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Abstract:  The proposed systeansures the injection of the generated power from the PV array in to the distribution grid with
less total harmonic distortion (THD). Photovoltaic (PV) array, Pulse width modulation based (PWACDC
converter, multievel voltage source inverter, completgstem with the control was modelled and simulated in
MATLAB Simulink environment. The proposed control strategy has produced a more accurate output current and
voltage with Total harmonic distortion (THD) of 1.06 and 1.99%, respectively as comparegdeaach work
conducted in 2014 by Ahuja, R.K. and Kumar, A. S. with current THD of 1.43%
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Introduction More so, reseah has indeed shown that there is a significant
Photovoltaiq(PV) cell is one of the types of renewable energyelation between economic growth and even societal
source which converts sunlight to electrical current withoulevelopment in general, measured by indicators such as
any form of mechanical or thermal interlink, renewablélliteracy and life expectancy and electricity consumption
sources of energy such as solar, wind, -tiewmal have (Reddy, 2002).

gained popularity due to the dettm of conventional energy In this investigation work,the inverter control system
sources such as coal, gas etc. However, renewable eneajgorithm, strategies and modeling are developed and
sources are becoming very important in electric powesimulated in MATLAB/SIMULINK environment; the results
generation, presently many distributed generation systerpsesented in this paper are based on the simulation window.
making use of the renewable energy sources are beirfpwever, the successfulness of this modelling is very
desigred and connected to grid (Zamekal, 2012). PV cells essenal in order to convert it to the prototype later on for the
are usually connected together to make PV modules whichsult validation. This simulation creates a potential and
usually consist of 72 PV cells that generates a DC voltagestification for hardware realization. This research employs
between 23 Volt to 45 Volt and a typical maximum power ofJncoupled WatVAR Method of control.

160 Watt, depending on temmture and solar irradiation. The presented results showed thae tinverter control
Most of the electrical appliances around the world is based afgorithm is successful in converting PV dc power to ac
AC voltage with a voltage of 120 Volt or 230 Volt in the casegower with acceptable total harmonic distortion (THD) level
of single phase and 415 Volt in the case of three phase in tfoe supplying power to the load and grid as well. In addition,
distribution grid. If it is requiredo power an AC load, PV the system manages to regulate the 50Hz sinusoidal output
modules can therefore not be connected directly to the gridpltage and response to the grid voltage and frequency
but must be connected through an inverter. Whereas if Ddisturbances effectively. Overall, this investigation has proved
load is required to be powered, PV module can be connectdte good performance of the developed inverter control
directly. The two main tasks for the inverter are teetéhe system and protection algorithm

DC voltage from the D@C converter as an input and

converter it to AC, and to inject a sinusoidal current into th&laterials and Methods

grid (Zamreet al, 2012). The Simulations in thispaper were carried out using
The inability of the Nigerian Government to harness the vasATLAB/SIMULINK environment in the following order:

solar potentials in the country as a lelegn solution to the PV array

energy crisis through the adoption of the Renewable Enerdysingle solar cell block was used from the Mat lab Simulink
Master Plan (REMP) with a target of increasing the 5,000MWiibrary with other blocks to model a functioning PV cell
generation capacity to 16,000MW by the year 2015 througbrototype and thereafter model a prototype mRddule and a

the exploration of renewable energy resources (lloje ardV array. The Modelled PV array was made possible to
Ewah,2002) has to be resuscitated. In actualizing this drearapnnect with other building blocks that are found in the DC
the exploration of PV energy resources should be one of tieC converter.

key elements of that master plan. PV energy is among tiBC-DC converter

potential alternatives as renewable clean energy. As tfie 2A simple boost converter was modelled in the Simulink which
century progresseshe electric utility industry seek to take composed of an inductor, current measgridevice, Metal
advantage of a novel approaches to meet growing energyide semiconductor field effect transistor (Mosfet), output
demand as such, utilities are under pressure to evolve theapacitor, and freewheeling diode. The output voltage was
classic topologies to accommodate distributed generatioogntrolled using PWM techniques where the output voltage of
these issues of worry about the futerergy production in the the converter was taped and compared with a saw tooth
world can be solve using the available renewable energyjgnal the cutting edge determined the firing signal of the
potentials. However, it has been established that thevitch.

availability of electrical energy is a precondition for thelnverter

functioning of modern societies (Reddy, 2002). It is used tdhe inverter was modelled in current control mode with PWM
provide the energy needed for operating information answitching mechanism which ensures the injection of current
communication technology, transportation, lighting, foodwith less THD into the gridThe output signal from the DC
processing and storage as well as a great variety of industriixC Corverter was fed into three phasde®el bridge inverter
processes, all of which are characteristic of a modern societyhere the DC was transformed into high AC, a stepn
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transformer was fed from the bridge inverter output and the
output was filtered using three phase filter. The output voltage of the DDC converter, the inductor
Utility grid value, output capacitor value which are the determinant in the
Transmission line protope was modelled using a groundingdesign are governed by equation (&),and (5);

Transformer, three phase generation source, pi (Pl) section w (W) (W) (W) 3)

feeders and stegown transformer. The Pl section was chosen 5P oYY — @)

because it has a finite state and can allow linear state space q

analysis. 6 — (5)
Control and synchronizations

The control make use of Uncoupled We#aR Method, the ) ) - .
goal of this control method is to control the values of the ON period of the SW'tCh',K_'S a constant having
active and reactive current and voltage injected into electrical value from zero to onelYis the output load
grid. Direct current voltage (VDC) Regulator, Phase locked resistancey is the ripple voltage.

loop (PLL), Axestransformation unit (abc/dq0), PI controller

and measuring blocks were used in designing the controlldRverter

Finally, the overall system was assembled and simulated.
System modelling

Q1
4 L
PV array var == o1 £|§”<|
Q2

Where 'O is the average output currefl, is the

The output voltage of the solar cell is a function of the
photocurrent that depends on the solar irradiation level durin  {

its operation (Ser&t al., 2005).The PV array is simulated (_) VS A A

using a model of moderated complexity based Ancé D. 3 R "
Hansen, Poul Sgrean, Lars H. Hansen and Hen-rik Bindner, Vs2, == D2 {5}‘3
2000. In this model, a PV cell is represented by a curren r
source in parallel with a diode, and series resistance as sho 1

in Fig. 1. There is no need for a more complex model with gig. 3: Circuit diagram of a DC-DC converter
second diode and/or as hunsigtance. The photo current Iph
depends on the ir-radiance G and the cell temperature T.

Equation (l) describes the behavior of the OUtpUt current @bi oUtput Vo|tage is expressed as follows:

the solar cell. ) _ N

e @ [ 4. —Q06 @' ®)

0O 00 o0© Q9 P P Instantaneous output voltage can be expressed by Fourier

Where the saturation currerDis temperature dependentis  series as follows

the charge of an electrokjs Boltzmann's gas constant amd © BP ig—ORI0O (7)

is the idealizing f?ctor of the diod¥, is the series resistance. nAEITO qFlEpFB EAven harmonics component

N ‘ v L Fundamental componerit, p o
Forl  phthe Fundamental voltage equatign gives the
rms value of:
G . ,
lID (] — ™ w (8)

N

Where & M—AndT p
The Instantaneous load currelitcan be obtained by dividing

the instantaneous output voltage by the load impedance,
2 ET @iz ET xi 9)
T i.e.
Fig. 1: Equivalent circuit of a PV cel[2] Q B? jp————=OEd00— (10
Where 0 OAT — (12)

The generation afquired PV voltage and current for the DC ~ " )
DC input stage is achieved by forming the module in seried his is th_e phase angle between voltage and current that is the
parallel structure. angle which the current lags the voltage

The power output of the PV array is the product of outpL@iVe” thal, is the rms fundamental load current, then the
current and output voltage of PV represented in equation (g)ndamental powerl  p Is expressed as:

(Perezet al.,2008. 0 @ OAI® O (12)

il 0 ® ) But O=— ———— (13)

Boost Converter ie.0 - Y (14)
n

. v, 1, e

L D1

r o

o . Simulation model
:lL IGBT1 Hﬂ| l The simulation was conducted in MATLAB Simulink
T Dc w R % environment utilizing components from Simpower system,
g T Simelectronics and Simscape libraries. The value used durring
. the simulation for the PV cell is 0.6V, for the PV modules are
43.2 V for the Open circuibutput voltage and 7.34A for the
short circuit output current. In order to produce a total output

y DC current of 105A and voltage of 425Vwith a power
Fig. 2: Circuit diagram of a DC-DC converter capacity of 45kW, 720 units of PV cells were connected in
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series to form the module and 66 of such modukrew As shown in Fig. 7, the controller uses two control loop, an
connected in parallel structure to form the PV array. Thexternal control loop which regulates the DC link voltage to =
system as shown in Fig. 4 was simulated for 2 second. 1500V and an internal control loop whiokgulates Id and Iq
The designed DDOC boost converter that steps up the voltaggrid currents (Active and reactive current components). Id
to 1500V was also simulated as shown in Fig. 5. Theurrent reference is the output of the DC voltage external
converter uses a feedbaatintrol to achieve the set voltage. controller, Iq current reference is set to zero in order to
The output of the converter is taped and send to the controli®aintain unity power factor. Vd and Vq voltage outputthef
where the output is compared with a saw tooth, the cuttinurrent controller are converted to three modulating signals
edge determine the firing signal for the switch. used by the PWM generator. Figure 8 shows a model of a
The complete circuit for the simulation is as whon Fig. 6 national grid. The model consist of a pi (Pl) section feeder,
in which the PVarray, DGDC converter, inverter, and the step down transformer, grounding transformer, three phase
grid were connected togethéfhe controller is designed in source and somleads. Pl section feeder was used because it
current control mode with PWM switching technique in ordeallows steady state analysis.

to make the current to be in phase with the grid current and

obtan a low THD injected current. This research employs

Uncoupled WatvVAR Method of control.
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Fig. 4: Simulation circuit diagram for the photo-voltaic array
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Fig. 6: Simulation circuit for the complete system
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Fig. 8: Model of a national grid

Results and Discussions N _

The Simulated results are presented here to validate tl | ﬁt/“"“'”““mp”w
effectiveness of the proposed system.

PV array results

Figure 9 shows the Current and Voltage curve for the
Photovoltaic Array that is capable of generating an averac
output voltage and current @5V, 105A, respectively and
average power of 456KW. The voltage start rising lineally anc
end up in it open circuit value of 425V within one second.
Similarly, the current maintained a constant value at the initie | ‘ ‘ ‘ . ‘ ‘ . ‘ ‘ ‘
time and start depreciating exponenyiafter 0.3 second and 0 02 04 06 08 412 14 16 4§ 2

- . . Loy e Time (s)
end up in it short circuit value of 105A within two second. Fig. 10: Power curve of the PV array

Power {KW)

20+

500F Short circuit Current (A)

— b A DC-DC converter results
Figure11 shows the interaction of a saw tooth signal with the
DC output voltage of the DOC converter were the firing
signal for the switch of the DOC converter is been
generated based on the cutting edge. A feedback control
technique was employed whethe output voltage of the
converter was taped and send to a comparator which
T e R compared the output signal with the saw tooth, the output of
. Time (5) the comparator is fed to a compare to zero block which detects
Fig. 9: Powercurve of the PVarray the cutting edge and produt@ulses depending on the level

o . of the output voltage. At the early time when the output
As shown in Fig10 the power from the PV array start rising oitage of the converter is small, the turn ON period were

linearly and reach it maximum point within 0.4 second whichiaan to be mortherebyallowing the system to produce more

5] ] 5
T

Current (A)\Voltage (V)

produces a maximum power of 160KW and it start decayinlgower, but as the output voltage of the conveigegetting
higher, the system reduces the turn ON period.

and finally end up at a power of 45KW.
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Sawtooth & load voltage
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Fig. 11: Sawtooth compared with output voltage of the boost converter and the firing signal

Inverter results
Figure12 shows the inverter current, the current takes asiagpe with a little ripple.

Inverter Cunient

100

Current
(A~

100

- I I I I I I I
18 1.81 1.82 1.83 1.84 1.85 1.86 1.87

Fig. 12: Inverter current

Figure13shows an inverter Voltage, the voltage takes a-staitified Sinewave.

2000 T T . . ! Imeﬂel\/nlla‘ue : ] T}m e ( s)
1500 p— —
1000f— = —
500
0
Voltage | |
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-1000 — = 5 B - 2 —
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2000 | | | | | L 1 | | |
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Fig. 13: Inverter voltage Time (s)
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Figure 14a&b shows the three phase voltage and current after filtering, a clomiele parallel filter was used to reduce the
harmonics generated by the power electronics devices.

Voltage

V)

17% 17 1765 [EZ) 177 7% 1765 178 1795 18

Current  °

QY

|
] 515 =3 1525 5 5% 54 1585

Fig. 14b: Three phase filtered inverter current Time (S)

Controller results

Figure15 shows a current which serves as the direct axis (Id_ref) reference signal for the current cdriteotentroller has a

rise time of 0.65s, an overshoot of 0.007% and had attained a steady state at 0.7s with an error of 0.016. The vdl&ge contro
has a proportional gain (Kp) and integral gain (Ki) of 6, 700, respectively.

Id ef

X:0.7198
Y:0.9834 Idg- ref

Current
=

0 02 04 06 08 1 12 14 16 18 2

Fig. 15: Id reference signal
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Figure16 shows the transformed signal from abc to dgo. The transformation is necessary in order to control three phase signal.
When three phase signal is passed through the abc to dgo block, the signal is transformed to diegict aoebriero axis.

V.

gl PR P N PR P P i e s Goszvsin s Srvsr msR, SRR _|

17 ff R S sveeaTan ........... ............ Foseariasewt S sanmEER Esarsn s ........... ........... Prmesanemar =

votage | VA ]
VI S R S R e S

o2H - S ............ ............ Tovosesapund e i e ............ ............ . |l

Ty | E——— ............ T s SR SRR 2 wvenaan s R =4

OB ........... ........... ............ ........... ........... ........... ........... .......... —

o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Fig. 16: VdgO voltage Time (s)

Figurel7 shows a transformed labc to I1dqO.

2 ! ! ! ! ' ' ' I !
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A5k ____________ S ____________ R 5 s i ___________________ ____________ = S i

25 1 i I | i 1 i I |
1] 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2

Fig. 17: dq0 Current

Time (s)

Figure 18 shows theOutput of the Current Controller, tlo®ntroller was able to achieve steady state value within 0.03 and 0.1
second for the Id and Jgespectively. The current controller has a proportional gain (Kp) and integral gain (Ki) of 0.2, 19,
respectively.
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“0 0.2 04 06 0.8 1 12 14 16 18 2

“0 02 04 06 08 1 12 14 16 18 2

Fig. 18: Output of the current controller

Figure19 shows the transformedad to Vans the Voltages from the current regulator eoaverted to three modulating signal
which will be use by the PWM generator to generates firing signals.
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Fig. 19: Vabc from Vdgo Time (s)

Figure20 shows the firing signals to the IGBTSs for the inverter
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Voltage
V)

Fig. 20: Firing signal Time (s)

Performance parameters results
Figures 21 and22 show the Bar representation of THD of the Phase current and voltage waveforms Rethgvieitolamental

which was 1.06and 1.99% for current and voltagespectively. That is in compliance with below 5% in voltage and 3% in
current bylEEE5191992 standard. The result exhibits the improvement from the adaptedeweltpower processing topology
and control strategy proposed in this paper.

Fig. 21: Bar representation of CTHD relative to the fundamental

Fig. 22: Bar representation of VTHD relative to the fundamental
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