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Abstract—This paper proposes a single-phase bidirectional 

three-level T-type inverter. The proposed inverter has a T-type 
switching leg and a half-bridge switching leg. The T-type 
switching leg operates at high switching frequency with 
sinusoidal pulse width modulation. The half-bridge switching leg 
operates at the grid frequency according to the voltage polarity of 
the grid. Due to the three-level switching operation of the 
proposed inverter, it provides the advantages of low voltage 
stress, reduced switching loss, and low harmonic components for 
the single-phase gird-tied applications. The proposed inverter is 
introduced by describing its circuit configuration, switching 
technique, operation modes, and control scheme. A 1.0 kW 
prototype has been designed and experimentally tested to verify 
the performance of the proposed inverter. 

I. INTRODUCTION 

Grid-tied energy storage systems require a high 
performance bidirectional inverter to transfer the electrical 
power between the grid and the energy storage devices [1]. The 
bidirectional inverter controls the bidirectional power flow and 
improves the power quality of the system [2]. To design the 
bidirectional inverter, the inverter performances should be 
considered for higher power efficiency and higher power 
density. 

Up to now, various single-phase transformerless inverters 
have been suggested [3]-[5]. Popular ones are H5, HERIC, and 
parallel buck inverters. By clamping the common-mode 
voltage as constant [3], H5 inverter and HERIC inverter have 
minimized the ground leakage current. By clamping the 
parasitic capacitor voltage as constant [4], the parallel buck 
inverters have been adopted for the grid-tied transformerless 
inverters. However, all they use a two-level power switching 
circuit where all power switches should withstand the full dc-
link voltage when they are turned off [5]. When the inverter 
operates under a hard switching condition, switching losses 
become larger as the switching frequency and the rated power 
level are increased. In order to reduce switch voltage stresses, 
the half-bridge-based three-level inverters have been studied 
[6]. Although the switch voltage stresses can be reduced by 
half, they require doubling the dc-link voltage, compared to the 
full-bridge inverter. For example, a dc-link voltage of 700 V is 
required for 220 Vrms single-phase products. 

To solve the above-mentioned drawbacks, this paper 
suggests a single-phase bidirectional inverter using the T-type 

switching circuit. Fig. 1 shows the circuit diagram of the 
proposed inverter. The proposed inverter has a T-type 
switching leg and a half-bridge switching leg. The T-type 
switching leg operates at high switching frequency with 
sinusoidal pulse width modulation. The half-bridge switching 
leg operates at the grid frequency according to the voltage 
polarity of the grid. Due to the three-level switching operation 
of the proposed inverter, it provides the advantages of low 
voltage stress, reduced switching loss, and low harmonic 
components for the single-phase gird-tied applications. The 
proposed inverter is introduced by describing its circuit 
configuration, switching technique, operation modes, and 
control scheme. A 1.0 kW prototype has been designed and 
experimentally tested to verify the performance of the proposed 
inverter. 

II. PROPOSED INVERTER 

A. Switching States 

Fig. 1 shows the circuit diagram of the proposed inverter. 
It has two dc-link capacitors (Cd1, Cd2), six power switches (S1 
~ S6), and a filter inductor (Lg). S1 ~ S4 operate with a high-
frequency switching period. A sinusoidal pulse-width 
modulation is applied to S1 ~ S4 according to the switching 

 
 

Fig. 1. Circuit diagram of the proposed inverter. 
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states. S1 (S2) and S3 (S4) operate complementarily each other, 
respectively. S5 and S6 operate as a line-frequency switching 
period. It is assumed that Vd1 = Vd2 and Vdc =Vd1 + Vd2. vg is the 
grid voltage as vg = Vg sinwt where Vg and w are the peak value 
and the angular frequency of vg, respectively. 

The proposed inverter has two operation modes: rectifier 
mode and inverter mode. When it operates in the rectifier 
mode, it transfers the electrical power from vg to Vdc. When it 
operates in the inverter mode, it transfers the electrical power 
from Vdc to vg. Because both operation modes can be similarly 
explained, the circuit operation for the inverter mode is only 
described for one switching period Ts. The proposed inverter 
has six switching states which results in five voltage levels 
(Vdc, Vdc/2, 0, –Vdc/2, –Vdc) for vAB. Then, the switching states 
can be determined by the five voltage levels because vg can be 
divided into four sections as state 1 (Vdc/2 < vg < Vdc), state 2 
(0 < vg < Vdc/2), state 3 (–Vdc/2 < vg < 0), and state 4 (–Vdc < vg 
< –Vdc/2). Fig. 2 shows the waveform diagrams for vAB and vg 
according to the switching states. When vg is positive, S6 is 
turned on and S5 is turned off. When vg is negative, S5 is turned 
on and S6 is turned off. Because S1 (S2) and S3 (S4) operate 
complementarily each other, respectively, two duty cycles are 
needed to control the proposed inverter. DS1_SS is the steady-
state duty cycle of S1. DS2_SS is the steady-state duty cycle of S2. 

B. Inverter Operations 

In switching state 1, S1 and S3 operate with a high-
frequency. S2 is turned on and S4 is turned off. When S1 is 
turned on, iLf1 flows through S1 and S2. It results in a negative 
voltage vg – Vdc across Lf1 and Lf2. When S1 is turned off, iLf1 

flows through S3. It results in a positive voltage vg – Vdc/2 
across Lf1 and Lf2. By applying the volt-second balance rule to 
Lf1 and Lf2 for Ts, the steady-state duty cycle DS1_SS of S1 can be 
obtained as 
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On the other hand, the steady-state duty cycle DS2_SS of S2 can 
be represented as 

 1=_2 SSSD ,              for switching state 1 (3) 

For the rest of the switching states, the volt-second balance 
rule can be applied to Lf1 and Lf2 for Ts, which results in the 
following steady-state duty cycles as 
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C. Control Schemes 

For the grid-tied bidirectional operation of the proposed 
inverter, the grid current ig should be controlled 
instantaneously. For each switching state, a transient duty 
cycle should be added to the steady-state duty cycle. In case of 
the switching state 1, the average voltage equation for Lg 

during Ts can be represented as 

 
 

Fig. 2. Waveform diagrams for vAB and vg according to the switching states. 
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where DS1 is the final duty cycle of S1. ∆ig is the variation of 
the grid current ig. By rearranging (7), 
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where DS1_TR is the transient duty cycle of S1 as 
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DS1_SS provides a fast tracking of the fundamental component 
of the grid current ig. DS1_TR makes the grid current track the 
grid current reference ig

*. For the rest of the switching states, 
the transient duty cycle can be derived for each switch. Fig. 3 
shows the control diagram of the proposed inverter. The 
proposed inverter performs the bidirectional power control 
between vg and Vdc. As Vdc varies when a power difference 
occurs, Vdc can be regulated by controlling the transferred 
power reflected by ig. A PI controller regulates Vdc, which 
generates the grid current reference ig

*. By changing the sign 
of ig

*, the proposed inverter controls the bidirectional power 
flow between vg and Vdc. 

III. EXPERIMENTAL RESULTS 

A 1.0 kW prototype has been designed and experimentally 
tested to verify the performance of the proposed inverter. vg is 
60 Hz/220 Vrms. Vdc is 380 V. Ts is 50 μsec. The passive circuit 
components are selected as Lg = 2.0 mH and Cd1 = Cd2 = 440 
μF. Fig. 4 shows the experiment results when the proposed 
inverter operates for the rectifier mode. Fig. 5 shows the 
experiment results when the proposed inverter operates for the 
inverter mode. Fig. 6 shows the measured power efficiency 
curves for different output load conditions. The proposed 
inverter achieves the efficiencies of 98.1 % and 97.7 % for the 

     
  

Fig. 4. Experiment results for the rectifier mode 
 

  
 

Fig. 5. Experiment results for the inverter mode. 
 

 
 

Fig. 6. Measured power efficiency curves. 

 
 

Fig. 3. Control diagram of the proposed inverter. 
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inverter and rectifier modes, respectively at the rated load 
condition. 

IV. CONCLIDING REMARKS 

In this paper, a single-phase three-level T-type bidirectional 
inverter has been suggested. The proposed inverter has a T-
type switching leg and a half-bridge switching leg. The T-type 
switching leg operates at high switching frequency with 
sinusoidal pulse width modulation. The half-bridge switching 
leg operates at the grid frequency according to the voltage 
polarity of the grid. Due to the three-level switching operation 
of the proposed inverter, it provides the advantages of low 
voltage stress, reduced switching loss, and low harmonic 
components for the single-phase gird-tied applications. The 
proposed inverter has been introduced by describing its circuit 
configuration, switching technique, operation modes, and 
control scheme. Experimental results based on a 1.0 kW 
prototype system have been discussed to verify the 
performance of the proposed inverter. 
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