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Abstract: Renewable energy system (RES) based microgrid applications have grown extensively over the recent
years. Owing to power fluctuations in RES, acquiring stable and accurate output voltage at the DC Bus is a major
concern in DC microgrid applications. Presently, switching, as well as, prediction of output voltage for RES is quite
slow and total harmonic distortion cannot be reduced to a minimal level. Accordingly, this research developed a
controller for Multiple Input Single Output (MISO) DC to DC converter and a Kalman filter. Initially, four series-
connected PV panels were modelled and analysed. A boost converter was used to combine PV panels' output and
provide a single output at the DC Bus. Perturb and Observe, a Maximum Power Point Tracking (MPPT) algorithm,
was used to retrieve optimal power from modelled RES. Analysis revealed that the output voltage waveform contained
harmonics and had a Total Harmonic Distortion (THD) of 27.73 %. Thus, a Kalman filter was modeled and analysed to
remove the harmonics. The THD value was consequently reduced to 2.1 %, which is quite within the allowable limit
prescribed by IEEE, for the THD of a PV system. Analysis revealed that a stable and accurate output from a PV based
RES could be achieved with the proposed scheme, and further THD was also well within limits prescribed by IEEE
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1. INTRODUCTION

Proliferation in demand for electrical load and the
requirement for stability and reliability has resulted
in an extensive advancement in the development of
microgrid systems. In a microgrid system, multiple
wind energy (WE) and photovoltaic (PV) systems
are integrated to fulfil the electrical load demand
at micro levels [1]. This technique facilitates the
minimisation of load bulk over the main power
system as well as eliminates the requirement of
implementation of the power transmission system.
However, due to possible variation in the wind
speed and sunlight, the output of renewable energy
systems (RES) may vary on an intermittent basis
[1]. For optimal energy, a combination of PV
system and WE system is preferred and multi-input
converters facilitate the amulgation of multiple
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energy sources while providing at least one output
[2,3]. Different topologies for multi-input DC-DC
converters are discussed in the literature. Mirzapour
et al. [4], presents a high voltage-conversion ratio
integrated multiple-input buck converter and
describe that the load can be supplied separately or
concurrently by multiple DC input sources. Prasad
et al. [5], discusses some basic topologies which
could be paired with sepic, buck-boost, Zeta, boost
and Cuk converters. When joned with traditional
buck converter, these schemes result in a significant
decrease in the output voltage. However, in case of
these techniques, the prediction of output voltage
and switching is not fast enough, and THD cannot
be reduced to a negligible level. Single-tuned
Passive Filter can reduce THD of the system to
fulfil the IEEE 519-1992 standard requirements but
is still not fast enough to predict the future voltage
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variation with minimum error. Multi-input DC-
DC converters allow energy from one or multiple
sources to be shared with the load. Control signals
of multiple converters should be synced because
they are not self-contained [6- 10]. Following
the studies on controllers for DC-DC converters,
extensive research on Kalman filter with power
electronic converters emerges [11-14]. The Kalman
filter can simulate and analyse the data of a learning
algorithm-generated implication system. Kalman
filter governs the power dispersal from every
energy resource of a multiple-input converter
[15, 16]. Kalman filter is faster and predicts more
accurately than Adaptive Neuro-Fuzzy implication
System [17, 18].

In this study, a controller for Multiple Input
Single Output (MISO) DC to DC converter along
with a Kalman filter was developed to facilitate
the integration of multiple RES in order to provide
a single output at the DC Bus. Accordingly, four
series-connected PV panels were initially modelled
and analysed to get a stable and accurate output
voltage regardless of the possible supply variations
from a PV-based RES. Boost converter combined
the output of two PV panels and in order to retrieve
optimal power, Perturb and Observe (P&O), an
MPPT algorithm, was used. Moreover, two outputs
of four PV panels were combined using another
boost converter to get a single DC output from all
four PV panels. Analysis revealed that the output
voltage waveform contained harmonics having
a THD of 27.73 %. Thus, the Kalman filter was
modelled and analysed to remove the harmonics
and resultantly the THD value was reduced to
2.1 %. The Kalman filter was used in the close loop

feedback mechanism in such a way that the output
generated was regulated instantly. Analysis revealed
that a stable, accurate and nearly sine wave for a
PV based RES could be achieved with the proposed
scheme and further THD was also well within the
limits as prescribed by IEEE for a PV system.

1.1 Kalman Filter

Kalman filter effectively delineates the probabilistic
structure of experimental measurements [19,20-
22]. It is an effective tool to minimise the distortion
in the output of a converter. It estimates the states
on the basis of a linear dynamic system in a state
space format. The process model expresses the
development of a state from k—1 to k , as is shown
in equation (1) [23].

x, =Fx _ + buk_1 +w,, (D)

In equation (1), F represents the state transition
matrix, w, , represents process noise vector, and b
represents control-input matrix,. Equation (2) shows
that the process model and measurement model
are paired together, where as, measurement model
illustrates the correlation between measurement
and state at a time step k [23].

Z =Hx +v, )

In equation (2), Z, represents measurement
vector, v, represents measurement noise vector,
and H represents measurement matrix. Provided an
initial estimate of x, Z, to Z , as well as, B, R, F,
Q and H, Kalman filter approximates x,_at a time k
[23]. Figure 1 shows the functionality of Kalman
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Fig. 1. Schematic of Kalman filter .
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filter.
2. MATERIALS AND METHODS

This research wants DC output having the lowest
THD regardless of the input variations. We used
Kalman Filter as it is fast and predicts future voltage
variations values with accuracy. Accordingly, four
PV panels were initially modelled and analysed to
get a stable and accurate output voltage regardless
of the possible supply variations from a PV-based
RES. The PV block, used in the modeling is basically
a five-parameter model using a light-generated
current source (I,), diode, series resistance (R ), and
shunt resistance (R) to represent the irradiance
and temperature-dependent [-V characteristics
of the modules.The output of two PV panels was
combined using a boost converter, and in order to
extract maximum output from PV panels, (P&O), an
MPPT algorithm was used. This algorithm adjusts
the duty cycle for switching the MOSFET of the
boost converter. The other two solar panels were
combined using the same technique as explained
earlier. Furthermore, to have maximum power, as
well as, to have a single output voltage from all PV
panels, the two outputs from four PV panels were
again integrated by using a boost converter. After
performing power quality analysis, it was revealed
that the developed model had a very high THD
value, and it does not meet the THD limits for a
PV system as specified by IEEE. Thus, in order
to minimise the harmonics, the Kalman filter was
modelled and analysed. Resultantly, the THD value
of the system was observed to be well within limits
for THD in PV systems, as specified by IEEE. The
Kalman filter was used in the close-loop feedback
mechanism in such a way that the output generated
was regulated instantly. Figure 2 represents the
complete schematic of the proposed scheme.

PV panels provide fluctuating power, and
it depends upon shadow, solar irradiation and
temperature. Thus, a MPPT algorithm is essentially
required to get optimal power from PV panels. In
this research, P&O was implemented for retrieving
optimal power from PV panels. Figure 3 shows the
flowchart of P&O algorithm for MPPT of PV panels.
Accordingly, perturbation was performed for the
power and voltage of PV module. Output power
was periodically measured and was compared with
the preceding power. In case of an increase in output

power, same procedure was repeated otherwise
perturbation was reversed. Further, PV module
voltage was decreasd, as well as, increased and the
power profile of PV module was observed along
with respectively. In case, increased voltage lead to
increased power, it revealed that the operating point
of'the PV module was on the left of maximum power
point. Accordingly, perturbation was performed
towards the right in order to get to the maximum
power point. Alternatively, when voltage rise led
to decreased power, it revealed that the operating
point of PV module was on the right of maximum
power point. Resultantly, perturbation was
performed to the left in order to get to a maximum
power point. In order to measure the voltage of the
battery and PV module, an MPPT charge controller
was attached between the battery and PV module.
The microcontroller then calculated and compared
the existing power Pnew with the previous power
Pold. In case, Pnew was greater than the Pold, duty
cycle of PWM was increased. In case, If Pnew was
observed to be lesser than Pold, duty cycle of PWM
was reduced.

The Kalman filter algorithm comprises two

stages: prediction and wupdate (alternatively,
propagation and correction). Moreover, an
initialisation stage is essentially required.

Accordingly, the initial estimate of error covariance
matrix, PO’, and state estimate, X0, is mandatory.
(Table 1) and (Table 2) summarises the Kalman filter
algorithm for prediction and update respectively,
used in this research.

In (Table 1), X represents an approximation of x.
Further, (+) and (-) represent updated and predicted
estimates, respectively, whereas P is the state error
covariance. Further, cov(x) =E [(x—X) (x—X) T] T
describes the covariance of a random variable x.

(Table 2) represents update stage, and
measurement residual was initially computed in
this stage. Measurement residual is the difference
of true and estimated measurement, zk and Hxk—,
respectively. Initially, the filter estimates the current
measurement, and then, residual is multiplied with
Kalman gain to determine the correction in the
estimate. Finally, the Kalman filter calculated the
updated error covariance, Pk*, which was later on
used in following time step.
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Fig. 2. Proposed schematic for the control of MISO DC to DC converter by using a Kalman filter for
DC Microgrid applications.

Table 1. Kalman filter prediction model.

Predicated state estimation
Predicted error covariance

X, =Fx"}_ +Buy_4
Py = FP;_FT +Q

Table 2. Kalman filter updated model.

Measurement residual

Kalman gain

Updated state estimate

Updated error covariance

Y~k = Zx — Hx'),

K, = PiHT(R + HPyH™)™1
Xt =xy + Ky
P;; = (I - K H)P,

Fig. 3. Flowchart of perturb and observe (P&O) algorithm for MPPT of PV panels.
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3. RESULTS AND DISCUSSION

As mentioned in section 2, four series connected PV
panels were used in the modelling and analysis. So,
to have an in-depth understanding of the system’s
response, investigations were initially conducted
regarding the current, voltage and power profiles of
one single PV panel. The PV panel model used in
the modelling and analysis had a settling time of 0.3
sec. However, initially, for a duration of up to 0.1
sec, voltage, current and power fluctuations were
observed to be quite high, whereas, the respective
fluctuations reduced gradually in the next 0.2 sec.
Finally, after the settling time (0.3 sec) passes, the
voltage, current and power fluctuations stabilised.
Higher voltage fluctuations were observed because
the solar panel is a non linear device. The voltage,
current and power waveforms of one single PV
panel are shown in Figure 4, Figure 5 and Figure
6, respectively, having time along the x-axis
and voltage, current and power along the y-axis,
respectively.

Boostconverterwasused inthe developed model
to extract maximum power from the developed PV
model. PV panel provides fluctuating power, due to
which, it cannot be directly utilised as a voltage input
to the MISO converter, and consequently, a boost
converter is essentially required. Boost converter
provides maximum powers while operating in both
cycles of the switching operation. Figure 7, Figure
8 and Figure 9 represent output voltage, current and
power waveforms of a boost converter, respectively,
having time on the x-axis and voltage, current
and power on the y-axis, respectively. A critical
comparison between Figure 4, Figure 5, Figure
6 and Figure 7, Figure 8, Figure 9 respectively
reveals that voltage, current and power, in the later,
stabilises more quickly. Additionally, the voltage
in Figure 7 also takes lesser time for achieving the
constant DC value.

The switching of the boost converter was
made basically for the duty cycle adjustment. The
pulses provided the boost converter's turn on and
turn off mechanism. In this way, maximum power
was collected at the output of the converter. The
pulse waveform for the boost converter is shown
in Figure 10, and the pulse waveform for the main
converter is shown in Figure 11.

MISO converter was used for obtaining a
single output from multiple inputs. Thus, the output
voltage of the MISO converter comprises the sum
of voltages of all individual sources. Figure 12
represents the output voltage of the MISO converter.
Further, the output current of a MISO converter is
the same as the current of multiple input sources.
Accordingly, Figure 13 represents the output current
of a MISO converter and is of the same magnitude
as compared to the currents shown in Figure 5 and
Figure 8. Moreover, the power output of the MISO
converter was determined with the help of voltage
and current measured for the MISO converter and
is shown in Figure 14. This waveform was inverted
to perform the FFT analysis as we actually obtained
DC output form MISO converter and FFT cannot
be performed on a DC waveform. Consequently,
we obtained 27% THD in the final output waveform
without Kalman Filtration.

As expressed in section 3, the voltage waveform
of the MISO converter, presented in Figure 12,
contained many harmonics and had a THD of
27.73 %, so harmonic suppression was essentially
required. Thus, these harmonics were reduced
with the help of a Kalman filter. This filtration
process involved the creation of a measured signal
of MISO converter, which yielded the estimated
value of the voltage. The error was calculated by
subtracting the estimated signal from the actual
signal. Figure 15 compares the actual voltage signal
of a MISO converter, subjected to the load, with
the signal after Kalman Filter based filtration was
implemented. The Kalman filter was used in a close
loop feedback mechanism in such a way that output
generated was regulated instantly. The estimated
signal of the voltage was also created by utilising
the Kalman filter and is presented in the Figure
16. This is the actual signal of the converter that
is yielded as the output waveform. This voltage is
also fed to the inverter for inversion of DC to AC.
The voltage waveform generated by the inverter
has almost sine wave and a THD of 2.10%, which
is quite lesser as compared to the allowable limit of
5 %, as prescribed by IEEE, for the THD of a PV
system.

Figure 17 presents the harmonics in the final
output waveform. The DC output obtained after
Kalman filtration is inverted, which results in a
nearly sinusoidal waveform. The FFT analysis of
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Fig. 4. Output voltage of a single PV panel.
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Fig. 5. Output current of a single PV panel.
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Fig. 6. Output power of a single PV panel.
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Fig. 7. Output voltage of a boost converter.
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Boost Converter current waveform
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Fig. 8. Output current of a boost converter.
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Fig. 9. Output power of a boost converter
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Fig. 10. Pulse waveform for boost converter.



74

Amplitude

Farooq et al

Pulses waveform for main converter
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Fig. 11. Pulse waveform for main converter.

200 -

a

o

S
T

Voltage (V)
N
8

50

MISO converter output voltage waveform

.
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

] 0.9
Time (sec)
Fig. 12. Output voltage of MISO converter.
MISO converter output current waveform
12
10 ;\A’\W“ L
Al
gl
c 6
2
5 |
O 4 ’
2y
gk
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time(Sec)
Fig. 13. Output current of MISO converter.
MISO converter output power waveform
2500 -
2000
= 1500 -
s
=
o
2 1000 -
o
500
ol
0 0.1 0.2 0:3 0:4 0.5 OjG 0:7 0:8 0.9
Time(sec)
Fig. 14. MISO converter output power waveform



MISO DC to DC Converter Control using Kalman Filter

Qutput voltage comparison before and after filtration

—— Before Filtration
—— After Filtration

200

-
@
S

Voltage (V)

50

0 0:1 D:2 0:3 014 0:5 Giﬁ 0:7 0:8 0‘.9 I1

Time (sec)
Fig. 15. Comparison between the output voltage of a MISO
converter, before and after filtration.

Output Error
200
150
£
§|100 H
°
>
50
o
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)

Fig. 16. Error estimation in the output voltage

Sepal
FFT window: 1 of 5 cycles of selected signal
T T— T
5 B 4
H
- 3§
3 °f
% s
el (AR . SIS ) i L o J
[} a0| 0on 06 a8 m 101 ot 016 01
Time (s}
T anaen
Fundamental (50Hz) = 98.28 , THD= 2.10%
T T T T T T T T
H
§o08 4
4
@
300
#
'g*na» 1
0
) 100 200 300 40 00 ®o 0 0 90 1000

Frequency (Hz)
Fig. 17. THD of final output waveform.

75



76 Farooq et al

resulted waveform showed that the waveform had
a THD value of 2.10%, which is well within the
allowable limits for a PV system.

4. CONCLUSIONS

In microgrid applications, fast prediction of output
voltage and harmonic reduction are required.
Existing techniques, such as a single-tuned passive
filter, can reduce the THD up to 4.77 %, but still,
it cannot predict the future voltage variation with
minimum error. Thus, to get steady output voltage
along with a lesser THD, a controller for MISO
DC to DC converter and a Kalman filter was
developed in this research. The PV model, used in
the modelling and analysis was observed to have
a settling time of 0.3 sec and analysis revealed
that after the settling time passes, the voltage,
current and power fluctuations were stabilised.
FFT was performed over the MISO converter's
output waveform, and 27.3% THD was observed.
Accordingly, the Kalman filter was modeled, and
resultantly, THD in the output voltage was reduced
to 2.1 %. This value is well within the allowable
limit of 5 %, as prescribed by IEEE, for the THD
of a PV system. Thus, a stable and accurate output
voltage, regardless of the input variations, could
be obtained from a PV based RES through the
proposed scheme.
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