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Abstract: Small-signal models of dc-dc converters are often designed using a state-space averaging
approach. This design can help discuss and derive the control-oriented and other frequency-domain
attributes, such as input or output impedance parameters. This paper aims to model the dc-dc
converters for PV application by employing a capacitor on the input side. The modeling, design,
and analysis of the dc-dc converters regarding the input capacitor is limited in the literature. Five
dc-dc converters, including buck, boost, buck-boost, CUK, and SEPIC converters, are designed and
implemented using the state-space average modeling approach in MATLAB/Simulink. The circuit
topology of each converter and the state-space matrices are derived considering every constraint. A
rigorous and compelling analysis of the dc-dc converters is carried out to compare system stability
and, ultimately, the dynamic performance. The output of the resulting small-signal models has been
demonstrated in the time-domain against topology simulations. All the converters are exposed to
unpredictable weather conditions and the simulations are carried out in the PSIM software. The
perturb and observe (P&O) maximum power point tracking (MPPT) algorithm is applied in all the
converters to ensure maximum power point (MPP) achievement. The results showcase that the boost
converter outperforms all other converters in terms of stability, settling time, and overshoot.

Keywords: dc-dc converter; maximum power point tracking; MPPT; perturb and observe; state-space
modeling

1. Introduction

Photovoltaic (PV) energy is an excellent resource for cost-effective and clean electricity
production because it is inherently noise-free, environmentally friendly, flexible scaling,
sustainability, and low-maintenance. The PV system displays non-linear current vs. voltage
(I-V) characteristics due to its dependency on irradiation level, temperature, and load
conditions [1]. Researchers have proposed techniques and models to improve the designs
and integration of PV modules and converters in a broader spectrum [2—4]. Research work
differs in terms of sensor requirement, convergence time, hardware complexity, and other
domains [5-7].

The switching performance of the dc-dc converters usually varies around 70% to
95% due to their non-ideal behavior [6]. The current value cannot suddenly drop to
zero due to switching times and conduction mode resistance, and thus incurs power loss.
However, their performance can be boosted by observing their behavior. Designing power
converters is complicated because of the requirement to analyze various time-variant
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circuital configurations based on the switching performance of semiconductor switches
transistors and diodes [8-10]. Therefore, the modeling of power electronic circuits comes
under non-linear structure systems as sudden changes are introduced in their differential
equations [11-14]. The mathematical modeling of DC-DC converters is a crucial step in
the design and analysis of these electronic devices. In fact, there are several reasons why
mathematical modeling is performed for DC-DC converters, such as:

¢ To understand the behavior and dynamics of DC-DC converters under different
operating conditions.

e  To simulate the behavior of the DC-DC converter before building a physical prototype.

e To facilitate the analysis of the converter’s performance metrics, such as its efficiency,
voltage regulation, and transient response.

e Tofacilitate the design and analysis of control algorithms to achieve stable and desired
system behavior.

¢  To perform sensitivity analysis to understand how variations in component values
and parameters affect the performance of the converter. This information is valuable
for robust design.

¢  Mathematical models help us to analyze the transient response of the system, ensuring
that it meets the required specifications.

*  Mathematical models are used in educational settings to teach students about the
principles of DC-DC converters. They also serve as a foundation for research in power
electronics and related fields.

The mathematical equations also form the basis for model predictive control (MPC)
systems [15,16]. The standard methods are unable to provide an authentic solution due to
these time and state discontinuities.

The two great modeling techniques for small-signal dc-dc converters include state-
space averaging and switch averaging [17-19]. The switch-mode converters possess non-
linear properties, mainly due to the passive elements and switching devices. Such convert-
ers can be modeled in either of the two modes: analytical or numerical. The numerical
methods are dependent on simulations or several algorithms to generate results in terms of
quantities [20-22]. Though easy to implement, they do not provide the proper insight re-
quired to realize switching characteristics. Analytical techniques provide a platform where
the converter’s performance and behavior can be well judged based on continuous-time
techniques, mainly state-space averaging, circuit averaging, and pulse width modulation
(PWM) switch modeling [23].

The inherent nature of the dc-dc converters renders the switched modeling technique
a poor choice for carrying out the steady-state input-output converter relationships directly
or for extracting authentic information for the modeling of linear regulators [24]. State-space
averaging is now significantly utilized to model dc-dc converters and has proven to be
the most realistic approach for building small-signal models [12,25,26]. Various extensions
have been introduced in this method, such as designing converters that work under
variable conditions [27]. The primary advantage added through these extensions suggests
the averaging approach as the best choice, as the system analysis can be authenticated
through a non-linear time-invariant continuous-time system, rather than depending on a
discontinuous right-hand-side system such as the switched model. An advantage of using
the state-space averaging method is the generality of its outcome. Once the converter state
equations are appropriately written, it is guaranteed that a small-signal averaged model
will be obtained.

The objective of this paper is to study, model, analyze, design, and simulate the
behavior of five different non-isolated converters with appropriate input capacitor (Cj,,)
design for a PV system. Note that when these converters are interfaced with a mostly
constant current source like a PV module, an additional capacitor (C;;,) is required at the
input. The inclusion of an energy storage element in the system alters the dynamics of
the dc-dc converter. This makes it complex compared to the voltage-fed dc-dc converters.
Consequently, if same techniques are applied on the current-fed converters, the holistic
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understanding of converter dynamics becomes unachievable. The state-space modeling is
used to derive the characteristics function of converters. The significance of this study is
to evaluate the performance and stability of converters when installed in the PV system.
Such a comprehensive performance study for five converters with Cj;, capacitor is limited
in the literature. Consequently, this research work will deliver the insight about the correct
selection of converter for different types of PV applications.

2. Modeling of dc-dc Converters
2.1. DC-DC Buck Converter

The converter’s name suggests that the output voltage results in a lower value than
the input voltage. For this very reason, this converter is also known as a step-down voltage
regulator. A buck converter has the benefit of coming up with non-isolated, switch-mode
dc-dc conversion, resulting in a cost-effective and straightforward conversion [28].

The operation involves switching that leads to two circuit formations alternately,
allowing a path for the inductor to be connected to the source voltage to make the inductor
capable of storing energy and later discharging the inductor into the load. Figure 1 presents
a typical buck converter which consists of a switch (S), an inductor (L), a diode (D), an
input capacitor (Cj;,), an output capacitor (C), and a load resistance (R ). The state of the
switch is controlled through a PWM control signal. The value of current through the L
during the Continuous Conduction Mode (CCM) does not drop to zero within switching
cycles. This situation results in an on-time state (on-mode) and off-time state (off-mode),
presented in Figure 2.

~~o Y'Y Y
+ S;

L
PV T~ Cn S 1~ Cy R.

S1=32
Figure 1. Typical buck converter.
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Figure 2. Modes of the buck converter (a) On-mode of the buck converter (b) Off-mode of the
buck converter.

State equations for the on-mode of the buck converter are defined as

Ve W
IL — LG _ ; (1)

. L Ve
Ve = -k i 2
Cin Cin CinRin ( )
va = VCin ®3)

where I} is the current through L, ch is the voltage across Cjy,, Vo is the voltage across the
PV panel, V, is the output voltage, and R;;, is the internal resistance. Using Equations (1)-(3),
the ON-state equation of the buck converter is derived as
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State-space equations for the OFF-state of the buck converter are written as

=1
L

0

Vo (4)

.-V,
= 6
I I (6)
) Ve,
Ve, = ——2— (7)
Cin CinRin
va = VCin 8)
Using Equations (6)-(8), the OFF-state matrix of the buck converter is calculated as
l I ] 0 0 I F y o)
Ve | = _ + 0
Cm 0 Cianin ch O
Ir
Vo= [0 1]} 0 (10)

There is a need to generate an average description of the circuit for a switching time-span.
The equations representing the two ongoing states are subjected to two procedures that are
time-weighted and averaged. The general equations used for this purpose are

A= Ayd+ Ay(1—d) (11)
B = Byd + By(1—d) (12)
C=Cd+C(1-4d) (13)
D = Dyd + Dy(1—d) (14)

where ‘d’ represents the duty cycle of the converter. Equations (11)—(14) are applied to
derive averaged matrices for both modes of the buck converter from Equations (4), (5), (9)

and (10).
d
= 4 _
Cin CinRin

Vpo= [0 1] [Vl(f } (16)

I,
Ve

I

Ve

+ v, (15)

in

in

s dVein | dVein

= —Cin | Z7Cin 17
L Tt (17)

A _de VCm dAIL
Vo = =8 Ve dl 18)

cin Cin CinRin Czn

L o f\[ny [%],
" Cin Cl Rin Cm Cin



Sustainability 2024, 16, 202 50f20
i i

V=10 1 [ } (20)
pv [ ] VCin

PV

As a linear method is assumed, the aim is to find the transfer function between the output
voltage and the duty ratio; the perturbation is not introduced in the input voltage and
is thus zero for the simplification [29]. To attain a steady-state equation, it is required to
change the perturbation terms and their derivatives to zero.

2.2. DC-DC Boost Converter

The boost regulator finds its applications in the scenarios that require a higher output
voltage compared to the input. Due to the non-linear and time-variant property of the boost
converter, it is practical to design a linear controller to find a small signal model [30,31].
That model sets the direction for linearizing the state-space average model around an
appropriate operating point.

This section deals with carrying out the state-space equations of a boost converter
in both operating modes, on-mode and off-mode. It is pertinent to take all the system
parameters into account, including the resistance of the inductor, capacitor, load, diode
characteristics, switch-on resistance, voltage ratings, and load current. The coefficients of
state-space equations will rely on the DC operating point and the circuit parameters [32]. It
is not complicated to obtain the value of the duty ratio using these coefficients and later
introduce it as an input.

Figure 3 represents a conventional boost converter, which consists of a switch (S),
an inductor (L), a diode (D), an input capacitor (C;;,), an output capacitor (C), and a load
(Rp). Figure 4 presents the equivalent circuits of the boost converter during on-mode and
off-mode. The switch position of the converter is controlled by a PWM of the time period
(T) and duty cycle (d).

Y'Y Y\ o
+ S,

PV 1~ Ci S4 T~ C1 §RL

S1=S;

Figure 3. Typical boost converter.
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Figure 4. Modes of the boost converter (a) On-mode of the boost converter (b) Off-mode of the
boost converter.

It is mandatory to include state-space equations of both the modes that are on and
off. These stages can further be represented as a single state-space description with the
illustration of the circuit’s behavior over the time period, T. Using the circuit topology
described in Figure 4, the on-state matrix is calculated as

I 0 i Ir 1)
Vel = 121 21 21
Cin CinRiy VCi”
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Vpo= [0 1] [Vl(f } 22)

where [} is the current through L, V¢, is the voltage across C;;, V) is the voltage across
the PV module, V, is the output voltage, and R;,, is the internal resistance. Using the circuit
topology substantiated in Figure 4, the off-state matrix is derived as

I -1

0 1 I
ve |=1., [ +| v (23)
" szn CinRin VCf” O
Iy,
Vyo= [0 1] [Vcl 24)

The steady-state averaging method is utilized to obtain a converter model with a span of
one switching period. Equations (11)—-(14) are applied to compute averaged matrices from
Equations (21)—(24),

I 0o 1 I —(-d)
VE =4 1 _ + Vo (25)
" q CinRin Vci” 0
_ I
Vpo =10 1] [Vc } (26)

By introducing small ac perturbations Equations (25) and (26) are modified to

I o TR %],
vil=1a Sl |t Eld 27)
" Cfm CinRin VCi” 0
A j\L
V=10 1] [VCJ (28)

2.3. Modeling of Buck-Boost Converter

Out of all the available dc-dc converters, the buck-boost regulator is preferred for
applications where the output voltage is required to be higher or lower than the input
voltage. Designing a controller for the buck-boost dc-dc converter is strenuous compared
to designing one for the other converters, including buck or boost converters, since this
converter carries a non-minimum phase system [33].

A typical buck-boost converter is shown in Figure 5, which consists of a switch (S), an
inductor (L), a diode (D), an input capacitor (C;;,), an output capacitor (Cy), and a load (Rp).
Both working modes of the buck-boost converter are shown in Figure 6. It also shows the
voltage polarities and current direction in both stages.

PV 1~ Cin L A~ C1 § RL

S1=§2

Figure 5. Typical buck-boost converter.
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Figure 6. Modes of the buck-boost converter (a) On-mode of the buck-boost converter (b) Off-mode
of the buck-boost converter.

The on-stage matrices for the buck-boost converter are computed as,

I 0 7 l I ] 29
Vel = a1
" szn CinRin VCf”
I,
Vo =[0 1] [VC,J (30)

where [} is the current through L, V(;; is the voltage across C;;,, Vyy is the voltage across
the PV module, V, is the output voltage, and R;, is the internal resistance. The off-stage
matrix is evaluated as

I 0 0 I

L
= 1% (31)
Ve, 0 =% lVe, ol "’
I,
Vo= [0 1]} 0 (32)

The modeling of a converter is based on the working state of the switches used, as it
alters the configuration and working state of the whole circuit. This problem is managed
using the circuit averaging technique known as the state-space averaging technique, as
the dependent parameters are time-weighted. Equations (11)—(14) are applied to derive
averaged matrices from Equations (29)-(32),

Ly ot [I_L + - Vi (33)
Ve. —d 1 _ 0
Cin Cfnl CinRin Cin 0

_ I

V=0 1] [VCJ (34)

By introducing small ac perturbations, Equation (33) and (34) are modified to

fL 0 d IAL Vein _ Vo .
v l=1 i szL Fld (35)
" q CinRin Vci” 7
V=10 1 I 36
po=[0 1] Ve, (36)

2.4. Modeling of CUK Converter

A dc-de CUK Converter has the ability to provide a regulated output voltage at a
relatively lower or higher level than the input voltage level, with polarity of reversed [34,35].
Figure 7 represents the basic circuit of the CUK converter, which consists of a switch (S),
two inductors (L and L;), a diode (D), an input capacitor (C;,), an energy-transferring
capacitor (C1), an output capacitor (C;), and a load (Ry).
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+ J_ L1 (I:: L2
PV /I\Cm S, Sz /I\Cz RL

S1=§2

Figure 7. Typical CUK converter.

A CUK converter works in two switching stages. The on and off states are further
determined considering the duty ratio and switching period. Figure 8 shows the equivalent
circuit of the CUK converter during both stages.

~YN Il ~Y |

/Y'Y Y\
+ o+ + Vi - I + Vg - - - - - Vi o+ | + Vio - - =
[ [ [ t Ve - I
L1 L2 VCZT v L1 L2 VCZT v

- Ver +
PV Vev Ve, o PV Vev Vein, )
T T T

(2) (b)

Figure 8. Operational Modes of the CUK converter (a) On-mode (b) Off-mode.

On-stage matrix for the CUK converter is written as

|
_

|
_

VCin Ri"lcin Cfln 0 O VCiH 0
ILl I 0 0 ILl 0
[ _ V. 37
Ve 0 0 0 ||V i o 7
I 0 0 L% 0 I, T,
Vcin
I11
V=110 0 0 38
o = | ] v (38)
Iip

where [} is the current through Ly, I}, is the current through L, V., is the voltage across
Cy, V¢, is the voltage across C;;,, Vpy is the voltage across the PV module, V is the output
voltage, and R;, is the internal resistance. State matrices for the off-mode are evaluated as

1 _

—_

R I IE <39>
Itp 0 0 0 o]l ry
Ve,
Viw=[1 0 0 0 11/5:11 (40)
Itp

The averaging method takes into account different sets of equations for all switched circuit
configurations. A single equation is formed after analyzing and carrying out the linearly
weighted average of the previous equations. Two equations are obtained considering the
CCM of a CUK converter depending on both working states using the circuits in Figure 8.
Equations (11)—(14) are applied to compute averaged matrices from Equations (37)-(40),

—_

‘?Cin Ri;ci” ET% (10 d) 0 Vcin 0

I L 0 = 0| 0

L1 = v B | 4 v, (41)
ver U = RN B O

Iio 0 0 & 0| LI o
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By introducing small ac perturbations, Equation (41) is modified to
A -1 —1 71
Ve, Rl G O 00 D
i, Lo = of|f" .
5 =| " 1—d h ||yl |ty | (42)
Ver 0 & 2 [y fcl T, o
1 a C
I1o 0 0 19 0 | Ly L721
[ :Cin
Ity
L 12

2.5. Modeling of Sepic Converter

Single ended primary inductance converter (SEPIC) is a dc-dc voltage converter that is
utilized for applications involving the criteria to buck, boost or permit the electrical voltage
at the output side to reach the desired stage with a similar polarity as that of the input
side [36,37]. The phrase “single-ended” indicates that only one switch directs energy trade
between inductors and capacitors [38]. Figure 9 shows the circuit of a SEPIC converter,
which consists of a switch (S), two inductors (L1 and L), a diode (D), an input capacitor
(Ciyy), an energy-transferring capacitor (C1), an output capacitor (C;), and a load (Rp).

V4 -

+ L k I\ S,
1
PV ~~ Cin S, L, ~C, <R,

S =§2
Figure 9. Typical SEPIC converter.

In the case of a SEPIC converter, the wire resistance of the inductor is lower, and it conse-
quently generates less energy in the form of heat that further results in higher efficiency [39,40].
In other words, a more significant part of the input power is transferred to the load side [41].
As there are two stages of operation, as mentioned in Figure 10, it is mandatory to consider
both while considering state variables. The state variable description can be written by ana-
lyzing basic circuitry. It is to be noted that the internal resistances of the voltage source and
other electronic components affect the output voltage generated. On-state matrix is given as

PV VPVVCn—/!I:

Ve 4 :VCZ

- + + o+ Vg + +
+ Vg - + : + Vg - * *

Iq ] It 4
Vo Iz Vie ~ Vo

(@ (b)

Figure 10. Operational modes of a SEPIC converter. (a) On-mode (b) off-mode.

=

. -1 —

Vcin RiV’lCi" Cfrn 0 O VCin 0

i I 0 0 0 IL] 0

[ _ Vv 44
Vi o 0 o0 2w + o] Ve (44)
Irp 0 0 L% 0 I, 0
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Vcirl
I1h

Vie=[1 0 0 0 Ve, (45)
I1o

where [} is the current through Ly, I}, is the current through L, V., is the voltage across
Cy, and V¢, is the voltage across C;;,. Using the circuit topology of the SEPIC converter,
off-stage matrices are evaluated as

-1 —1

Vcin RinCin q 0 0 VC,‘n 01
I L 0 0|1 -
y = + | 1|V 46
Ve 0 & 0 oV 0" (46)
Ir> 0o 0 o0 o]l n
VCin
_ It
Vio=1[1 0 0 0] Ver (47)
Ip
The average state matrix is computed using Equations (11)—(14)
- -1 -1 -
VC[,, Rincin q O O VC, O
Iy = 0 7(17'1) 0 TLm 77(17‘1)
N = 1 1 e 1 \% 48
| L = = 1 A R Y ”
Irp 0 0 L% 0 Ir, %;)

By introducing small ac perturbations, Equation (48) is changed to

A —1 =1 S 0
ch'n Rin Cin in 0 0 VCm VC v
S e e T I I e
=] L L R E e SR S (49)
17 0o = o0 #l|% <2
C1 G Ci 1 C G
I o o £ ol ‘%ﬂ%
_VCin
Iia
V=010 0 0| (50)
L I12

3. Designing of Converters

Design relations for all the components presented in the above-discussed converters
are derived and presented in Table 1. The behavior of the converter is expressed through
voltage gain relation, which is a function of Vj;,, V,ut, and duty ratio D. The voltage gain
relation of any converter can be transformed in terms of the impedance relation between
internal resistance (R;y) of the PV module/array and load resistance (R ), as presented
in Table 1. The inductor value (L1) of each converter is derived through the volt-second
product of the converter during either on-time state (on-mode) or off-time state (off-mode).
For capacitors, the charge-second product of the converter is considered for designing
during either on-time state (on-mode) or off-time state (off-mode) [42—44]. These designed
relations are well reported in the literature, with the exception of input capacitor (C;,),
which is installed at the input node in parallel with PV module/array. Now, if the input
supply is continuous, as in the case of a boost converter, the size of Cj;, is small, as presented
in Table 1. On the other hand, if the input supply is discontinuous, as in the case of a buck
converter, the size of the C;;, capacitor is large. This C;,, of other converters are designed
according to the same approach.
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Table 1. Design relations of the discussed converters.

Item Buck [45] Boost [45,46] Buck-Boost CUK SEPIC

¥ D A D_ D D

Voo 1-D 1-D T—D T—D

R Ri 2 D*Rpe Riipp R = (llji%fz Ry > (?i%fz Ry > (?ilgﬁ’z
LW LR Ll Lxghp Leghp L kg
Ly - - - Ly > % L, > f:zingDLz
G Crgi  Gepfy Gepf G G2
e _ . ) G2 SfA% G = fﬁkvu
o Cuz AP o> U o s BOD o s i o s A

4. Simulation Results and Discussion

Kyocera KC200GT is adopted as an input model for the simulation with the speci-
fications expressed in Table 2 [47]. This PV module is able to generate 200 W maximum
power (Py,p) corresponding to a voltage (Vyupp) and current (Ipp) of 26.3 Vand 7.61 A,
respectively. The specifications also include the values of open circuit voltage (Vo) and
short circuit current (Is.), which are mainly used to determine the worst-case scenarios
in a PV plant. All these values are calculated at fixed values of irradiance and tempera-
ture, which are termed as standard testing conditions (STC) [48]. The STC conditions set
irradiance at 1000 %, cell temperature at 25 °C and air mass 1.5. Several PV modules are
connected in series and in parallel to create a PV array. The array size of Ns x Np =2 x 3is
considered to carry out simulations, where Ns represents the number of modules in series,
and Np is the number of modules in parallel. These array values are used to evaluate the
design parameters of Table 1, and the results are substantiated in Table 3, where D = 0.7
and fsp = 20 kHz.

One of the significant issues faced by electronic circuits is transient overshoot. It poses
a threat of abrupt drift that results in performance degradation and sometimes unbearable
loss in the circuit [49-51]. The number of fluctuations in the output response increases with
the order of the circuit. To address this issue, the pole-zero cancellation technique is utilized;
this technique cancels out poles and zeros from the transfer function, thus reducing the
order of the system. It is to be noted that with a more substantial imaginary component of
the pole and a shorter duty cycle, the oscillations increase. Similarly, when dealing with a
constant real-component of the pole, the overshoot and the settling time is comparatively
less. The duty cycle increases with the decreasing imaginary part of the pole. It reduces the
number of oscillations while the overshoot and settling time increases.

Figure 11 represents the step response of buck, boost, and buck-boost converters at
the Maximum Power Point (MPP) calculated via MATLAB. The settling time (f5) of the
boost converter is the shortest compared to the buck and buck-boost converters. Out
of the three converters, the buck converter presents maximum overshoot (OS), which is
69% compared to 23.5% OS of the boost converter and 47.1% of the buck-boost converter.
Moreover, the rise time of the buck-boost converter is longer than that of the other two
converters. Whether a system is deemed as stable, unstable, or relatively stable depends on
how fast its transient settles down. As depicted in Figure 11, the boost converter design
appears to be the most stable among the three converters as its transient settles down in the
shortest possible time period.

Figure 12 shows that the OS of the CUK converter is higher than the SEPIC converter.
The OS presented by the CUK converter is 96.7%, while the OS performed by the SEPIC
converter is 46%. Another method that can minimize the OS is to increase the bandwidth of
the voltage loop, as the converter tends to respond quickly to the sudden change introduced
in the input voltage. The CUK converter shows a better t; of 103 ms compared to 118 ms
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for the SEPIC converter. The summary of the step response of these converters is presented

in Table 4.

Table 2. Kyocera KC200GT specifications [47,52].

Parameters Value
Maximum power (Prpp) 200 W
Cells per module 54
Open-circuit voltage (V) 329V
Short-circuit current (Is) 821 A
Maximum power voltage (Viupp) 263V
Maximum power current (Inpp) 761 A
Voltage temperature coefficient —0.123 V/°C
Current temperature coefficient 0.00318 A/°C
Table 3. Simulation parameters.
Item Buck Boost Buck-Boost CUK SEPIC
VL:U 0.7 3.33 2.33 2.33 2.33
R, R;, >1130 Rp > 2556 Q) R; >1252 0 R; >1252 0 R; >1252 0

Ly Ly>8475uH Ly >40250 uH L, > 402.50 uH

Ly > 40250 uH L > 402.5 uH

- Ly > 40250 uH L, > 402.50 uH

L, - -
C; C;>22124uF C; >27389uF C; >559.11uF  Cj > 685 uF Cy > 685 uF
C, - - - C, >1997uF  Cp > 559.11 pF

Cy Cy >1300uF  Cy >10870uF Gy > 1300 wF - Cy, > 10870 uF - Cy, > 108.70 uF

Step Response
I I ‘ = Buck
=~ Boost
= Buck-Boost _
A‘\ /\ P —— |
- N — |
| | 1
1,=17.1
""""" %0S=69 ':"’:
|[4=970ms) R |
I %0S =47.1 I I
L=176ms) | | |
220 “Los-ns l u L J .
0 5 10 15 20 25 30
Time (miliseconds)
Figure 11. Step response of the buck, boost, and buck-boost converter.
Table 4. Step response of the converters reviewed.
Converter Settling Time (ms) Overshoot (%)
Buck 17.1 69
Boost 1.76 23.5
Buck-Boost 9.79 47.1
CUK 103 46
SEPIC 118 96.7
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Figure 12. Step response of the CUK and SEPIC converter.

The root locus shows the root of the closed-loop system’s characteristic equation to
find the response of all values of a system parameter [53]. The root locus depicts the
placements of the closed-loop poles as a function of the gain. If the gain alternates between
zero and infinite gain, the placement of the closed-loop poles changes positions from the
open-loop poles towards the open-loop zeros.

Figure 13 represents the root loci of buck, boost, and buck-boost converters. From
the design perspective, the closed-loop poles represent the roots of the closed-loop system
characteristic equation. Depending on the poles’ position, one can decide if the system
is stable, unstable, or marginally stable [54-56]. The poles of the buck and buck-boost
converter appear near the origin and the real axis. The closed-loop system seems to be
stable, as the roots of the closed-loop characteristic equation lie on the left-hand side of
the jw axis for some of the gain values. Therefore, the boost converter design is stable, as
its poles lie on the negative side of the s-plane. The system (i.e., for all three converters)
is not unstable, as there is not a single pole on the positive half-plane. It can also be
concluded that the buck and buck-boost converters are relatively less stable, as their poles
lie near the imaginary axis compared to the boost converter, whose poles lie far from the
imaginary axis.

Figure 14 illustrates the root loci of the CUK and SEPIC converters, which shows
that both converters exhibit two right half-plane zeros. Since stable operation requires
that all poles lie in the left half-plane of the complex plane, it is implied that the control
system of these converters will be stable when installed in the PV system. However, two
left half-plane zeros lie on the imaginary axis of these converters, indicating that if the PV
system requires sampling of several distant operating points on its I-V curve, the stability
and performance of the control system may deteriorate. Therefore, a complex control
system may be needed to address this issue. Nevertheless, considering the position of the
poles, these two converters are characterized as marginally stable, leading to what can be
referred to as “limited stability”. The results indicate that the response and settling time of
the boost converter is better compared to other converters when installed in the PV system.
It is because of this reason that it falls in the category of nearly second-order converter and
does not exhibit any pole or zero on the right-half plane of the pole-zero graph. Another
important point is the low value of the C;;, capacitor, as the input supply from PV is
continuous. The buck converter and buck-boost converter are stable under steady-state
weather conditions. However, with varying weather conditions and perturbations in duty
cycle for MPP tracking, the control system may undergo extensive transient periods, since
these converters exhibit zero on the right-half plane of the pole-zero graph. Nevertheless,
these two converters are better than CUK and SEPIC converters in terms of control, as they
also fall in the second-order category. Both CUK and SEPIC converters take more setting
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time compared to basic converters. This is because they exhibit zeros in the right-half plane
and also reductions in the higher-order category. From these results, it can be deduced
that the gains of the CUK and SEPIC converters are higher compared to those of the boost
converter. However, keeping in mind the low-order converter, better control, fast settling
time, reasonable gain, and implementation ease, the PV designers prefer to use a boost
converter in the PV system compared to other converters.

Root Locus
20 T T T T
= Buck
L — B H
15 — Bugl?-slgonst |
w _0
R
<5t K\ 1
2 g
g : il ’C%__/
T | J
£E°
= 10
-15 1
-20 ] 1 1 1 1
-5 0 5 10 15 1 20 25 30
Real Axis (miliseconds™)
Figure 13. Root loci of the buck, boost, and buck—boost converter.
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Figure 14. Root loci of the CUK and SEPIC converter.

Figures 15-19 demonstrate the simulation results when all the converters (buck, boost,
buck-boost, CUK, and SEPIC) are exposed to changing atmospheric conditions. The
component values computed in Table 3 are employed in the circuits where D = 0.7 and
fsw =20 kHz. The simulations are carried out in the PSIM software, and the P&O algorithm
is engaged in all the converters to ensure MPP achievement. The graphical representation of
Ppy, Vpw, and D corresponding to irradiance condition changes is validated in Figures 15-19.

At t = 0 s, the irradiance level is 1000 %, and the P&O algorithm starts tracking
the MPP, which is 1200 W at the given irradiance condition. At t = 0.18 s, abruptly, the
irradiance drops from 1000 % to 500 % due to clouds” appearance in the sky. The available
power from the PV array halves, and the P&O algorithm guarantees the extraction of
the maximum available power. Initially, the response of all the converters is oscillatory
due to the rapid variation in environmental conditions, but within a few ms, the steady
state is attained. The pictorial behaviors of all the converters at 500 % are illustrated in
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Figures 15-19. At t = 0.36 s, the sunlight fights to recover, and the irradiance level spread
reaches 1000 Y, again. The converters’ outcomes are summarized in Table 5 under the
above mentioned atmospheric conditions in terms of Pyy, Vjy, and D.

I 1000
rr
(Wi 300 /
600
P 1000 /
RO L/
60
V, 40
V) 20
0.8
0.7
p U W
0.5

0 0.1 0.2 0.4 0.5 0.6

0.3 .
Time (seconds)
Figure 15. Simulation results of the buck converter under changing atmospheric conditions.

These results and Table 5 clearly indicate that, keeping in mind the control system
implementation, converter installation, and MPP performance, the two conventional con-
verters are the preferred choices. Since for most PV applications, a higher voltage is
demanded at the output, the boost converter stands out as the best. For applications where
both buck and boost modes are required in order to mitigate the partial-shading/mismatch
effects in PV string, a buck-boost converter can be installed. Sometimes, when the PV ar-
rays are installed with small-sized strings in order to reduce the partial shading/mismatch
effects, a higher gain converter may be needed, and for these cases, CUK and SEPIC can

be considered.

Table 5. Summary of PV array output.

Ppy (W) Vpo (V)
Converter
1000 ¥ 500 Y 1000 % 500 Y
Buck 1156 587 50.5 51.6
Boost 1147 583 50.2 50.1
Buck-Boost 1131 584 52.2 53.8
CUK 1136 582 49.7 50.9

SEPIC 1133 50.8 585 50.1
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Figure 16. Simulation results of the boost converter under changing atmospheric conditions.

I 1000
rr
(W/mz) 800 /
600
1000
P, W
o,
Vi 80
V) 40 JIIMMMWWWW
0
D 0.7 W
0.6
0 0.1 0.2 0.3 0.4 0.5 0.6

Time (seconds)

Figure 17. Simulation results of the buck-boost converter under changing atmospheric conditions.
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Figure 18. Simulation results of the CUK converter under changing atmospheric conditions.
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Figure 19. Simulation results of the SEPIC converter under changing atmospheric conditions.

5. Conclusions

This paper reviews the modeling, designing, and implementation of buck, boost,
buck-boost, CUK, and SEPIC converters. It also demonstrates the state-space average
model through a general and intuitive deriving process, including several parameters and
uncertainties. The switching effects on the state equations, system stability, and overall
performance are shown for all converters. Optimal efficiency is observed in all converters
as their dc gain gets close to unity. The output voltages of converters were acquired when
PV panels operated with precipitously changing irradiation values. The non-isolated
converters studied in this paper are of two types. The first one had one inductor and one
capacitor other than the input capacitor; this type was referred to as Type 1, while the
second one with more than one inductor and/or capacitor was referred to as Type 2. For
type 1 dc-dc converters, the results revealed that the buck converter requires 84.75 uH
compared to the 402.5 uH requirement for boost and buck-boost converter. Furthermore,
the buck converter requires only a 221.4 uF output capacitor compared to 273.89 uF and
559.11 uF for boost and buck-boost converter. For Type 1 dc-dc converters, the lowest input
capacitor requirement is for the boost converter. This requirement is 108.70 uF compared
to the large input capacitance of 1300 pF for buck and buck-boost converters. In terms
of th component values of Type 2 dc-dc converters, the Cuk converter requirement of
C; is almost 28 times less than that of a SEPIC converter. In terms of the step response
performance, the boost converter requires the minimum time to settle down, followed by
the buck converter, buck-boost, Cuk and SEPIC. The boost converter also outperforms the
other converters in terms of the percentage overshoot (OS) followed by Cuk, buck-boost,
buck, and then the SEPIC converter. It is perceived that the CUK and SEPIC converters’ OS
and output value reach times are proximate to one another. Several uncertainties in dc-dc
converters have been taken into account, including capacitance, inductance, and other
variable conditions. This in-depth review presents a clear understanding and comparison
of widely used dc-dc converters when choosing a specific application. The rendering of
time-domain dynamic models is made easier using the state-space averaging approach for
each of the listed dc-dc converters. The boost converter outperforms all other converters in
terms of stability, settling time, and overshoot. This is primarily due to the presence of only
one time-varying parameter in a boost converter. Additionally, the boost converter has
input inductance, which ensures a continuous input current. Note that the input current
is discontinuous in the buck converter, and in the buck-boost converter for which a large
input capacitor is required. The CUK and SEPIC converters have a greater number of
components and, therefore, they also are outclassed by the boost converter in terms of the
abovementioned attributes. Further, the dc-dc boost converters do not require a blocking
diode in battery-charging applications. The only shortfall of the state-space model is its
inability to simulate the ripple effect on the inductor current and output voltage, as the
frequency switching input element is not present.
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This work presents the research findings about the five fundamental power electronics
dc-dc converters. By utilizing the features of advanced control techniques such as model-
predictive control, artificial-intelligence techniques, and control optimization methods, the
issues of converter, especially CUK and SEPIC, can be minimized. This research work may
also help the researcher to model and evaluate the performance and stability of isolated
converters for a PV system.
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