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Abstract

Background/Objectives: This paper focus on Coordinated Control Scheme (CCS) for solar photovoltaic system using
Hybrid Resonant Boost (HRB) converter and multilevel inverter. Methods/Statistical Analysis: The Maximum power
point tracking has been implemented using Modified Perturb and Observe (MPO) algorithm. MPO algorithm mitigates
the output power oscillation and maintain the Photovoltaic panel at maximum operating point. Findings: The HRB
converter feeds a DC power to Modified nine level inverter to maintain the quality sinusoidal output. It also reduces the
level of harmonics in the output to maintain the system output within standard level. Zero Current Switching (ZCS), Zero
Voltage Switching (ZVS) and HRB topologies has been simulated using MATLAB/SIMULINK. The simulation results are
used to validate the function of CCS. Applications: The proposed system is implemented for off grid solar photovoltaic

(PV) power plant model.
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1. Introduction

The output characteristic of a photovoltaic panel depends
on certain conditions like temperature and illumination
intensity. The output characteristic has a distinctive
Maximum Power Point (MPP) at which the product of
voltage-current is highest. To regulate the power flow to
the Grid connected or Standalone Photovoltaic system
should have a MPP tracking controller. The function of
MPPT is to ensure highest efficiency level by operating of
the system at the Maximum power point, irrespective of
climatic changes. The Simulink model of a PV system with
MPPT controller is investigated'~*. The MPPT controller
consists of a buck or boost DC to DC converter to control
the current and voltage®”. This is made possible by proper

* Author for correspondence

form of duty-cycle to the control circuit. Conventional
converters and algorithms are not vastly effective in terms
of ripple content mitigation and controller response to
track the MPP of a PV panel® 2.

The interleaved boost converter topology is
introduced to overcome the above said drawbacks, and
to improve the overall conversion efficiency'>'. The
reduction in switching losses by using interleaved buck
converter is explained in this paper'>'s. The design and
implementation of interleaved boost converter using Sic
diodes for PV application and fuel cell application are
presented'’"*?. The effective reduction in overall switching
losses of the converter, the resonant converter topology
like Zero Current Switching (ZCS) and Zero Voltage
Switching (ZVS) have been introduced and presented-*2.
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The combination of ZCS and ZVS known as soft
switching converter and combination of interleaved
and soft switching known as hybrid interleaved boost
converter are presented. The hybrid interleaved soft
switching topology is to improve the overall performance
of the converter such as conversion efficiency and speed
of response. Generally, the solar photovoltaic system
has separate controllers which are used for their control
scheme in DC to DC converter and inverter. The control
scheme for DC to DC converter is implemented using a
dedicated digital controller”. Then the power conversion
for inverter has also carried out using another digital
controller*®. The MLI topologies are investigated by
the researchers due to its merits such as reduce in power
rating and improved voltage levels**=. This paper presents
the coordinated control strategy by using a single digital
controller for both HRB and MLI.

2. Design of Coordinated Control
Strategy (CCS) for HRB and MLI

The block diagram of coordinated control strategy as
shown in Figure 1. The proposed system considered
two 230W PV panels for 1kW power generation. It’s
connected in series. The panel peak power is about 460W,
which may vary with change in climate condition. The
specification of TITANS6-60 is presented in Table 1. The
PV panel output varies with respective to irradiation
level and temperature. The various output levels of the
TITANS6-60 PV panels are also shown in Table 1.

-
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Figure 1. Generalized block diagram of the proposed
CCS for solar PV system.

The proposed HRB converter with MPO algorithm is to
improve the output of PV panel into the maximum level, by
maintaining the MPP. This algorithm is used to identify the
suitable duty cycle required by the converter to maintain
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the dc output voltage with very low ripple content. It also
reduces the switching losses of the converter and improves
the overall conversion ratio. The regulated DC output
power from the HRB is fed to the modified multilevel
inverter. Modified Pulse Width Modulation (PWM)
scheme are implemented for this MLI. The simulation of
CCS is carried out by using MATLAB/SIMULINK tools.

2.1 Design of Hybrid Resonant Boost
Converter (HRB)

In general, the number of PV panels are required for
standalone system to deliver the load power based on the
load demand. For example, the 1 kW system requires a
minimum of five panels of 230 W. In this case, the power
will be met by two panels of same power rating by using
HRB converter. The conventional converters have a
conversion efficiency of 70% to 85% . Hence they failed
to achieve the desired output power or higher efficiency
10111213, 14 Byt the desired output can be achieved by the
proposed HRB converter with negligible switching losses
as shown in Figure 2 '. The design of passive circuit
elements is made from the minimum and maximum
output voltage variation from the panel (i.e., V, (min) =
50 Vand V, (max)=74V).

y?

},_

3 4

Figure 2. Hybrid resonant boost converter.

Itis observed from the Figure 2 that, with the converter
switching frequency as fsw=20 kHz, the variation of duty
cycle is obtained as follows:

v, (panel)] 1)
220

Thus, the range of the duty cycle to the HRB converter
is found to be D(min) = 66.36% to D(max) = 77.27%.
Based on these parameters, inductor and capacitors of
HRB are calculated [26]. Table 1 shows the TITANS6-60
PV panel parameters.

-

Indian Journal of Science and Technology



J. Prakash, Sarat Kumar Sahoo and K. R. Sugavanam

Table 1. TITANS6-60 PV panel parameters at
25°C, 1.5 AM, 1000 W/m2

Parameters

Values

821 A

370V

7.44 A

289V
215.016 W
K -0.123 V/K
K 3.18x10° A/K
N 60

scn

ocn

mp

2.2 Design of HRB Converter Circuit
Elements

2.2.1 Inductor

By properly selecting the value of inductor of the boost
converter, the output current ripple can be reduced to
minimum level. This help in controlling the sudden
changes in the input current as well as boosting the voltage
and current during high switching frequencies.

DxV, x (l-D)]

2xf, xI

L =L, = [ 2)

The values of the resonant inductors are chosen based
on the output and input voltage across the converter
switch as follows.

Lrl = er — (Vout - Vin + Vd) X (1_D) (3)
f,xmin. I,
The eqn (4) determined the Peak value of inductor
current.
A D
I Peak: Vm max X (4)
f,xL

Using Eqns (2) to (4), the values of inductors are
L1=12=89.69 pH and Lr1=Lr2=56 pH.
where,
I = Output current from the converter in Amps
V, = Diode voltage drop in Volts
in(may Maximum input voltage to the converter in Volts
V_ . = Output voltage from the converter in Volts

f_, = Switching frequency of the converter in Hz
D = Duty cycle to the converter
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2.2.2 Diode

The maximum output current which is equal to required
forward current rating If =1, (max) ie. 29.29A as the
higher peak current rating is provided by Schottky diodes
than average rating.

The power dissipation of the diode

P,=1*V,.

Where I, is the boost converter diode forward current
and V is forward voltage.

2.2.3 Capacitor

In a switching power supply, by keeping the input
capacitor value at a minimum, the input voltage can
be stabilized during the peak current requirement.
Due to DC bias or temperature, Low Equivalent Series
Resistance (ESR) ceramic capacitors are used to regulate
the capacitance loss. To overcome the noise in the input
voltage by increasing the value of capacitor with external
compensation, the Eqn (5) is used to calculate the value
of output capacitor for a desired output voltage with low

ripple.

I_] )

Vripple X fsw

Cc >

out

The Eqn (5) which is use to calculated the value of
selected capacitance.
D x(I -1,
mm2 ( max mm) (6)
0" xL xf

C. =

rl

The current rating of the capacitor is decided by
the value of the resonant inductor. The Eqn (6) shows
the value of resonant capacitor is selected based on the
minimum and maximum current in the converter legs.
The values of capacitors are calculated by using eqns (2
to4) and the values are C =C =10 uF and C =100 uE.

3. Modified Perturbation and
Observation (P&O) Algorithm

The Perturbation and observation (P&O) method is
efficient method as compared to traditional MPPT
strategy. In P&O algorithm the step size has decided by
the requirements of accuracy and tracking speed'. But
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Figure 3. Functional flowchart of MPO algorithm.

P&O algorithm fail to track the maximum power during
the fast varying atmospheric conditions®*2. To eliminate
the drawbacks of conventional P&O algorithm. Modified
P&O algorithm is proposed in this paper for the MPPT
method. It is to overcome the shortcomings in usual
MPPT algorithms as well as simple and highly effective
way to improve the accuracy of tracking®. Modified P&O
MPPT algorithm flow chart as shown in the Figure 3.
According to operating point of a PV panel the firing
angle of the converter is automatically varied”'*'.

Psendo Code:

Functional wnit name: MPO-MPPT

Input: Voltage and Current of a PV panel

Cutput: Duty cycle to the HRB

Steps:

1. Convert the given voltage and current into power and calculate the reference
voltage.

2. If current power is greater than the previous power, then check current voltage
greater than the previous voltage and then increase the increase the voltage
reference of the output or vice versa.

3. Else if current power is less than the previous power, then check current voltage
less than the previous voltage and then decrease the voltage reference of the
output or vice versa,

End

Figure 4. Pseudo code for the MPO MPPT
algorithm.

The switching frequency of the HRB converter is
selected to be at 20 kHz. The initial duty cycle for the
converter is fixed as 66.36% in order to reduce the output
voltage ripples. To determine the MPP, the output power
of the TITANS6-60 PV panel is calculated by sensing
the voltage and current of the panel. Figure 4. shows
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the Pseudo code for the MPO implementation. Thus
the converter duty cycle has been changed with respect
to change in weather conditions like temperature and
irradiation level.

4. Modified Multi Level Inverter
Topology

The proposed circuit consists of a new nine level inverter
topology for photovoltaic application. The conventional
cascaded inverter topology needs 20 power switches and
24 switches in diode clamped arrangement for achieve
9 level output. But, the proposed MLI has required only
seven IGBT switches in the power circuit. Figure 5. shows
the dc link capacitor is used to divide the input voltage V_
into four levels of each V, /4 magnitude. The proposed
nine level Modified Multilevel inverter have four voltage
divider capacitors such as C, C, C, & C, respectively
(Figure 5). PWM signals were generated using pulsating
DC Supply voltage and triangular carrier signal with
various DC Offset are used to get four identical reference
signals to generate PWM Signals. The operation of
proposed MLI topology is explained and corresponding
switching sequences are presented in Table 2. From the
Table 2, it may be observed that the nine voltage levels
can be generated from these voltage divider capacitors
by controlling the seven IGBT switches with flow control
diodes.
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Figure 5. Schematic circuit of the 9-level Modified
Multilevel inverter.

Table 2. Switching sequence for The Modified MLI

Mode Switching Sequence Voltage Level
L S, &S, +V,

I D,S,D,&S, +3V, /4
I D,S,D, &S, +V,/2

IV. D,S,D,, &S, +V,/4

Vv S, &S, V,=0

VL S, D, S,.& D, -V./4
VIL S,D,S,&D, -V,/2
VIIL $,D,,S,&D,, -3V, /4
IX. S,& S, -V,

The power switches are operated at nine different
modes in order to achieve the 9-level. In mode 1, the
MLI operated at maximum positive voltage i.e., V, by
operating the switches § =>§,. in mode 2, Voltage level
has been reduced to the 3/4 by operating the switches in
the following sequence D,=>S_=>D,=>S§,. The schematic
of the typical output voltage in 9-level inverter as shown
in Figure 6 and Modified PWM switching patterns to the
9-Level inverter are shown in Figure 7.

Time {Sec)

Figure 6. Schematic of the typical output voltage in
9-level inverter.
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Figure 7. PWM switching patterns to the Modified
9-Level inverter.

The drawbacks in the conventional MLI topologies are
overcome by the implementation of this modified 9-level
inverter topology **#. The number of power switches can
be reduced in proposed MLI with low power rating. Thus
the switching losses and THD level at different operating
frequencies (f, ) has been reduced.

5. Implementation of
Coordinated Control Strategy
(CCS)

In this CCS, using single low cost digital controller the
implementation of digital control of HRB and MLI
can be achieved®'. The separate digital controller is
used to achieve the implementation of boost converter

topology and also the implementation of MLI topologies
are achieved using separate controller®. The main
objective of the CCS is to attain the effective control
operation by reducing the number of controllers used in
the hardware and also the speed of the controller is taken
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consideration for implementing this coordinated control
logic. since the control logic for MPO-MPPT algorithm
for HRB converter and the Modified PWM signals to the
9-Level inverter are runs in parallel for the entire control
operation.

In PV system, the MPPT is a more sensitive process,
since the output of PV panel is changed due to various
factors like shadowing effect, irradiation and temperature.
Even if the shadowing effect may be few micro seconds,
during that time the output of the PV system becomes
very low or zero. Thus the MPPT algorithm fails to track
the MPP of the system during shadowing effect and
generating oscillating output voltage in the DC to DC
converter. It will affect the MLI output continuously.
In this proposed system, the above said factors are
considered during the selection of the control algorithm
and controller. The MPO algorithm has an ability to meet
out the above said requirement for the MPPT control and
also the speed of operation to tracks the MPP within few
micro seconds. According to the power variation from
the panel the duty cycle to the converter can be changed.
The control logic for the 9-Level inverter topology has
been carried out using Modified PWM technique. The
proposed CCS have operating speed of controller is about
5uS. Hence the oscillation of power from the panel is
identified and overcome within short time.

6. Results and Discussion

The simulation for HRB and 9-level inverter for different
operating conditions are carried out separately by using
MATLAB/SIMULINK. Finally, the simulation of CCS
for the HRB and 9-level inverter topology are carried
out using MATLAB/SIMULINK environment. Using
MPO MPPT algorithm the output of the HRB converter
has been verified for the various climatic conditions. the
output of the HRB is maximum level as compare with
other resonant converter topologies like Zero voltage
switching (ZVS) and Zero Current Switching (ZCS).

6.1 Simulation of HRB

The Figure 8 shows the Simulink model of the HRB
converter and the comparative result of the, ZCS, ZVS
and HRB as shown in Figure 11 to Figure 13.
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Figure 8. HRB converter Simulink model.

Modelling and simulation for proposed HRB
converters are carried out using MATLAB Simulink
environment. Here, the TITANS6-60 panel parameters as
an input parameter for the PV panel model. This model
will supply the power according to the climatic variation
like irradiation level and temperature. Figure 9 and Figure
10 shows the variation of output from the PV panel is
presented in I-V and P-V curves respectively. Further,
Combined results of ZCS, ZVS and HRB output voltage
waveforms at 25°C and 250W/m?is shown in Figure
11. Based upon the experimental data of TITANS6-60
panel as presented in Table 1, the design of converter
elements and selection of duty cycle range are carried out
and simulated using MATLAB/SIMULINK. The MPO
algorithm helps the HRB converter efficiency is increased
to 97.7% and mitigate the variation in output.

-V Curve of 215 W panel
i T T : T

—— 250 W2 |
—— 500 Wim2
760 Wim2

Current in (Amps)
o
T

20
Woltage in (Vaolts)

Figure 9. I-V Curves of TITANS6-60 panel at different
Irradiation levels and 25°C.
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P-V curve of 215 W PV panel
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Figure 10. P-V curves of TITANS6-60 panel at
different Irradiation levels and 25°C.
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Figure 11. Combined results of ZCS, ZVS and HRB
output voltage waveforms at 25°C and 250W/m?.

Figure 12 and Figure 13 shows the combined output
voltage waveforms results of the ZCS, ZVS and HRB
converter at different irradiation conditions. The results
show, ZVS converter takes 0.25 sec to the settle the output
without any damping for different irradiation level such
as 250W/m? 500W/m? and 1000W/m?* respectively.
Similarly, the settling time of ZCS converter output is 0.1
sec without any damping by having the voltage magnitude
of 190V at 250W/m? 210 V at 500W/m? and 220V at
1000W/m?.
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Figure 12. Combined results of ZCS, ZVS and HRB
output voltage waveforms at 25°C and 500W/m?.
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Figure 13. Combined results of ZVS, ZCS and HRB
output voltage waveforms at 1000W/m?* and 25°C.

The proposed HRB converter have faster settling time
and better conversion ratio as compared to ZVS and ZCS.
Thus the HRB is achieved higher efficiency as well as
reduces the switching losses. It is seen that the output DC
voltage from the HRB is maintained nearly 230 V, which
has a settling time of less than 20 ms at different input
conditions.
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6.2 Simulation of Modified 9-level Inverter
Topology

The MATLAB Simulink model for the modified 9-level
inverter topology is shown in Figure 14. The modified
inverter circuit is analyzed at various operating
frequencies. It was observed that, by using the digital
PWM control, the magnitude of the output voltage
steps is increased along with the reduction in the output
harmonic level.

T e ® [
) @;ﬁk@r ] Eﬂ'@ o e
BAGE

WRCL:

-I:E!:rk

Figure 14. Simulink diagram of Modified 9-Level
inverter.

The output waveform obtained from the 9-level
inverter without filter is presented in Figure 15. HRB
converter is the source of power to the MLI. The operating

frequency (f, ) of the HRB converter is maintained in a
range of 1 kHz to 20 kHz, and hence the 9-level inverter
has been analyzed for these operating frequencies to
maintain the coordination between converter and inverter
output voltage levels. This helps in the reduction of the
THD in the inverter output and also the switching losses.

s 8 & 8
L

8 8 & o

1 1 L I L
3 T 3 w G T T 3 o

Figure 15. Output voltage waveform.

6.3 Simulation of CCS

The results shown in the Figures 16 to 20 depict a clear
analysis of the performance of the CCS. Using MATLAB-
SIMULINK circuit, the Coordinated control Scheme
for the modified 9-level inverter and proposed HRB, is
analysed. For analyzing the speed of the controller, the
like irradiation and temperature
changes in the HRB are varied along with the operating
frequencies to the 9-level inverter.

various parameter
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A
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Figure 16. Matlab simulink model for coordinated control Scheme.
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Figure 17. Output voltage waveform.

Figure 18. Output current waveform.
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Figure 19. THD of output voltage.
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Figure 20. THD of output current.

Even with the fast varying input conditions like
irradiation level and temperature, the performance of the
HRB converter remains same. HRB is found to be taking
20ms to settle at the rated level which is shown in Figure 13.
The THD level of CCS is 3.72% as shown in the Figure 20.
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7. Conclusion

The circuit for the CCS for the HRB and 9-level inverter
has been designed and implemented in MATLAB-
SIMULINK. The circuits the operation of HRB, MLI and
CCS are modeled and designed using MATLAB Software.
The simulation is carried out by varying the input
conditions such as various irradiation levels, temperatures
and switching frequencies. The MPO algorithm is
incorporated for MPPT control to HRB converter and
Modified PWM control to the MLI. The effectiveness of the
control is conformed through the simulation results. It is
seen that the proposed CCS provides low THD, switching
losses and improves overall efficiency of the converter
which is found to be 97.9%. Thus we can conclude that the
modified nine level inverter topology results in increasing
the output voltage level along with reduced power rating
of the switches. The added advantage is that this CCS can
be implemented in a low cost digital controller.
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