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1. INTRODUCTION

The electricity demand is considered as the promising measure the living standard quality of the
people for any developing country. The economic growth of the country also depends upon the electricity
demand. However, the major problem faced by the human society in the present day is the shortage of the
electricity. This leads to the generation of green energy such as: solar energy, and wind energy, as the power
generation from the conventional sources produce major pollutions for the environments. The non-
conventional sources are clean as well as free from the greenhouse effect. Generally, power generated from
the solar PV system is commonly used due to its low cost, robust in nature and freely available at any
location of the globe [1], [2]. Now-a-days stand-alone PV system gains more attention in rural India, where
the grid availability is not possible due to its demographic location. A stand-alone photovoltaic (PV) system
comprises of solar PV panels, DC-DC converter for boosting the low voltage produced by the PV panel,
DC-AC converter or voltage source inverter (VSI) to convert DC power to AC power, a critical load,
and a storage unit. However, the operation of storage unit is not discussed in this paper for the simplicity
purpose. This paper only provides the design guidelines for the boost VSI by eliminating any DC power
conversion stage.
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Various inverter techniques are employed in solar photovoltaic (SPV) systems. One of the
traditional approaches is the voltage source inverter (VVSI) equipped with a boosting unit. This conventional
method can be achieved through a range of approaches, as:

- The application of a step-up transformer serves to elevate the voltage. Nevertheless, this technique results
in an enlargement of the system's dimensions, expenses, and mass due to the incorporation of a line to
frequency transformer.

- An alternative involves the utilization of a high-frequency transformer (HFT) integrated with dual
conversion stages to amplify the input voltage. This strategy is executed through a boost DC-DC
converter trailed by an inverter.

- Employing an HFT alongside a rectified sinusoidal wave modulated DC-DC converter, which is
subsequently expanded through a cyclo converter.

Numerous sources in the literature [3]-[8] explore different configurations involving high-frequency
transformers. Nonetheless, many of these setups achieve high voltage gain by altering the transformer turns
ratio, leading to substantial current ripples in converters. This phenomen on could ultimately have a negative
impact on the operational longevity of solar PV panels. In response to this concern, isolated current-fed
converters have been applied, including the push—pull converter [9], full-bridge converters [10], and half-
bridge converters [11]. However, the implementation of these approaches introduces challenges such as
heightened intricacy, increased weight, elevated expenses, and diminished efficiency and lifespan. To
mitigate expenses, reduce weight, and enhance both flexibility and efficacy, researchers have proposed
transformerless topologies as an alternative solution [4], [5]. Therefore, transformerless inverters are
considered suitable for a photovoltaic system.

Generally, the conventional VSI generates an AC output voltage which is always lower than the
input DC power. Therefore, DC-DC converter is used in between the input DC side and the VSI to step-up
the DC voltage as shown in Figure 1. However, this additional DC-DC converter makes the system bulky,
more costly with low efficiency [5], [6]. In this paper, a new topology of VSI is designed for the solar PV
system which has higher AC voltage than the input DC voltage.

The fast dynamic response and improved steady state performance is highly essential for
VSI [7], [8]. These issues are briefly addressed in the literature by designing an appropriate control scheme.
The various controllers are used to improve the steady-state and dynamic response such as: repetitive
control [9], [10], hysteresis control [11], [12], deadbeat control [13], internal model control [14], multi-loop
feedback control [15], [16]. However, these controllers are operated on the principle of average model of the
VSI. The dynamic equation of the VSI will change with change in the switching states. In these controllers,
the duty cycle of VSI switch is approximated over a small interval of the time. Therefore, the abovesaid
control scheme can efficiently operate around its operating point only. A non-linear current controller, also
called sliding mode control (SMC) is suitable for the VSI due to its robust nature, simple design, and low
cost. The SMC does not require the average model of the system [17]-[19].

The SMC can be designed by taking a robust sliding surface and a switching scheme to improve
both the steady-state and dynamic performance of the VSI. The salient features of the proposed SMC for
boosting VSI can be summarized as follows: i) inherent robust features for wide variation of load and line
parameters, ii) fast dynamic response, iii) Low settling time, and iv) Relatively low voltage overshoots under
wide variation in the local load conditions. In this paper, a high performance and fixed frequency SMC is
designed for a single phase VSI. A pulse width modulation (PWM) technique is used for keeping a constant
frequency and generates the control pulses for the switches of VSI.

2. INVERTER TOPOLOGY AND OPERATING PRINCIPLES

In this proposed topology, the load is connected differentially across two converters as shown in
Figure 2. The output DC biased voltage across the converter 1, V1 is shown in Figure 3(a) and converter 2,
V; is shown in Figure 3(b). The AC sinusoidal output voltage of the proposed converter is taken across the
two DC-DC converters (converter 1 and 2). The principle of the operation of the proposed boost inverter is
similar to the Cuk converter [20]. The DC-DC converters generate an output AC sinusoidal voltage with s
DC-biased voltage which results a unipolar voltage. The voltage generated by these two DC-DC converters is
180-degree phase with each other. These two voltages additive in nature across the load.

The voltages of the converter can be calculated by taking average method during the continuous
conduction mode of operation as shown in Figure 3. The boost ratio for the proposed converter, the output
voltage of the boost inverter derived by taking 180 degrees out of the phase of two DC-DC converter voltage.
The proposed converter yields a zero-output voltage when the duty cycle is 0.5, as illustrated in (3). Hence,
operating the duty cycle around this point allows for the generation of an output voltage.
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Figure 3. Output DC-biased voltage across (a) converter 1 and (b) converter 2

3. CONTROL SCHEME FOR BOOST VSI

The appropriate controller is designed for the boost VSI to improve both the steady state and
dynamic performance. The steady state performance can be evaluated for the inverter in terms of total
harmonic distortion (THD) level of the output voltage. The output voltage of the VSI should have a THD
level as decided by the IEEE standard 1947 [21]-[23]. The detailed standards and regulations are further
briefly reported in [24], [25]. Similarly, the dynamic performance can be evaluated under large load
fluctuations. These issues of VSI can be addressed by employing a non-linear control called sliding mode
control (SMC). The proposed SMC has two control loops. The outer voltage loop is used to improve the
steady state performance whereas the dynamic performance of VSI can be enhanced by the inner current
control. Both the control loops of SMC comprise a conventional proportional-integral (PI) controller to
minimize the error.

3.1. System description

The proposed boost VSI topology is shown in Figures 2 and 3. It comprises of a constant DC source
which is equivalent to the output voltage generated by an ideal solar PV system, filter inductor, storage
capacitors, controlled power switches, free-wheeling diode, and a resistive load. Here, both sides of VSI are
employed by two SMC scheme. The function of these two controllers is to track the voltage across two
capacitor C; and C; and exactly follow the reference AC voltage as decided by the user. The working
principle of the boost inverter can be explained by the bidirectional current DC-DC boost converter as shown
in Figure 4. The proposed boost converters are analyzed under the ideal conditions and the operation of the
converter is assumed in the continuous conduction mode. The turn-on and turn-off conditions of the proposed
converter can be derived from the equivalent diagram.
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For the right-hand side of the converter topology as shown in Figure 5. When the switch S; and S;
are turn-on and turn-off respectively then the current through the inductor is linearly increases and the diode
D; is in reverse biased conditions. In this condition, the capacitor C; delivers the voltage to the load and the
voltage Vi gradually decreases. On the other hand, when the switch S; and S, are turn-off and turn-on
respectively, the capacitor C; is charged by the current i;. The dynamic equations of the boost inverter by
taking the states iy and V1 are given by (4).

x=Ax+Bu+C
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iy Ly Ly Ly Ly
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Where u is the switching states of the inverter, x and dx/dt are the state vector and its derivatives.
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Figure 4. Bidirectional step-up DC-DC Figure 5. Proposed boost DC-AC converter
converter topology

3.2. Sliding mode control for boost inverter

In the first step, the proposed SMC can be designed by taking a stable sliding surface in terms of
state variables of the system as shown in Figure 6. The voltage and current error are taken as the state
variables for the system. The error signals are generated by comparing the feedback signal with its reference
value. The sliding surface for the inverter is given by (6).

5(i1,V1) = Ke; + Kye, (6)

Where K1 and K2 are positive constants, called sliding coefficients and the values are calculated as per [16]
and the state variables are given by (7) and (8).

e = liref — )

e; =Viper — V1 (8)
The sliding mode control can be expressed in terms of state variables as (9).

5(i1,V1) =K; (ilref —i)+ K, (V1ref - W) 9)

In the second step, the SMC uses a switching control law to drive the state trajectory from any initial
positions to the sliding surface. In this paper, a hysteresis band or a relay block is used for control signal
generation.

In the SMC, the state variables are taken by sensing the current and voltage and the errors are
generated by subtracting it from the reference value. But, the generation of inductor current reference is
difficult as its value depends on the output load and the input voltage. However, this problem can be
overcome by passing the inductor current error in a high-pass filter. In this case, the low frequency
component of the current error is adjusted by the inverter operation. Therefore, the high frequency variables
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are only controlled by the proposed SMC. The system now becomes more complex because the order
increased by introducing the high-pass filter. The above problem can be avoided by selecting filter cut-off
frequency which is smaller than the switching frequency [10].
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Figure 6. Control block diagram of proposed boost inverter

4. DESIGN GUIDELINES

The various design parameters for the boost inverter are discussed in this section. These component
parameters are helpful for designing the prototype model. The detailed design parameter is calculated by
referring [13]. The designed boost inverter specifications are given in Table 1.

Table 1. Boost inverter specifications

S.L. Parameter Rating
1 Required output power 1000 W
2 Output load voltage 230V
3 Input voltage to inverter 150 V
4 Line frequency 50 Hz
5 Boost inverter Switching frequency 30 kHz

4.1. Calculation of capacitor voltages Vo and Vo2
The output voltage of the inverter topology is given as (10).

Vo = V;(t) — V,(t) = 180sin (314t) (10)

As shown in Figure 3, the output voltage of converter A and B are opposite phase with each other, both the
output voltages are given by (11).

V,(t) = V4. + 90sin (314t)

V,(t) = V4 — 90sin (314t) (11)
By taking the DC supply voltage Vdc=235 V, the (11) can be rewritten as (12).
V,(t) = 235 + 90sin (314t) 12)

V,(t) = 235 — 90sin (314t)

4.2. Calculation of L1 and Ci1
The acceptable level of ripple current through the inductor is selected as 20% as defined by the
IEEE standard 1947 [16]. By taking the above consideration, the inductor value is chosen as 800 uH. The
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capacitor value is selected based on the maximum voltage ripples for a particular application. The acceptable
level of ripple output voltage for the inverter is equals to 5% of the rated voltage. For this application, the
ripple voltage is taken as 10 V (peak to peak). From. One can calculate C1>38.7 pF. The capacitor for this
boost inverter is chosen as 40 pF [13].

4.3. Calculation of control; parameter K: and K2

The steady and dynamic response of the system depends on the control parameters K1 and K2.
These are the positive real constant and called sliding co-efficient. The parameters can be determined by [16].
The improper tuning of the parameters leads the power quality issues like inductor ripple current, capacitor
ripple voltage, switching frequency, and stability of the system. Table 2 presents a comparative analysis of
few selected single-phase inverter topologies, organized according to their component count, voltage gain,
controller type, and switching frequency [26]-[29].

Table 2. Comparison of single-phase boost inverter topologies

Ref. No. of components in Vorms Voltage L¢ Cst Controller fow
S b C L M gain (mH) (R (kHz)
[26] 4 4 2 3 8 110 NA 20 10  Carrier based PWM 4
[27] 5 2 1 1 65 110 M/(1-2d) 10 46 SPWM 9.5
[28] 5 5 1 2 68 127 (1+d)/(1-3d) 20 3 SPWM 10
[29] 8 1 3 1 80 110 NA NA NA  SPWM 35
Proposed method 4 0 2 2 100 157 (2d-1)/d(1-d) 80 500  Sliding mode 30

S: No. of switches; D: No. of diodes; C: No. of capacitors; and L: No. of inductors

5. SIMULATION RESULTS

In order to demonstrate the performance of the proposed boost inverter topology, the model has
been simulated by MATLAB/Simulink. The detailed plant parameters and control parameters considered in
this paper. The LC filter is designed by taking the resonant frequency of 3 kHz. The boost inverter is
designed for a switching frequency of 20 kHz and 1 kVA rating. The control parameters are tuned to attain
the best steady and dynamic performance of the system. The steady state performance is evaluated in terms
of THD and the dynamic response of the system is evaluated step load change.

The steady-state performance: First the steady-state performance of the boost inverter is evaluated
by taking resistive load. The output voltage and the load current are shown in Figure 7(a) and its THD is
represented by the Figure 7(b). The line current is very closed to sine waveform and operated with unity
power factor with the output voltage. The THD level of the output voltage is measured and found to be
2.75% which is allowed by the IEEE 1947. The steady-state performance is also evaluated by inserting an
uncontrolled rectifier non-linear load in between boost inverter and load as shown in Figure 8. Figure 9(a)
shows the output voltage and load current for non-linear load whereas the THD of the output voltage is
shown in Figure 9(b). From the Figure 9, it can be concluded that although the current is heavily distorted but
the load voltage suffers a little distortion.

The dynamic performance of the boost inverter is evaluated under step load change by connecting or
disconnecting parallel load. Figure 10(a) shows the output voltage and load current for a step load change in
no-load to full load. It can be concluded that the load current quickly settles from old operating point to new
operating point. The load variation from full-load to no-load is repeated and shown in Figure 10(b). The
performance of the proposed controller is compared with its counterparts and summarized in Table 3.
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Figure 7. Steady-state performance under resistive load (a) output voltage and current
and (b) output voltage THD
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Table 3. Comparison of performance parameters of the single-phase boost inverter topologies

Ref. Efficiency (%)  Power factor  THD (%)
[26] 93.2 0.99 4.42
[27] 95 1 2.773
[28] 95 0.996 4
[29] 80 0.99 5
Proposed method 96.5 1 2

CONCLUSION
The theoretical analysis and design of a new boost DC-AC converter topology is briefly discussed

here. The sliding mode control is employed for controlling the proposed boost inverter to improve the steady
and dynamic response. The output voltage has low THD level of 2.75% and 3.17% for the resistive and non-
linear load respectively which ensures the steady state performance of the proposed controller. The proposed
controller has also good dynamic response under large load variations. The proposed topology can commonly
be employed for the application where higher output AC voltage is required from a low DC-voltage. The
topology has applications in solar PV system which eliminates any DC-DC boosting stage or UPS system.
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