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Abstract: The state estimation of the voltage conversion process (with Kalman
filtering) in a solar power system is shown in this paper. Theoretical principles of
solar power systems are presented, along with the position and working
principles of a DC-DC boost converter in a solar power system. Different modes
of state estimation of the voltage conversion process are shown, along with a
detailed explanation of the Kalman filter appliance. This approach can be applied
to one of the maximum power point tracking systems (MPPT). In the practical
section of this paper, the implementation of noise filtering concepts in a solar
power system is shown, by using the National Instruments LabVIEW
programming suite. Processes that occur in this type of system are simulated, and
the basic principles of noise cancellation are explained, in order to achieve
optimal working conditions.
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1 Introduction

Alternative or renewable energy sources, such as the energy of the Sun,
wind or biomass, only represent a small percentage of the world’s production of
electrical energy at the moment. Usually, energy from fossil fuels, rivers, and
nuclear sources are used. Greater usage of alternative energy sources would
allow the world greater ecological progress, since these are “clean” methods of
energy production.

In this paper, special attention is given to energy from the Sun and the
possibility of its exploitation. The possibilities for the utilisation of solar energy
are numerous, but this type of energy currently comprises less than of 1% of
global consumption of electrical energy.

When speaking of radiation energy from the Sun, it is implied that its
utilisation is immediate when it reaches the Earth, i.e. that there is immediate
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utilisation of the Sun’s radiation. The flow of the Sun’s energy is called the
solar constant, which is 1,400 W/m” at the Earth’s average distance from the
Sun, with an angle of incidence of 90°, disregarding atmospheric absorption.

As it passes through the atmosphere, part of the energy is disbursed by
complex processes and another part is reflected and re-emitted into space. The
average energy flow due to atmospheric absorption and disruption is 230 W/m®
(or 5.52 kWh/m*, daily). These are, of course, average values and the actual
values depend on the latitude, time of day, cloud appearance, pollution etc. [1].

A solar power system consists of a solar panel (which transforms the
thermal energy of the Sun into electrical energy), a distributive system, and the
consumers that use the energy produced. In order to optimise the process of
electrical energy production in the solar power system, the negative effects of
noise, which is inevitably created in these systems, have to be annulled or, at
least, mitigated as much as possible. Noise degrades the characteristics of the
output parameters and inter-parameters, which results in lower utilisation of the
system. Filtration or de-noising is, therefore, a necessary process in a solar
power system.

Some of the advantages of using solar cells can be outlined. Solar cells
convert solar energy into electric energy directly, without moving mechanical
parts, they are environmentally friendly, and they demand only minimal
maintenance over a working period of some twenty years.

Unfortunately, there are also disadvantages with using solar cells. There is
only an immediate production of electric energy, i.e. only in the period of the
radiation and it is proportional to the magnitude of the Sun’s radiation; the
density of the force they produce is small (100 W/m® at best) but their price is
high and their utilisation percentage is low (approximately 15%). The second
disadvantage is low energetic profitability. Namely, the production of these
cells demands a particularly high consumption of expensive materials
(aluminium, silicon, and copper) so that the time of retrieval of the invested
energy is around 20 years.

The usage of Kalman filter in the filtration of the signals obtained from the
solar panel (as a part of the solar power system), is shown in this paper. The
state estimation of the voltage conversion process in a solar power system was
carried out by the simulation of the conditions that exist in a solar power
system. Special attention was given to the processes occurring in the boost
converter, which is modelled in state space. It will be shown that Kalman filter
can be successfully used to estimate the state of the process of voltage
conversion in the boost converter, as part of the solar power system. Also, the
noise that is present in the system can be successfully filtered to diminish its
effects. All of these topics were realised in a solar power system simulation,
using LabVIEW. With this in mind, the simulator presented in this paper can be
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used as an additional technique in one of the MPPT (Maximum Power Point
Tracking) algorithms.

The remainder of the paper is organised as follows. The second section
describes related work, in terms of MPPT systems. The third section provides a
brief introduction to the operating principle of the photovoltaic cell. The fourth
section presents the state space model of the voltage conversion process in the
boost converter, as part of the solar power system. The working principle of the
boost converter is described, as well as the state space model. System analysis
and specifications are presented in the fifth section. The sixth section describes
the simulator software. Together with the appearance of the application, the
crucial software blocks were described: the state space model of the voltage
conversion process, Kalman filter realisation, and the system output. The final
section summarises the work presented in this paper and gives some directions
for future work.

2 Related Work

The maximum power point tracking systems (MPPT) provide a way of
achieving maximum power at the output by controlling various parameters and
one of those parameter is the output voltage.

One of the components of the solar power system is the DC/DC converter.
It is very important to have the best suited type of converter in a solar power
system. In [2], three basic topologies of DC/DC converters with resistive loads
connected to photovoltaic modules were analysed. These are the:

— Module-buck converter-load configuration,
— Module-boost converter-load configuration, and
— Module-buck/boost converter-load configuration.

It is shown that the buck-boost DC/DC converter topology is the only one
that allows for following up the PV (Photovoltaic) module maximum power
point (MPP) regardless of temperature, irradiance and connected load.

Some authors [3] have proposed ways of grouping methods that place the
MPP from a PV generator into either direct or indirect methods. Indirect
methods estimate MPP from measurements of the PV generator’s voltage,
current PV, and the irradiance, or by using empirical data in mathematical
expressions. The second group are the direct methods that obtain the actual
maximum power from the measurements of the PV generator’s voltage and
current PV.

In [4], a comparison of MPPT techniques was carried out. Authors give 19
different methods with various characteristics, such as dependency on PV array,
analogue or digital measurements, periodic tuning, convergence speed,
implementation complexity, and sensed parameters etc.
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The method of terminal sliding mode control (TSMC) for maximum power
tracking of PV power systems is described in papers [5] and [6]. In [5], a
TSMC-based controller is developed to regulate the system to the searched
reference MPP. In [6] the PV array output power is measured and, based on
that, the duty cycle of the DC/DC converter control signal is changed.

In papers [7] and [8], the authors propose the use of an artificial neural
network as an MPP tracking method. This method shows more stability and
more accuracy compared to conventional methods.

A fuzzy logic controller is proposed in papers [9 — 15], as a solution to the
MPP tracking problem. It uses a sampling measure of the PV array power and
voltage and then determines the optimal increment required to achieve the best
operating voltage, this then allows maximum power tracking. Initial tuning
parameters of the fuzzy logic system are extracted from expert knowledge using
a model of a PV module under varying solar radiation, temperature, and load
conditions. Fuzzy logic can determine the size of the perturbed voltage and
minimise voltage variations.

These solutions (as well as the solution described in this paper) can be used
to improve the efficiency of Serbian energy systems, whose current condition is
unsatisfactory [16].

3 Operating Principle of Photovoltaic Cell (Photovoltaic Effect)

The photovoltaic (PV) cell is the core block of the photovoltaic system. It
represents the p-n junction, which converts the Sun’s radiation into electric
energy by using the photovoltaic effect. It comprises a semiconductor material,
usually silicon. Due to the absorption of solar radiation, electron-cavity pairs are
created in the p-n junction. Due to the Sun’s radiation (inside or close to the p-n
junction), the inner electric field separates the electrons and the cavities.
Thereby, the electrons move towards the n side while the cavities go towards
the p side of the p-n junction and, as a consequence of the movement, there is a
potential difference, i.e. the voltage. When the PV cell is connected to the
circuit, the current will flow through to the consumer [17 — 20]. Fig. 1 illustrates
the operating principle of the photovoltaic cell.
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Fig. 1 — Operating principle of the photovoltaic cell.
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The illuminated PV cell acts as the source of the perpetuate current. Its
equivalent scheme is shown in Fig. 2. The source of the perpetuate current is
linked to the diode in a parallel way. The serial impedance R; represents the
resistance of the p-n junction and it depends on the material that the PV cell is
made of and needs to have as low a resistance as possible. The parallel
impedance R, comes from the micro-effects and impurities on the inside of the
PV cell and depends on the characteristics of the cell; it is usually large enough
to be considered infinite. The typical values for R, and R, for silicon PV cells
are: R,<0.1Q and R, > 500Q.

NOX- NI

Fig. 2 — The equivalent scheme of the photovoltaic cell.

Based on the given equivalent scheme of the PV cell and with certain
omissions (R, =0andR — o), we can give the equation for the outgoing

current /:
qu
I=1,—-1,=1,-1I(e" 1), e
where:
— I, —invert current of the diode saturation,

— I, — generated photocurrent,

— U, I - outgoing voltage and current, respectively.

The most important part of the PV cell, is its working area when it produces
electric energy. Because of this, only this area is usually drawn in a PV cell
characteristic diagram, assuming the values of the current to be positive (Fig. 3).
The surface of the striped rectangle U, I,, is equal to the maximum force the

cell can produce.
I

I

Pi=Unln

U

Un
Fig. 3 — Usual representation of the U-I characteristic of the PV cell.
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4 State Space Model of the Voltage Conversion Process
in the Solar Power System Using the Boost Converter

A boost converter is a kind of DC-DC converter with a value of output
voltage higher than the value of the input voltage. They are widely used with
solar power systems (usually connected to the solar plate) in order to get higher
amplitudes of output voltage. A boost converter is representative of a class of
switching power units with two semiconductor switches (transistor and diode)
that has at least one silencer or a capacitor. The diode serves as the alternative
branch for the closing of the circuit when the transistor is off and the silencer
stores the energy [21 — 28].

4.1 Working principle of the boost converter

The key principle of the boost converter is based on the tendency of the coil
to resist the change of current. In the boost converter, the output voltage is
always larger from the input voltage. The scheme of the boost converter is
shown in Fig. 4. When the switch is on (ON), the electricity flows through the
coil and it accumulates energy. When the switch is off (OFF), the coil tends to
empty itself so that the polarity of the voltage on the coil changes and is added
to the input voltage. This being done, the voltage on the coil and the input
voltage are linked in series and, together, they cause the output capacitor on the
voltage to be larger than the input voltage [26].

The main principle of the boost converter consists of two different states
(Fig. 5).
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Fig. 4 — The scheme of the boost converter.
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Fig. 5 — The main principle of the boost converter:
(a) the switch is on (ON), (b) the switch is off (OFF).

In the ON state, the switch S (Fig. 4) is closed, which enlarges the current
of the coil. In the OFF state, the switch is open and the only path that the current
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in the coil can travel is over the invert diode D, capacitor C and the resistance R.
The result is the transfer of the energy located in the capacitor during the ON state.
4.2 State space model of the boost converter

For a typical DC-DC boost converter (shown in Fig. 4), the output voltage
is defined by the following equation:
1

v(t) = T4

where d is duty cycle, and is calculated in the following way:

t
d= on ) (3)
t,+ tojf'

v.(1), 2

The state space technique can be used to describe the behaviour of the DC-
DC boost converter which produces the exit based on the behaviour of the
signals in the switching converter, over the set of linear, time-invariant
equations in the state space. Those equations were retrieved by continual
functions of modulation of the relations between the signals [21 — 23]. The
operations in the space state are described with the equation of the state and the
exit equation, given in (4):

x(t) = Ax(t)+ Bu(t),  y(t)=Cx(t)+ Du(t). 4)

In (4) x(¢) is the first derivate of the state vector x(#) andu(¢) is an input

vector, and y(f) is an output vector, while the variables 4, B, C, and D are
corresponding matrices.

The state variables are the input current i(¢) and the output voltage v(¢), so
that the defined state vector can be described as:

<(0) {’m 5)

The independent source v,(f) is taken as the input vector and also the
voltage drop on the ¥, diode, so that the input vector u(f) can be written thus:

u(t) {V*V(t)}. (©6)

It is necessary to determine the input current i,(¢) for the converter model.
In order to calculate this current, it is necessary to add it to the output vector
¥(f), so the output vector can be written like this:

@ =[i,(0)]. (7
When the switch S is in position 1 (Fig. 4), we get the scheme shown in Fig. 6.
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Fig. 6 — The scheme of the boost converter during the first interval.

In Fig. 6, the switch is modelled with some resistance R, that has a very

small value and can be ignored. Using Kirchhoff’s laws, we get the following
equations:

MORVALCHY S}
dt
i) _ 1y R,
TR A ®)
Cdv(t)z_@ - dv(t)z_@
d¢ R d¢ RC’
i,(t) =i(1),
where the state space model is:
Ron _ —
g{i(t)}: A z'(t)}+ ~ 0 v,.(r)}
de| v(?) 0 _% | V() 0 0 LV, (@) ©
o i(7) | v, (1) |
[i.(0] =1 O]L’(t)_ +[0 O]{Vd o

When the switch S moves from position 1 into position 2 (Fig. 4), we get
the scheme of the boost converter as shown in Fig. 7.

i-(t) L . Vo

+vi(t) - T

Vrﬂ)_o {T vit) SR

Fig. 7 — The scheme of the boost converter during the second interval.

Using Kirchhoff’s laws, we get the following equations:
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di(t) di(t) 1

‘Wﬂ—Ldt—%—Wﬂ = a1 v, ()—- —V——WO
gﬁg_g)vm L D01 0
dt d¢ C RC
i(t)=i().
From (10) follows:
1
afio]_| T[], |7 -5 [0
depvn] |1 1 O] |, o [® ’
C RC

i(?) v, (1)
[, ()]=[1 O]{ 9 )} [0 O]{P;(t)}'

The values of the matrices A, B, C, and D are calculated as follows:

A= DA, + DA,,
B=DB, +D'B,,
C=DC, +D'C,,
D=DD, +D'D,,
where:
D=1-D'".
So, from (12) and (13) we get:

_RDﬂ O 0 _l _ROﬂD _2’
a=p| L LD L
| 11 D' 1
RC ¢ RrRCJ L Cc RrC
1y 11y 0
-p|L |+D|L L|=|L L]
0 0 o o o o

C=D[1 0]+Dt 0]=[1 0],

D=D[0 0]+D'[0 0]=[0 0]
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4.3 System analysis and specifications

For the purpose of estimating the states of the voltage conversion process in
a solar power system and de-noising of its parameters, a software application
was created. The state variables that were being analysed are input current
(from the PV cell) and DC-DC converter output voltage. First of all, it is
necessary to model the DC-DC converter process in order to choose a valid
state estimator. Due to its fine characteristics for state estimation, Kalman filter
was chosen. Its role is to perform consistent estimation of state variables, i.e. to
eliminate noise in the system (both process noise and measurement noise).

The voltage from a solar cell/panel is applied to a DC-DC converter, which
generates DC voltage. This DC voltage is used by the consumer to charge a
battery, while the measurement system performs measurements of the system
parameters. Precise and consistent voltage estimation of the DC-DC converter
output is crucial.

The schematic presentation of the whole system is shown in Fig. 8.

Solar Cell / Panel

DC-DC
Converter

Light

Source Computer

Measurement

N Consumer
System

Battery ‘

Measurement
Noise

Fig. 8 — The schematic presentation of the system.

The application was realised by using Matlab/Simulink and LabVIEW
software packages. These two software tools have a sufficient number of
embedded block functions for state estimation. By using those block functions,
the user can create a relatively simple application that is capable of doing state
estimation and de-noising of the parameters in the solar power system.

4.4 Software realisation of the voltage conversion process
state estimator in the solar power system

The estimation of the state variables during the process of conversion in the
solar power system is carried out by using the LabVIEW application, wherein
two state variables are being observed: the current on the input of the converter
and the voltage on the output. The conversion process is described with the
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model in the state space. Based on this known DC voltage, Kalman filter
(whose role is to remove noise from the process and measurement noise from
the system) is applied on the entrance that is polluted with Gaussian white
noise. The system is expected to have some load attached. It will be turned on
when the output voltage reaches 12V and shut off will happen when the output
voltage reaches 15V. The simulation was carried out based on commercially
available development systems, that have the capability to charge batteries and
which usually demand an input voltage from between 12V to 15V.

Some of the LabVIEW modules, such as Programming, Mathematics,
Signal Processing, Data Communication, Control Design & Simulation, were
used for designing the application. The user interface of the application used in
LabVIEW is shown in Fig. 9.
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Fig. 9 — User interface of the application made in LabVIEW.

4.5 The state space model of the voltage conversion process

The state space model is realised by using the block function “CD
Construct State-Space Model.vi” within the Control Design & Simulation
Design module (Fig. 10).

ICD Construct State-Space Model.vi
=

[Numeric ¥

CD Construct State-Space Model.vi

Sampling Time (s)
A == State-Space Model

s r7OF OUL

error in (no error) ===t

Creates a deterministic state-space representation of a system using the matrices A, B, C, and
D, and the Sampling Time (s). You must manually select the polymorphic instance to use.

Fig. 10 — Block function for state space model.
369



M. Gojkovié, R. Krneta, D. Vujici¢, B. Damnjanovi¢

The realisation of the state space model is shown in Fig. 11.

. tate-5i IModel|
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Fig. 11 — The realisation of the state space model.

The values of the matrices A, B, C, and D can be entered manually in the
Front panel, but within the realised application, the entry of the matrices is
solved by the program. The first part is defining time ¢,, and #,; that show how
much time the switch was on and off inside the converter. According to (3), the
duty cycle D is calculated. Based on the values of the parameters L,,;, and C,;,,
the optimal value of the duty cycle is 0.33 [29]. Judging by the physical
characteristics of the boost converter, the upper limit of the output voltage at
which the boost converter works normally is 24V [30]. According to (14) and
the values of L = 20mH, C = 2mF and R = 10Q, we get the values of the
matrices and the state space model equations.

Time values t,, and t,; can be changed within a single time interval, so we
can keep track of what happens to the values of the matrices.
4.6 Observability

The necessary condition for Kalman filter to work properly is that the
system, whose conditions need to be estimated, needs to be observable. So, the
observability should be checked before using Kalman filter.

The matrix of observability is defined as:
C
CcA
o= | (18)
CAM—I
where 7 is the order of the system (the number of the conditions of state space
model).
The needed and sufficient condition for a system to be observable is that
the range of the matrix of observability O, is equal to the order of the system #.
4.7 Estimation

Kalman filter assumes that there is a time discrete process, which is
observed or managed. The Kalman filter works by calculation of the estimated
states x(7), based on the noisy measurements y;, for the random process x;,

described with linear discrete model in the state space. Kalman's filter, as the
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optimal estimator and the predictor of the unknown value, has been extensively
used in system management, navigation, tracking and prediction of the object
trajectory [31 — 33].

After the given state space model, the conversion process and the
observability check, it is possible to apply Kalman filter. First, we need to get
Kalman gain, which leads to the function of the state estimation. The function
used for obtaining the Kalman gain is “CD Kalman Gain.vi”. Fig. 12 shows the
function block location in the realised system.

Diagonal |

[Kalman Gain =] Muttiple Output ~]

]
e

Fig. 12 — Place of the function block for the Kalman’s amplification.

e = =]

From Fig. 12, it can be seen that it is necessary to define the matrices G, O
and R. Wherein:

— Matrix G is the matrix of the amplification of the process noise and is
represented with the identity matrix I.

— Matrix of the process noise (Q) and the matrix of the measurement noise
(R) are represented as follows:

100 0 g, 0 0 0
G0 1 00 |0 an 0 |
00 . 0 0 0 . 0
00 0 1 0 0 0 gq,
(19)

k0 0 0

o0 00

0 0 0

0 0 0 r

nn

wherein g, and 7, are the co-variances of the process and measurement noises.
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Within the realised application, the function “CD State Estimator.vi” was
used, which can be found in the Control Design & Simulation module. Fig. 13
shows the location of the block function for the estimation of the process state.

Observability Matrix

=

Kalman Gain -" Multiple Output ~

[

4]
i)

Fig. 13 — Location of the block function for the estimation of the process state.

= 1=

4.8 System output

A DC voltage from the solar panel, which is simulated with an amplitude
that can vary from OV to 12V within this application, is brought to the input of
the converter in the solar power system (usually the voltage is from 8V to 12V).
The voltage is noised on the process input, and the measurement noise is added
to it at the exit; the role of the application is, based on the noised sources, to
estimate the input current and the output voltage of the converter. Fig. 14 shows
the system output based on the noised input signals.

LOAD

Fig. 14 — Display of the system output.
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On the Waveform Graph, the input voltage with an amplitude of
approximately 8.3V is shown (the amplitude can be changed into time values by
using the amplitude controls). The Waveform Graph shows the noisy input
voltage (marked in white) and the noisy input current (marked in red).

On the State Trajectory Graph, four signals are shown. The red colour
marks the estimation of the voltage state on the output, while the light blue
colour signifies the output voltage. The dark blue line shows the estimation of
the current state on the input and the green line, the current on the entrance

(Fig. 15).

State Trajectory Graph

i

0 3 4 6 8 it im 1o i
Fig. 15 — Estimation of the state variables.

Fig. 14 also shows the load (simulated with four diodes) which are
momentarily switched on, because the output voltage reached 12V, and will be
switched off when the output voltage reaches 15V.

As can be seen from Fig. 14, Kalman filter has made a consistent
estimation of the state variables in the system based on the noisy sources, which
was the main goal of the filtering in the first place.

5 Conclusion and Future Work

In this paper, we presented the software-realised simulator of the solar
power system. Special attention has been paid to the use of Kalman filter as the
estimator of the state of the system. An estimator is used on the processes that
happen in the boost converter, as one of the components of the solar panel. The
role of the boost converter in a solar power system is to regulate the voltage
levels.

The simulator was made in the LabVIEW software suite. Its ease of use and
multitude of functions facilitated the realisation of the simulator. The boost
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converter was modelled in state space and white Gaussian noise was introduced
to the system. At the same time, Kalman filtering was successful in the
estimation of the state space voltage conversion process in the boost converter
and in the diminution of the noise.

The main advantage of this simulation model is the easiness of the system
state readings and their visual display. A final user would not need much time to
adjust to how the system works and to easily change the parameters and the
results.

Future work on this system can be described as usage of real-time signals
and monitoring their behaviour. The work presented in this paper represents a
theoretical and simulation model of the state space estimation of processes in a
solar power system. Having the appropriate hardware equipment means that the
realised algorithm of estimation can be tested in practice.

The realised model is meant to assist in the estimation of the states in the
boost converter of the solar panel, as one of the components of the solar power
system. By upgrading the model, it is possible to affect the states in the other
parts of the solar panel and even the whole solar power system. It could be
possible to affect the states of the inverter system in the solar panel, as well as
the noise filtration in the distributive part of the system. Also, the states of the
attached load could also be monitored in order to further optimise the whole
process. Based on the idea of future development, this approach can be suitable
for usage in one of the algorithms of maximum power tracking.
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