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1. Introduction 

The growing demand for electricity in industry and commerce has elevated the importance of 

renewable energy sources that can be integrated into the grid through inverters. While the traditional 

two-level voltage source inverter was frequently used in grid-connected applications, the multilevel 

inverter has increased popularity due to its benefits, including reduced voltage harmonic distortion, 

lower output current [1]-[3], and the ability to operate at switching frequencies and voltages that are 

within the range of low power switches [4]. 

There are three common inverter configurations used today, including H-bridge cascaded inverter 

(CHB) [5], flying capacitor (FC) [3], and clamped neutral point (NPC) [6]. These three profiles have 

different features and applications depending on their intended use. H-bridge inverters require 

symmetric and isolated input sources for each H-bridge, making them suitable for use in multi-source 

systems [7]. However, generating multilevel voltage using a single input power source is challenging 

for H-bridge inverters, making them unsuitable for such systems. The traditional NPC inverter and the 

FC inverter are similar in some ways. Both use the input voltage provided by the capacitor voltage, but 

the number of output levels and phases in the FC configuration depends on the number of capacitors. 

This makes the use of many capacitors and high capacitance in the FC configuration a drawback. 

Therefore, the capacitance cost of the NPC inverter is lower than that of the FC inverter. In addition, the 

voltage control across the capacitor in the FC configuration is more complex than in the NPC inverter 

[8]. 
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Figure 1. Single phase inverter, a) F-type inverter, (b) T-type inverter, (c) clamp diode inverter.  
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Figure 1 shows three inverter configurations: (a) F-type inverter, (b) T-type inverter, and (c) clamp 

diode inverter. The clamp diode inverter is a type of inverter that uses clamp diodes to limit the voltage 

on each phase of the output waveform. This is the foundation of the neutral point clamp (NPC) inverter, 

which is a type of inverter commonly used in high-power applications. However, the number of 

clamping diodes required in a clamp diode NPC inverter depends on the number of output voltage levels 

[9]. On the other hand, the T-type inverter is another type of inverter that has similar features to the NPC 

inverter. Specifically, the T-type inverter can also provide high-quality output voltage with low 

harmonic distortion while also offering high efficiency and reliable operation. The T-type inverter has 

an advantage over the NPC inverter in that it eliminates the need for clamping diodes, which simplifies 

the design and reduces the number of power components required [9]. The neutral point in the T-type 

inverter is connected through a bidirectional power switch, and capacitors in series are used on the one-

way side. The F-type inverter is a recent variation of the T-type inverter [10], where 25% of the voltage 

is applied to the power switch, resulting in lower cost and loss compared to the T-type inverter. Like the 

clamp-diode NPC configuration and T-type inverter, the output voltage of the F-type inverter is 

determined by the input dc-side capacitor voltage, which must be well balanced to achieve the desired 

voltage level. 

In this paper, the advantages of F-type single-phase 5-level inverters are compared to those of NPC 

and T-type inverters. It includes operational principles, control techniques, and loss analysis for the three 

configurations. The research findings are verified using PSIM simulation software and a practical 

prototype. 

2. F-type single-phase inverter 
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Figure 2. F-type single phase five level inverter 

The F-type five-level single-phase inverter is a type of inverter that uses a DC input source and two 

series-connected capacitors (C1 and C2) to create a source neutral point (O). By generating a voltage 

waveform with five levels of magnitude on the output side, it can produce high-quality power. The F-

type structure is a modification of the T-type structure, in which the common node of the two power 

switches connected in series is separated, reducing the number of power switches subjected to the 

applied voltage Vdc. 

The F-type five-level single-phase inverter circuit has two-phase branches with four IGBT power 

switches each: branch A (S1A, S2A, S3A, S4A) and branch B (S1B, S2B, S3B, S4B). S1A and S1B are directly 

connected between the input and output sides, while the other switches are connected in series. This 

results in S1A and S1B are faced to the source voltage, while the other switches experiencing to a voltage 

level equal to 50% of the source voltage during operation. 

The advantages of F-type inverters compared to traditional configurations (T-type, NPC) are: 

The proposed inverter has a reduced number of power switches compared to the NPC configuration. 

This feature simplifies the circuit and lowers its costs. 

Additionally, compared to the T configuration, the F-type inverter carries fewer power switches to 

the full DC-link voltage, which may increase the reliability and lifetime of the inverte. 

mailto:jte@hcmute.edu.vn


 

 

ISSN: 2615-9740 

JOURNAL OF TECHNICAL EDUCATION SCIENCE 
Ho Chi Minh City University of Technology and Education 

Website: https://jte.edu.vn 
Email: jte@hcmute.edu.vn 

 

 

JTE, Issue 78A, August 2023 24 

 

As shown in the diagram in Figure 2, because the structure of the two-phase branch is the same, in 

this part of the operating principle only the states at branch A are considered, and the same for branch 

B. The F-type five-level inverter operates based on the switching states of the power switches in the 

two-phase legs A and B. The phase voltage A can reach voltage level "+Vdc/2" (state "P") when switches 

S1A and S2A are triggered or voltage level "-Vdc/2" (state "N") when switches S3A and S4A are triggered. 

The zero state ("O") is reached when switches S2A and S3A are activated. The output voltage VAB is then 

formed by combining the voltage levels of both phase legs, producing five voltage levels: +Vdc, +Vdc/2, 

0, -Vdc, -Vdc/2. 

2.1. Operation principles 

Table 1. Switching states of the inverter 

Mode 
S1A, 3AS  S2A, 4AS  S1B, 3BS  S2B, 4BS  

VAB 

1 1 1 1 1 0 

2 1 1 0 1 +Vdc/2 

3 0 1 0 0 +Vdc/2 

4 1 1 0 0 Vdc 

5 0 1 0 1 0 

6 0 1 1 1 -Vdc/2 

7 0 0 0 1 -Vdc/2 

8 0 0 1 1 -Vdc 

9 0 0 0 0 0 

In Modes 2-(g), 2-(h), and 2-(i), power switch S1A is connected to the Vdc input source along with 

switches S3A and S4A, resulting in a voltage of Vdc across S1A. Similarly, in Modes 3.2-(c), 3.2-(d), and 

3.2-(i), power switch S1B is connected to a voltage of Vdc. Power switches S2x, S3x, and S4x are connected 

in series, which results in only half of Vdc being applied to them, reducing the system cost, circuit 

structure, and switching losses of the F-type inverter compared to other types of inverters. To achieve a 

voltage of +Vdc, four switches, S1A, S2A, S3B, and S4B, should be in the "ON" state, while the four switches 

S1B, S2B, S3A, and S4A, should be in the "OFF" state. To achieve a voltage VAB= +Vdc/2, either the four 

switches S1A, S2A, S2B, and S3B should be in the "ON" state, while the four switches S1B, S4B, S3A, and 

S4A should be in the "OFF" state, or the four switches S2A, S3A, S3B, and S4B should be in the "ON" state, 

while the four switches S1A, S4A, S1B, and S2B should be in the "OFF" state. 

The state 0 of VAB can be achieved in three ways: by turning on four switches (S1A, S2A, S1B, and S2B) 

while four switches (S3A, S4A, S3B, and S4B) are turned off, or by turning on four switches (S2A, S3A, S2B, 

and S3B) while four switches (S1A, S4A, S1B, and S4B) are turned off, or by turning on four switches (S3A, 

S4A, S3B, and S4B) while four switches (S1A, S2A, S1B, and S2B) are turned off. The state of VAB= -Vdc/2 can 

be reached by turning on four switches (S2A, S3A, S1B, and S2B) while four switches (S1A, S4A, S3B, and 

S4B) are turned off, or by turning on four switches (S3A, S4A, S2B, and S3B) while four switches (S1A, S4A, 

S1B, and S4B) are turned off. Finally, the state of VAB= -Vdc can be reached by turning on four switches 

(S3A, S4A, S1B, and S2B) while four switches (S1A, S2A, S3B, and S4B) are turned off. 

The equivalent circuit diagram in Figure 3 illustrates that in Modes 2-(g), 2-(h), and 2-(i) as well as 

Modes 3.2-(c), 3.2-(d), and 3.2-(i), the power switches S1A and S1B are connected in series with the input 

source Vdc and other switches including S3A, S4A, S2x, S3x, and S4x. Consequently, the voltage across S1A 

and S1B is either equal to or greater than Vdc, while the voltage across the other switches is only half of 

Vdc. This reduction in voltage decreases the system cost, simplifies the circuit structure, and minimizes 

switching loss in the F-type inverter, making it a more efficient choice than traditional inverters such as 

the T-type and NPC inverters. 

mailto:jte@hcmute.edu.vn


 

 

ISSN: 2615-9740 

JOURNAL OF TECHNICAL EDUCATION SCIENCE 
Ho Chi Minh City University of Technology and Education 

Website: https://jte.edu.vn 
Email: jte@hcmute.edu.vn 

 

 

JTE, Issue 78A, August 2023 25 

 

O

C2

C1

P

N

O

P

N

O

P

N

O

P

N

O

P

N

O

P

N

O

P

N

O

P

N

O

P

N

Vdc

Vdc

IC1

IC2

S1A

S3A

S2A

S4A

S1B

S3B

S2B

S4B

VAB=0

Vdc

S1A

S3A

S2A

S4A

S1B

S3B

S2B

S4B

S1A

S3A

S2A

S4A

S1B

S3B

S2B

S4B

S1A

S3A

S2A

S4A

S1B

S3B

S2B

S4B

S1A

S3A

S2A

S4A

S1B

S3B

S2B

S4B

S1A

S3A

S2A

S4A

S1B

S3B

S2B

S4B

S1A

S3A

S2A

S4A

S1B

S3B

S2B

S4B

S1A

S3A

S2A

S4A

S1B

S3B

S2B

S4B

S1A

S3A

S2A

S4A

S1B

S3B

S2B

S4B

IC1

IC2

IC1

IC2

IC1

IC2

IC1

IC2

IC1

IC2

IC1

IC2

IC1

IC2

IC1

IC2

VAB=+Vdc/2

VAB=+Vdc VAB=0

VAB=0

VAB=+Vdc/2

VAB=-Vdc/2

VAB=-Vdc/2 VAB=-Vdc

IA IB IBIA IA IB

IA IB

IA IB
IBIA

IAIAIA IB

IB IB

(a) (b) (c)

(e)(d) (f)

(g) (h) (i)

Vdc

C2

C1

C2

C1

C2

C1

C2

C1

C2

C1

Vdc Vdc

Vdc

C2

C1

C2

C1

C2

C1

Vdc Vdc

 

Figure 3. Equivalent circuit diagram according to Table 1: (a) Mode 1; (b) Mode 2; (c) Mode 3; (d) Mode 4; 

(e) Mode 5; (f) Mode 6; (g) Mode 7; (h) Mode 8; (i) Mode 9. 

2.2. Control method 

The general equation of the two control waves: 
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Where  f is the desired output frequency (50 Hz); 0 ≤ m ≤ 1 is the modulation index. 

Peak amplitude of the output voltage first harmonic: 

X dcV m V   
(2) 

Where Vx is the output voltage VAB 

The trigger control for power switches is dependent on two control signals (va, vb) and two high-

frequency carriers (vcar1, vcar2), as shown in Figure 4. The control law is presented as: 
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Figure 4. Control method for phase A. 

2.3. Loss analysis for F-type , T-type, and NPC configurations. 

Table 2. MOSFET technique parameters IPW60R055CFD7  

Parameters 
Symbol 

hiệu 
Value Unit 

Nominal Voltage VDS 650 V 

Maximum current ID 38 A 

Conductor resistor D-S RDS(on) 55 mΩ 

Lead time delay td(on) 26 ns 

Rise time tr 27 ns 

Interrupt delay time td(off) 98 ns 

Reduction time tf 5 ns 

Forward voltage applied across diode VSD 1 V 

Reverse recovery time trr 128 ns 

Reverse recovery loss Qrr 0,77 μC 
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The switching and conduction losses of the power elements in the inverter circuits are described 

based on the parameter table of the components and the operating principles of the configurations that 

are presented are as follows: 

Switching loss of power switch S1A and S4A. 

1 14 1 4

1 4 1 4
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(4) 

Where ton = t(d)on + tr. 

Conduction loss of power switch S1A and S4A. 

1 4 1 4

2

,S S or , ( ),1I .
A A A Acond or S S rms ds onP R

 
(5) 

Where Rds(on),1: value of resistor conduction D-S of switch S1A 

Conduction loss of capacitor 

2

, ,.Icond C C C rmsP r
 

(6) 

Where Rds(on),1: value of resistor conduction D-S of switch S1A 

Where rC is the value of the parasitic resistance of the capacitor. 

Diode conduction loss during reverse recovery (reverse recovery loss). 
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(7) 

Conduction loss due to dead-time (S2A, S3A). 
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(8) 

From Equation (4) to Equation (8) the total losses of F-type inverter, T-type inverter and NPC 

inverter are presented as follows: 

1 4 1 4 2 3 2 3

1 2 3 4
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(9) 

From equation (4) to equation (9), the statistical combinations of the parameters in Table 2 and 

switching losses are as shown in Figures 5 and 6. 

Figures 5 and 6 present the losses of the inverters, in which the inverter has a total loss including: 

conduction loss and switching loss. Conduction losses include: conduction losses across clamping 

diodes; power switch conduction losses; and capacitor conduction losses. Losses on clamping diodes 

provide for 34.37% of conduction losses in NPC inverter; conduction losses on power switches also 

made for a significant portion of losses in NPC inverter with a ratio of 29.78%, the remaining conduction 

loss on the capacitor reach for 20.07%, and the switching loss only reach for about 15.79% of the total 

loss on the circuit (Figure 5c). For the T-type inverter, the conduction losses of the four power switches 

reach for the largest share of the circuit losses, up to 51.05%, while the conduction losses on the 
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capacitors and the switching losses reach for about half of the total losses. The switching losses are 

27.16% and 24.57%, respectively (Figure 5b). The loss ratio in F-type inverter is also similar to that in 

T-type, where the conduction loss on the switches provides for the largest percentage of 50.66%. The 

loss on the capacitor is 27.57%, and the lowest proportional switching loss in the F-type inverter is 

21.09% (Figure 5a).  
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Figure 5. Information about each loss component in the inverter circuit: (a) Configuration F-type; (b) 

Configuration T-type; (c) NPC Configuration. 

 

Figure 6. Ratio of loss components in each configuration. 
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Thus, the F-type inverter is more efficient than the NPC and T-type inverters, reducing loss by about 

27.2% and 1.5%, respectively, when compared to the NPC inverter. Losses are greatly reduced 

compared with the NPC inverter because the F-type inverter has eliminated clamping diodes. However, 

when compared with the T-type inverter, the F-type inverter has a negligible loss, but in terms of the 

operating principle of the F-type inverter, the voltage applied to the power switch has been reduced by 

50% compared with the T-type inverter. Therefore, compared to the other two topologies, T-type and 

NPC, the F-type five-level single-phase inverter has the maximum efficiency with the parameters in 

Table 3. 

 

Figure 7. Efficiency of F-type, T-type, and NPC inverter. 

As shown in Figure 7, the F-type inverter has the best efficiency, reaching 99.24%. The T-type 

inverter then achieves a computational efficiency of 99.13%, which is nearly equal to that of the F-type 

inverter. The NPC inverter has the lowest performance in the calculation. This shows that the F-type 

inverter has improved the loss and efficiency of the circuit compared to the NPC and T-type inverter. 

3. Simulation and Experimental Results 

To evaluate the performance of the converter. The control parameters of the inverter are shown in 

Table 3: 

Table 3. Simulation and experiment parameters 

Parameter/Components Unit 

Input voltage Vdc 400 V 

Output voltage VAB,RMS 220 VRMS 

Output frequency f0 50 Hz 

Carrier frequency fs 10 kHz 

Modulation index m 0.78 

LC filter L-C 3mH- 10µF 

Resistor load Rt 12.1Ω 

In Figure 8(a), from top to bottom, we can see the control signal waveforms of power switches for 

phase A (S1A, S2A, S3A, and S4A), the input voltage (Vdc), and the voltage across capacitors C1 and C2. It 

is apparent that the S1A power switch is phase-shifted by 180 degrees compared to the S3A power switch, 

and similarly, the S2A power switch is phase-shifted by 180 degrees compared to the S4A power switch. 

The input voltage is 400V, and the voltage across capacitors C1 and C2 is 200V each. 
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In Figure 8(b), from top to bottom, the phase voltages A0, B0, and the output line-to-line voltages are 

shown before and after passing through the LC filter. The output phase voltage of phase A is phase-

shifted by 180 degrees compared to phase B, with a peak amplitude of 200V. The peak amplitude of the 

output line-to-line voltage is 400V, and the RMS line-to-line voltage is 220V. 

 

(a) (b) 

Figure 8. Simulation results of a single-phase 5-level F-type inverter: (a) control signal waveforms of phase 

A (S1A, S2A, S3A, S4A), voltage across capacitors C1 and C2, (b) phase voltage waveforms (VA0, VB0) and line 

voltage (VAB) before and after filtering. 

Gate Driver

Power IGBT

DSP 28335

Load

 

Figure 9. Prototype of a F-type five-level single-phase inverter. 
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The efficacy of the PWM strategy under investigation has been verified through experiments carried 

out on a laboratory prototype, as shown in Figure 9. The experimental parameters were identical to those 

used in the simulations, thus ensuring accurate verification. IGBTs FGL40N150 were employed for the 

inverter leg, specifically for S1A to S4A and S1B to S4B. 

 

(a) (b) 

Figure 10. Experimental results of a single-phase 5-level F-type inverter: (a) control signal waveforms of 

phase A (S1A, S2A, S3A, S4A), voltage across capacitors C1 and C2, (b) phase voltage waveforms (VA0, VB0) and line 

voltage (VAB) before and after filtering. 

Similar to the simulation results shown in Figure 8, Figure 10 (a) has an input voltage of 400V, and 

the voltages across capacitors C1 and C2 are 193V and 191V, respectively. In Figure 10(b), the peak 

amplitude of the output phase voltage is 192 V. The peak amplitude of the output line voltage is 384V, 

and the RMS line-to-line voltage is 216V. The unfiltered output line voltage, VAB, has a magnitude of 

five levels, while the line voltage through the filter is a sine wave. However, the experimental result has 

a lower voltage value than the simulation result due to the voltage drop across the power elements in the 

prototype. 

4. Conclusions 

This paper presents the advantages of the F-type single-phase 5-level inverter in comparison to the 

NPC and T-type inverters. The operational principles, control techniques, and loss analysis for the five-

level inverter are discussed. The results of the loss study indicate that the F-type inverter reduces loss 

by 27.2% compared to the NPC inverter and 1.5% compared to the T-type inverter. The research findings 

were demonstrated using PSIM software and a prototype. However, this study was limited to a 4 kW 

load capacity, and the application of the F-type inverter at higher load power would result in significantly 

improved efficiency and reduced losses.   
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