE = jle(t)ldt. (20)

This fitness function is then optimized by GA such that
the voltage and current errors get reduced with the opti-
mized K , K and K. The performance measure used in this
present case is the minimization of Integral of Average Error
(IAE). The fitness function is given as the inverse of IAE.
The optimum values obtained for the PID and FOPID con-
trollers using the genetic algorithms were given in Table 1.

4 Performance analysis

The Quadratic Boost Switched Capacitor Converter with
PID controller and FOPID controller were implemented
using MATLAB/SIMULINK. The component designs are
carried for the proposed system for the nominal power of
250 W, 400 V. It provides better voltage gain with reduced
duty ratio (D = 0.5). The voltage gain expressed as a ratio
of output voltage to input voltage given in Eq. (21):

14 N
L__ &N 21
E (1-D) @)

Here N represents number of diode capacitor pair. It has
the provision for increasing the voltage gain either by increas-
ing duty ratio or by adding diode capacitor pairs across load.
The load resistor varies from 200 Q to 600 Q. The switch
operates at the switching frequency of 40 kHz. The transfer

function of output voltage to duty ratio ‘;7” exhibits the fourth

order relation. The components values are designed based on
the relation given in [36]. The parameters are decided from
the design formula given in Eq. (22) to Eq. (25):

ED

__ED 22
] 6iLlf.;w ( )

ED

fa = 8i,, 1=-D) £, =

Table 1 Parameters of PID and fractional order PID controller

parameter K, K, K, A i
FOPID 4724 2.512 1.726 0.1229 0.6122
PID 1.009 1.682 2.94 1 1

LD 24)
(1_D)AVC1 sw
1.D
C=C=C= i, 25)
C2J sw

The parameters of the FOPID controllers were obtained
using genetic algorithms optimization toolbox. The con-
verter with fractional order PID controller design is given
in Fig. 7, and the specification of the converter is given
in Table 2.

Line regulation and load regulation analysis are carried
and the performance in steady state and dynamic condi-
tions were tested. Fig. 8 shows the responses of the system
with PID and FOPID controllers. It is found that the initial
peak overshoot is more for FOPID controller. But the perfor-
mance of the FOPID controller is better during load changes.
Fig. 8 exhibits the load variation from 600 Q to 400 Q, i.c.,
approximately 60 % of load variation. The load change is
applied at 0.1 sec; undershoot of voltage present in PID con-
troller for 0.03 sec with magnitude of 27 V. But this under-
shoot problem not present in FOPID controller. Also it has
reduced voltage magnitude approximately 6 V.

The simulation results of Fig. 9 shows the line voltage
variation results, when the line voltage is varied from 40 V to
50 V at 0.1 sec. It is found that the input voltage disturbance
does not affect the system performance when a FOPID con-
troller is used. In contrast a PID controller response has pro-
duce overshoot, when the input voltage changed.

The system with PID controller the peak overshoot value
is around 460 V with short settling time 250 psec. The tran-
sient response of the proposed converter with FOPID con-
troller operating at nominal load of 400 Q does not show
much peak overshoot. The performance comparison of the
dynamic behavior of system under perturbations with PID
and FOPID controller is given in Table 3. From the Table 3
it is found that the peak overshoot and settling time is
much better for the system with FOPID controller.

5 Conclusion

In this work a fractional order PID controller was designed
for the Quadratic Boost Switched Capacitor Converter using
genetic algorithm optimization method. The Quadratic
Boost Switched Capacitor Converter with FOPID con-
troller was implemented using MATLAB/Simulink and
its performance was analyzed. An integer order PID con-
troller also designed and implemented for Quadratic Boost
Switched Capacitor Converter and the performance of
the converter with both the controller were compared.
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Fig. 7 Fractional order PID controller for Quadratic Boost Switched Capacitor Converter

Table 2 Parameters of the QBSCC

In load variations, the output is well regulated in both the

Input voltage (E) 50V controller. The steady state and dynamic response is bet-
Output voltage (V) 400 V ter for FOPID controller. Settling time on load variation
Duty cycle range (D) 0.5t00.9 and line variation, FOPID controller works much better
Capacitor 1 (C)) 5 pF than PID. But during initial transient response condition
Inductor 1 (L)) 156 uH the FOPID, has pronounced peak overshoot. While in PID
Inductor 2 (L,) 312 uH peak overshoot is minimum in transient condition, but the
Load resistor (R) 200 Q settling time in PID. From the results suggest that FOPID
Capacitor (C,, C,, C;) 10 pF controller is better than PID controller during input voltage
Switching frequency (/,,) 40 kHz variation and load current variation conditions.

SW
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PID
FCPID
500 |- Input Voltage [

Output V oltage = 400V :
1 ; 400 ohms;

100

600ohms

0.003 sec
Input Violtage = 50V
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Time (sec)

Fig. 8 Comparison of transient response under changes on load from 600 Q to 400 Q
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Fig. 9 Comparison of transient response under changes on input voltage from 40 V to 50 V
Table 3 Performance comparison
Fractional order controller Integer order controller
Parameter

Settling time (sec) Over shoot (%) Settling time (sec) Over shoot (%)
) Load variation 0.001 1.25 0.003 6.7
Dynamic response . .
Line variation 0.001 1.05 0.016 20
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