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Soft-Switching Solid-State Transformer (S4T) with 
Reduced Conduction Loss 

 
Liran Zheng, Student Member, IEEE, Rajendra Prasad Kandula, Member, IEEE,  

and Deepak Divan, Life Fellow, IEEE 

Abstract—Solid-state transformers (SSTs) are a promising 
solution for photovoltaic (PV), wind, traction, data center, battery 
energy storage system (BESS), and fast charging electric vehicle 
(EV) applications. Traditional SSTs are typically three-stage, i.e., 
hard-switching cascaded multilevel rectifiers and inverters with 
dual active bridge (DAB) converters, which leads to bulky 
passives, low efficiency, and high EMI. This paper proposes a new 
soft-switching solid-state transformer (S4T). The S4T has full-
range zero-voltage switching (ZVS), electrolytic capacitor-less dc-
link, and controlled dv/dt which reduces EMI. The S4T comprises 
two reverse-blocking current-source inverter (CSI) bridges, 
auxiliary branches for ZVS, and transformer magnetizing 
inductor as reduced dc-link with 60% ripple. Compared to the 
prior S4T, an effective change on the leakage inductance diode is 
made to reduce the number of the devices on the main power path 
by 20% for significant conduction loss saving and retain the same 
functionality of damping the resonance between the leakage and 
resonant capacitors and recycling trapped leakage energy. The 
conduction loss saving is crucial, being the dominating loss 
mechanism in SSTs. Importantly, the proposed single-stage SST 
not only holds the potential for high power density and high 
efficiency, but also has full functionality, e.g., multiport DC loads 
integration, voltage regulation, reactive power compensation, 
unlike traditional single-stage matrix SST. The S4T can achieve 
single-stage isolated bidirectional DC-DC, AC-DC, DC-AC, or 
AC-AC conversion. It can also be configured input-series output-
parallel (ISOP) in a modular way for medium-voltage (MV) grids. 
Hence, the S4T is a promising candidate of the SST. The full 
functionality, e.g., voltage buck-boost, multiport, etc. and the 
universality of the S4T for DC-DC, DC-AC, and AC-AC 
conversion are verified through simulations and experiments of 
two-port and three-port MV prototypes based on 3.3 kV SiC 
MOSFETs in DC-DC, DC-AC, and AC-AC modes at 2 kV. 

Keywords—Solid-state transformer (SST), power electronic 
transformer (PET), high-frequency link (HFL), soft-switching solid-
state transformer (S4T), dc transformer (DCT), current-source 
converter (CSC), MVDC, smart grid, distributed renewable energy 
resource (DER). 

I. INTRODUCTION 
OLID-STATE transformers (SSTs) are a promising solution 
in the future grid as a replacement for conventional line-

frequency transformer in distribution grid [1]-[4], data center 
[5]-[7], renewable energy sources and energy storage integration 
[8], traction [9], and other applications [10]-[12].  As the key 
power conversion component to integrate energy sources and 
loads into the smart grids, it is desirable for the SST to have the 
following features: (1) high efficiency, (2) high power density, 
(3) capability of integrating AC or DC resources with four-
quadrant power flow and buck-boost voltage conversion ratio, 
(4) low EMI, (5) high reliability, and (6) reasonable cost. 

 The state-of-the-art SST topology typically consists of three-
stage power conversion: a hard-switching inverter, an isolated 
bidirectional DC-DC converter like dual active bridge converter 
(DAB) [13]-[14], and a hard-switching cascaded multilevel 
rectifier [15]-[18]. Such circuit configuration has advantages 
including well-established sub-circuit topologies and controls, 
capability to integrate various DC/AC loads and sources with 
bidirectional power flow, and modularity for redundancy and 
high reliability. However, the state-of-the-art topology does 
have some limitations. First, the hard-switching inverter and 
rectifier should be designed for lower switching frequency than 
the soft-switching converters to limit the switching loss, e.g., 
300-400 Hz with Si devices in [19]-[20] and 3 kHz with SiC 
devices in [3], which means bigger passives. Second, for MV 
converter, normally SiC devices are preferred thanks to its 
higher blocking voltage ratings and lower losses, which results 
in >50kV/µs dv/dt and hence EMI issue [3], [15]. Third, the 
DAB can only achieve ZVS and controlled dv/dt within a certain 
range, which translates to reduced efficiency and higher EMI for 
non-ZVS region in voltage buck-boost and full load-range 
operation [13]-[14]. 

 In existing literature, single-stage converters like matrix 
converter or its variants adapted as SSTs can potentially achieve 
better trade-off between efficiency and power density [15], [21]-
[24]. However, the functionality is limited due to the lack of dc-
link and the lack of buck-boost capability, which is one of the 
major disadvantages preventing the matrix converter’s industry 
adoption. Moreover, when leakage inductance is non-negligible 
in MV converters due to high isolation requirement, voltage 
spikes during commutation can occur [21]-[24]. 

 Another class of the single-stage SST is derived from 
current-source converter, which has current-source dc-link and 
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the motor are summarized in Table II. An indirect field-oriented 
control method with dual-loop PI regulators in [33] is applied. 

 Fig. 7 illustrates the operation of the S4T drive to accelerate 
the motor smoothly from zero-speed to full-speed with all the 
state variables stably controlled, which proves the dynamic 
characteristics of the proposed S4T. The zoomed dynamic 
waveforms are shown in Fig. 8 (a) during the acceleration and 
Fig. 8 (b) when the motor speed nearly reaches the full speed. In 

Fig. 8, the grid-side and the motor-side currents and voltages are 
high-quality sine waves, which verifies the capability of the S4T 
to supply the inductive load and produce variable-frequency 
output voltage different from the input frequency. 

 
(a) 

 
(b) 

Fig. 8. Zoomed simulation waveforms of the proposed soft-switching 
solid-state transformer (S4T) drive (a) during the acceleration and (b) when 
the speed nearly reaches the full speed. The waveforms show the dynamic 
characteristics and the capability of supplying inductive loads with 
sinusoidal variable-frequency output voltage. 

 
(a) 

 
(b) 

Fig. 9. (a) Circuit schematic of the proposed soft-switching solid-state 
transformer (S4T) prototype for DC-DC conversion. (b) Test setup with a 
LV source and a HV load for the prototype. 
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Fig. 10. (a) A 25 kVA 600 V-2.5 kV proposed soft-switching solid-state 
transformer (S4T) module. (b) Experimental setup of the modular 50 kVA 
600 V-5 kV S4T. Single module is under test in this paper. 
















