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Abstract— This paper proposes a new bidirectional intelligent 

semiconductor transformer (BIST) for the smart distribution 

system and smart grid. The proposed BIST consists of high-

voltage high-frequency ac/dc converter, bidirectional low-voltage 

dc/dc converter, and hybrid-switching dc/ac inverter. It features 

1) input-to-output isolation with a high-frequency transformer; 2) 

bidirectional power flow; 3) small size and light weight; 4) 

capability of compensating voltage sag and/or swell; and 5) 

realization of three-phase structure based on single-phase module. 

The operational feasibility of proposed transformer was verified 

not only by computer simulation with PSCAD/EMTDC software 

but also by a hardware prototype with rating of 1.9 kV/127 V, 2 

kVA, allowing a three-phase transformer of 3.3 kV/220 V, 6 kVA 

with three-phase construction. 

 

Keywords— AC/DC resonant converter, bidirectional power flow, 

hybrid switching, input voltage balancing, intelligent 

semiconductor transformer (IST). 

I. INTRODUCTION 

CONVENTIONAL transformer composed of coil 

and iron core can change only the magnitude of the 

ac voltage and the quality of supplying power is 

totally dependent on that of the input power. So, it 

cannot be applicable for the smart grid, in which the 

magnitude and frequency of the operation voltage 

are various and high-quality power is required. 

Intelligent semiconductor transformer or solid-state 

transformer was proposed by EPRI to replace the 

conventional transformer in railway systems and 

substations, in which light weight is mandatorily 

required [1]. Recently, EPRI has reported 100 kVA 

single-phase semiconductor transformer named 

intelligent universal transformer for distribution 

automation [2]. Intelligent semiconductor 

transformer can easily offer small size and light 

weight because it operates at much higher frequency 

with reduction of the magnetic component. It can 

supply not only the dc power, but also high-quality 

ac power to the customer by compensating the 

voltage sag, swell, and harmonics. So, it can be 

utilized for implementing the smart distribution 

system and the micro grid [3]–[5]. Various kinds of 

intelligent semiconductor transformers were already 

proposed. However, since the power flow in these 

transformers is unidirectional, it is not properly 

applicable for the dc distribution and micro grid [1], 

[2], [6]– [10]. One can find some studies on the 

semiconductor transformer topologies with 

bidirectional power flow capability [11]– [23]. 

II. THEORETICAL FRAMEWORK 

A. High-Voltage Part 

Fig. 1 shows the power circuit of ac/dc rectifier, 

which converts single-phase ac voltage of 1900 V 

into full-bridge-rectified waveform of 320 V. The 

ac/dc converter has high-frequency transformers, 

which offer high-frequency resonance and input– 

output isolation. The input side works under high 

voltage, while the output side works under low 

voltage. So, the input side is designed with three 

half-bridge modules connected in series, in which 
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two IGBT units are connected in series in the reverse 

direction. The output side is designed with three 

half-bridge modules connected in shunt. Whole 

system operates in bidirectional high-frequency 

resonance mode under a fixed frequency with 50% 

duty ratio to reduce system size and switching loss. 

Because the resonant stage is basically an LLC 

converter, the input-to-output gain of each resonant 

converter, that is defined by vlink/|vac1|, is 

determined only by its transformer turns-ratio nT if 

the resonant frequency fr is equal to the switching 

frequency fsr [24], where vac1 is the input voltage of 

each resonant stage and it is equal to vac/3. Since the 

input and output filter capacitors of Cin and CL are 

much larger than Cr and parasitic capacitances of 

switches are much smaller than Cr, the resonant 

frequency fr, which is equal to fsr, is calculated as 

1/[2π(2LrCr)0.5] with resonant inductor Lr and two 

resonant capacitors of Cr. Fig. 2 shows the switching 

pulses for each switch in a single-module of the 

bidirectional high-frequency ac/dc converter 

according to the polarity of the ac input voltage. The 

gating pulses for each switch are generated with 

same pattern regardless of the direction of power 

flow. Before explanation, it is assumed that the 

magnetizing inductance Lm is infinity. 

 
 

Fig: 1. Bidirectional high-frequency ac/dc converter. 

 

Mode 1: The direction of power flow is forward 

and the polarity of input voltage is positive. In the 

first stage, the primary current flows through the 

transistor in M1 and the diode in M2 when M1 turns 

ON. At this instance, the secondary current flows 

through diode in M5. In the next stage, the primary 

current flows through the transistor in M3 and the 

diode in M4 when M3 turns ON. At this instance, 

the secondary current flows through the diode in M6. 

Mode 2: The direction of power flow is forward 

and the polarity of input voltage is negative. In the 

first stage, the primary current flows through the 

transistor in M2 and the diode in M1 when M2 turns 

ON. At this instance, the secondary current flows 

through diode in M6. In the next stage, the primary 

current flows through the transistor in M4 and the 

diode in M3 when M4 turns ON. At this instance, 

the secondary current flows through the diode in M5. 

Mode 3: The direction of power flow is backward 

and the polarity of input voltage is positive. In the 

first stage, the secondary current flows through 

transistor in M5 when M5 turns ON. At this instance, 

the primary current flows through the diode in M1 
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and the transistor in M2. In the next stage, the 

secondary current flows through the transistor in M6 

when M6 turns ON. At this instance, the primary 

current flows through the diode in M3 and the 

transistor in M4. 

Mode 4: The direction of power flow is backward 

and the polarity of input voltage is negative. In the 

first stage, the secondary current flows through 

transistor in M6 when M6 turns ON. At this instance, 

the primary current flows through the transistor in 

M1 and the diode in M2. In the next stage, the 

secondary current flows through the transistor in M5 

when M5 turns ON. At this instance, the primary 

current flows through the transistor in M3 and the 

diode in M4. 

 
Fig. 2 AC/DC Resonant Converter and Switching Scheme. 

B. Low-Voltage Part 

The low-voltage part consists of the dc/dc 

converter and the dc/ac inverter connected in 

cascade. The dc/dc converter changes the full-bridge 

rectified waveform of 320 V into the constant dc 

voltage of 700 V and the dc/ac inverter changes the 

constant dc voltage of 700 V into the single-phase ac 

voltage of 127 V. The dc/dc converter and dc/ac 

inverter use a hybrid switch with IGBT and 

MOSFET connected in parallel. The dc/dc converter 

and dc/ac inverter are composed of two half-bridges 

connected in cascade. The dc/dc converter operates 

to control the power factor and the dc-link voltage, 

while the dc/ac inverter operates to control the 

output voltage. As the switching frequency in IGBT 

increases, the switching loss increases due to tail-

current, which critically reduces the system 

efficiency. In order to improve this switching loss, a 

MOSFET is connected in parallel to implement a 

hybrid switch. Fig. 3 shows how to supply the gating 

signal to the hybrid switch. The MOSFET turns ON 

a few microseconds ahead when the IGBT switch 

turns OFF. After the MOSFET turns ON, the IGBT 

turns OFF immediately and the MOSFET turns OFF 

at the instant that the IGBT is originally to turn OFF. 

Hybrid switching offers reduction of recovery loss 

due to tail-current. If a diode is connected in series 

with MOSFET, MOSFET destruction due to counter 

electromotive force can be protected. If resistance is 

connected in parallel with diode, ringing 

phenomenon can be reduced. 

C. Zero-Voltage-Switching (ZVS) Operation 

Since the magnetizing inductance Lm cannot have 

infinity value in real transformer, operational modes 

are somewhat different from that explained and it is 

helpful to achieve soft-switching of switches. All 

modes in Fig. 4 have same ZVS operation so that 

operational mode analysis is explained based on 

mode 1 of forward power flow with positive input 

voltage. Fig. 3 shows ZVS operation in mode 1 

when the magnetizing inductance is not infinity. 

Before explanation, it is assumed that the resonant 

frequency fr is equal to the switching frequency fsr. 
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Fig. 3 ZVS operation in mode 1 

 

Mode A: The magnetizing current charges 

collector–emitter capacitance of M3Cce,M 3 and 

discharges collector–emitter capacitance of 

M1Cce,M 1 . Thus, collector–emitter voltage of 

M3vce,M 3 increases and collector–emitter voltage 

of M1vce,M 1decreases. When vce,M 3 exceeds the 

source voltage or vce,M 1crosses zero, the body 

diode of M1 starts to conduct the current. At this 

instant, the mode A starts. During mode A, the 

secondary resonant current iLrs begins to flow with 

resonant manner and it is divided into half and each 

half currents flow through the two resonant 

capacitors as shown in Fig. 3. The primary resonant 

current iLrp is the sum of the magnetizing current 

iM and secondary resonant referred to the primary 

side, which can be expressed as iLrs/nT . Since 

iLrs/nT is smaller than iM ,the primary resonant 

current iLrp is negative so that it flows through body 

diode in M1 and transistor in M2 from the negative 

peak value of the magnetizing current—IM,pk . This 

mode continues until iLrs/nT is equal to iM . 

Mode B: After iLrs/nT is greater than iM ,iLrp 

flows through transistor in M1 and body diode in 

M2. Since the resonant frequency fr is equal to the 

switching frequency fsr,iLrs is nearly reduced to 

zero at the end of this mode. 

Mode C: When M1 is turned OFF, only the 

magnetizing current remains on the primary side and 

it can be assumed that the magnetizing current is 

constant because mode C is a short dead-time period. 

As shown in Fig. 3, all switches of M1 and M3 are 

in turn-off state so that they can be modeled as their 

collector–emitter capacitances of Cce,M 1 and 

Cce,M 3 . 

Accordingly, the magnetizing current flows 

through two paths of Lm ,Cin, collector–emitter 

capacitance of M1Cce,M 1 , body diode in M2 and 

Lm ,Cin, transistor in M4, collector–emitter 

capacitance of M3Cce,M 3 . Therefore, Cce, M 1 is 

charged from zero to vac1 by the half of the 

magnetizing current and Cce, M 3is discharged from 

vac1 to zero by the half of the magnetizing current. 

If mode C operation is completed before M3 is 

turnedON, ZVS of M3 can be accomplished. ZVS of 

M1 has the same manner as that of M3. Fig. 3 is 

computer simulation of ZVS operation in mode 1 of 

forward power flow with the positive input voltage. 

It shows that the simulation waveforms are similar to 

those shown in Fig. 3. 

III. TOPOLOGICAL OVERVIEW 

The different components of a bidirectional DC–

DC converter with galvanic isolation is depicted in 

Figure 4: 

 

• The port 1 and port 2 filter networks provide 

smooth terminal voltages and currents. For each 

filter network, at least a single capacitor or a single 

inductor is employed. 

 

• The DC–AC converter is a switch network 

which provides AC power to the HF transformer and 
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the AC–DC converter supplies DC power to the 

receiving port; both converters must allow for 

bidirectional power transfer. 

 

 
 
Fig 4: The different components required for an isolated, bidirectional DC-

DC converter 

 

 

Typically, full bridge circuits, half bridge circuits, 

and push-pull circuits are employed. However, 

different solutions (e.g. the single switch networks 

used in a bidirectional flyback converter) are 

reported, as well [41,42]. 

• The reactive HF networks provide energy 

storage capability within the HF AC part and are 

used to modify the shapes of the switch current 

waveforms in order to achieve low switching losses. 

Even though, these parts are not necessarily required 

for a fully functional bidirectional DC–DC converter, 

they will always be present in practice due to the 

parasitic components of the HF transformer (e.g. 

stray and magnetizing inductances, parasitic 

capacitances). 

• The HF transformer is required in order to 

achieve electric isolation; it further enables large 

voltage and current transfer ratios. The HF 

transformer is considered superior over a low 

frequency transformer, since transformer and filter 

components become smaller (and often less 

expensive) at higher frequencies [35].2 

Bidirectional DC–DC converter topologies with a 

system configuration according to Figure 4, are 

called Single-Stage Topologies [45, 46], since they 

contain a minimum number of conversion stages. 

Accordingly, the total number of required 

components is comparably low. However, the 

operation within wide input and output voltage 

ranges causes ineffective transformer and switch 

utilization. Improved transformer and switch 

utilization is achieved with multi-stage topologies, 

which contain an additional power converter in order 

to adjust voltage and current levels. 

 

3.1. Single-Stage Topologies 

In the presented approach, single-stage topologies 

are grouped into 

1. Converters with a low number of switches. 

2. Dual bridge converters without resonant HF 

network, 

3. Dual bridge converters with resonant HF 

network, 

Fig 5: Cuk Converter topology: assumed 

specifications and result. 

 

 
Fig 6: Operational Waveform of The Resonance Converter During Half of The 

Line Cycle. 
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IV. CONCLUSIONS 

In this paper, a new configuration of the BIST was 

proposed, which has rating of 1.9 kV/127 V, 2 kVA. 

The transformer consists of the high-voltage high-

frequency ac/dc rectifier, and low-voltage dc/dc and 

dc/ac converters. The operational feasibility of the 

proposed transformer was verified by computer 

simulation with PSCAD/EMTDC software. Based 

on the simulation results, a hardware prototype with 

rating of 1.9 kV/127 V, 2 kVA was built and tested 

in the lab to confirm the feasibility of hardware 

implementation. Using three units of this transformer, 

a three-phase transformer with rating of 3.3 kV/220 

V, 6 kVA can be built. The proposed transformer 

could be applicable for implementing the smart grid. 
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