
International Journal of Power Electronics and Drive Systems (IJPEDS) 

Vol. 16, No. 1, March 2025, pp. 564~574 

ISSN: 2088-8694, DOI: 10.11591/ijpeds.v16.i1.pp564-574     564 

 

Journal homepage: http://ijpeds.iaescore.com 

Evaluation of pulse width modulation techniques to reduce total 

harmonic distortion in grid-connected PV systems 

 

 

Bouledroua Adel, Mesbah Tarek, Kelaiaia Samia 

Department of Electrical Engineering, Faculty of Technology, Badji Mokhtar University, Annaba, Algeria 

 

 

Article Info  ABSTRACT 

Article history: 

Received Jun 22, 2024 

Revised Nov 6, 2024 

Accepted Nov 28, 2024 

 

 The proliferation of grid-connected photovoltaic systems (GCPVs) has 

created significant challenges in maintaining power quality standards, 

particularly with respect to total harmonic distortion (THD). This research is 

concerned with evaluating three well-known pulse width modulation (PWM) 

techniques - sine PWM (SPWM), third harmonic injection PWM (THIPWM), 

and space vector PWM (SVPWM) for their effectiveness in mitigating THD 

in three-phase single-stage GCPVs. Through extensive simulations performed 

in MATLAB/Simulink, a comprehensive comparative analysis is presented 

that reveals the strengths and limitations of each PWM strategy. The results 

show that SVPWM is the most effective technique for THD mitigation and 

outperforms its counterparts. THIPWM proves to be a promising second-best 

option, while SPWM lags behind in terms of harmonic suppression 

capabilities. This research not only quantifies the THD reduction achieved by 

each PWM technique but also delves into the underlying mechanisms and 

theoretical underpinnings that contribute to their distinct performances. The 

results are further supported by detailed harmonic spectrum analyses, 

providing valuable insights into the harmonic profiles associated with each 

modulation strategy. 
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1. INTRODUCTION 

Grid-connected photovoltaic systems (GCPVs) have recently gained considerable attention as 

promising alternative and viable energy sources among the existing renewable energies to fulfill the ever-

growing global energy demand [1], [2]. However, GCPV integration often undergoes power quality (PQ) 

issues, particularly total harmonic distortion (THD) [3], [4]. Many pulse width modulation (PWM) methods 

have been suggested to solve this issue by lowering harmonic distortion, thus enhancing the general GCPV 

performance.   

Harmonic distortions in GCPVs can cause PQ problems, including voltage fluctuations, higher losses, 

and interference with other electrical devices [5]. Therefore, it is essential to implement effective PWM 

techniques to mitigate these effects and ensure the reliable operation of the system. Three well-known PWM 

techniques that have been extensively studied to reduce harmonic current distortion in GCPVs are sine PWM 

(SPWM), third harmonic injection PWM (THIPWM), and space vector PWM (SVPWM). 

Numerous research efforts have been made to investigate various PWM techniques for inverters used 

in grid-connected photovoltaic (PV) systems, with the aim of improving power quality, mitigating harmonics, 

and optimizing system performance. Investigating the harmonic reduction potential of an SPWM inverter in a 

single-phase grid-connected PV system [6], while [7] discusses the design and analysis of GCPVs using various 
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PWM techniques for inverter control. The control of a two-level cascaded voltage source inverter for a GCPVs 

utilizing SVPWM and a quadratic boost converter was studied [8], highlighting the interplay between inverter 

control and converter topologies. A comparative analysis of PWM methods for a three-level NPC inverter was 

carried out [9], which contributed to the understanding of multilevel inverter control. A comprehensive review 

of PWM techniques in two-level voltage source inverters is presented, providing a current perspective and 

future directions in this area [10]. 

 This study introduces a model for three-phase, single-stage  GCPVs that incorporates SPWM, 

THIPWM, and SVPWM techniques. The aim is to minimize current harmonic distortion and enhance overall 

system efficiency. MATLAB Simulink is used to model the behavior of the system under various operating 

conditions to evaluate PWM methods for reducing harmonic distortions. 

 

 

2. SYSTEM DESCRIPTION 

The suggested GCPV model is illustrated in Figure 1 and is used to generate a power of 95.9 kW for 

simulation studies. The system configuration includes a PV array, a perturb and observe (P&O) maximum 

power point tracking (MPPT) algorithm, a DC link capacitor, a three-phase two-level (3Ph-2L) inverter, and a 

passive LCL filter connected to the grid. 

 

2.1.  Photovoltaic array model 

The basic component of a photovoltaic system is a photovoltaic cell. It converts incident sunlight into 

corresponding electrical energy using the photovoltaic effect [11]. The single-diode PV cell model is widely 

used for the presentation of PV cells due to its simplicity. Figure 2 illustrates the equivalent circuit of the single 

diode PV cell model. 

 

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼0 [𝑒
𝑞(𝑉𝑝𝑣+𝐼𝑝𝑣𝑅𝑠)

(𝑛𝐾𝑇) − 1] − (𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠)/𝑅𝑠ℎ (1) 

 

 

 
 

Figure 1. Configuration of a three-phase single-stage GCPVs 
 

 

 
 

Figure 2. single-diode model of photovoltaic cell 
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In this context, Ipv represents the output current of  the PV cell in (A), Vpv denotes the output voltage 

(V), Iph denotes the photo-current in (A), Io denotes the reverse saturation current in (A), Rsh represents the 

shunt resistance (Ω) , q is the electron charge (C), n is the diode ideality factor in the range 1 to 2, k represents 

the Boltzmann constant (J/K), and T represents the temperature of the PV cell in (K). The influence of solar 

radiation and the temperature of the PV cell on the current-voltage and power-voltage characteristics of the PV 

module is illustrated by Figures 3(a), 3(b), 4(a), and 4(b). These illustrations are based on the parameters 

provided in Table 1 of this study. A PV module consists of several PV cells arranged both in parallel and in 

series. The photovoltaic system in this study is made up of 18 parallel-connected strings, with each string 

containing 25 modules connected in series. 

 

 

  
(a) (b) 

 

Figure 3. Solar irradiance effect with cell temp T = 25 °C: (a) I-V curve and (b) P-V curve 

 

 

  
(a) (b) 

 

Figure 4. Cell temperature effect with solar irradiance S = 1000 W/m2: (a) I-V curve and (b) P-V curve 

 

 

Table 1. Electrical parameters for 1STH-215-P PV module 
Specification  Value  

Maximum power P 213.15 W 

Open circuit voltage Voc 36.3 V 

Voltage at maximum power Vmpp 29 V 
Short circuit current Isc 7.84 A 

Current at maximum power Impp 7.35 

Open circuit voltage temperature coefficient  -0.36099 %/°C 

Short circuit current temperature coefficient  0.102 %/°C 

 

 

2.2.  The perturb and observe algorithm (P&O) 

An extensively applied MPPT technique in GCPVs is the P&O method [12]. The aim of this method 

is to continuously change the operation point up to the maximum power point (MPP) as environmental 

conditions change and thus improve the power output of the PV module [13]. Figure 5 illustrates the flowchart 

for the P&O algorithm. This approach involves continuously perturbing the voltage or current and monitoring 

the effects of these adjustments on the power output. The algorithm adjusts the operating point to increase 

power output by comparing the power output at the disturbed operating point with the previous power output. 

The voltage (V) and current (I) readings from the PV system serve as the algorithm's inputs in this case, and 

the reference voltage (Vref), which regulates the system's power converter, serves as the output [14]. 
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Figure 5. Flowchart of P&O MPPT algorithm 

 

 

2.3.    Three phase two-level (3Ph-2L) power inverter 

2.3.1. Configuration and role 

The 3Ph-2L inverter depicted in Figure 1 is composed of six power semiconductor switches, 

specifically insulated gate bipolar transistors (IGBTs), configured in three-phase bridge arms. Each of the arms 

encompasses two switches and two free-wheeling diodes set in an antiparallel arrangement with respect to the 

switches. The DC link capacitor Cdc to which the inverter is connected serves as an energy buffer and keeps 

the DC link voltage constant at the inverter input terminals. The PV system is connected to the intermediate 

circuit capacitor, where the direct current produced by the solar modules is received [15]. Usually employed at 

the inverter output, an LCL filter reduces high-frequency switching harmonic generation and improves output 

waveform quality during grid connection [16]. 

 

2.3.2. Control strategies inverters 

Figure 6 depicts the proposed two-loop cascaded PI controller. Typically, the control system consists 

of two loops: an inner current control loop and an outer voltage control loop. With the aim of keeping the DC 

link voltage (Vdc) at the specified reference value (Vdcref), it is controlled by this external loop. The DC-link 

voltage error (Vdcref - Vdc) is fed to a PI controller, which generates the active current reference (Iref) for the 

inner current control loop, and the MPPT controller determines the voltage reference (Vdcref) based on this 

depending on the environmental conditions of the PV array to extract maximum power [17]. The Park 

transform is used to convert the three-phase voltages Vabc and currents Iabc from the natural ABC to the 

synchronous dq frame. This transformation is necessary for decoupling the active and reactive power 

components and simplifying the control process and involves the use of the line voltage angle (θ), which is 

typically obtained from a phase-locked loop synchronization block (PLL) [18]. The active and reactive currents 

Id and Iq in the dq frame are controlled by the inner control. The outer voltage control loop provides the active 

current reference Idref. For unity power factor operation, the reactive current reference Iqref is usually set to 

zero [19]. The current errors (Idref-Id) and (Iqref-IIq) are fed to separate PI controllers, which generate the 

respective voltage references (Vdref and Vqref) in the dq frame. Using the inverse Park transform, the voltage 

references (Vdref and Vqref) in the dq frame are reset to the natural ABC frame, generating the three-phase 

voltage references for Vabcref. These voltage references are adopted as inputs to the PWM block that generates 

the switching signals for the 3Ph-2L inverter. 
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2.4.  PWM technique 

PWM is extensively utilized in power converters such as three-phase, two-level inverters. Power 

electronic devices are switched at high frequencies to produce a modulated signal, which is then filtered to 

obtain the desired AC output [20]. 

 

2.4.1. SPWM technique 

The primary goal of the SPWM technique in GCPVs is to transform the solar panel's direct current 

(DC) into alternating current (AC) suitable for feeding into the electrical grid [21], [22].  Figure 7 illustrates 

the operation of SPWM by comparing a high-frequency triangular carrier signal with a sinusoidal reference 

signal, so depicting the intended output voltage [23]. As the reference signal surpasses the carrier wave, the 

associated switch in the inverter is activated, and when the reference signal drops below the carrier wave, the 

switch is deactivated. This process produces a series of pulses with different widths for each phase, effectively 

producing an output waveform that is close to the sinusoidal reference signal [24], [25]. 

The three sinusoidal reference waveforms proposed in the present model (VrefSa, VrefSb, VrefSc) 

represent the desired output voltage for each phase abc, with each phase shifted by 120 degrees, and  

are given by (2). 

 
𝑉𝑟𝑒𝑓𝑆𝑎 = sin(𝜔𝑡)            

𝑉𝑟𝑒𝑓𝑆𝑏 = sin (𝜔𝑡 −
2𝜋

3
)

𝑉𝑟𝑒𝑓𝑆𝑐 = sin (𝜔𝑡 +
2𝜋

3
)

 (2) 

 

Where: ω denotes the angular frequency of the output voltage and t represents time. 

 

 

 
 

Figure 6. Control block diagram 
 

 

 
 

Figure 7. The function principle of SPWM 
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2.4.2. Third harmonic injected PWM 

Figure 8 depicts the principal function of the THIPWM technique. In this approach, two sine 

waveforms are merged to create a reference signal, with one sine wave selected to have a frequency three times 

greater than the other. Subsequently, trigger pulse signals are generated by comparing the reference waveform 

with the carrier signal. The THI reference signal evaluates the magnitude of the third harmonic component to 

verify the desired output quality. This technique, along with the flattened structure of the reference signal, 

minimizes switching losses. By eliminating third harmonic components, this approach enables more effective 

utilization of DC sources [26]. The THI reference signal described in (3) is created by combining the reference 

sine wave with a third harmonic signal attenuated by 
1

3√3
. This method results in a 15% enhancement of the 

sine wave's fundamental component. 

 

 

 
 

Figure 8. The function principle of THIPWM 

 

 

The equation for the three reference waveforms with the third harmonic component injected can be 

expressed as (3) [27], [28]. 

 

𝑉𝑟𝑒𝑓𝑇𝐻𝐼𝑎 =
2

√3
sin(𝜔𝑡) +

1

3√3
sin(3𝜔𝑡)                

𝑉𝑟𝑒𝑓𝑇𝐻𝐼𝑏 =
2

√3
sin(𝜔𝑡 − 2𝜋/3) +

1

3√3
sin (3𝜔𝑡)

𝑉𝑟𝑒𝑓𝑇𝐻𝐼𝑐 =
2

√3
sin(𝜔𝑡 + 2𝜋/3) +

1

3√3
sin (3𝜔𝑡)}

 
 

 
 

 (3) 

 

Where ω is the output voltage’s angular frequency and t denote time. 

 

2.4.3. Space vector PWM 

SVPWM is an advanced technique for controlling three-phase, two-level inverters by optimizing 

switching states to minimize harmonic distortion and improve output voltage quality.  It effectively utilizes the 

available voltage space vectors to generate a desired output voltage to improve the performance of motor drives 

and power converters. To begin implementing SVPWM, it is necessary to determine the vector of reference 

voltage 𝑉̅𝑟 in the α–β stationary frame, utilizing the standard Clarke transform as described in (4) [27], [29]. 

 

[
𝑉𝑟𝛼
𝑉𝑟𝛽

] =
2

3
[
1 −

1

2
−
1

2

0
√3

2
−
√3

2

] [

𝑉𝑎
𝑉𝑏
𝑉𝑐

] (4) 

 

Va, Vb, and Vc are the three coordinate reference voltages. Additionally, the vector 𝑉𝑟̅  can be expressed in the 

following complex form, as (5). 

 

𝑉𝑟̅ = 𝑉𝑟𝛼 + 𝑗𝑉𝑟𝛽 (5) 

 

Consequently, the magnitude |𝑉𝑟| and the phase θ of 𝑉𝑟̅  can be determined as (6). 
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{
|𝑉𝑟| =  √𝑉𝑟𝛼

2 + 𝑉𝑟𝛽
2

𝜃 = 𝑡𝑎𝑛−1 (
𝑉𝑟𝛼

𝑉𝑟𝛽
)

 (6) 

 

Due to the complementary commutation of the upper and lower switches, either the upper or lower 

arm switch status can be represented. The switches are marked "1" for ON and "0" for OFF. Six active vectors 

and two zero vectors represent the eight potential switching states of the inverter. Table 2 displays the various 

reference voltages corresponding to each of these eight states. 

In Figure 9(a), the hexagonal diagram displays active voltages (V1 − V6) along its axes, while the two 

zero vectors (V0 – V7) represent zero voltage applications. The SVPWM method uses these eight switching 

configurations to estimate the reference voltage vector Vr. For the purpose of illustration, assume that the 

sector1 contains the reference vector, as shown in Figure 9(a). V1 and V2 are the two voltage vectors closest to 

the reference vector, and V0 or V7 is the zero-voltage vector. T1, T2, and T0 represent the respective application 

times for the reference vectors. Allocating these vectors during a switching period considers the following 

restrictions, as shown in Figure 9(b). 

‐ In a single switching period, the power semiconductors should not switch between their ON and OFF states 

more than twice. 

‐ The voltage at neutral point should be kept close to zero. 

The volt-second equation is utilized to determine the application times and is expressed as (7). 
 

{
𝑇𝑠. 𝑉𝑟̅ = 𝑇1. 𝑉1̅ + 𝑇2. 𝑉2̅ + 𝑇0̅. 𝑉0̅

 
𝑇𝑠 = 𝑇1 + 𝑇2 + 𝑇0                        

 (7) 

 

Ts is the sampling time in this case. By employing the space vector diagram and (7), we can express as (8). 
 

{
𝑇𝑠|𝑉𝑟|𝑐𝑜𝑠𝜃 = 𝑇1|𝑉1| + 𝑇2|𝑉2|𝑐𝑜𝑠60°

𝑇𝑠|𝑉𝑟|𝑠𝑖𝑛𝜃 = 𝑇2|𝑉2|𝑠𝑖𝑛60°                  
 (8) 

 

 

Table 2. Switch states and output vectors 
Space vector Van Vbn Vcn |Vr| θ 

V0(000) 0 0 0 0 0° 

V1(100) 
2

3
𝑉𝑑𝑐 

−1

3
𝑉𝑑𝑐 

−1

3
𝑉𝑑𝑐 Vdc 0° 

V2(110) 
1

3
𝑉𝑑𝑐 

−1

3
𝑉𝑑𝑐 

−2

3
𝑉𝑑𝑐 Vdc 60° 

V3(010) 
−1

3
𝑉𝑑𝑐 

2

3
𝑉𝑑𝑐 

1

3
𝑉𝑑𝑐 Vdc 120° 

V4(011) 
−2

3
𝑉𝑑𝑐 

1

3
𝑉𝑑𝑐 

1

3
𝑉𝑑𝑐 Vdc 180° 

V5(001) 
−1

3
𝑉𝑑𝑐 

−1

3
𝑉𝑑𝑐 

2

3
𝑉𝑑𝑐 Vdc 240° 

V6(101) 
1

3
𝑉𝑑𝑐 

−2

3
𝑉𝑑𝑐 

1

3
𝑉𝑑𝑐 Vdc 300° 

V7(111) 0 0 0 0 0° 

 

 

  
(a) (b) 

 

Figure 9. 2L-SVPWM pattern: (a) vector diagram and sectors numbering and (b) switching states 



Int J Pow Elec & Dri Syst  ISSN: 2088-8694  

 

Evaluation of pulse width modulation techniques to reduce total harmonic distortion in … (Bouledroua Adel) 

571 

These application times can be found by solving (8). 

 

{
 
 

 
 𝑇1 =

√3

𝑉𝑑𝑐
⌈𝑉𝑟⌉𝑇𝑠 sin(

𝜋

3
− 𝜃)

𝑇2 =
√3

𝑉𝑑𝑐
⌈𝑉𝑟⌉𝑇𝑠 sin(𝜃)        

𝑇0 = 1 − (𝑇1 + 𝑇2)             

 (9) 

 

For the two-level inverter shown in Figure 1, the general expressions for the application times are derived by 

applying this principle to the six operating sectors, as in (10). 

 

{
 
 

 
 𝑇1 =

√3

𝑉𝑑𝑐
⌈𝑉𝑟⌉𝑇𝑠 sin(𝑘𝑠𝑛

𝜋

3
− 𝜃)                     

𝑇2 =
√3

𝑉𝑑𝑐
⌈𝑉𝑟⌉𝑇𝑠 sin (𝜃 − (𝑘𝑠𝑛 − 1)

𝜋

3
)        

𝑇0 = 1 − (𝑇1 + 𝑇2)                                         

  (10) 

 

Where, ksn represents the sector number. The switching sequences for all operating ranges are listed  

in Table 3. 
 

 

Table 3. Conventional SVPWM vector sequence 
Sector N° Switching sequence 

1 V0_V1_V2_V7_V2_V1_V0 

2 V0_V3_V2_V7_V2_V3_V0 
3 V0_V3_V4_V7_V4_V3_V0 

4 V0_V5_V4_V7_V4_V5_V0 

5 V0_V5_V6_V7_V6_V5_V0 
6 V0_V1_V6_V7_V6_V1_V0 

 

 

3. RESULTS AND DISCUSSION 

This section is devoted to assessing the performance of the suggested PWM and summarizes the key 

findings of the study. For this purpose, analyses of the THD current fed in under different operating conditions 

and comparisons with SPWM, THIPWM, and SVPWM are carried out for grid-connected operation. The 

proposed PWM techniques are evaluated under rapidly changing irradiance conditions. To implement the 

proposed model shown in Figure 1, the MATLAB/Simulink software package was used. The values considered 

for the simulation are listed in Table 4. The level of irradiation determines the output power of a PV system 

and thus the current that flows through the inverter. As irradiance increases, the current increases, potentially 

affecting harmonic content and THD. 

The irradiance profile depicted in Figure 10 illustrates an initial irradiance of 550 W/m2 from 0 to 0.5 

seconds, followed by an abrupt increase to 1000 W/m2 at 0.5 s, and a subsequent decrease to 750 W/m2 at 1 s, 

continuing until 1.5 s. Throughout the simulation, the temperature remains constant at 25 °C. Figures 11, 12, 

and 13 present the grid current waveform and its corresponding harmonic spectrum for SPWM, THIPWM, and 

SVPWM, respectively, at three distinct irradiance levels. 

 

 

Table 4. Specifications values for the proposed model 
Specifications Value 

Rated power of PV array (Ppv) 95.92 Kw 
PV array open-circuit voltage of the (Voc) 907.6 V 

DC-link capacitor (Cdc) 1000 μF 
Frequency switch fsw  10 Khz 

Inverter side inductor in LCL filter (Li) 500 μH 

Capacitor in LCL filter (Ci)  100 μF 
Grid side inductor in LCL filter (Lg)  500 μH 

Grid voltage (VLL)  400 V 

Grid frequency (fg)  50 Hz 

 

 

Using the SPWM technique, Figure 11 illustrates how the inverter current responds to changes in solar 

radiation. It has THD values of 2.48%, 1.20%, and 1.72% at irradiances of 550 W/m2, 1000 W/m2, and  

750 W/m2, respectively. Figure 12 shows the response of the inverter current under varying solar irradiance 

with the THIPWM technique and shows improved performance compared to the SPWM. The THD values for 
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THIPWM are lower than those of SPWM at all irradiances, with THD values of 2.30%, 0.93%, and 1.36% at 

550 W/m2, 1000 W/m2, and 750 W/m2. The lowest THD of 0.93% is achieved at the standard test condition of 

1000 W/m2. 

Figure 13 shows the inverter current response to varying solar irradiance using SVPWM, illustrating 

the lowest THD values among the three techniques across all irradiance levels. At 1000 W/m2, SVPWM 

achieves the lowest THD of 0.78%, outperforming both SPWM and THIPWM. The THD values for SVPWM 

are 1.94%, 0.78%, and 1.36% at irradiances of 550 W/m2, 1000 W/m2, and 750 W/m2, respectively. 

 

 

 
 

Figure 10. Irradiance scenario conditions 

 

 

 
 

Figure 11. Current Ia injected to the grid using SPWM at varying irradiance conditions 

 

 

 
 

Figure 12. Current Ia injected to the grid using THIPWM at varying irradiance conditions 
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Figure 13. Current Ia injected to the grid using SVPWM at varying irradiance conditions 
 

 

4. CONCLUSION 

The study shows that implementing advanced PWM techniques, particularly SVPWM in three-phase 

single-stage GCPVs, can significantly reduce the THD current supplied to the grid. The SVPWM technique 

proves to be the most effective method for mitigating harmonic distortion and achieves the lowest THD values 

across all simulated irradiances. These results highlight the importance of using appropriate PWM techniques 

in the design of photovoltaic systems to improve power quality and comply with grid connection standards. 
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