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Oz

Enerji talebindeki artig, fosil yakit fiyatlarinin yiitkselmesi ve sera gazi emisyonlarinin yiiksek seviyelere ulagsmasi, temiz ve yenilenebilir enerji
kaynaklarimin biiyiik 6lgekli entegrasyonuna gerek duyulmasini saglamustir. Solar fotovoltaik (FV) sistemler, gelencksel sebekelerde ortaya gikan
zorluklarin asilmasi i¢in kullanilabilecek potansiyel enerji kaynaklarindandir. Gii¢ ve harmonik igeriginin optimize edilmesi i¢in etkili glic doniigiim
topolojilerinin kullanimi, FV sistemlerin énemli hale gelen ihtiyaglarindandir. Ug seviyeli Notr Nokta Kenetlemeli (NNK) inverter, geleneksel ve iki
seviyeli inverterlerle karsilastirildiginda daha az harmonik firetir ve glic miktarin1 artirir. Bu amagla bu ¢alismada, sebekeye bagli 250 kW solar FV
sistem i¢in anahtarlama islemini ve gii¢ kayiplarin1 optimize etmek amaciyla ii¢ seviyeli NNK inverter uygulamasi sunulmustur. Ayrica, gii¢ iretimi,
akim ve gerilim karakteristikleri, ve hizli Fourier doniigiimii analizi MATLAB / Simulink ortaminda Simpowersystem ve Simelectronics alt
programlari yardimiyla gergeklestirilmistir. Onerilen NNK inverterde, anahtarlama ve gii¢ kayiplarini optimize etmek igin siniizoidal PWM ve uzay
vektér PWM yontemleri, IGBT giig anahtarlarmin iletim siiresini kontrol etmek amaciyla kullanilmustir. Onerilen inverterin sebeke tarafindaki 3 fazh
AC ¢ikis gerilimi, 3 fazl gerilim yiikseltici transformator vasitastyla 15 kV gerilim seviyesinde sebekeye baglanmustir. 3 fazli sebekeye bagli sistem
i¢in Onerilen g¢alismanin performans degerlendirmesi kisminda uzay vektor PWM yonteminin siniizoidal PWM yontemine gore etkinligi
gosterilmistir.

Anahtar Kelimeler: NNK inverter, siniizoidal PWM, uzay vektor PWM, solar FV dizi, toplam harmonik bozulma

The Implementation of Effective Modulation Schemes to Improve the Power and Harmonic
Losses in Grid-Tied Solar NPC Inverter

Abstract

The growing energy demand, rising fossil fuel prices, and exceeding greenhouse gas emissions require large-scale integration of clean and renewable
energy resources. Solar Photovoltaic (PV) system is the potential prospective energy resource to overcome the challenges of conventional grid.
Effective power conversion topologies are the prominent need of the PV system to optimize the power and harmonic contents. Three level neutral
point clamped (NPC) inverter comparatively produces less harmonics and increases the power delivery compared to the conventional and two-level
inverters. Therefore, this research presents the deployment of three level NPC inverter to optimize the switching and power losses in grid connected
250 kW solar PV array. Moreover, power generation, current and voltage characteristics, and fast Fourier transform analysis is performed in
MATLAB / Simulink directory with the help of Simpowersystem and Simelectronics toolboxes. To optimize the switching and power losses,
sinusoidal PWM and space vector PWM are used to control the duty cycle of IGBT power switches in the proposed NPC inverter. The grid side 3
phase AC output voltage of the proposed inverter is connected to 15 kV grid with the help of 3 phase step up transformer. For 3 phase grid-tied
system, the performance evaluation section of the proposed research shows the effectiveness of space vector PWM over sinusoidal PWM.

Keywords: NPC inverter, sinusoidal PWM, space vector PWM, Solar PV array, total harmonic distortion
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1. Introduction

Growth in global power consumption, rising fossil fuel prices, and exceeding toxic emissions needs large-scale
integration of clean and viable renewable energy resources. Solar Photovoltaic (PV) is an abundant and clean energy
resource hence, significant increase in solar PV installation is observed from 2006 to 2016 for balancing the massive
energy demand as depicted Figure 1 [1]. Depending on the geographical location and potentiality, solar PV is
categorized into stand-alone and grid-connected topology [2]. In stand-alone topology, PV directly offers small scale
applications including; house heating, water pumping etc. Grid-connected technology establishes bi-directional power
flow between the consumer and the grid [3]. Despite various benefits of solar PV technology, the intermittency, low
power efficiency of solar panel and major switching losses in power converters limits its practical applications.
Therefore, the efficient power conversion technologies are the prominent need of the solar PV system to minimize the

switching losses in power electronics components of solar PV converters.

Pulse Width Modulation (PWM) is used as major controlling element in power inverters which plays
significant role to optimize the switching losses and enhance the efficiency of the solar PV generation. The authors in
[4] and [5] declared that the implementation of appropriate modulation schemes reduces the switching losses and THD
which further help to increase the net efficiency of the PV system. The high switching frequency based THD reduction
solution is proposed by the authors in [6] while, higher frequencies also cause huge switching losses as well. Therefore,
the optimization of these switching losses of converters is investigated in [7]. In addition, various PWM schemes to
accomplish less harmonic in output voltage and current of the power converters are reviewed in [8] and [9]. Space
Vector Modulation (SVM) yields less harmonics and offer better DC bus voltage utilization. Hence, it is one of the most
widespread PWM techniques that is used in various applications of electrical power systems. SVM based efficient
solution to optimize the harmonics in three phase electric drives has been proposed by the authors in [10]. Similarly, the
authors in [11] accomplished SVM based fast computational experimental results of two-level voltage source inverter

using Simulink and PIC microcontroller.
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Figure 1. Solar PV installation in MW from 2006-2016

This paper performs comparative analysis of Sinusoidal and SVM PWM on a novel IC-MPPT integrated three
level NPC inverter. The simulation is performed in MATLAB/Simulink by using Simpowersystem and Simelectronics
Toolboxes at NPC inverter of 250 kW solar PV array. Fast Fourier transform (FFT) analysis clarifies the effectiveness

of SVM over sinusoidal PWM. The simulation results of net power generation of solar PV, PV characteristics,
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comparative analysis of sinusoidal and SVM PWM, and harmonic analysis are demonstrated in performance evaluation
section. The rest of the paper is organized as follows: Section 2 illustrates the introduction, operation, switching states,
and effectiveness of NPC multi-level inverter. The detailed description of sinusoidal and SVM is performed in Section
3. Performance evaluation of the proposed model is described in Section 4. Section 5 concludes the paper with the

summary of the simulation results of the proposed work.
2. Neutral Point Clamped Inverter

The advent of MLIs topology offers great benefits to the grid-tied solar PV system by reducing the voltage
steps (dV/dt) in the output voltage of the inverter. This voltage step reduction minimizes the power losses and reduces
the stress on bearing and isolations of renewable power conversion systems [12]. Recently, widely used MLIs are:
cascaded bridge converter, flying capacitor converter, and diode-clamped or neutral point clamped (NPC) inverter. This

research focuses on the NPC inverter topology in the presence of sinusoidal and SVPWM technique.

NPC inverter is widely used for many electrical applications due to low leakage current, less harmonics, and
high efficiency [13]. In NPC inverter, the DC source voltage is equally distributed using two series capacitors at DC
side of the three-phase inverter. Three voltage levels are achieved using two capacitors and their central connecting
point: +0.5Vpc, 0, and -0.5Vpc. NPC is composed of total 12 switches named; Sa1 Saz Sas Sas Sb1 Sz Sbs Sba Sc1 Sc2 Scs

Sca and six diodes as demonstrated in Figure 2. The upper and lower switches of each leg are complementary in nature.
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Figure 2. Schematic Diagram of Grid Tied PV NPC Inverter

The clamping diodes are used by central switches to achieve the neutral point or zero dc-link point so called
neutral point inverter. The appropriate switching pattern in NPC inverter gives rise to the desired three phase AC output
voltage. The upper six switches need to be controlled, while the lower six switches are complementary of the upper
ones. The upper and lower clamping diodes in each leg support to attain the neutral point. The main difference between
existing six step inverters, 2 level inverters, and the proposed NPC inverter is the addition of these clamping diodes to
achieve third levels in pole voltages that in turns reduce the harmonics in output voltage.

When both upper switches Sa;, Sa2 are switched ON, then complementary switches Sas, Saa will be OFF.

Therefore, the current will flow from the upper capacitor C1 through Sa; and Sa, towards zero dc-link, the voltage +0.5

127



Nevsehir Bilim ve Teknoloji Dergisi (2019), 8(Enar Ozel Say1) 125-135

Vpc will appear across the load. Conversely, if Sa; and Sa, are switched OFF, then Sz3 and Sas will be ON. Hence, lower

switches cause -0.5 Vpc to appear across the load. Similar way, the zero voltage will appear with the help of clamping

diodes when central switches S, and Sa3 turned ON and respective diode conduct. Three voltage levels (+0.5 Vpg, 0, -

0.5 Vpc) appear at each pole hence, it is known as three level NPC inverter. Due to three voltage levels, totally (3x3x3

= 27) possible switching states exist for all three phases of the inverter. Switching states and voltage levels are listed in

Table 1.
Table 1. Vector states of NPC inverter based on space vector modulation
Voltage Switching Seq. Pole Voltages Line Voltages Phase Voltages
Vectors
a b c Vao Vgo Veo Vag Vgc Vea Van AL Ven
Vo 0| 0 0 0 0 0
Vo N N N —Vbe/2 | —Vpc/2 | —Vpc/2 0 0 0 0 0 0
Vo P P P Vpc/2 Vpc/2 Vpc/2
v P | o0 0 Voo/2 0 0
\A 0 N N 0 —Vpe/2 | —Vpc/2 Vpc/2 0 —Vpc/2 Vpc/3 —Vpc/6 —Vpc/6
v, PP 0 Voo/Z | Voo/2 0
A 0 0 N 0 0 —Vpe/2 0 Vbc/2 —Vne/2 Vpc/6 Vbc/6 —Vpc/3
Vs 0] P 0 0 Voc/2 0
Vs N 0 N —Vpe/2 0 ~Vpc/2 | —Vpc/2 | Vbc/2 0 —Vpc/6 Vbc/3 —Vpc/6
V, 0 P P 0 Vpc/2 Vpc/2
\A N 0 0 —Vpc/2 0 0 —Vpc/2 0 Vpc/2 —Vpc/3 Vbc/6 Vbc/6
Vs 0 0 P 0 0 Vpc/2
A N N 0 —Vpe/2 | —Vpc/2 0 0 —Vpc/2 Vpc/2 —Vpc/6 —Vpc/6 Vpc/3
Ve P | 0 P Vo/2 0 Voe/2
Ve 0 N 0 0 —Vpe/2 | O Vbc/2 —Vpc/2 0 Vbc/6 —Vpc/3 Vpc/6
V7 P 0 N Vpc/2 0 —Vpc/2 Vpc/2 Vbc/2 —Vnc Vpc/2 0 —Vpc/2
Vg 0 P N 0 Vpc/2 —Vpe/2 | —Vpc/2 Vbc —Vpc/2 | 0 Vbc/2 —Vpc/2
Vo N P 0 —Vpc/2 | Vpe/2 | O —Vnc Vbc/2 Vpc/2 —Vpc/2 Vbc/2 0
Vio N 0 P —Vpc/2 | O Vpc/2 —Vpc/2 | —Vpc/2 Vbc —Vpc/2 | 0 Vpc/2
Vig 0 N P 0 —Vpc/2 Vpc/2 Vpc/2 —Vnc Vbe/2 | 0 —Vpc/2 Vpc/2
Viz P N 0 Vpc/2 —Vpc/2 | 0 Vbc —Vpc/2 | —Vpc/2 Vpc/2 —Vpc/2 0
Viz P N N Vpc/2 —Vpc/2 | —Vpc/2 Vbc 0 —Vpc/2 2Vpc/3 —Vpc/3 —Vpc/3
Via P P N Vpc/2 Vpc/2 —Vpc/2 | 0 Vbc —Vnc Vpc/3 Vbc/3 —2Vpc/3
Vis N P N —Vbc/2 | Vpc/2 —Vbe/2 | Ve Vbc 0 —Vpc/3 2Vpc/3 —Vpc/3
Vie N P P —Vbc/2 | Vpc/2 Vbe/2 | -Vne 0 Vbc —2Vpc/3 Vbc/3 Vpc/3
Vi7 N N P —Vpc/2 | —Vpc/2 Vpc/2 0 —Vnc Vbc —Vpc/3 —Vpc/3 2Vpc/3
Vig P N P Vpc/2 —Vpc/2 Vpc/2 Vbc —Vnc 0 Vpc/3 —2Vpc/3 Vpc/3
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3. Modulation Strategies for NPC Inverter

PWM strategies are the main power control circuitry use in solar PV and wind energy conversion systems. The
period, frequency and duty cycle are important characteristics of PWM which are defined in (1), (2) and (3)

respectively.

Time Period = Toy + Topr (D

Frequency = 1/Time Period 2

Duty Cycle = TO—N x 100 3)
Ton + Torr

Sinusoidal PWM consists of low frequency sinusoidal reference signal and high frequency triangular carrier
signal. Total number of pulses in one half cycle define the frequency of the carrier signal. The output voltage of the
inverter depends on the value of modulation index M and the peak amplitude of the reference signal. Equations (4) and

(5) define the modulation index and modulation frequency respectively. The rms output voltage is modelled in (6).

M= A, /A, 4)

mg = fo/fy 5)
D
m
227?) ©
m=1
3.1. Space Vector Pulse Width Modulation

This research further proceeds with the detailed description of space vector modulation and Fourier analysis is

performed for both techniques to compute the harmonic contents.

The reference voltage is the desired output which can be given to the system. SVPWM is the approximation of
rotating reference voltage space vector. The utilization of SVPWM require few important steps. According to [14] the
transformation of (a,b,c) to (a, B) frame is the crucial task. Three-phase voltages can be transformed in two phase

voltages as presented in (7) and (8). The reference space vector modelled as shown in (9).

V1 2[t cos(2T/3) cos(*/5)][ Van
[VB]:§[0 sin(2/3)  sin(*7/5)]| v, v
e P A [
[E1=3), - v
Vo7l ©
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The magnitude and phase of the reference vector are presented in (10) and (11) respectively.

vl = /Vaz +Vp? (10)

0 =tan™! (K—z) (11)

In the proposed NPC inverter, total three level for three phase system corresponds to (3x3x3=27) switching
states. In NPC inverter states, ‘P’ corresponds to positive, ‘N’ shows negative, and ‘0’ represent neutral point level. By
using (7) and (8), all the zero, small, medium, and large vector are calculated, and respective pole, phase and line
voltage are listed in Table. 3. The desired reference voltage vector is created using the nearest three vectors that reduce
harmonic contents in output of the inverter. All vector states of NPC inverter based on space vector modulation are
demonstrated in Figure 3. By using voltage balancing principle as shown in (12), the space vector PWM for NPC can be

performed by multiplying reference vectors with their time intervals within each sampling period.
Vrer XTy = ) Uy XT, (12)

Where, V; and T; are the space vector and its dwell time to compute the desired reference voltage. To calculate
the dwell time, the space vector diagram is divided into major six vector. In this research, the reference vector of the
highlighted area is computed. The rest of the vectors are also calculated in a similar pattern. In the highlighted area, the
space vectors used to compute reference vector are; ONN/POO (V1), PON (V7), and OON/PPO (V2). While, their dwell

times are T, Tp,, and T, respectively as modelled in (13).

Vieg X Tg = (Vy*T) X (Vu *T,) X (V; *T,) (13)

130



Nevsehir Bilim ve Teknoloji Dergisi (2019), 8(Enar Ozel Say1) 125-135

q-Axis
I
Sedtor

Sector
Figure 1. Space Vector Diagram of Three Level NPC Inverter

Substituting the values of space vector and mathematical calculations give rise to (14).

T, = Ts X (1= 2v3 V,of / V, Sind)
Ty = Ts X (2V3 Vyep / Vg Sin(n/3 + 6) — 1) (14)
T, = Ts X (1= 23 Vyp / Va4 Sin(m/3 — 6))

The proper selection of state space vector and their dwell time draw the switching pattern to control the IGBT

switches of NPC inverter.

4. Performance Evaluation

In the proposed research, 250 kW solar PV array is considered for the simulation analysis. MATLAB /
Simulink directory is used to perform all the simulations related to power source generation, power inversion, harmonic
analysis, and modulation analysis. The PV and IV characteristics of the proposed solar PV array are presented in Figure
4,

131



Nevsehir Bilim ve Teknoloji Dergisi (2019), 8(Enar Ozel Say1) 125-135

= —————————————— L T T

Current (A)

Power (W)

Voltage (V)

Figure 2. PV and IV characteristics of proposed PV array

The proposed grid-tied solar PV array is simulated for the fluctuating Irradiance that is varying in the range of
600 to 1000 W /m?. Irradiance, generated voltage, current, and power generation from PV array is depicted in Figure 5.
The PV array produces maximum 500 V DC and around 500 A current as well. In addition, it is cleared that current is

much affected with change in irradiance.

Total 250 kW power is extracted from aforesaid PV array. The voltage from the PV array is directly sent to
input of the NPC inverter. The capacitors at the input of the NPC inverter act as power generation source for the
inverter. DC link capacitors also help to provide smooth voltage at input of the inverter. NPC inverter receives 500 V
DC from the PV panels and control the switching of the IGBTs using PWM schemes to generate the 500 V AC.

Comparative analysis of SPWM and SVPWM based on harmonic contents is performed in Figure 6.

0.2 0.4 0.6 o.s 1 12 1.4

oo —\—/_/ -

L L L L
0.2 0.4 0.6 o8 1 1.2 1.4

Figure 3. Voltage, Current, and Power Generation of proposed PV Array
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FFT window: 3 of 90 cycles of selected signal
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Figure 4. Comparative analysis of THD in SPWM and SVPWM

The comparative analysis based on the harmonic contents declares that space vector modulation produces less
harmonic content which is a good sign to minimize switching losses. Due to the fact that space vector modulation
produces less harmonics, simulation results are obtained only using SVPWM. The three-phase output from NPC
inverter using SVPWM is shown in Figure 7. The three-phase 35 kV grid voltage is depicted in Fig. 8. Three-phase
output of NPC inverter has maximum information in the fundamental component and can be connected to grid using LC
filter and step up transformer.

Figure 7. Three phase inverted voltage by NPC inverter

o ©0.005 0.01 0.015 0.02 0.025 0.03 ©0.035 0.04 ©0.0a5 0.05

Figure 8. Three Phase AC grid voltage

5. Conclusion
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This paper addressed the challenges of conventional power inverters and implemented the three level NPC

inverter to improve inverter performance. Comparative analysis of sinusoidal and space vector PWM is performed in

terms of harmonic components of output voltage of the inverter. Space vector modulation shows less harmonics.

MATLAB / Simulink environment is used to perform the simulation of 250 kW solar PV array. For future works, EMI
behavior and the EMI filter can be studied.
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Genisletilmis Ozet
Giris

Enerji talebindeki artis, fosil yakit fiyatlarinin yiikselmesi ve cevre kirliligindeki iissel biiylime, temiz ve
yenilenebilir enerji kaynaklarimin biiyiik 6lgekli entegrasyonuna gerek duyulmasinmi saglamistir. Yenilenebilir enerji
kaynaklar1 arasinda yer alan solar Fotovoltaik (FV) enerji, geleneksel sebekelerin karsilagtigi zorluklart azaltmak icin
kullanilabilecek potansiyel enerji kaynaklarindandir. Solar FV uygulamalar: temiz, g¢evre dostu ve bedava olmasi
nedeniyle siirekli artis gostermektedir. Solar FV enerjisinin biiylik faydalarina ragmen, DC-AC gii¢ elektronigi
doniisiim devreleri gii¢ kayiplarini artirmakta ve yerlesim yerlerindeki uygulamalarini kisitlamaktadir. Bu nedenle,
etkili gii¢ doniisiim topolojileri, gii¢ ¢eviricilerdeki gii¢ ve harmonik kayiplarini optimize etmek solar FV sisteminin en

onemli ihtiyaci haline gelmistir.

Metod

Onerilen sistem, Maksimum Giig Noktast Izleme (MGNI) kontrol yontemi, siniizoidal Darbe Genislik
Modulasyonu (DGM), Uzay Vektér Modilasyonu (UVM), N6tr Nokta Kenetlemeli (NNK) inverter, 250 kW solar FV
dizisi ve 15 kV AC sebeke kullanilarak ¢aligtirilmistir. Geleneksel iki seviyeli doniistiiriicliniin aksine, 6nerilen ii¢
seviyeli NNK inverter daha az harmonik, daha az Toplam Harmonik Bozulma (THB) iiretir ve AC sebekeye giic
iletimini artirir. Bu aragtirmada NNK DC-AC inverter i¢in 250 kW sebekeye bagli solar FV dizisinde UVM yontemi
kullanilmistir. Onerilen FV dizisi Simulink / MATLAB ortamida modellenmis ve simiile edilmistir. Istenen
simiilasyon sonuglar1 Simpowersystem ve Simelectronics alt programlar1 yardimryla gerceklestirilmigtir. Daha dnceki
aragtirmamizda tasarlanan artimli iletkenlik MGNI yénteminin giines enerjisinden maksimum gii¢ elde edilmesini
sagladig1 géz oOniine alinmaktadir. 600-1000 W/m? arasinda degisim durumunda, Solar FV dizisinden elde edilen
MGNIi-tabanli olarak maksimum DC gii¢ dogrudan NNK inverterine uygulanir. Onerilen NNK inverterde, anahtarlama
ve giic kayiplarint optimize etmek i¢in siniizoidal PWM ve uzay vektor PWM yontemleri, IGBT gii¢ anahtarlarinin
iletim siiresini kontrol etmek amactyla kullanilmistir. Siniizoidal DGM ve UVM'in karsilastirmali analizi, harmonik
bilesenler ve inverterin ¢ikis geriliminin THB'si baz alinarak gerceklestirilmistir. Simulink'in Hizl1 Fourier doniistimi
(FFT) araci, NNK inverterin istenen AC ¢ikis geriliminin harmonik igerigini analiz etmek igin kullanilmistir. Onerilen
NNK inverterinin AC ¢ikis gerilimi daha sonra 3 fazli gerilim yiikseltici transformatér yardimryla 15 kV AC sebekeye
baglanmistir. FFT analizi, uzay vektdr modiilasyonu yonteminin siniizoidal DGM ydntemine gére THB ve gii¢ kayiplari

bakimindan etkinligini kanitlamak amaciyla gergeklestirilmistir.

Sonuglar ve Tartisma

Onerilen NNK invertere sahip 250 kW solar FV dizisi modelinin simiilasyon sonuglari; solar FV dizisinin net
gli¢ Uretimi, 250 kW FV dizisinin PV ve IV karakteristikleri, sinlizoidal ve uzay vektér modiilasyonun karsilastirmali
analizi, ve THB’ya dayali karsilastirmali analizi degerlendirilmistir. Onerilen sebekeye baghi 250 kW solar FV
sisteminde, modelin performans degerlendirmesi sonucunda uzay vektér modiilasyonunun siniizoidal PWM yo6ntemine

gore etkinligi dogrulanmustir.
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