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 A novel 3-phase 4-switch inverter (TPFSI) is described in this study to 

reduce the inverter's size, complexity, cost, and losses during the conduction 

and switching process. This TPFS inverter is based on the principle of 

similarity of a 3-phase 6-switch inverter (TPSSI) where αβ plane is separated 

into six sectors to form the required reference voltage space vector. It has been 

demonstrated that TPFS inverters are more efficient than TPSS inverters while 

operating with different loads. A mathematical concept for the space vector 

pulse width modulation (SVPWM) technique has been developed for TPFSI 

by using Clarke's transformation. In this paper, a TPFS inverter model is 

designed to reduce the harmonic content in the output voltage and current 

responses when connected to different loads. The suggested modulation 

method enhances the output voltage/current response, resulting in usually 

balanced waveforms and reduced harmonic distortion. MATLAB/Simulink 

software is utilized to analyze the output response of both inverters. 
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1. INTRODUCTION 

Solar energy is a crucial renewable source that offers several benefits over non-renewable sources 

such as fossil fuels and coal. Solar energy generation is both ecologically beneficial and comparatively easy 

[1]. The inverter, considered the center of any solar energy system, transforms DC to AC and the switches are 

handled to provide synchronized and balanced AC output waveforms. A transformer is used in conventional 

inverters to boost the generated voltage to the required voltage. In photo voltaic (PV) applications, transformers 

are frequently utilized; however, the inverters’ efficiency and power density are reduced by these conventional 

transformers, which also increase the inverters’ weight, size, and cost. It is therefore preferable to avoid 

employing transformers in the inverter [2]. 

In some cases, cost reduction is an important target for the drive system. However, in the development 

of research for the inverter topologies to minimize components and reduce the cost and complexity of the 

system. Hence, the results prove that it is possible to replace a traditional 6-switch inverter with a reduced 

number of switches (with four switching devices) [3]. The traditional 3-phase 6-switch inverter (TPSSI) is now 

available in a more affordable form called 3-phase 4-switch inverter (TPFSI) also referred to as the B4 inverter. 

Several research investigations have been done to expand the application of four-switch inverters, especially 

in AC electrical machine drive systems [4]-[6]. The TPFS inverter is composed of two switching legs with four 

power switches each and one power leg with two serial capacitors as two load phases are taken from two 

https://creativecommons.org/licenses/by-sa/4.0/
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inverter legs, while the third phase is drawn from a DC-link at the midpoint of two split capacitors, as shown 

in Figure 1.  

The two inverter legs feed phases a and b, while phase c is fed to the central points of capacitors C1 

and C2. Significant reductions in switching and conduction losses are achieved by using fewer power switches 

as compared to the TPSSI. As a result, TPFSI provides greater efficiency than TPSSI. Its drawbacks include 

an unbalanced output response caused by circulating currents passing in the middle of two capacitors, 

notwithstanding its benefits. Numerous studies attempted to find a way to remove the distortions in the 

unbalanced voltage and current responses [7]-[11]. Zhu C et al. [7] proposed a compensating voltage vector 

for the elimination of DC-link voltage offset. Lee et al. [8] investigated a control algorithm developed to 

produce a switching pattern for the SVPWM power inverter J. Kim et al. [9] discussed a current distortion 

compensation technique for unbalanced currents in the motor terminal. Zhou et al. [10] discussed a predictive 

torque control (PTC) scheme for DC-link voltage offset suppression based on the establishment of basic space 

vectors and modulation techniques. Fadil et al. [11] discussed dc-link capacitor voltage imbalance with the DC 

component from the control reference voltage using low pass filters. Lee et al. [12] investigated a simple 

compensation method that adjusts the switching times considering DC-link voltage ripples. Menon and Jacob 

[13] proposed a simplified space vector (SV) pulse density modulation scheme without coordinate 

transformation and sector identification over the SVPWM method. The primary contribution of this paper is to 

develop a mathematical concept of SVPWM by using Clarke’s transformation for cost-effective inverters and 

to improve DC-link compensation to get balanced output responses. From the above discussion, most of the 

literature on B4 inverter is relevant to drive systems only. 

 

 

 
 

Figure 1. 3-ph 4-switch inverter 

 

 

2. COMPARISON OF MATHEMATICAL CONCEPT OF SVPWM 

This paper addresses the modified SVPWM technique for the TPFS inverter based on the principle of 

similarity of the TPSS inverter where αβ plane is divided into 4 space vectors. Among all other PWM 

techniques, SVPWM is because of its better DC-bus utilization, and simpler digital realization, it differs 

considerably from all other PWM approaches and increasing trend nowadays which is used mostly for the 3-

ph inverters [14]. SVPWM is a vector approach to PWM for 3-phase inverters generating a high voltage, low 

total harmonic distortion (THD), and generating a sine wave is a sophisticated process [15]. 

 

2.1. 3-ph 6-switch inverter (TPSSI) 

Figure 2 displays the circuit diagram of the TPSSI which consists of six switches (3 with upper-side 

switches are S1, S3, and S5 and lower-side switches are S4, S6, and S2) operating at 180° conduction mode 

with the sequence of 561,612, 123, 234, 345 &456, and Table 1 displays the corresponding line and voltages 

with 8 possible switching combinations [100], [110], [010], [011], [001], [101], [111] & [000]. Among the 

eight switching states, [111] and [000] are null states, and the others are active states. Figure 3 illustrates the 

block diagram of the SVPWM technique, which is applied to both inverters. 

Now the 3-phase system is transformed into a two-phase system by using Clark’s transformation as 

displayed in Figure 4. The 3-phase quantities abc are shifted by 120° and the dq axis two-dimensional frame 

of reference is at 90°. Vectors in the d-q frame are (1) and (2). 

 

𝑉⃗ = 𝑉𝑑 + 𝑗𝑉𝑞  (1) 

 

𝑉⃗ = 
2

3
[𝑉𝑎(𝑡) + 𝑎 𝑉𝑏(𝑡) + 𝑎2 𝑉𝑐(𝑡)] (2) 

 

where a is a unit vector,𝑎 = 1∠120 = 𝑒
𝑖2𝜋

3 = −
1

2
+

√3

2
𝑖 ; 𝑎2 = 1∠240 = 𝑒

𝑖4𝜋

3 = −
1

2
−

√3

2
𝑖. Let the 3-ph 

sinusoidal voltage components be (3)-(5). 

 

𝑉𝑎 = 𝑉𝑚𝑠𝑖𝑛𝜔𝑡 (3) 
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𝑉𝑏 = 𝑉𝑚𝑠𝑖𝑛 (𝜔𝑡 −
2𝜋

3
) (4) 

 

𝑉𝑐 = 𝑉𝑚𝑠𝑖𝑛(𝜔𝑡 −
4𝜋

3
) (5) 

 

Where 𝑉𝑎, 𝑉𝑏 and 𝑉𝑐 are the phase voltages. These are used to transform a-b-c into d-q frame of reference 

components by using Clark’s Transformation; shown in (6)-(8), 

 

⌈

 
 𝑉𝑑

𝑉𝑞
⌉ =

2

3
[
 1 −

1

2
−

1

2

 0 
√3

2
 −

√3

2
 
] [

𝑉𝑎
𝑉𝑏
𝑉𝑐

] (6) 

 

|𝑉𝑟𝑒𝑓| = √𝑉𝑑
2 + 𝑉𝑞

2 (7) 

 

𝛼 = tan−1(
𝑉𝑞

𝑉𝑑
) (8) 
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Figure 2. 3-ph 6-switch inverter 
 

Figure 3. Block diagram of the SVPWM technique 

 

 

To calculate Vref at the load, the duty cycle of these switching states and the time of switching states 

are calculated. This is the basic concept behind the SVPWM Technique. In SVPWM, at any point over the 

circle, it has a certain value of voltage and angle. Table 1 shows that the space vectors are of the same magnitude 

but the angle changes over the circle by an angle of 60°. Vref is constructed by the combination of V1, V2 & 

V0 whatever area must be covered by reference vector from (9)-(11). 
 

∫ Vref dt =  ∫ V1 dt + ∫ V2 dt +  ∫ Vo dt
T1+T2+T0

T1+T2

T1+T2

T1

T1

0

Tz

0
  (9) 

 

Vref Tz = V1T1 + V2T2 + V0T0 (10) 
 

𝑉𝑟𝑒𝑓 = 𝑉1𝐷1 + 𝑉2𝐷2 + 𝑉0𝐷0 (11) 
 
 

Table 1. Line and phase voltages, switching vectors, and space vectors 
Voltage vectors Switching states Line-Neutral Voltages Line-Line voltages On state switch Space vector 

a b c Uan Ubn Ucn Uab Ubc Uca 

V0 0 0 0 0 0 0 0 0 0 S1, S3, S5 0 

V1 1 0 0 2/3 -1/3 -1/3 1 0 -1 S1, S6, S2 2

3
∠0° 

V2 1 1 0 1/3 1/3 -2/3 0 1 -1 S1, S3, S2 2

3
∠60° 

V3 0 1 0 -1/3 2/3 -1/3 -1 1 0 S4, S3, S2 2

3
∠120° 

V4 0 1 1 -2/3 1/3 1/3 -1 0 1 S4, S3, S5 2

3
∠180° 

V5 0 0 1 -1/3 -1/3 2/3 0 -1 1 S4, S6, S5 2

3
∠240° 

V6 1 0 1 1/3 -2/3 1/3 1 -1 0 S1, S6, S5 2

3
∠300° 

V7 1 1 1 0 0 0 0 0 0 S4, S6, S2 0 
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In (10) can be written in the d-axis and q-axis components as shown in (12). 

 

𝑉𝑟𝑒𝑓 [
𝑐𝑜𝑠𝛼
𝑠𝑖𝑛𝛼

] 𝑇𝑧 =
2

3
𝑉𝑠 [

𝑐𝑜𝑠0°
𝑠𝑖𝑛0°

] 𝑇1 +
2

3
𝑉𝑠 [

𝑐𝑜𝑠
𝜋

3
 

𝑠𝑖𝑛
𝜋

3

] 𝑇2 (12) 

 

By comparing d and q-axis quantities from (12), T1 and T2 can be calculated from (13)-(18). 

 

𝑉𝑟𝑒𝑓sin∝ 𝑇𝑧 =
2

3
𝑉𝑠 𝑠𝑖𝑛0°𝑇1 +

2

3
𝑉𝑠𝑠𝑖𝑛

𝜋

3
 𝑇2 (13) 

 

𝑇2= 𝑎
𝑠𝑖𝑛𝛼

𝑠𝑖𝑛𝜋/3
𝑇𝑧 (14) 

 

Where a= 
3

2
𝑉𝑟𝑒𝑓

𝑉𝑠
= modulation index must be less than 1. Now comparing d-axis quantities 

 

𝑉𝑟𝑒𝑓  cos∝ 𝑇𝑧 =
2

3
𝑉𝑠 𝑐𝑜𝑠0° 𝑇1 +

2

3
 𝑉𝑠𝑐𝑜𝑠

𝜋

3
𝑇2 (15) 

 

𝑇1=
𝑉𝑟𝑒𝑓 𝑐𝑜𝑠∝𝑇𝑧

2

3
𝑉𝑠

− 

2

3
𝑉𝑠 𝑐𝑜𝑠𝜋/3𝑇2

2

3
𝑉𝑠

  (16) 

 

𝑇1=a cos∝ 𝑇𝑧 − 𝑐𝑜𝑠
𝜋

3
 𝑇2 (17) 

 

Substituting (14) in (17), we get (18). 

 

𝑇1=a 𝑇𝑧 
𝑠𝑖𝑛(

𝜋

3
−∝)

𝑠𝑖𝑛𝜋/3
 (18) 

 

Now calculate the time duration for the null vector as shown in (19). 

 

𝑇0=𝑇𝑧-𝑇1-𝑇2 (19) 

 

The (14), (18), and (19) are the time durations (T1, T2, and T0) for adjacent switching space vectors V1 &V2 

and two null vectors V0 & V7. For n vectors, the time durations for all the sectors are calculated as (20)-(22). 

 

𝑇1 = 𝑎
𝑇𝑧 𝑠𝑖𝑛(

𝑛𝜋

3
−𝛼)

𝑠𝑖𝑛𝜋/3
 (20) 

 

𝑇2 = 𝑎
𝑇𝑧 𝑠𝑖𝑛[𝛼−(𝑛−1)𝜋]

𝑠𝑖𝑛𝜋/3
 (21) 

 

𝑇0 = 𝑇𝑧 − 𝑇1 − 𝑇2 (22) 

 

Where Tz denotes the switching time. Next determining the switching time of the upper and lower switches as 

shown in Table 2. 

 

2.2. 3-ph 4-switch inverter (TPFSI) 

Different controllers were applied for the generation of reference signals to produce the PWM signals 

for the 4-switch 3-ph inverter. The modulation technique of the 3-ph 4-switch is quite different which was 

discussed in [16]-[18]. Phan Quoc Dzung et al. [19] modified an SVPWM algorithm for FSTP based on the 6-

switch 3-ph inverters is proposed. Since one phase is constantly connected to the middle of the two DC-link 

capacitors in the four-switch converter. Hence current flows even at the zero vector. Furthermore, only the 

remaining current from the other two phases passes through the phase connected to the midpoint of the two 

DC-link capacitors when the switching states are (0, 1) and (1, 0) [20]. The switching states S1, S2, S3, and S4 

are used to represent the binary variables 1 and 0, when the upper switch is closed, the set of switches is set to 

"1". When the upper switch is open, the set of switches is set to "0". The switches in one inverter branch are 

alternated. So that: S1+S2 =1; S3+S4 = 1. The SVPWM techniques for the 4-switch inverter are based on the 

formation of the reference vector of the 𝛼𝛽 plane which is divided into 4 sectors [21], [22] as shown in 

Figure 4. The active vectors and their durations in a sampling interval are chosen and calculated for these 
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sectors V1, V2, V3, and V4 based on the location of Vref discussed in papers [23]-[26]. Figure 5 displays the 

SV diagram of the TPFS inverter and Figure 6 shows the SVPWM approach to the 3-ph 6-switch inverter.  
 
 

Table 2. Determining the switching time of the upper and lower switch with switching intervals 
Sector Upper switches Lower switches Range of angle 

1 S1=T1+T2+To/2 
S3=T2+To/2 

S5= To/2 

S4= To/2 
S6=T1+To/2 

S2=T1+T2+To/2 

0° <∝< 60° 

2 S1= T1+To/2 
S3=T1+T2+To/2 

S5= To/2 

S4= T2+To/2 
S6=To/2 

S2=T1+T2+To/2 

60° <∝< 120° 

3 S1= To/2 
S3= T1+T2+To/2 

S5= T2+To/2 

S4= T1+T2+To/2 
S6= To/2 

S2= T1+To/2 

120° <∝< 180° 

4 S1= To/2 
S3= T1+To/2 

S5= T1+T2+To/2 

S4= T1+T2+To/2 
S6= T2+To/2 

S2= To/2 

180° <∝< 240° 

5 S1= T2+To/2 
S3= To/2 

S5= T1+T2+To/2 

S4= T1+To/2 
S6= T1+T2+To/2 

S2= To/2 

240° <∝< 300° 

6 S1= T1+T2+To/2 
S3= To/2 

S5= T1+To/2 

S4= To/2 
S6= T1+T2+To/2 

S2= T2+To/2 

300° <∝< 360° 

 
 

 
 

Figure 4. The relationship between (abc) and (dq) reference frame 
 
 

 
 

 

Figure 5. Space vector diagram for TPFSI 

 

Figure 6. SVPWM approach for TPFSI and TPSSI 
 
 

After calculating vectors that divide the plane into 4 sectors each sector is conducting for of 90°. Vref 

is generated by two adjacent non-zero vectors. The sectors and their range for a 3-ph 4-switch inverter are 

given in Table 3 which shows the calculation of the switching time of each switch. Thus, calculating the 

switching time of each sector, at 90°similar to TPSSI as shown in Table 4. The Switching diagram for each 

sector is shown in Figure 7 and in the case of SSTPI magnitude remains same by an angle 60°. 
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Table 3. Switching vectors, line-neutral voltages, line-line voltages 
Voltage vectors Switching vectors Line-neutral voltage Line-line voltages Space vector Range of angle 

a b Van Vbn Vcn Vab Vbc Vca 

V1 0 0 -1/3 -1/3 2/3 0 -1 1 2

3
∠ − 120° 

-120°<𝛼<-30° 

V2 1 0 1 -1 0 2 -1 -1 2

√3
∠ − 30° 

-30°<𝛼<60° 

V3 1 1 1/3 1/3 -2/3 0 1 -1 2

3
∠60° 

60°<𝛼<150° 

V4 0 1 -1 1 0 -2 1 1 2

√3
∠150° 

150°<𝛼<-120° 

 

 

Table 4. Switching time for each sector 
Sectors Switching time Upper switch Lower switch 

Sector 1 
T1 =

3VrefcosαTz

2Vs
 

T2 =
√3VrefsinαTz

2Vs
 

To = Tz − (T1 + T2) 

𝑆1 =  𝑇2 + 𝑇𝑜/2 
𝑆3 = 𝑇𝑜/2 

𝑆2 = 𝑇1 + 𝑇𝑜/2 
𝑆4 = 𝑇1 + 𝑇2 + 𝑇𝑜/2 

Sector 2 
T2 =

√3VrefsinαTz

2Vs
 

T3 =
−3VrefcosαTz

2Vs
 

To = Tz − (T1 + T2) 

𝑆1 = 𝑇1 + 𝑇2 + 𝑇𝑜/2 
𝑆3 =  𝑇2 + 𝑇𝑜/2 

𝑆2 =  𝑇𝑜/2 
𝑆4 = 𝑇1 + 𝑇𝑜/2 

Sector 3 
T3 =

−3VrefcosαTz

2Vs
 

T4 =
−√3VrefsinαTz

2Vs
 

To = Tz − (T1 + T2) 

𝑆1 =  𝑇1 + 𝑇𝑜/2 
𝑆3 = 𝑇1 + 𝑇2 + 𝑇𝑜/2 

𝑆2 = 𝑇2 + 𝑇𝑜/2 
𝑆4 = 𝑇𝑜/2 

Sector 4 
T2 =

√3VrefsinαTz

2Vs
 

T1 =
3VrefcosαTz

2Vs
 

To = Tz − (T1 + T2) 

𝑆1 = 𝑇𝑜/2 
𝑆3 = 𝑇1 + 𝑇𝑜/2 

𝑆2 = 𝑇1 + 𝑇2 + 𝑇𝑜/2 
𝑆4 = 𝑇2 + 𝑇𝑜/2 

 

 

  
(a) 

 

(b) 

 

  
(c) (d) 

 

Figure 7. Switching diagram of each (a) sector I, (b) sector II, (c) sector III, and (d) sector IV 

 

 

3. RESULTS AND ANALYSIS 

MATLAB/Simulink software was utilized to do the simulations of the basic operation of the SVPWM 

technique for a 3-ph 4-switch inverter. Based on the modeling and observations discussed above, the proposed 
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converter and its theory of operation are evaluated. Figures 8(a) and 8(b) display the sector and angle for TPSS 

and TPFS inverters respectively. Figures 9(a) and 9(b) indicate the Phase and Line voltages of the six-switch 

inverter, and TPFS inverter which are unbalanced due to the circulating currents without the filter design. Figure 

10(a) shows the time of switching sequence Ta1 and Ta2 of the TPFS inverter according to sectors for one cycle 

of the output voltage, and Figure 10(b) shows the gate signals for switches S1 and S3 which are complementary 

to switches S2 and S4. The model parameters for both inverters are input voltage = 200 V; Dc-link capacitors, C1 

= C2 = 1000 µF; filter capacitor, Cf = 100 µF; filter inductor, Lf = 1 mH; load resistance = 100 Ω respectively. 

Figure 9(b) makes it clear that the circulating currents through the capacitors are the cause of the 

unbalanced output response of voltage. This result therefore confirms that the SVPWM technique that was 

described above has been implemented correctly in suppressing the effect of the voltage unbalance issue on 

the output line voltage and current. When a resistive load is coupled to a 3-ph 6-switch and 4-switch inverter 

the output response is depicted in Figures 11(a) and 11(b). It has been noted that the 3-ph 4-switch inverter 

output voltage and current response are balanced shown in Figure 11(b). The output voltage and current 

response of the 3-ph 6-switch inverter when connected to R-load are displayed in Figure 11(a). This leads to 

the conclusion that the 3-ph 4-switch inverter can successfully replace the 3-ph 6-switch inverter. When this 

system is connected to the grid the output response is unbalanced and the injected powers (active and reactive) 

are oscillating. The main problem with a four-switch inverter is an unbalanced response at the grid side. 

Different control techniques are used in grid-connected PV systems for better results to get a balanced output 

voltage/current response. 

 

 

 

 

(a) (b) 

 

Figure 8. Determination of sector and angle for (a) TPSS inverter and (b) TPFS inverter 

 

 

  

(a) (b) 

 

Figure 9. Phase voltages and line voltages of phase ‘a’ for (a) the TPSS inverter and (b) the TPFS inverter 
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(a) 

 

(b) 

 
 

Figure 10. Waveforms of the TPFS inverter for (a) switching times Ta1 and Ta2 according to sectors for one 

cycle of the output voltage and (b) gate signals for S1 and S3 
 
 

(a) 

 

(b) 

 
 

Figure 11. Output voltages and current waveforms for (a) TPSS inverter and (b) TPFS inverter 
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4. CONCLUSION 

This paper compares the SVPWM Technique for two types of inverters: the 3ph 6-switch Inverter 

(TPSSI) and the 3ph 4-switch Inverter (TPFSI). Using Clarke’s transformation, the αβ plane is divided into six 

sectors for TPSSI and four vectors for TPFSI. These sectors provide the necessary reference voltage for space 

vectors. After conducting a comparison investigation, it was found that in applications where cost is essential, 

it is possible to replace the 3ph 6-switch inverter with a 3ph 4-switch inverter. The reason for this is that the 

3ph 4-switch inverter has a reduced number of components, making it less expensive than the 3ph 6-switch 

inverter. Most of the literature on B4 inverter is relevant to drive systems only. Additionally, minimizing the 

switching and conduction loss can increase the overall efficiency of the system. The effect of the capacitor's 

voltage imbalance issue on the inverter output voltage and current has been solved with the use of an efficient 

space vector modulation approach by using a better control technique for further work and it is studied for grid-

connected inverters. Mathematical calculations are derived for both inverters, and the output response of 

voltage/current is plotted. MATLAB/Simulink models for both inverters are simulated and observed. 
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