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This paper proposes a high-gain dc-dc converter with common ground utilizing a Z-source network for low
voltage solar photovoltaic (PV) applications. This converter features a common ground and a high output-
input voltage conversion factor at a low duty cycle. These converters find their most common application in
grid-tied or stand-alone solar photovoltaic systems, particularly those with low output voltages that must be
increased to the required level. The presented converter operating duty ratio is within 0-0.5 and maintains
similar voltage stress on Z-network components since it employs the conventional Z-source configuration.
The presented converter provides a common ground between source and load, unlike conventional Z-network
converter. A type-2 closed-loop voltage controller and state-space average model evaluate the converter’s
dynamic behavior for reliable and steady performance. A laboratory hardware prototype of 250 Watts is
built and low gate signals are generated by using a ARM cortex M4 Microcontroller (STM32F407VGT6). The
experimental results confirm that the proposed converter, with a gain of 10.46 and a power of 250 Watts,
has a maximum efficiency of around 93%. The experimental results validates the effectiveness of the proposed
converter under both constant and shifts in amounts of solar irradiation.

1. Introduction to low voltage at their output terminal, are linked to the interfaced

inverter’s dc rail through a high gain boost dc-dc converter [4,5]. In

The power generation from renewable energy sources (RESs) like
wind power, fuel cells, and solar photovoltaic (PV) is becoming more
popular due to rising energy demand and environmental concerns
associated with fossil fuel-generated electricity [1,2]. In 2021, solar
photovoltaic (PV) generation reached to an all-time high of 179 TWh
(up by 21.75%) to surpass 1000 TWh. In terms of absolute increase,
solar PV output in 2021 was second only to wind among various
renewable energy sources. Solar PV has emerged as the most cost-
effective alternative for new electricity generation in almost every part
of the world. However, in order to achieve the Net Zero Emissions
scenario by 2050, annual solar generation must increase by an average
of 25% between the years 2023 and 2030. Solar PV generation are
rapidly emerging as the most economically viable option for new forms
of worldwide electricity production.

High voltage conversion ratio is frequently required for a variety
of applications, involving solar PV systems, uninterruptible power sys-
tems, electric vehicles, and many others [3]. Solar PV panels due
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order to interface low voltage solar PV panels to the electrical grid,
supplying dc loads or charging energy storing units, high-voltage gain
dc—dc converters are needed.

These high gain converters are useful in microgrids (both alternat-
ing current and direct current) as well as in standalone systems [6]. The
general architecture of a high gain dc-dc converter that bridges a low
voltage solar PV system with a 3/1-phase grid and standalone system
is presented in Fig. 1. Stepping up low dc voltages from 12 to 125 V to
350-400 V is required to get voltages equal to 230 V in 1-Phase and
to 690-710 V to obtain voltages of 415 V in case of 3-Phase supplied
voltage source inverters (VSI) [7].

In the literature, many different topologies for dc—dc converters
have been presented, categorized as galvanically isolated (transformer
based) and non-isolated (coupled inductor) converters that can boost
voltage significantly [8]. High gain voltage is attained by regulating
transformer/coupled inductor turns ratio [8] which suffers from the
demerit of large volume, and reduction in the efficiency due to the
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Fig. 1. Two-stage solar PV system with a high gain boost de-dc converter.

presence of leakage inductance. Additionally, isolated dc-dc converters
based on coupling inductors have considerable voltage stress across the
switches, demands the high voltage switches (i.e. large on-state resis-
tance), increases on-state switches losses. Due to lower cost, smaller
size, and enhanced conversion efficiency, a nonisolated boost dc-dc
converter has become more prevalent. These high gain dc-dc convert-
ers are made to interface energy storage (batteries) or PV panels with
low dc voltage output into the distributed generation system’s common
dc link, which has a significantly higher operational voltage. The most
commonly used non-isolated converter uses one switch yields a high
gain near-unity duty cycle. High voltage gain with converters have been
achieved by voltage multiplier technique in [9], coupled inductors [10,
11], switched capacitors [10], and switched inductors [12], combined
switched inductor-capacitors [13], and voltage lift techniques [14].
However, these techniques suffers from the hardware complexity and
low efficiency. A new soft switching multiphase interleaved boost
converter for high voltage batteries in EV applications and low voltage
sources as PV and fuel cell systems requiring high-voltage conversion
capability presented in [15]. [16] introduces an interleaved buck-boost
converter with reduced power electronics devices count in compar-
ison with the conventional topology. Combining several methods of
increasing voltage has led to the development of high step-up con-
verters in recent years, such as Z-source (ZS) and quasi-Z-source (qZS)
configurations. ZS and qZS topologies were developed to solve shoot-
through problem in conventional inverters and to produce a buck-boost
mode [17-19]. Here, an X-shaped Z-source network is formed by
connecting two inductors and two capacitors. The Z-configuration is
applied to conventional boost converter in [19]. In this boost converter,
high gain is obtained at a low duty ratio (D < 0.5); however, the input
power source and load side do not have a common ground. The author
in [20] has modified the Z-source dc-dc converter by replacing the
inductor with a diode; however, the voltage gain achieved with this
is smaller than that in [21], also does not have the common ground.
In [22] a commonly grounded high gain Z-source based converter is
presented. In [23], a hybrid switched capacitors—-inductor method has
low efficiency and lacks in common ground.

A bidirectional de-dc converter in [24] for use in microgrid, nano-
grid, and PV applications is proposed. The author in [25] presented a
high gain Z-network converter where only the mathematical modeling
of the converter is presented. A new architecture with a high step-up
ratio and continuous source current is provided to meet the demand for
renewable energy sources is presented in [26]. The converter presented
in [27] employed a cascaded boost converters utilizes four semicon-
ductor power switches along with their diodes further increases the
hardware complexity. To attain the high voltage, the converter in [28]
uses a coupled inductor with equal turns that operates at a high duty
cycle. Therefore, this paper presents a Z-source dc—-dc converter that
uses one power switch and an inductor integrated with conventional
Z-network converter for low voltage solar PV applications.
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Fig. 2. Proposed high gain Z-source dc-dc converter schematic.

The significant features of the proposed high gain Z-source dc-dc
converter for solar PV applications are listed below:

1. The presented converter provides the high gain factor (G>5)
over wide duty cycle region (0<D<0.5) as compared to other
state-of-the art dc—dc converters.

2. It provides the high dc gain even at low duty ratio (0.05<D<0.1)
and facilitates the commonly grounded source and load, which
is crucial from the view of safe maintenance, especially in solar
PV-fed systems.

3. The high voltage gain capability is accomplished without expos-
ing the Z-network components to more severe voltage-current
stresses supported by the experimental results.

4. An effective converter for increasing the solar PV panel’s low
voltage has been presented and validated by developing a labo-
ratory prototype.

For the closed loop functioning of the system, the mathematical
modeling of the presented converter is provided. The closed loop
voltage controller is designed with the type-2 controller to obtain
the predetermined output voltage. The small signal modeling is used
to analyze the dynamic performance of the converter. The following
sections will discuss the presented converter’s dynamic and steady state
functioning.

2. Working operation of the proposed converter

This part presents a brief description of the stated model’s working
principle and dynamical equations. The converter schematic shown in
Fig. 2, is a 6'" order, involving inductors and capacitors energy storage
elements. The following assumptions are made while analyzing the
working principle of the presented high gain converter:

1. All the constituent elements of the proposed dc-dc converter
being examined possess ideal characteristics.
2. Inductor currents and capacitor voltages varies linearly.
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Fig. 4. Operating switching states of the converter (a) Mode-I, and (b) Mode-II.
Table 1 (2) Second loop made up of Sy, ,C;,C,,D,,C,, and R,. C; and C,
Switching modes of the converter. release the energy to inductor L, and R,. The dynamical equations are
Semiconductor components Swi D, Swa D, obtained from the circuit depicted in Fig. 4(a),
Mode-I 0 <t < DT 1 0 0 1 di di
Mode-l DT < t < T 0 1 1 0 L, d_? =V, =V, de_sz =V, =V 6))
and output capacitor voltage and inductor voltages are,
. . . . di
3. The converter’s Z-network has identically sized inductors and Ve, =V,,and L, d_“ =2V - Ve, 2)
t

capacitors.
4. The inductor parasitic resistance and capacitor ESR are omitted.

For designed inductor values L; and L,, presented converter func-
tions in continuous conduction mode (CCM) are selected larger than
their critical values. The switching state of the proposed converter,
Mode-I and Mode-II are listed in Table 1. The variable D is the duty
cycle of the semiconductor switches Sy, and Sy, lies within a 0%-—
50% range and T is total switching period represents the interval when
the switch remains ON and OFF.

The operating steady-state waveform of the presented high gain dc—
dc converter over period of a switching cycle, in Mode-I and Mode-II,
as presented in Fig. 3.

2.1. Operating Mode-I (0<T<DT)

The waveform and equivalent circuit of the presented converter
during the Mode-I, over a switching cycle as depicted in Fig. 3 and
Fig. 4(a), respectively. In this, Mode-I of operation, switch Sw,» diode
D, are ON and switch Sy, diode D; are OFF. The voltage of the
inductors L, and L, are same ie. V;; = V;, and voltage across the
Z-source network capacitor C; and C, are equal i.e. V| = V,. In this
converter, the output inductor (L,) charges the capacitor(C,), providing
power to ‘R’ load as well. The energy is being discharged from the
capacitor 'C’ into the inductor’L’. Let DT is the interval of operating
Mode-I in a switching cycle of T, where D> 0 is the duty cycle of
semiconductor switch Sy, . During this mode of switching operation
there are two loops: (1) The first loop consists of L;,C;, L,,C,), and
Sy, - The Z-network capacitors C, release energy to L, and C, to L;

Now, applying Kirchhoff’s current law capacitor currents are ex-
pressed as,

v iz

G dto =leo=1Ip,=1lo,  Cr—==lcy=—Ip — Iy, 3
dVes

Cz_dt =lcy=—I1, -1, 4

2.2. Operating Mode-II (DT<t<T)

As illustrated in the equivalent circuit Fig. 4(b), switch Sy, and
diode D, are active here, whereas switches Sy, and D, are off. During
this switching mode, Sy, remains ON for the (1 — D)T interval of the
switching cycle 7. In this mode, (1) One loop is formed by L,, C,, D,
and Vy. (2) Another loop formed by L,, C;, D, and V. (3) In third loop,
output inductor L, receives its energy from the input source V, and
completes the path through Sy,,. The input source V, and the inductor
L, discharge its energy to C, and L, to C,. The load ’R’ receives power
from the capacitors at the output. Here, the energy is supplied by the
inductors L; and L, and stored by the capacitors C; and C,, the output
inductor L, charging. The equations during switching Mode-II can be
obtained from Fig. 4(b), and are extracted by applying fundamental law
to the circuit as below,

dip, dipy

Li—m=Vu=Ve=Veo. Ly ==Vn=V,~Va (5)
di,

Lo dta = VLa = Vg’ VCo = Vo (6)
dVe dVey

C17=Ic1=’L2’ G i =1l =11, ()
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The performance behavior of the stated system is analyzed using the dy-
namical Egs. (1) to (4) and (5) to (9), to develop state-space model, and
to design the elements. Now, in CCM, using the volt-second balancing
equation, with assumption V| =V, = Vg,

Ve(1 - D)
Ver=Ver=Ve = r5py 10)

Again, by applying voltage-second principle for the inductor L,
DV, = V(1 = D)+2VcD an
By using above expressions, the voltage at the output capacitor C, may
be expressed as,
V,(1-D)
¢~ Dp(1-2D)
Therefore, the proposed dc—dc converter’s voltage dc gain can be
calculated as,
(1-D)
= 77 1
G D(1 —2D) as
where, 0<D<0.5. Similarly, by applying ampere-second balance theory
to the capacitors C; and C,, and assuming, I, = I;, = I, we can
write,

(12)

DI,

Iy, = ——— 14

L= 02D 14
Similarly, for capacitor C,, by ampere-second balance principle,

1
I{,:DILO, ILIIILzzm (15)
Also, the average input current is computed as,
I,,D+1,,(1-D)=;,+ I, +1;,)(—-D) (16)
Using above obtained equations, we can have,
(1-D)

I =] — 17

" 7D -2D) an

Fig. 5, displays the relationship between the duty ratio and the dc
gain of the converter proposed. Figure clearly demonstrates that high
gain values at low duty cycles are possible with the presented Z-source
converter. As the figure illustrates, for D = 0.05, gain of G = 21.11 is
achieved. Also, converter accomplishes a significant dc voltage gain of
G>5 across the wide duty range of 0< D<O0.5.

3. Dynamic modeling and control design
The steady state analysis of the converter is developed in the

previous section. To analyze the behavior of the proposed high gain Z-
network under dynamic scenario, the equivalent circuit is transformed
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into a mathematical model. The state space representation of the
proposed converter is an effective method for analysis of the converter
over a switching cycle. The inductor currents (I;,,I;,.1;,), capacitor
voltages (V¢y, Vo, Ve,) chosen as state variables for the formation of
state-space modeling. State vectors are stated in (18) as,

x)=[ i ipn® id ve ) vea®) e, ]T 18

The output vector is described as,
y =] v, ]. 19

In this case, the converter is fed by a single dc voltage source, and the
input vector expressed as:

i =[ v, i, | (20)

3.1. State-space model of the proposed converter

The presented converter state-space model is developed and pre-

sented as,
O _ 4oty )

where,

() = Cx(t) (21)

A= A, D+ Ay(1-D),
B= B,D+ By(1- D), (22)
C= CD+Cy(l-D)

o 0 0 20 o
o 0o 0o &2 2 0 o
AZOOOE%E;B:%O
| 0 oz 0 0 = | | 0o o0 |
(23)

The state-space averaged matrices (A and B) of the converter can be
estimated, by utilizing the state-space matrices A,, B;, and A,, B,, de-
rived from the Mode-I and Mode-II operating conditions, respectively.
In order to approximate the non-linear converter as a continuous linear
system, the state-space averaging method is used. This technique es-
tablishes a link between the mathematical models that characterize the
converter at each conduction mode, whether linear or time-invariant.
The average model is expressed as (21) by using the averaging method
for a single switching cycle. One switching cycle is the total of the
on and off times for a given switch, denoted by (DT) and [(1 — D)T],
respectively, where T is the duration of a single switching cycle and
% = fy, is the switching frequency of the semiconductor switch.

3.2. Model linearization

The state-space averaging method yields a non-linear and time
varying mathematical model of the proposed converter. By linearizing
the developed model around a dc or steady-state equilibrium point, the
non-linear equation (22) can be made linear by applying a small-signal
perturbation at the operating point. State variable, output voltage, duty
cycle, and input voltage small-signal perturbation are %(¢), (1), 4(t), and
d(t), whereas X, Y, U, and D presents the steady-state parameters.

x(t) =X+x0), y@®) =Y + 3(), ©24)
dity =D+d@), u@®) =U+a@.
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Table 2
Specifications of the converter used in MATLAB SIMULINK®.
Components Parameters and values

10-15 V
L, =L, =911.25 yH
C, =C, = 50 yF

Input source
Z-Source inductors
Z-Source capacitors

Output capacitor C, = 50 pF
Output inductor L, = 607 pH
Switching frequency fy =25 kHz
Vres(s) P.(s P.(s
G(s) P Griu(s) > /\D() DU?
d(s)

Fig. 6. The proposed converter closed-loop voltage controller.

The small-signal state-space model of the converter can be repre-
sented by (25) as,

X 4+ =(A, (D +d(®) + Ay(1 = D — dO))H(X + (1)

+ (By(D +d() + By(1 = D — d(®)))(U + ix(t)) (25)
Y + §(t) =C{(D + d(1)) + C,(1 = D — d())(X + 2(1))

Above equation can be rearranged in matrix form (26) as,

(A X + B, OUA(t)

X +%0) = [ A B ] [ X3 ]+ net

U + ()
Y+ 90 = ( CX + Cx(t) + C,,, Xd(1) )

(26)

Also, from (26) the steady-state model is expressed as (27), where
the dc component is set to zero:

X(t) =AX(t) + Bi(t) + Bne,(i(t) 27)
(1) =Cx(1)

where, the parameter is calculated by,

By = (A; — A)X + (B; — B)U (28)

Most de—dc converters are employed for the purpose of keeping the
output voltage constant regardless of changes in either the input or the
load. The output voltage of a dc—dc converter may be easily controlled
by modifying the duty ratio. Control-output voltage transfer function in
open loop for the converter can be derived by using the obtained state
space matrices,

(1)

=C[SI - A" +B,,. (29)

where, system matrices are calculated using the parameters shown in
Table 2. The small-signal control to output voltage transfer function is
expressed by (30). The coefficients of the transfer function are z; =
711 x 10°, z4 = —3.292 x 108, z3 = 2.548 x 103, z, = —1.171 x 106,
zy = 2167 x 1020, z; = —9.832 x 10?2, pg = 1, by = 632.1 x 10°,
ps = 3.698 x 107, p; = 2.317 x 100, p, = 3.34 x 10'4, p; = 2.04 x 10V7,

po = 1.015 x 10%,
U,(s) 258% + 2,8% + 2353 + 2,57 + 2,5 + z

d(s)  Pes® + pssd + pys* + p3s3 + pas® + pys + py

(30)

The proposed converter controller is designed based on output volt-
age control loop. The control block diagram of the proposed converter
to obtain the desired voltage is shown in Fig. 6.

Electric Power Systems Research 232 (2024) 110405

It consist of the voltage controller transfer function, switching pulse
width modulator Gpy ), (s) and the system control to output voltage
and feedback transfer function with unity feedback. The derived small
signal open loop model of the proposed converter is important for
studying the dynamics behavior of the converter. In addition, it can
be used to develop a more efficient controller. A small-signal model
of the converter is provided by (30), exhibiting that the system is in a
non-minimum phase (first undershoot), wherein the right hand plane
(RHP) contains four complex zeros and one real zero. The proposed
high gain dc—dc converter is of higher order 6, as the derived transfer
function has 6 poles. Proportional plus integral controllers with only
two parameters, can be simply developed. However, this tuning works
best for simple second-order systems. But for high-order converters to
achieve the robust and stable performance with the conventional con-
troller is a complex task. The need for closed-loop stability and power
regulation at the specified output voltage necessitates the development
of an appropriate controller. A type-2 based controller (31) with two
poles and two zeros is used, provides a degree of freedom in adjusting
the gain near the crossover frequency where the gain is equal to unity.
The controller transfer function is expressed as,

k(s +a)(s +ap)

G, = 31
() s(s + a3) @D
Substituting the parameter values,
.091 1 431
G.(s) = 0.09105(s + 13300)(s +4310) (32)

s(s +90.59¢4)

The bode plot of the proposed converter control to output volt-
age transfer function with a type-2 controller in feedforward path is
shown in Fig. 7. In a type-2 controller based on a two-poles (s =
0, a3), and two-zeros (s = a;, a,) structure, the stable operation
and satisfactory performance of the closed-loop converter depends on
the proper selection of the controller’s gain, ie. position of the two
zeros, and the simple pole. By establishing the position of one pole
at the origin, this controller provides a maximum of 90° of phase
enhancement with no steady-state inaccuracy. In addition, using a
cascaded type-2 controller improves the presented converter’s closed-
loop performance, despite the fact that it suffers from a non-minimum
phase problem. The fast transient response, low overshoot, and zero
steady-state error of the closed-loop can be achieved with a well-
tuned controller. To ensure sufficient phase margin with increased
bandwidth, a controller is developed. The controller for the proposed
dc—dc converter is designed to maintain a phase margin between 50°
and 70°, and a gain margin of at least 15 dB considered satisfactory.
Higher the gain margin, more will be the robustness. This guarantees
better closed-loop performance and stability. In point of view of robust
performance and stable operation the type-2 controller is indicated
in (32) is employed to design the closed-loop control system. Type-2
controller compensation in the feedforward path ensures better-closed
loop stability and robust performance. It can be observed from the
bode diagram when the proposed converter operated to achieve the
desired voltage, the magnitude margin, and the phase margin both are
positive. The phase margin of 56° ensures the robust performance of
the converter.

4. Design of proposed converter parameters
4.1. Design of inductor

The design of inductors for the proposed converter mainly depends
on the switching frequency (f;,,) of the semiconductor devices at which
it is operating, and the current ripple 4I;. The inductances of the
converter are designed to limit their current ripple relatively to their
average current. From Fig. 4(a), Fig. 4(b), using inductor current (15),
and ensuring converter operates in the continuous conduction mode,
the value of inductors are calculated. To ensure the converter operates
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in CCM and ripples in the inductor current are limited to 25%. the
inductors’ value are selected slightly higher than their theoretical value,
as expressed by (33),

DV Ve -V,)D

. Ly> G e 33
- AILfsw ? AILDfsw ( )

4.2. Design of capacitor

The voltage ripple limiting rule was adopted as the basis for design-
ing capacitors. The capacitors of the proposed converter are designed to
allow small enough voltage ripples relatively to their average voltages.
Ripples in the capacitor voltage are limited to 5%. By using equations
from Fig. 1 and using (34), the inequalities in the capacitor’s math
equations are derived. To reduce the converter’s voltage ripples, the

capacitor’s value should be higher than its actual value.
1,(1-D) 1,(1-D)
> ———, > = (34
AVCfsw ’ AVCofsw

5. Comparative analysis with state-of-the-art converters

Despite Z-network-based topologies and conventional boost topolo-
gies can both provide higher boosting, Z-network-based topologies
require a lower duty ratio. Due to the fact that conventional boost
converter’s gain is a function of [G = 1/(1 — D)] and needs to be
operated at higher duty ratio to achieve high boost voltage output and
yield a relatively small voltage gain. Since the gain [G = 1/(1 —2D)] of
Z-network-based dc—dc converters functional dependence differs from
that of conventional boosting gain, converters exhibit high voltage gain.

The high gain Z-source converter under consideration is compared
to similar state-of-the-art topologies in order to evaluate its advantages
and drawbacks. Fig. 8 depicts the proposed dc—dc converter’s dc volt-
age gain against duty cycle to that of other comparable competitive
converters. Compared to conventional dc-dc converters operating at
the same duty cycle, the presented Z-source converter exhibits a much

Electric Power Systems Research 232 (2024) 110405

higher dc voltage gain, which can be observed from the figure. The
converters in [4,12,22,24,27,28] and the proposed converter are com-
pared on the basic of gain-duty ratio curve. The proposed converter
yields the high gain over wide duty cycle range ie. 0.05<D<0.47.
Additionally, Fig. 9 provides a quick overview of various state-of-the-
art de—dc converters schematics, duty cycle range, dc gain factor, along
with merits and demerits.

This demonstrates that the proposed converter is particularly suit-
able for the PV panels having unregulated low output dc voltage
whether supplying a dc load or interfacing with the grid. Also, high
gain at low duty cycle guarantees the low switching conduction losses.
Conventional boost converter with the gain of G =1/1- D, theoretically
has value of infinity at high duty cycle (near one). Due to practical
limitations of the converter, it produces medium dc gain values at
duty cycle range of 0.7 <D< 1. This converter suffers from the high
conduction losses and low efficiency. The converter in [20] belongs to
the conventional Z-source family network with gain of G =1/(1 — 2D)
and [19] novel dc—dc Z-source converter having gain of G =(1-D)/(1—
2D). Both, the converters gives the high gain value for the D in the
range of 0<D<0.5. Further, the gain of greater than 5 can be attained
for the value of D>0.4. The converter in [4] generates a high gain
G =(1+D)/(1 — D) across a large duty cycle range ie. 0<D<1 and
also, provides the commonly grounded input-output. However, high
gain of G>5, can be obtained for the duty cycle 0.6<D<1 only. Addi-
tionally, this converter employs three power semiconductor switches
and three capacitors. This increases gate driver circuits, controller
hardware complexity and cost. The converter presented in [10] uses
a coupled inductor to achieve the high dc gain in the range of 0<D<1.
Also, converter provides the continuous input current and common
ground, makes it suitable for low voltage alternative energy sources
applications. The voltage-gain curve is similar and just above that of [4]
and [28]. In addition, the high gain is accomplished with the help of
two semiconductor power switches, four diodes, and four capacitors
in this converter increasing the circuit cost. Also, neither converter
provides a common ground between the source input side and the
output load side.

The analytical comparison with the competitive converters in terms
of number of components used, voltage gain achieved, duty cycle range,
voltage stress across the semiconductor devices, cost, and efficiency
is presented in Table 3. Higher power components count, reduces
the efficiency and increases the circuit cost. Also, large number of
capacitors means high energy storage, and thus lowering the power
density. The proposed converter, on the contrary together, needs only
two power switches making it cheaper circuit. The same number of
capacitors count as of conventional Z-source dc—dc converters [19,20]
and provides absolute common ground. The converter in [27] with high
gain G = 1/(1 — D)? has the voltage gain-duty curve just above that of
the conventional boost and Z-network converters presented in [4,28].
However, in order for the converter to attain the high gain, it must op-
erate with a high duty cycle. In addition, this converter employs a total
of eight semiconductor power devices (4 switches + 4 diodes) against
2 switches and 2 diodes in the presented converter. In contrast to the
conventional Z-source network, the converter proposed in this article
has a single power switch and a single inductor, considerably reducing
the number of components and achieving high gain compared to the
existing high-gain converters described above. Furthermore, input and
output share a single ground for added safety during maintenance and
diminished EMI interference. Also, the proposed converter dc gain is
relatively high compared to other competitive converters over the low
range of the duty cycle, 0.05<D<0.47.

Also, the proposed converter’s Z-source components and semicon-
ductor devices have moderate voltage stress when the high voltage
gain is obtained at a low-duty cycle. As the duty cycle increases,
the voltage stress across the proposed converter diodes and switches
becomes low, which has been verified experimentally. Also, the number
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Fig. 9. Comparison of the proposed converter with the state-of-art converters.

of components required for the proposed modified Z-source converter
is less and achieves a high voltage gain of more than 10 compared to
the available DC-DC converters in the literature. Also, as compared to
other converters the proposed converter has good efficiency of 93%
with moderate numbers of components. The problem of low output
voltage and the adverse effects of atmospheric conditions cause the
PV panel’s output to be unfit for supplying the load. The presented
converter is suitable for low output and non-regulated voltage PV panel
applications with slight modification in the primary Z-source network.

The drawback of the proposed converter is high voltage appears
across the output capacitor and a switch S}, at high duty cycle,
increasing the power loss and affecting the overall efficiency. The
low drain-source resistance (R,,) plays a key role in reducing the
magnitude of conduction losses to a great extent. Losses from the
switches can be minimized to a larger extent by replacing silicon (.S;)
based with silicon carbide (.5;C) devices operating at higher frequency.

6. Power loss analysis of the proposed dc—dc converter

The power loss of the proposed high gain common grounded dc-dc
converter includes the losses of the power semiconductor switches Sy,
Sy, diodes Dy, D,, Z-network inductors L,, L,, output inductor L,,
and capacitors C,, C,, C,. The parasitic elements of the components
used for the proposed dc-dc converter, the losses of the components
are calculated as:

The power losses due to the switches consist of the conduction loss
and switching loss, which is calculated by

Psw = Psweond + Pswioss = Ig'W,rms Rps + ngcossfsw (35)

The root-mean-square (rms) currents and voltage stress of the switches
are as follows:

21,v/D

“(1-2p) 36)

ISWl,rms
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Table 3
Comparison of proposed dc—dc converter with the state-of-the-art de-dc converters.
Ref. Ny N, N, N¢ Gain (G) Duty cycle (D) Maximum voltage Maximum voltage stress Cost Efficiency (%)
stress across diodes across switches
[4] 3 - 2 4 1+D 0< D <1 - Ly L 96.9%
1-D 2+D
1+(1+D)N 1 2-D
10 1 1 _ D <1 —V, —V, L %
ol ¢ 4 1-D 0<D < 2+D ° 3 o 95%
2-D 1
[13] 1 3 4 4 0< D <0.33 —V, v, M 93%
1-3D 1-D
a-D)
[19] 1 1 3 3 0< D <0.5 (1-Dyv, 1+ Dy, L 94%
(1-2D)
1
20 1 2 2 D . V, V, L %
[20] 3 =55 0< D <0.5 : ’ 93%
2+ D 1 1
21 1 D . —_— H 1%
[21] 5 3 7 =5 0< D <0.5 5 5 90.1%
[22] 1 2 2 3 21(' _22) 0< D <0.5 v, v, L 85%
2(1+D
[23] 1 7 4 4 _2+D) o p o3 v, v, H 91%
1 -4D+ D?
d+D)N 1 1
26 1 1 3 3 0< D <0.5 —V, —V, L 91.6%
[26] 1-2D <0< 1-2D ¢ 1-2D ¢ °
[27] 4 4 2 2 1 0< D <1 v, v, M 97%
(1-D)*
1+D
[28] 3 3 2 1 El + D; 0< D <1 V,+, v, L 93.5%
(1-D) (1-D) (1-D)
P; d t 2 2 3 2 —_— 0< D <0.5 —_— L 93%
roposed converter DA _2D) T D20 o

V,: Input voltage, V,: Output voltage, Ng: Number of switches, Np: Number of diodes, N,: Number of inductors, N.: Number of capacitors, L: Low, M: Medium, H: High.

1,V/1-D

ISW2,rms = D (37)
V,(1- D)

Vsw1 = =2D) (38)

Vg(l - D) (39)

Vows =——— =
SW2 = p(1 -2D)
Substituting (36)-(39) in (35), the loss occurring in the switches are
written as,
21,2 1,2(1- D) V21 - Dy
= ———Rps1 + o >
(1-2D) D D(1 -2D)
The power losses in diodes are contributed by diode forward resistance

(Rpp) and forward voltage drop (V). The loss of the diodes is
presented as

Pgy ps2 T Cossfsw (40)

Pp=Pp +Pp,
- 2 2
=Vpr (ID],avg + IDz,avg) + Rpr (IDI,rms + IDz,rms)
The rms and average (avg) currents of the diodes are expressed as,

21,/D AR

(41)

lDl,rms=(1_2D) D (42)
21,(1-D) I,(1-D)

IDl,avg= (1-2D) D (43)
1,/D

Ip,.ms = OX_ (44)

IDz,avg =1, (45)

The conduction loss of the inductors calculated by considering the
dc-resistance of the coil (DCR) used for inductors L, L,, and L, given
by,

Pp=Pp + Py + P,

=111 rms X Lipcr + L12,rms X Lopcr + L 1o,rms X Lobcr (46)
The rms currents of the inductor are written as,
IO
]Ll,rms =1L2,rms = m 47)
IU
I, =2 (48)

0TS — 1y

Equivalent series resistance (ESR), internal resistance exists within the
capacitor has the most significant impact on converter efficiency and
working temperature. Total capacitor losses are calculated accounting
the power dissipation in ESR as:

The rms currents of the capacitors are written as:

ICm‘ms =IC2,rms =1I,v(1-2D) <$ * 1> 49
VA -D v (1 -=D)D
lC,,,rms=< 1(—2D))l°< ( D ) +1> (50)

The total loss of the proposed high gain dc-dc converter is given by:

P;os = Pgy + Pp+ Pp + Po (51)

The efficiency of the proposed converter is calculated analytically by
using:
POllt

—_— (52)
P out T A Loss

n=

where, P, is load power at the output of converter.
7. Simulation and experimental results

In this section, simulation and experimental results are presented to
validate the small-signal modeling and controller design using state—
space average technique. The converter operating switching frequency
is of 25 kHz. The detailed parameters used in simulink are mentioned
in Table 2.

7.1. Simulation results

The proposed dc—dc converter high gain capability has been verified
at different duty cycles (a) D = 0.1, (b) D =0.2, and (c) D = 0.3. Fig. 10
depicts the simulation results based on an open loop configuration.
Figure presents the proposed converter key waveforms, from top to
bottom gate signal for power switch Sy, as G,, (gate signal for Sy, as
G, which is complement of G| not shown here), voltage across diode
D, and D, as Vp, and Vyy,, V,; and V,, presents voltage across power
switches Sy, and Sy, Z-network inductor currents as I;; = Ij,,
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Fig. 10. Simulation results of the proposed converter at (i) D = 0.1 (ii) D = 0.2, and (iii) D = 0.3 where, (a) Gate signal for power switch Sy,,, (b)-(c) Voltage across diode
D, and D, (Vp, and Vp,), (d)-(e) Voltage across power switches .Sy, and Sy, (V;, and V,,), (f) Inductor currents (I, = I;,), (g) Output inductor current (I,,), and (h) Output

capacitor and output voltage (V, = V,).

output inductor current I;,, and output capacitor is equal to output
voltage shown by V., = V,. The input voltage for all duty cycle
operation is fixed at 12 V. Fig. 10(i) represents the results when Ve
=12V and D = 0.1. The output voltage obtained is V, = 127 and dc
gain value of the proposed converter is G = 10.58 which is lower than
the theoretical gain value of 11.25. Fig. 10(ii) represents the results
when vV, =12V, D = 0.2, and V, = 67.92. The dc gain value of the
proposed converter is G = 5.66. However, input diode voltage Vp,
has low voltage across it and output diode voltage V}), is equal to the
output voltage for short duration can be observed from the waveform.
The difference between theoretical and simulation results are mainly
due to semiconductor devices (power switches + diodes) voltage drop
during the conduction state. However, the boosting factor is quite large
as compared to competitive convectional boost and Z-source based

converters discussed in Section 5. It can be observed from Fig. 10(iii),
when D = 0.3, output voltage boosts to 63 V having dc gain of G =
5.25. The dc gain value decreases with increase in duty cycle.

Also, any further increase in the duty ratio beyond D = 0.4, the
proposed dc—dc converter gain starts increasing. Thus, the presented
converter dc gain is large for 0<D<0.1 and 0.4<D<0.5. However,
it is important to note that compared to other high gain converters,
efficiency of the presented converter is significantly greater in the range
0.1<D<0.4. The Z-network inductor and capacitors voltages are similar
to that of the conventional Z-source network converter. Here, from the
circuit diagram it is clear that the voltage across the output capacitor is
identical as that of the output voltage. Therefore, in order to achieve the
same voltage gain as conventional converters, the proposed converter
has to run at a low value of duty cycle. In addition, high voltage gain
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Fig. 11. Experimental prototype (a) Proposed Z-source high gain converter prototype, and (b) Experimental setup.
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Fig. 12. Experimental results showing converter’s input voltage, output voltage and output current at different duty cycle (a) D = 0.1, (b) D = 0.2, and (c) D = 0.3.

Table 4
Experimental specifications of the proposed converter.
Components Values Components Values
Input source 1521V Rated Power 250 W
Z-Source inductors L =1.53 mH Z-Source capacitors C =70 pF, 100 V
(L,=L,=L) Lpeg =001 Q € =0=0 Cpsp =4 mQ
Output capacitor C, = 50 pF, 250 V Output inductor L, = 2.72 mH
Copsr = 3.5 mQ Lopcr = 0.0285 Q
Switching frequency f,, =25 kHz MOSFET IRFP250N
Rps =0.075 Q
Diodes (D,, D) HFA25PB60 Controller ARM Cortex M4
Vop =17V, Microcontroller
Rp =007 Q

(G > 5) is possible at a wide range of duty cycles with the proposed
converter.

7.2. Experimental results
A 250-W prototype of the proposed high gain dc-dc converter

has been developed in the laboratory. Fig. 11 depicts the complete
hardware experimental set up to validate the efficacy of the proposed

10

topology. The components and their values used in developed model
of the proposed dc—dc converter is shown in Table 4. Signals for the
power switches Sy, and Sy, are generated by the low-cost, fast
STM32F407VGT6 Microcontroller, which is member of the Arm Cortex
M4 family. The proposed high gain dc-dc converter is employed for
boosting the low voltage output of the solar panel given at the input
dc-link of the three-phase inverter that interfaces solar PV system with
the grid. Specifications of grid-tied solar PV system used for experimen-
tation purpose are: Grid voltage (L-L) = 60 V, Grid Interfacing inductor
= 3 mH, IGBT switches FGA25N120ANTD, 3-phase Inverter switching
frequency= 5 kHz, LEM-LV25 voltage sensors and LEM-LA-55 current
sensors, Solar peak voltage (Vmp) = 18.76 V, peak current (Imp) =13A,
and solar peak power (Wp) = 250 W. All results are recorded by using
Tektronix make DSO in the laboratory.

7.2.1. Performance of the converter at different duty ratio

A regulated dc input voltage of 12 V is applied to the proposed
converter, and a constant output voltage of 125 V is obtained at D
= 0.1 as illustrated in Fig. 12(a). The experimental dc gain value
obtained is 10.41 as compared to the theoretical estimated value of
11.25. Similarly, the converter when operated with a duty cycle of D
= 0.2 and D = 0.3, the output voltage obtained is 65.6 V and 55.8 V,
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Fig. 14. Experimental waveforms of the converter operated at D = 0.2 (a) Gate signals G,-G,, V,; and V,,, (b) V,,, V,,, Vp, and Vp,, (¢) V,, and V,,, I;, =1, and I,,, and (d)

Z-network capacitor voltages V., and V,.

depicted in Fig. 12(b) and (c), respectively. Also, the output current
has low ripples (<20%) which is required for the dc output current. As
the value of D increases, the gain achieved decreases due to increase in

11

conduction losses of the converter. Experimental and theoretical results
differ primarily due to the voltage drop of semiconductor devices and
the ESR of each element of the converter.
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Fig. 15. Experimental waveforms of the converter operated at D = 0.3 (a) Gate signals G,-G,, V,; and V,,, (b)

Z-network capacitor voltages V., and V,.
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Tek

M Pos: 0,000s MEASURE

+
V=100 V

CH2

P,:229 W Mean

2,294
CH3 Off

Cyc RMS
1,229 A

CH4 0ff
Cye RMS
MATH
Iean
229V
CH3 7 -700uA
50,0455Hz

CHZ 2004 M 10.0ms

MATH 200%4
(@)

Tek 1L @ Stop M Pos: 0,000s MEASLRE
+ Output voltage
V1100 V C>A/comrolled constant
CH2
P,:230 W P, 180 W Mean
o s i bl 2304
CH3
™ 1,230 A C\ﬂ? F?f\;fs
S 1,:1.80 A
Wmm CHd 0ff
2 Change in irradaince Cyc RMS
MATH
tean
22544
CH2 2,004 M 10.0ms CH3 .~ =700 04
MATH 20044 50.0455Hz

(b)
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Fig. 18. Solar PV integrated with grid through proposed dc-dc converter (a) proposed Z-source de-dc converter output voltage current, and power, (b) R-phase grid voltage (V,z),
current (I,z), inverter output current (/y,5;), and dc-link voltage (V,.), and (c) Grid power waveform.

7.2.2. The experimental key waveforms

Experimental waveforms of the converter at different duty ratio are
obtained at D = 0.1, D = 0.2, and D = 0.3. The results shows gate
signals G| and G, for power switches Sy,; and Sy,,, voltage across
power semiconductor switches Sy, and Sy, as V,; and V,,, diode
voltages V,, and V;y,, Z-network inductor currents I; | = I, and output
inductor current I;,. The experimental results of the proposed dc-dc
converter when input is fixed at V', = 12 V and output voltage obtained
asV,=126V,V, =656V and V, = 558 V at different duty cycle
value are shown in Fig. 12. The experimental key waveforms of the
proposed converters are obtained and presented in Figs. 13, 14, and
15 for duty cycles D = 0.1,D = 0.2, and D = 0.3 respectively. The
waveform of the gate signals shows that semiconductor switches are
operated complementary, as illustrated in Fig. (a) and (b). The diodes
D, and D, operate in the manner as discussed in the operating principle
of the converter, and their voltages are presented in Fig.(b). The
charging and discharging of Z-network inductors as per the switching
operation can be seen in Fig.(c) and Z-network capacitor voltages in
Fig.(d). The waveforms also present the output inductor current (/;,)
behavior following the switching operations presented in the proposed
converter’s switching Mode I and II operation.

Fig. 13(a) shows the voltage stress across the power switches Sy,
and Sy, are 18 V and 130 V matches with simulation and theoretical
values, respectively. Therefore, the proposed converter achieves the
high voltage gain with low voltage stress on the power switches. The
current in Z-network and output inductor are depicted in Fig. 13(c)
and inductor current ripple are well within the specified values. The
voltage of the capacitors C|, and C, are shown in Fig. 13(d) as 12 V
and 13 V, respectively. Thus, voltage across Z-network capacitors are
maintained at low values. The voltage ripples are also small (< 5%)
and validates correctness of the selected values of the capacitors. In
similar way, Figs. 14 and 15 validates the operation of switches, voltage
stress across converter components, and inductor current matches with
simulation results when operated at duty cycle of D =0.2 and D = 0.3.
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Fig. 19. Power loss distribution of the proposed converter.

All the experimental results are in agreement with the theoretical and
simulation results. The features of the proposed dc—dc converters are,
hence, verified.

7.2.3. Performance of the converter when fed from low output solar PV
under fixed and varying solar irradiance

To extract the maximum power from the solar PV panel maximum
power point tracking (MPPT) algorithm is implemented in conjunction
with the proposed dc—dc converter. The performance of the suggested
converter’s MPPT is examined utilizing the conventional perturb and
observe (P&0) method. Fig. 16(a) and (b) depicts the I — V' curve and
P —V curve of the solar panel for varying solar irradiance and MPPT
operating point. In Fig. 16(a) at irradiance of 1000 W/m? the solar
panel delivers the peak power of 230 W with me =19.05 V and I,
= 13 A. Whereas, at irradiance level of 800 W/m~, V,,, = 18.46 V and

mp
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Fig. 20. Proposed converter experimental measured efficiency plots (a) Efficiency-versus-duty cycle, and (b) Efficiency-versus-output power.

I,,, = 10 A are obtained, delivering the peak power of 180 W which
is presented in Fig. 16(b). Implemented MPPT efficiency is observed to
be more than 95% for varying irradiation levels.

To maintain the desirable output voltage at specific value, designed
closed loop controller is realized in the laboratory. Here, proposed
converter first is fed from low output solar PV panel operating under
1000 W/m? irradiance producing the output voltage of 100 V and
229 W of power is presented in Fig. 17(a). Also, the proposed converter
operation is verified under sudden change of the solar irradiance from
1000 to 800 W/m? as depicted in Fig. 17(b). The output dc current
also decreased due to change of irradiance and reaches the steady-
state value. The converter output voltage is maintained at 100 V and
the converter output power reduces to 180 W as the solar PV power
lowers with solar irradiance. Thus, the proposed converter operates
effectively in standalone solar PV fed mode under steady state and
dynamic condition.

7.2.4. Performance of the converter in grid integrated solar PV fed mode

A grid-connected PV system for supplying the non-linear load is
developed in the laboratory and the proposed converter is connected
between the solar PV panel and the grid-tied inverter. The solar PV
simulator (Itech Make) is used to mimic the PV panel characteristics.
A detailed explanation of the setup is not given here. The designed
voltage-controlled closed-loop and MPPT algorithm are realized using
ARM Cortex Microcontroller. The grid voltage is 60 V (L-L) and dc-
link voltage is selected to be at 100 V for satisfactory operation of the
inverter. A three phase non controlled diode bridge rectifier is used as
non linear load. Fig. 18(a)-(c) depicts the experimental substantiation
of the performance of the proposed converter when the load demand
is supplied by the grid and solar PV system generated power.

Fig. 18(a) illustrates, the maximum power of 230 W is extracted
from the solar PV and the 19 V solar output voltage, is stepped up
to 100 V using the proposed high gain converter. Throughout the
operation, the solar irradiance was maintained constant at 1000 W/m?.
It can be seen from Fig. 18(b), the output voltage of the converter
produced is 100 V and remains constant at 100 V set value, grid
voltage, grid current for the phase-R, and inverter output current in
grid integrated solar PV mode. From Fig. 18(c) it can be observed that
the power of 230 W (76 W/ph) is supplied from the PV and remaining
load demand of 88.5 W/ph is fed from the grid. The grid current profile
is maintained sinusoidal during the entire operation of the system.
This shows that the proposed converter can be utilized effectively for
supplying the load in low voltage output solar PV applications when
interfaced with the grid.

8. Power loss and efficiency analysis of the proposed converter

The loss distribution profile among semiconductor switches and
other components of the proposed converter is given in Fig. 19. Among
the total losses, around 52.81% constitute the losses due to MOSFET
switches. The diodes are responsible for approximately 33.70% of the
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total losses due to their uncontrolled conduction. Other losses include
gate driver losses, capacitor ESR losses etc. The majority of the losses
are caused by MOSFETs, diodes, and inductors. Employing ‘S;C’ devices
instead of S;’ based devices can reduce MOSFET losses substantially.

The efficiency of the presented converter plotted against the duty
cycle is shown in Fig. 20(a). The maximum and minimum efficiency of
the proposed converter is found to be 93.5% and 63.5%, respectively.
The presented converter has a high efficiency of 93.5% when operated
at a duty cycle of D = 0.1. Due to the low conduction period of the main
power switch, voltage and current stress across Z-network components
is low. As the duty cycle further increases, the conduction period of
the power switch and Z-network components increases, increasing the
conduction losses and resulting in reduced efficiency. The proposed
converter yields an efficiency of more than 90% and a high gain of
G > 10 for the duty cycle range of D <0.2.

The efficiency-versus-output power plot of the developed experi-
mental prototype-250 W is presented in Fig. 20(b). These measure-
ments are recorded, keeping the input voltage constant at 12 V, and
load is increased in steps on the converter. The maximum efficiency
achieved is 93.34% at 250 W of load, as shown in the figure. The con-
verter was operated at a duty cycle of 0.1 during the experimentation,
achieving a gain of 10.41. At low power ratings, losses in the diodes and
switches have a substantial effect on efficiency. However, the converter
achieves more than 90% efficiency over a wide range of loads. The
proposed converter has been developed for use in low-voltage solar
PV applications. The converter transfers the power of 200 W with an
efficiency more than 90%, which proves its suitable operation for high
voltage gain (during the experiment, the voltage gain was 10.41). The
dynamic response of the proposed converter under step load variation
between light load (25 W) and full load (300 W) is shown in Fig. 20(b)
validates the effectiveness of the proposed converter. Owing to the high
gain ability of the proposed converter with common ground between
input and output side, it is observed that the proposed converter is more
suitable for solar PV system interfacing with grid.

9. Conclusion

A novel high-voltage-gain common-grounded Z-source based dc-dc
converter is presented for solar PV applications in this paper. Oper-
ation principles, detailed analysis, voltage and current waveforms and
performance evaluation have been investigated through simulation and
experimental results. The salient features of the proposed converter
are a simple configuration, low components, smooth output current,
low voltage stress on Z-network capacitors, common ground, wider
duty ratio range (0<D<0.5) with high voltage gain at a low duty
cycle. A 250-Watt laboratory setup was implemented to confirm the
effectiveness of the proposed converter and controller. The maximum
efficiency of around 93% is achieved in the proposed converter (with a
gain of 10.46 and power of 250 Watts) verified through experimental
results. Thus, proposed topology provides a better combination of high
voltage gain and efficiency. Also, the proposed converter performance
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is promising when fed by low voltage solar PV panel, even under
varying solar irradiance in standalone and grid connected PV mode.
As a result, the proposed converter is well suited for grid-connected or
stand-alone solar PV power-producing systems, where a high voltage
boost is often demanded. Designing a high-gain, high-efficiency dc-dc
converter for large power levels is challenging. Additional investigation
and experiment in this domain offer the potential for converter designs
that are even more efficient and effective in the context of renewable
energy applications.
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