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Abstract—This article presents a novel modulation scheme for 

device voltage stress mitigation and comprehensive analysis of the 
impact of transformer leakage inductance in a current-source 
solid-state transformer (SST). Different from dual active bridge 
(DAB) SST, the operation of the current-source SST is similar to 
that of a flyback converter. The device bridge on only one side of 
the transformer is active to store energy into or release energy 
from the magnetizing inductance which acts as a current-source 
dc link. Such flyback operation with reverse-blocking switches can 
lead to additional device voltage stress and incomplete zero-
voltage switching (ZVS) on the current-source soft-switching 
solid-state transformer (S4T) under conventional modulation. A 
new modulation scheme is proposed to address this issue. 
Moreover, different from the DAB, the leakage inductance of the 
medium-frequency transformer (MFT) in the S4T is a parasitic 
element similar to that in a matrix SST and can cause additional 
device voltage stress. Though the resonant capacitors, originally 
added to achieve ZVS, can absorb and recycle the leakage energy 
in the S4T, these capacitors need to be increased with larger 
leakage inductances to limit the voltage stress. However, large 
resonant capacitors can result in more lost duty cycles and 
reduced efficiency. The impact of such leakage inductance on 
device voltage stress is analyzed comprehensively, which is critical 
to guide future research and design of the S4T. Experimental 
results from S4T prototypes for DC-DC, multiport AC-DC, and 
AC-AC conversion with 1:1 and 4:1 MFT comprehensively verify 
the proposed concepts. Finally, a case study of a three-phase AC-
AC S4T over a power range from 1 kVA to 100 kVA each module 
reveals that the MFT leakage inductance should be less than 1% 
of the magnetizing inductance for safe operation. 
 

Index Terms—Single-stage solid-state transformer (SST), 
medium-voltage power electronic transformer (PET), current-
source converter (CSC), current-source inverter (CSI), medium-
frequency transformer (MFT), high-frequency link (HFL) 
isolated, leakage inductance, modulation. 
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I. INTRODUCTION 
olid-State transformers (SSTs) or power electronic 
transformers (PETs) are medium-voltage medium-

frequency-isolated power converters, which have the potential 
for higher controllability, efficiency, power density, and 
flexibility than conventional line-frequency transformers [1]-
[9]. The applications of SSTs or PETs include railway traction 
[1], power distribution systems [2]-[5], adjustable-speed drives 
[6], PV farms [7], microgrids [8], MVDC grids [9], etc. At the 
heart of the SST is a medium-frequency transformer (MFT) at 
several kilohertz or higher frequency [10]-[11], fed by voltage 
or current pulses chopped by devices working under zero-
voltage switching (ZVS) or zero-current switching (ZCS). 
Generally, the leakage inductance of the MFT, acting as an 
energy transfer element or a parasitic component which 
depends on the topology, has a strong impact in terms of voltage 
stress, ZVS or ZCS ranges, etc. 
 Dual active bridge (DAB) converter [12]-[13] is one of the 
high-frequency link (HFL) isolated DC-DC converters for 
three-stage SSTs [14]-[17]. In the DAB, the leakage inductance 
of the MFT acts as an energy transfer element and influences 
the soft-switching range under buck-boost operation [12]-[13]. 
Modulation schemes including dual, extended, and triple phase 
shifts have been proposed to expand the soft-switching ranges 
and reduce the power loss for the DAB [18]-[23]. Advanced 
modulation schemes are similarly investigated for modular 
multilevel converter-based DABs as SSTs [24]-[26]. The 
resonant converter is another type of HFL isolated converters 
in three-stage SSTs [27]-[30]. Modulation schemes are studied 
to improve the soft-switching range and efficiency, while 
leakage inductance of the MFT is utilized as a part of the 
resonant tank to shape resonant current. For example, [27] 
proposes a ZVS modulation method for a LLC converter to 
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overcome distortions and load-dependent voltage-conversion 
ratio from large parasitic capacitances of medium-voltage SiC 
devices. Besides the aforementioned topologies, another 
solution is the matrix SST [31]-[32], where single-stage AC-
AC conversion with high power density can be achieved. The 
major challenge is the commutation voltage stress due to the 
leakage inductance energy. To address this issue, different 
modulation strategies have been proposed [31]-[32]. 
 The current-source SST is a new class of single-stage SST 
based on current-source converter (CSC), where the 
magnetizing inductance of the MFT acts as a current dc link 
[33]-[38]. One example is the soft-switching solid-state 
transformer (S4T) [33]-[34]. Different from the DAB SST, the 
leakage inductance is a parasitic for CSC-based SSTs, similar 
to the flyback converter. Especially for the S4T, the resonant 
capacitors absorb and recycle the leakage energy. However, 
large leakage inductance means higher leakage energy, which 
can induce additional device voltage stress and needs higher 
resonant capacitance to mitigate. Higher resonant capacitance 
increases the resonant time and the ZVS transition time, i.e., 
more lost duty cycle, resulting in reduced efficiency [37]. 
Reference [33] reports parameter design and equivalent circuit 
analysis of the S4T. However, importantly, the impact of 
leakage inductance, especially additional voltage stress at the 
beginning of the active vector and the resonant state, related 
analytical equations, and verifications are not covered in [33] 
and are reported in [37]. Furthermore, the value of tolerable 
leakage inductance in the S4T is unclear in the literature, i.e., 
minimizing the leakage inductance to what extent is sufficient, 
which is crucial to guide future research and design. The 
leakage inductance part of this article extends the research in 
[37] and reveals that the leakage inductance tolerance in a 480 
V-480V three-phase AC-AC S4T should be less than 1% of the 
magnetizing inductance for safe operation. 
 Moreover, the effect of modulation on the S4T is different 
from conventional voltage-source or matrix SSTs. The vector 
sequence of the S4T is determined by the vectors’ voltage 
magnitude in a descending way for the ZVS. In each switching 
cycle, the resonant capacitors are adaptively discharged by the 
dc-link current source to a sufficient voltage level with the 
resonant inductor flipping the capacitor voltage, which ensures 
full-load-range ZVS even under buck-boost operation [33]-
[34]. 
 One challenge of the modulation for the S4T lies in device 
voltage stress control. The S4T has a flyback-like operation 
where most of the time in a switching cycle, the device bridge 
on either the primary side or the secondary side of the MFT is 
active with magnetizing current flowing through. Such 
operation can lead to additional voltage stress on the inactive 
bridge for current-source SSTs with reverse-blocking switches 
[39]. Reference [39] briefly discusses this phenomenon with a 
double-pulse test rig and proposes a modulation scheme for a 
DC-DC S4T, where additional switches need to be turned on 
and off each switching cycle. However, SSTs are required to 
interface AC grids and provide the capability for multiport load 
or source integration. Therefore, this article proposes a generic 
modulation scheme using a multiport AC-DC S4T as an 

example. Importantly, the proposed scheme is easy to 
implement and significantly reduces the number of switching 
events compared to [39]-[40], i.e., the additional switches are 
turned on and off once per line cycle (for AC port) or kept on 
(for DC port) under the proposed scheme. Furthermore, the 
derivation process of the scheme and detailed analyses are 
given to enhance the understanding. 
 This article proposes a new modulation scheme generic to 
DC/AC, two-port/multiport S4T to address the device voltage 
stress issue and presents impacts of the MFT leakage 
inductance on the S4T as well as equations to calculate the 
voltage stress, which is critical to guide future research and 
design of the S4T. The rest of the article is organized as follows. 
Section II derives and proposes new modulation for the S4T, 
using DC-DC and AC-DC three-port S4Ts as examples. 
Moreover, the voltage stress from conventional modulation is 
analyzed. The voltage stress from the leakage inductance is 
presented in Section III. Section IV comprehensively verifies 
the proposed concepts with the S4T prototypes for DC-DC, 
AC-DC, and AC-AC conversion and 1:1 and 4:1 MFT 
prototypes. A design case study is discussed in Section V to 
elaborate the leakage inductance impacts in terms of voltage 
stress versus efficiency trade-off and reveals the leakage 
inductance tolerance limit for safe and efficient operation. 
Section VI concludes the article. 

II. NEW MODULATION FOR THE CURRENT-SOURCE S4T 
AND VOLTAGE STRESS FROM CONVENTIONAL 

MODULATION 
 The conceptual operating waveforms of the DC-DC S4T in 
Fig. 1 (a) are shown in Fig. 2. The power flow direction is from 
v2 to v1. The following assumptions are made in this section. 
The leakage inductance effect is not considered here but will be 
discussed in Section III. The forward voltage and the resistance 
of the devices are neglected. The transformer turns ratio is 
assumed unity or per-unit value of voltages or currents should 
be used. The conceptual waveforms with the conventional 

 
Fig. 1. Soft-switching solid-state transformer (S4T) with reduced 
conduction loss [33]. (a) DC-DC conversion. (b) AC-DC three-port 
conversion with two LVDC ports. 
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modulation are illustrated in Fig. 2 using the dashed lines [33]. 
During 0-t0, the S4T is in a freewheeling state, i.e., a zero 
vector. The dc-link current freewheels through BP1, BN1, BP2, 
and BN2. With the conventional modulation, switches BP1, 
BN1, BP2, and BN2 are on during this period. At t0, the zero 
vector ends. The devices for the zero vector are turned off, and 
devices AN1 and BP1 for the incoming active vector are turned 
on. Note that no deadtime is required for this current-source 
SST, because the diode in each reverse-blocking switch can 
prevent shoot-through on filter capacitor voltages [33]. In fact, 
at t0 in Fig. 2, when the switch in AN1 is turned on, the diode 
in AN1 still blocks a positive voltage. During t0-t1, the S4T is 

in a ZVS transition state, and the resonant capacitors Cr1 and 
Cr2 are discharged until vLm (which equals vx1 and vx2 when the 
leakage inductance effect is neglected as detailed in Section III) 
reaches –v1. At that time, with the voltage across AN1 
decreased to zero voltage, i.e., –v1–vLm=0, the diode in AN1 
starts to conduct. During t1-t2, an active vector occurs, where 
energy is delivered from the dc-link magnetizing inductance Lm 
to v1 through switches AN1 and BP1. When the conventional 
modulation is used, AN1 and BP1 which are supposed to carry 
current in t1-t2 are on during this active vector. After the active 
vector, the ZVS transition state during t2-t3 as well as t4-t5, and 
t6-t7 functions similarly to t0-t1 to transition between different 
states for the ZVS. The resonant state during t3-t4 flips the 
voltages across the transformer vLm and the resonant capacitors 
Cr1 and Cr2 using the resonant switches and the resonant 
inductors Lr1 and Lr2 on both sides of the transformer [33]. After 
the resonant state and the ZVS transition state, the active vector 
in t5-t6 is similar to the active vector in t1-t2, but energy is stored 
in the dc link Lm from v2 through switches AP2 and BN2. 
 The issue of the conventional modulation is the additional 
voltage stress across devices, especially AP2 and AN2, as 
depicted by the dashed traces in Fig. 2. The voltage stress can 
be as high as 0.5Vpk+v2, i.e., ~150% of nominal voltage. 
Moreover, AP2 and BN2 do not achieve complete ZVS when 
they are turned on at t4. With the proposed modulation, the 
conceptual waveforms of the DC-DC S4T are illustrated in Fig. 
2 using solid lines. The difference between the proposed 
modulation and the conventional modulation is that BP1 and 
BP2 are kept on throughout the switching cycle in the proposed 
modulation. Because BP2 is always gated on, vBP2 cannot go 
below zero as shown by solid lines in Fig. 2. Thus, the top arm 
including AP2 and BP2 is prevented from being over 
discharged, which solves the voltage stress issue and makes 
AP2 and BN2 achieve the ZVS turn-on in Fig. 2. 

The following analyses on the ZVS transition state during t0-
t1 and t2-t3 are given to understand the cause of the voltage 
stress, when the conventional modulation is used. The 
equivalent circuit concerning the devices is shown in Fig. 3 (a). 
During the ZVS transition state, magnetizing current flows 
through both sides of the transformer to discharge the resonant 
capacitors, where the v2 side transformer winding current ix2 is 
replaced by a current source in Fig. 3 (a). The devices in Fig. 3 
(a) are replaced by device parasitic capacitances, while the filter 
capacitor for v2 has much larger capacitance and can be 
replaced by a short circuit. The lumped capacitances Ctop for 
AP2 and BP2 and Cbot for AN2 and BN2 are illustrated in Fig. 

 
Fig. 2. Conceptual waveforms of DC-DC S4T with (solid line) and without 
(dashed line) the proposed modulation scheme. Solid lines can overlap the 
dashed line, e.g., in the gate signal traces. 

 
Fig. 3. (a) Equivalent circuit and (b) further simplified circuit for voltage 
stress analysis during the ZVS transition states t0-t1 and t2-t3. 
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3 (b), forming a capacitance divider for voltage variations 
across Cr2. Note that the initial voltages are very different for 
Ctop and Cbot. The sum of the voltage variations during t0-t1 and 
t2-t3 across Ctop and Cbot is given by (1)-(2). 

∆𝑉𝑉Ctop = ∆𝑉𝑉Cr2
𝐶𝐶bot

𝐶𝐶top+𝐶𝐶bot
= −𝑉𝑉pk

𝐶𝐶bot
𝐶𝐶top+𝐶𝐶bot

        (1) 

∆𝑉𝑉Cbot = ∆𝑉𝑉Cr2
𝐶𝐶top

𝐶𝐶top+𝐶𝐶bot
= −𝑉𝑉pk

𝐶𝐶top
𝐶𝐶top+𝐶𝐶bot

        (2) 

 Then, the peak voltage stresses for AP2 and AN2 are derived 
in (3)-(4), respectively. AP2 has to block ∆𝑉𝑉Ctop due to voltage 
variations during t0-t1 and t2-t3, in addition to −𝑣𝑣2 which AP2 
blocks at t0. The above makes AP2 stand the voltage stress 
−𝑣𝑣AP2,pk in (3) at t3. Similarly, AN2 has to block the voltage 
stress 𝑣𝑣AN2,pk in (4), but at t4. 

�𝑣𝑣AP2,pk� = 𝑣𝑣2 + 𝑉𝑉pk
𝐶𝐶bot

𝐶𝐶top+𝐶𝐶bot
                  (3) 

�𝑣𝑣AN2,pk� = 𝑣𝑣2 + 𝑉𝑉pk
𝐶𝐶top

𝐶𝐶top+𝐶𝐶bot
                  (4) 

From (3)-(4), it can be observed that the voltage stress depends 
on the division between nonlinear parasitic capacitances and the 
active vector’s voltage v2 which can be close to Vpk. When v2 is 
close to Vpk, the voltage stress is about ~150% of nominal 
voltage under the ideal case, i.e., balanced Ctop and Cbot and can 
be much larger when Ctop and Cbot are different. The ideal-case 
voltage stress -0.5Vpk-v2 for AP2 and 0.5Vpk+v2 for AN2 are 
thereby labeled in Fig. 2. Moreover, for another power flow 
direction from v1 to v2, the roles of device bridges are reversed, 
and AP1 and AN1 suffer from this stress issue. Finally, if v2 is 
an AC voltage instead of a DC quantity, the voltage stress issue 
will not show up in the vicinity of zero crossings when v2 ≈ 0, 
but will be significant near the peak or the valley of the AC 
voltage according to (3)-(4). 

 Fig. 4 is described to better understand the proposed 
modulation and extension of the proposed modulation to AC 
port or multiport cases. In Fig. 4 (a), a DC-DC S4T is 
illustrated, and the voltage across the transformer vx2 can be 

 
Fig. 4. Derivation of the proposed modulation scheme from (a) DC-DC 
conversion to (b) intermediate version of three-port AC-DC conversion and 
(c) three-port AC-DC conversion. 

 
Fig. 5. Conceptual waveforms of three-port AC-DC S4T with (solid line) 
and without (dashed line) the proposed modulation scheme. Power flows 
from v21 to v1 and v22. 
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similar to vLm under small leakage inductance. vx2 is within the 
range in (5). The rated voltage ranges of v1 and v2 are given by 
(6) for the DC case, where Vup and Vlow are the maximum and 
the minimum rated voltage of the DC input and output, 
respectively. Under appropriate control and leakage 
inductance, (7) holds with k normally designed around 1.1-1.15, 
as will be shown in later sections. In (7), Vmax is the higher 
voltage between v1 and v2, and 𝑣𝑣str,eff2 is the voltage stress of 
the S4T with leakage inductance effect considered in (23) of 
Section III. Therefore, the voltages across the devices can be 
derived via the Kirchoff’s Voltage Law as (8)-(9). 

−𝑉𝑉x2,pk ≤ 𝑣𝑣x2 ≤ 𝑉𝑉x2,pk                           (5) 
0 ≤ 𝑉𝑉low ≤ 𝑣𝑣1, 𝑣𝑣2 ≤ 𝑉𝑉up                         (6) 

𝑉𝑉x2,pk = 𝑣𝑣str,eff2 = 𝑘𝑘 ∙ 𝑉𝑉max                        (7)  
−𝑘𝑘𝑉𝑉up + 𝑉𝑉low ≤ 𝑣𝑣BP2 + 𝑣𝑣AN2 = 𝑣𝑣x2 + 𝑣𝑣2 ≤ 𝑘𝑘𝑉𝑉up + 𝑉𝑉up   (8) 
−𝑘𝑘𝑉𝑉up − 𝑉𝑉up ≤ 𝑣𝑣AP2 + 𝑣𝑣BN2 = 𝑣𝑣x2 − 𝑣𝑣2 ≤ 𝑘𝑘𝑉𝑉up − 𝑉𝑉low  (9) 

Note that BP2 and AN2 need roughly 2 pu positive voltage 
blocking capability and 1 pu negative voltage blocking  
capability, according to (8). Therefore, ideally only one IGBT 
in BP2 or AN2 is needed and the other can be kept on 
throughout a switching cycle, which aligns with and explains 
the proposed modulation. In this article, BP2 is kept on but 
keeping AN2 on also works. Otherwise, the IGBT that should 
be on and has zero voltage across it will block some voltage, 
which can result in additional voltage stress for other devices. 
For example, the dashed line of BP2 leads to the voltage stress 
on AP2. Furthermore, according to (9), AP2 and BN2 need 1 
pu positive voltage blocking capability, and only one diode in 
AP2 or BN2 is needed. Different from the above IGBT case 
where the IGBT that should be on needs an appropriate gate 
signal, the diode is always commutated to forward-bias mode 
as determined by physical laws, which is why no special 
modulation signal needs to be imposed on AP2 or BN2. For the 
DC case in Fig. 4 (a), due to symmetry, BP1 should be kept on 
similar to BP2 on the other side of the transformer. 
 The proposed modulation is generic and can be extended to 
the AC-DC multiport S4T in Fig. 4 (b), where a three-phase 
reverse-blocking bridge is used like a current-source inverter 
(CSI) and v1 is an AC voltage. When v1 is positive, BP1 is kept 
on. When v1 is negative, the role of leg A and leg B 
interchanges, and AP1 is kept on. At the zero-crossing region, 
e.g., |v1| is within 10 V, neither BP1 nor AP1 needs to be kept 
on, because the voltage stress issue on one side diminishes 
when that side filter-capacitor voltage, i.e., v1 or v2, is small as 
explained in the description of (3)-(4). On the multiport DC 
side, the two DC ports v21 and v22 have the same operation and 
modulation principles as the single DC port case but with more 
space vectors like a CSI. Actually, the two ports can share the 
same ground with the neutral leg combined as shown in Fig. 4 
(c). Then, BP2 is always gated on throughout a switching cycle, 
similar to the DC-DC case. The conceptual waveforms for the 
three-port AC-DC S4T are portrayed in Fig. 5 with and without 
the proposed modulation scheme. Similar to Fig. 2, without the 
scheme, there is voltage stress on AP1 and non-complete ZVS. 

Note that the power flow direction is from v21 to v1 and v22, 
where one LV port is sending and the other is receiving energy. 
The stressed switches vary with operating conditions. If the 
power flow is from v21 and v22 to v1, AP2 and AN2 will suffer 
from the voltage stress issue, similar to Fig. 2, but with the 
active vector v2 replaced by two active vectors v21 and v22. The 
proposed modulation can solve this issue as shown in solid lines 
in Fig. 5 with the proposed modulation. 

Importantly, the proposed modulation does not increase im or 
result in additional losses compared to the conventional 
modulation. First, when the proposed modulation is used, Ctop 
in the equivalent circuit of Fig. 3 (b) is replaced by the device 
of BP. Such additional devices which are kept on in the 
proposed modulation only conduct small parasitic current to 
charge parasitic capacitance like Cbot and thus have a negligible 
additional loss. Second, the capacitance seen by im is dominated 
by Cr rather than the parasitic capacitances in Fig. 3 (b). Thus, 
the duration of the ZVS transition state, the lost duty cycle, and 
hence im remain the same with the proposed modulation. 

III. VOLTAGE STRESS FROM MFT LEAKAGE INDUCTANCE IN 
THE CURRENT-SOURCE S4T 

 Besides the inappropriate modulation which can result in the 

 
Fig. 6. Conceptual waveforms with leakage inductance effects considered. 
Effect 1 can bring additional voltage stress ∆𝑣𝑣Cr. Effect 2 can lead to more 
voltage stress 𝑣𝑣Cr(pk) . Here, 𝑣𝑣Cr(pk) = 𝑣𝑣Cr1(pk) , since in this case  
|𝑣𝑣Cr1(pk)| > |𝑣𝑣Cr2(pk)| . However, under some cases, 𝑣𝑣Cr(pk) = 𝑣𝑣Cr2(pk) 
and |𝑣𝑣Cr2(pk)| > |𝑣𝑣Cr1(pk)| when ∆𝑣𝑣Cr in effect 1 is very large. Therefore, 
the stress caused by effect 1 should also be studied. 

 
Fig. 7. (a) Equivalent circuit at the beginning of the active vector and (b) 
equivalent circuit for the additional voltage stress in effect 1. 
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to 500 V peak so that the voltage stress under ramp-up and step-
change behaviors can be observed. v22 is at 150 V and v21 is at 
110 V. 

 
B.  Solution of Voltage Stress Issue: Proposed Modulation 
 Fig. 12 illustrates the AC-side switch voltage waveforms 
when the proposed modulation is applied to address the 
improper voltage sharing between the devices. The operating 
conditions in Fig. 12 (a)-(c) are the same as Fig. 10 for a 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 13. Multiport DC-side switch voltages of phases B and C with the 
proposed scheme. (a) Line-cycle waveforms. (b) Zoom-in at load step-
down. (c) Steady-state peak. (d) Steady-state zero crossing. (e) Steady-
state valley. 

50 ms/div(b)(c)(d)(e)

100 V/div 100 V/div 100 V/div

100 V/div 500 V/div

12 μs/div
100 V/div 100 V/div 100 V/div

100 V/div 500 V/div

12 μs/div
100 V/div 100 V/div 100 V/div

100 V/div 500 V/div

12 μs/div
100 V/div 100 V/div 500 V/div

100 V/div 100 V/div

12 μs/div
100 V/div 100 V/div 500 V/div

100 V/div 100 V/div

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 14. Multiport DC-side switch voltages of phases A and B with the 
proposed scheme. (a) Line-cycle waveforms. (b) Zoom-in at load step-
down. (c) Steady-state peak. (d) Steady-state zero crossing. (e) Steady-
state valley. 

50 ms/div(b)(c)(d)(e)

100 V/div 100 V/div 500 V/div

100 V/div 100 V/div 100 V/div

20 μs/div

500 V/div 100 V/div 100 V/div

100 V/div 100 V/div 100 V/div

12 μs/div

500 V/div 100 V/div 100 V/div

100 V/div 100 V/div 100 V/div

12 μs/div

100 V/div 500 V/div 100 V/div

100 V/div 100 V/div 100 V/div

12 μs/div

100 V/div 100 V/div 100 V/div

100 V/div 100 V/div 500 V/div 
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comparison. It can be observed that the voltage stresses under 
both the dynamic step change and the steady state are addressed 
with smooth and steady envelopes. To further validate the 
proposed modulation, zoomed AC-side switch voltage 
measurements are shown in Fig. 12 (d)-(f). The zoomed 
voltages at peak, zero crossing, and valley of the AC voltage in 
Fig. 12 (d)-(f) are absent of the previous voltage stress issue and 
support that the proposed modulation addresses the AC-side 
stress issue. 
 On the multiport DC side, Fig. 13 depicts switch voltages of 
phases B and C with the proposed modulation. The testing 
condition in Fig. 13 is the same as Fig. 11 for a comparison. 
The voltage stress issue in Fig. 11 (a)-(b) is addressed in Fig. 
13 (a)-(b) under steady-state and transient conditions. 
Moreover, zoomed waveforms in Fig. 13 (c)-(e) verify the 
absence of the voltage stress at peak, zero crossing, and valley 
of the AC voltage. Fig. 14 depicts switch voltages of phases A 
and B with the proposed modulation. The envelopes of AP2, 
AN2, BP2, and BN2 are within the envelope of the transformer 
voltage vx2 in Fig. 14 (a).  Moreover, zoomed waveforms in Fig. 
14 (b)-(e) illustrate the device voltages under dynamic step-
change, at peak, zero crossing, and valley of the AC voltage, 
respectively. The voltages of AP2, AN2, BP2, and BN2 are 
within the peak voltage of the transformer voltage vx2, which 
verifies that the voltage stress issue is addressed on the 
multiport DC side. 
 Importantly, the verifications for the proposed generic 
modulation are comprehensive. First, different port conditions 
including AC or multiport DC are demonstrated. Second, both 
steady state and dynamic step-change conditions with reversed 
power flow are considered. Third, under steady state, the port 
v22 buffers double-line-frequency power ripple from the single-
phase power, which means different power flow directions 
throughout a line cycle. 

C. Impact of MFT Leakage Inductance 
 The leakage-inductance-induced voltage stress is 
comprehensively verified in this section through a 4:1 MFT, a 
1:1 MFT, and the corresponding DC-DC and AC-AC S4T 
prototypes in Figs. 15-16. The leakage inductances and the 
resonant circuit parameters are listed in Table II. 
 Fig. 17 shows the operation waveforms of the DC-DC S4T 
in Fig. 16 (a) [33] with the 4:1 MFT for 800 V to 250 V 
conversion. The 800 V side is connected to a load resistor bank 
and the 250 V side is fed from a rectifier. The magnetizing 
current im can be synthesized from the sum of the transformer 
winding currents. Similar to the conceptual waveforms in Fig. 
6, the leakage inductance can induce voltage difference 
between vCr1 and vCr2, which is ∆𝑣𝑣Cr in Fig. 17. Note that vCr1 
and vCr2 need to be converted to the same side of the transformer 
to derive ∆𝑣𝑣Cr, i.e., the secondary side here. The measured ∆𝑣𝑣Cr 
shows reasonable agreement with the calculation from (13) for 
effect 1 in Table III. For effect 2 in Fig. 6, similar behavior is 
also shown in Fig. 17, i.e., voltage stress vCr,pk occurs during the 
resonant state. For effect 2 in Table III, the measured vCr,pk 
matches reasonably with the calculation from (17) with 𝐼𝐼x1  
assumed half of im. Furthermore, the transformer voltage vx1 has 
a similar shape as the resonant capacitor voltage vCr1, which 

 
verifies the conceptual waveforms in Fig. 6. The voltage stress 
on the resonant capacitors is reflected across the transformer 
and eventually on the devices as analyzed in the modulation 
scheme section. 
 To further verify the analysis, Fig. 18 shows another 
operating point of the DC-DC S4T with the 4:1 MFT for 1300 
V to 280 V conversion. Fig. 19 illustrates operation waveforms 
of the AC-AC S4T in Fig. 16 (b) with the 1:1 MFT. The AC- 
AC S4T is powered by a 208 V three-phase grid to supply a 
three-phase resistive load at 170 V [41]. The experimental 
measurements are summarized in Table III and compared with 
the theoretical analysis. In fact, though the transformer leakage 
inductance dominates other parasitics including PCB parasitic 
inductance, film capacitor parasitic inductance, etc., these 
parasitics can lead to the discrepancy between the experimental  

TABLE II  
PARAMETERS OF THE MEDIUM-FREQUENCY TRANSFORMERS 

Parameter Symbol 1:1 S4T 4:1 S4T 
Magnetizing Inductance Lm 150 μH 270 μH (sec.) 

Leakage Inductance Llkg 750 nH 343 nH (sec.) 

Resonant Capacitance Cr 0.4 μF 6.25 nF (pri.) 
100 nF (sec.) 

Resonant Inductance Lr 8 μH 80 μH (pri.) 
5 μH (sec.) 

 

 
Fig. 15. (a) 4:1 and (b) 1:1 MFTs. 

 
Fig. 16. (a) 4:1 DC-DC and (b) 1:1 AC-AC MFT-based S4T prototypes. 
The devices used in the prototype are summarized in Table I. 
 

TABLE III 
CALCULATED AND MEASURED VOLTAGE STRESS COMPARISONS 

 Effect 1 ∆𝑣𝑣Cr (V) Effect 2 𝑣𝑣Cr,pk (V) 
Calculation Experiment Calculation Experiment 

4:1 
Case 1 85.2 80.4 1207.9 1348.0 

4:1 
Case 2 49.6 42.5 1679.1 1726.2 

1:1 51.3 50.2 325.6 305.1 
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measurements and theoretical calculation. Furthermore, the 
theoretical analysis considers the worst case and neglects 
parasitic resistance and its damping effect, which can also result 
in a difference between experiments and theoretical calculation. 
Generally, the measurements match well with the theoretical 
calculation with less than 10% error, which comprehensively 
verifies the analysis with a 4:1 MFT, a 1:1 MFT, and the 
corresponding DC-DC and AC-AC S4T prototypes. 

Besides the two factors considered in this article on the 
device voltage stress, another important factor is overvoltage 
under faults or grid events, e.g., lightning surge [43]. More 
discussion on the protection of the solid-state transformer to 
limit this type of voltage stress is needed in a future study. 

V. IMPACT OF MFT LEAKAGE INDUCTANCE ON THE 
CURRENT-SOURCE S4T: A CASE STUDY 

 The value of the tolerable leakage inductance of the current-
source S4T for safe and efficient operation is an important 
question but remains open in the literature. Significant efforts 
have been devoted to minimizing the MFT leakage inductance 
in Fig. 15, e.g., using coaxial cable for the 4:1 MFT [9] to 
achieve 0.13% leakage inductance versus magnetizing 
inductance and placing the primary and secondary copper foils 
close to each other with thin Kapton-tape-based insulation in 
between for 0.5% leakage inductance of the 1:1 MFT. 
However, minimizing the leakage inductance to what level is 
unclear. Because the marginal benefits of smaller leakage 
inductance can diminish rapidly after it passes a certain 
threshold, understanding the threshold is critical to guide future 
research and design efforts of the S4T. 
 As an example, a case study is conducted for a 25 kVA 480 
V three-phase AC-AC S4T, based on the proposed modulation 
scheme to address the device-voltage-sharing-based voltage 
stress and the analysis to quantify the leakage-induced voltage 
stress. A LV S4T case study is selected because LV SST is more 
mature and close to industry applications, e.g., LV drives, than 
MV SST. In this case, two paralleled GeneSiC 1.2 kV SiC 
diodes GC50MPS12-247 are connected in series with two 
paralleled Cree 1.2 kV SiC MOSFETs C3M0016120D for each 
reverse-blocking switch position to achieve low conduction 
loss and high efficiency. The switching frequency is fixed at 16 
kHz to stay above audible noise frequency, but not higher due 
to otherwise increased lost duty cycle and reduced efficiency. 

 
(a) 

 
(b) 

Fig. 17. (a) Waveforms of DC-DC S4T with 4:1 MFT for 250 V to 800 V 
conversion. (b) Zoomed waveforms. 
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(a) 

 
(b) 

Fig. 18. (a) Waveforms of DC-DC S4T with 4:1 MFT for 280 V to 1300 
V conversion. (b) Zoomed waveforms. 
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Fig. 19. Waveforms of three-phase AC-AC S4T with 1:1 MFT for 208 V 
to 170 V conversion. 
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The magnetizing inductance Lm is sized to be 400 μH for 50% 
peak-peak ripple [42]. The resonant inductor is fixed at 2 μH 
[35]. The resonant capacitor is swept from 25 nF to 2 μF. As 
will be shown in Fig. 20, a larger upper limit for the capacitance 
hardly further reduces the voltage stress, and a smaller lower 
limit is not allowed in order to ensure the maximum dv/dt below 
2 kV/μs for EMI performance [33]. 
 As the lost time is the resonant time Tres (t3-t4 in Fig. 6) and 
the ZVS transition time TZVS (t0-t1, t2-t3, t4-t5, and t6-t7 in Fig. 6) 
[33], the effective duty cycle for energy transfer over a 
switching cycle Tsw is given by (24). The magnetizing current 
can be calculated in (25), basically the sum of the input and the 
output peak line current for this three-phase application over the 
effective duty cycle. 
𝐷𝐷eff = 1 − (𝑇𝑇r + 𝑇𝑇ZVS)/𝑇𝑇sw ≈ 1 − (𝜋𝜋�𝐿𝐿r𝐶𝐶r + 2 𝑉𝑉max𝐶𝐶r

𝑖𝑖m
)/𝑇𝑇sw (24) 

𝑖𝑖m ≈ (𝑖𝑖1 + 𝑖𝑖2)/𝐷𝐷eff                            (25) 
Solving the equation sets (24)-(25), the magnetizing current can 
be computed. Note that in this current-source S4T, the 
magnetizing current always flows through two reverse-
blocking switches during the effective duty cycle [33]. Then, 
conduction loss can be calculated using the equivalent 
resistance of the SiC MOSFET, the forward drop and the 
equivalent resistance of the SiC diode [33], and the DC and AC 
winding resistance of the MFT prototype in [42]. The switching 
loss is small due to the ZVS and the application of the efficient 
SiC devices [39]. Losses including the switching loss, stray 
loss, etc., sum to be around 1% [33]. As such, the efficiency of 
the S4T can be evaluated, while the worst-case voltage stress 
can be calculated by (21)-(23). 
 The efficiency, DC-link current im, and effective duty cycle 
versus voltage stress trade-offs under leakage inductances from 
0.2 µH to 4 µH are illustrated in Fig. 20. According to (21)-
(23), the voltage stress can be decreased by increasing the 
resonant capacitance. However, the increased resonant 
capacitor can increase the lost time during Tres and TZVS, 
reducing the effective duty cycle in (24). Smaller effective duty 
cycle results in higher magnetizing current in (25) and device 
conduction loss, thus lower efficiency. The above explains the 
trade-offs on the efficiency, the DC-link current im, and the 
effective duty cycle versus the voltage stress. 

 
In Fig. 20, the voltage-stress line at 850 V, i.e., ~70% of 1.2 

kV is plotted. Focusing on intersection points A-E in Fig. 20 (a) 
which correspond to the best possible efficiency under this 
voltage-stress limit, the following observations are made. First, 
increasing the resonant capacitance Cr cannot further mitigate 
the voltage stress beyond a certain extent, where the efficiency 
steeply decreases with no visible reduction on the voltage stress 
on the left of the 850 V line in Fig. 20 (a). This is because the 
increase of resonant capacitor demands higher magnetizing 
current im. The steep rise in im in Fig. 20 (b) can lead to much 

 
(a) 

 
(b) 

Fig. 21. DC-link current versus voltage stress trade-offs under leakage 
inductances from 0.05% to 1% for (a) a 1 kVA 480 V S4T and (b) a 100 
kVA 480 V S4T. The resonant capacitance Cr is swept (a) from 1 nF to 80 
nF and (b) from 100 nF to 8 μF. 
 

 
Fig. 20. (a) Efficiency, (b) DC-link current, and (c) effective duty cycle versus voltage stress trade-offs under leakage inductances from 0.2 µH to 4 µH for a 
25 kVA 480 V S4T. The resonant capacitance Cr is swept from 25 nF to 2 μF. Points A, B, C, D, and E correspond to 40 nF, 85 nF, 135 nF, 390 nF, and 1675 
nF Cr, respectively. The results in (a)-(c) are generated analytically, which are based on the experimentally verified voltage-stress equations. 
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higher voltage stress in (21)-(23) which negates the stress-
mitigation effect on (21)-(23) from large resonant capacitance. 
Second, the 4 μH leakage inductance (1% of the magnetizing 
inductance) trace is barely on the boundary of the permissible 
voltage stress. Higher leakage inductance can exacerbate the 
stress. Thus, leakage inductance higher than 4 μH cannot ensure 
the safe operation of the S4T. Third, the best efficiencies at 850 
V stress for 0.2 μH (point A), 0.5 μH (point B), and 0.8 uH 
(point C) are respectively 97.37%, 97.32%, and 97.28%, 
differing by less than 0.1%, which means the marginal benefit 
of reducing the leakage inductance beyond 0.8 μH rapidly 
diminishes. The efficiency under 2 μH leakage inductance at 
850 V stress ends up to be 97.05% (point D) and is close to the 
0.2 μH case. Also, the effective duty cycle of around 90% under 
2 μH leakage inductance at 850 V stress is reasonable. 
Therefore, 2 μH or 0.5% leakage inductance versus 
magnetizing inductance is the leakage inductance threshold of 
this case study for the safe and efficient operation of the S4T. 
Furthermore, improving the leakage inductance beyond 0.8 μH 
(0.2% of the magnetizing inductance) does not show significant 
advantages. 

In Fig. 21, the dc-link current versus voltage stress under 
0.05% to 1% leakage inductances is illustrated for another two 
power levels of the LV S4T, i.e., 1 kVA and 100 kVA. It can 
be observed that the boundary voltage stress with 1% leakage 
inductance is about 833 V and 885 V for 1 kVA and 100 kVA 
S4T, respectively. Both values are close to ~70% of the 1.2 kV 
device rating. Therefore, the 1% leakage-inductance-versus-
magnetizing-inductance ratio is applicable to the LV S4T 
modules for a range of power at least from 1 kVA to 100 kVA. 

VI. CONCLUSION 
 This article proposes a new modulation scheme and studies 
the impact of leakage inductance in a medium-frequency 
transformer (MFT) on a current-source solid-state transformer 
(SST). First, a generic modulation scheme is proposed to 
address improper device-voltage-sharing-induced voltage 
stress in conventional modulation on the current-source soft-
switching solid-state transformer (S4T). Experimental results 
with the conventional modulation verify the existence of the 
~150% voltage stress.  Experimental results with the proposed 
modulation comprehensively verify the proposed modulation 
on the AC port and the DC multiport of an AC-DC S4T 
prototype under both steady state and transient conditions. To 
better understand the significance of the proposed modulation 
scheme, an example of LVDC distribution application is given. 
With the proposed scheme, 600 V or 650 V devices can be used 
for a 380 V or 400 V LVDC grid, while 900 V devices have to 
be used under ~150% voltage stress without the proposed 
scheme. 

Second, the impact of leakage inductance of the MFT in the 
design of S4T and equations to calculate the voltage stress are 
proposed. Experimental results of a DC-DC S4T prototype and 
an AC-AC S4T prototype with a 1:1 MFT and a 4:1 MFT 
comprehensively verify the proposed concepts. In the literature, 
the question that minimizing the leakage inductance in the S4T 
to what level is sufficient remains unclear. Importantly, based 

on the proposed concepts, a case study is given as an attempt to 
understand the tolerable leakage inductance limit for safe 
operation, which is critical to guide future research and design 
efforts. The case study of a three-phase LV AC-AC S4T reveals 
that the MFT leakage inductance limit for safe operation is 
around 1% of the magnetizing inductance. 
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