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Abstract—The power and voltage levels of renewable energy
resources is growing with the evolution of the power electronics
and switching module technologies. For that, the need for the
development of a compact and highly efficient solid-state
transformer is becoming a critical task in-order to integrate the
current AC grid with the new renewable energy systems. The
objective of this paper is to present the design, implementation,
and testing of a compact multi-port solid-state transformer for
microgrid integration applications. The proposed system has a
four-port transformer and four converters connected to the ports.
The transformer has four windings integrated on a single common
core. Thus, it can integrate different renewable energy resources
and energy storage systems. Each port has a rated power of 25kW,
and the switching frequency is pushed to S0kHz. The ports are
chosen to represent a realistic industrial microgrid model
consisting of grid, energy storage system, photovoltaic system, and
load. The grid port is designed to operate at 4.16kVAC
corresponding to 7.2kV DC bus voltage, while the other three ports
operate at SO0VDC. Moreover, the grid, energy storage and
photovoltaic ports are active ports with dual active bridge
topologies, while the load port is a passive port with full bridge
rectifier one. The proposed design is first validated with simulation
results, and then the proposed transformer is implemented and
tested. Experimental results show that the designed system is
suitable for 4.16kVAC medium voltage grid integration.

Index Terms— Co-simulation, high frequency, high power,
medium voltage, microgrid, Multi-port, solid state transformer.

1. INTRODUCTION

HE concept of Solid-State Transformer (SST) utilizes a
high/medium frequency transformer applied in a power
electronic converter. An increase in the operating frequency
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will make the volume and power density level superior to the
traditional 50/60Hz transformers. Modern advancements in the
magnetic material discoveries as well as high frequency
switching modules development made it possible to have the
desirable highly efficient high-power density SSTs. The new
technologies allow the system to have a high saturation flux
density, low core power loss, and low switching & conducting
losses [1]-[3]. Many studies have been projected lately on SST
design and applications [4]-[11]. However, most of these studies
are based on conventional two-ports transformers. The
significant increase in the number of Distributed Generations
(DGs) and the significance of microgrid concepts has shaped the
need for a single compact element integrating multiple
renewable sources. This triggered the idea of a Multi-Port Solid
State Transformer (MPSST) concept. Few articles and research
work have been directed towards this concept [12]-[19]. To get
rid of using several power electronic converters which utilize
only two windings solid state transformers, a multi-port solid
state transformer can reduce the overall system volume and
increase its efficiency and power density.

Although MPSST has multiple ports, it is still a kind of
modified Dual Active Bridge (DAB) topology. As it is well
known, leakage inductance is one of the most important
parameters in these converters. A small leakage inductor value
increases the di/dt ratio on the switch current and forces the
switch to its limitation. In addition, for the same power level,
current crest factor will increase, and it will result in an increase
in system losses [20]. On the other hand, the high value of
leakage inductance raises other problems especially if an
external inductor is utilized in the system topology. The
maximum amount of power that can be transferred to the
secondary side of the DAB converter is directly related to the
leakage inductance. A high leakage inductance value limits the
power throughput transfer capability.

The leakage inductance value depends basically on the
winding placement, core geometry, insulation thickness, and
hence, coupling coefficient between the windings. In addition,
system requirements such as power density, high efficiency,
medium voltage insulation specification, partial discharge, etc.
will increase the complexity of the transformer design. For a
multi-port transformer system, design of the high frequency
transformer and achieving the needed leakage inductance value
is even more difficult [6]. Incorporation of several renewable
energy resources in a single compact system will be a major
design breakthrough for the upcoming smart distribution
systems.
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In this paper, integration of four different ports will be
discussed and presented. The four-port SST could be exploited
in micro and smart grid applications. This research work aims
at a rated power of 25kW for each connected port. The different
ports can exemplify different DGs such as photovoltaic system,
energy storage, and wind turbine. In this research paper, the first
port illustrates a 4.16kVAC utility grid, while the other three
ports operate at 500VDC representing an energy storage,
photovoltaic, and a regulated passive load system. The goal is
to demonstrate the operation and functionality of the medium
voltage multi-port solid state transformer theory, thus, it will be
assumed that a 7.4kV DC bus (corresponding to 4.16kVAC)
and three 500V DC buses (corresponding to the energy storage,
PV, and load) are available. The passive load port will be
connected to a full bridge rectifier, while the other three active
ports will be connective to DAB converters operating at S0kHz
switching frequency. Furthermore, the energy storage and
utility grid ports will be considered as bi-directional ports so
that power can either be delivered or absorbed, while the PV
will be unidirectional one. Fig. 1 summarizes the four-port SST
system that will be studied in this paper.

There are two major challenges in this system: power flow
control between the four ports as well as designing, building, and
testing of the four-windings 50kHz medium voltage SST. In this
paper, the focus is being directed towards the latter point, while
the control study has been developed and published in [21].
Transformer modeling complexity incorporates several
tradeoffs that should be carefully studied and adjusted for. A
detailed analysis has been performed in-order to examine the
desired transformer core material/shape/size/volume, windings
placement/configuration/ number of turns, insulation level,
leakage/magnetizing inductances, transformer core & copper
losses, efficiency, and power density. The design and modeling
have been carried throughout a Finite Element Analysis (FEA)
simulation. The SST model functionality is verified by ANSYS
Maxwell-3D and ANSYS Simplorer co-simulation studies.
Then, the designed transformer and converter are implemented
and tested for results validation and proof of the medium voltage
multi-port solid state transformer (MV MPSST) concept.
Experimental results will be shown at the end of this work.

Fig. 1: Four-ports medium voltage solid state transformer (MV MPSST)

II. TRANSFORMER DESIGN PROCEDURE

In high frequency transformer design, several tasks & studies

must be conducted in parallel. For instance, determination of
mechanical parameters and material selection is considered a
critical design issue. Defining these parameters directly affects
the electrical parameters such as leakage inductance, energy
density, and efficiency.

TABLE L.
Core Material Comparison
Material Flux 1/Price Frequ-  Dimension 1/Loss
Density ency Avaliability
Ferrite * ook ko ok k sokokok
Amorphous ook wk *ok wk *x%
Silicon Steel ok HHAk * sk *
Nanocrysta- - * kK ok sk

Iline

A. Core Selection

The commonly used transformer core materials are si-steel,
ferrite, nanocrystalline, and amorphous. The MV MPSST
transformer must use the optimal material for the 50kHz,
25kW/port application. A literature review has been performed
to compare the material characteristics at the systems’ rated
voltages, power, and switching frequency levels. A summary of
the properties of the core materials is given in Table I. Analyzing
the material differences sorted out silicon steel and amorphous
and focused on ferrite and nanocrystalline cores. Although the
flux density of the nanocrystalline are high compared to ferrite
core, nanocrystalline loses its advantages over ferrite when the
frequency increases in terms of core loss. In addition, the ferrite
core is an easily available material in terms of size, shape, and
commercial availability. Consequently, ferrite 3C94 material
has been used for the MV MPSST transformer.

Shape of the transformer is critical as it affects the leakage
inductance value, core cross-sectional area, volume, energy
density, and thus, the transformer overall size and compactness.
Designing a challenging system as the MV MPSST has two
critical constraints to be studied and accommodated for:
avoiding the core saturation and minimizing the leakage
inductance. The core-shape and shell-type configurations have
been studied on a 330kW 50kHz two-port transformer [4].
Compared results between the two shapes proved that the shell-
type configuration increases the transformer efficiency and has
lower leakage inductance than the core-type one. Subsequently,
the shell-type has been chosen as the MV MPSST core
configuration. Therefore, the three low voltage windings will
be interleaved in the middle leg to maximize the coupling
coefficient, and the medium voltage winding will be placed on
top of them taking into consideration careful insulation.

B. Transfomer Formulation

Mathematical formulations for transformer characterization
and operation have been derived. A MATLAB optimization
algorithm has been developed in-order to choose the transformer
parameters as a starting point for the modeling phase. Some
equations used in the design optimization phase are given below.
The relation between the product of mechanical dimensions with
power rating, current density, flux density and frequency is given
in Eq (1):
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where J is the current density, fis the switching frequency, By
is the maximum flux density, 4. is the core cross-sectional area,
A, is the product area, W, is the window area, S is the rated
power, Ky is the waveform coefficient, and K., is the window
utilization factor.
Transformer equations for induced voltage, core loss,
winding loss, maximum flux density and number of turns are
summarized below:

v(1)=N dégt) = NA, dzgt) v(1) 2
PCore = kref Bﬁfa (3)
4
B e, v
N = L(l—ij ®)
K, A.B,f b4

where V' denotes the induced voltage, N number of turns, / rated
current, Peor. core losses, ks, ff and a core coefficients extracted
from the material datasheet, a wire coefficient, Py, switching
losses, and T, dead-time for switches.

C. Four-port Transformer Equivalent Circuit Derivation

In this section, a systematic approach for calculating the
leakage and magnetizing inductances and obtaining the
equivalent circuit of MPSST is presented. This method
generates a model for the given MPSST structure. Then, the
four-port MPSST inductance matrix which includes the self
and mutual inductances is extracted from ANSYS Maxwell-
3D simulation for this model. Finally, the leakage and
magnetizing inductances which define the equivalent circuit
of the MPSST are calculated by using derived mathematical
equations and this inductance matrix.
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Fig. 2. General MPSST Configuration.

As seen from Fig. 2 for a general MPSST configuration, all
ports are magnetically coupled and form self and mutual fluxes
which have effects on power transfer among the interacting
ports. The analysis process is as summarized in the flowchart
given in Fig. 3.

As a first step, fluxes equations are written, and induced
voltage equations are derived by using Faraday’s law [22], [23]:

v =N, %[% + ¢1 + ¢172 + ¢173 + ¢174 + ¢17273 + ¢17274 + ¢17374 ] (6)

AT T e,
Derive the flux and the
induced voltage cquations
using Faraday's law

Refer voltages and
currents to according to
the winding 1

ol

Extract the inductance
maltrix via Ansys-Maxwell
3D model

Derive inductance
equations

Caleulate the leakage and

magnetizing inductances

Validate the calculated
leakage and magnetizing
inductances via Ansys
Simplorer.

Validate the results on
physical MPSST setup.

Fig. 3. Flowchart of the MPSST analysis process.

v, =N, %[% AR I Pl SR I S ¢1-z-4] (7
V3 = N3'%[¢m FOFG D Dt ¢17374] 3

Vy = N4'%[¢m + ¢4 + ¢174 + ¢274 + ¢374 + ¢27374 + ¢17274 +¢17374 ]§ (9)

where N; is the number of turns of winding i (for i=1,2,3,4); ¢,

is the main flux linking all four windings, @; is the self-leakage
flux, and ¢, and ¢ are the mutual fluxes. The flux

i—j—k

equations can be writtenj as:
¢,=P, (N, i, + N, i, + Ny iy + N,-i, ) (10)
¢ =P-(N,-i)fori=1234 (1D
., =P -(N.i+N,-i)),i=123 j=234and i#j (12)
A ~(Nl. i+ N+ N, ~i,€), for i=1,2 and j=2,3 and
k=3.4 and i##k (13)
Here, B, is the permeance across the main magnetic path g, ; P;
is the permeance across magnetic path ¢ ; F,_; s the permeance
across magnetic path ¢, ; (for i=1,2,3 and j=2,3,4 and i#), and
P

i-j—k

and j=2,3 and k=34 and i##k).
If flux equations are substituted and re-arrangements are done,
the voltage equation is obtained as:

is the permeance across magnetic path ¢, ., (for i=1,2

di
Y :le‘jltl(Pm +R+R,+B,+h ,+F,+

di
P17274 + 1)173—4 ) + Nl ‘Nz‘jlz'(Pm + ])1—2 + 131—2—3 + P172—4 ) +
. (14)
di
N1~N3-d_;-(Pm + PH +131—2—3 + 13173—4) +
di
NN, S

; ‘(Pm +R ., +B, ,+ P17374)
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Similarly, v2, v3, and v4 are derived and formulated. The ports
voltages and currents can be referred to the first winding by
using:

N
=L (15)

1 i
where v, , i, are voltage and current of the i-t4 winding

reflected to the first winding, respectively. Then, the reflected
ports voltages can be written as:

N, .
v, =—-v,_ and i

i

di
W= N (B A R R+ R+ R4 Bt R+ By
di
NETEL(B 4 R4 B+ By )+
di,_
+N12~f'(Pm +HR5+Hh.,, +E-3—4)+
2 di4—1
N di (Pm +R-4+E-2-4+R—3-4)
(16)
2 di
Vo, =N, E(Pm +R,+h,, +R—2—4)+
N2t (p v B PP+ P 4Pt
dt " (17)
})234+})124)+N2 (P +})23+})123
di
Pz_3_4)+N12 ;Zl (P +P2 4+P2 3- 4+P1 2- 4)
2 dll
Vi =4V E(Pm +F,+H,, +P1—3—4)+
N2 (p g vp eB L)
dt (18)
> diy
N;. o (P,+P,+P_,+P_+P_ +P_, ,+P , ,+
di,
})17374)+N124 ;[1 '(Pm +P,+P ., +Pl—3—4)
di di,_
vy, :Nf.;tl(Pm +P_,+P_, ,+P_, ,)+N;. ;tl .
di,_
(Pm +132—4+132—3—4+R—2—4)+N12'§' (19)
di
(Pm +P374 +sz374 +131—3—4 )+N12~ c;;l ’

(Rn O AR B B B, P17374)

D. Definition of Design Parameters

Ferrite 3C94 core has been used with AWGH#8 and AWG#16
Litz wire for low voltage and medium voltage windings,
respectively. After running a MATLAB optimization code, the
following analysis was concluded. In Fig. 4, the variations of B,
core loss (P.), winding loss (Py), sum of core and winding losses
(transformer losses, P;), sum of transformer and switching
losses (total losses, P;), and core and copper weight, have been
plotted and demonstrated with respect to 4. and N. Analyzing
the graphs shows that for the LV ports, 4. and N being in the
range of 34.08-51.12cm? and 6-12, respectively, will result in a
high transformer efficiency. However, it was noticed that going
above 9 turns will increase the core and copper volumes, and in-
return, causes an increase in the cost and a reduction in the power
density. These results gave a good building block information
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Fig. 4. Results for theoretical calculations.
and starting point for the MV MPSST design phase.

E. Insulation Requirement

The insulation requirement for a dry-type transformer is
explained in IEEE Std. C.57.12.01 and IEEE Std. C57.124. The
Basic Impulse Lightning (BIL) test voltage for this MV MPSST
transformer shall be in the range of 30kV. The most important
limitation regarding the insulation is the effect of the thickness
of the insulation materials in the high voltage windings and
transformer core. There are two cases here, the first is the need
to increase the physical dimensions of the transformer, and the
second is that the leakage inductance increases due to the
decrease in the coupling coefficient. In-order to ensure proper
insulation between windings, 10kV AC polyurethane-nylon
(MWS80-C) has been used as Litz wires insulation jackets.
Moreover, multi-layer Kapton adhesive taped on Nomex818
sheets were inserted as inter-winding insulation layers. These
sheets reached more than 32kV of insulation level. In addition,
the transformer core must be covered with these insulation
sheets in order to avoid insulation breakdown between the core
and the medium voltage (MV) terminal cables at 7.4kV
potential. Finally, and as a rule of thumb, the LV windings are
wrapped first around the transformer mid-leg, and the MV
cables at the outer layer to avoid MV/core insulation breakdown.

F. Extracting Four-port Transformer Parameters

Several models have been simulated with different core sizes
(34.08-51.12cm?), number of turns (6-9), and winding
arrangements as shown in Fig. 5 and Table 2. Each design is
modelled in ANSYS Maxwell-3D, and then co-simulated with a
power electronic converter modelled in ANSYS Simplorer. The
transformer is tested for different operating conditions with
different phase-shift angles. It should be noted that ANSY'S just
gives the self and mutual inductance matrix between the four
ports and does not calculate the leakage and magnetizing
inductance values. Therefore, a systematic and theoretical
mathematical derivation has been carried out in-order to
calculate these inductances values. The MPSST equivalent
circuit was derived and the winding arrangements have been
taken into consideration in-order to calculate the leakage
inductance for all the models of Fig. 5.

As a next step, the four-port transformer is modelled and
simulated with ANSYS Maxwell-3D to obtain the inductance
matrix. The transformer core is designed with Ferrite MnZn
3C94 core with a number of turns of: N;..y = No.py =N3.py =9
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Fig. 5. Investigated MV MPSST design models: Side View & Cut-out.

TABLE IT
DESIGN MODELS DIMENSIONS

Model No. 1 2 3 4 5 6 7
Shapes Used 8U 8U 8U 8U 120 120 12U

di;

v27l d
di,_

;t' (L, +Ly+ L, + Ly, + Ly

di,_

(;t ! (L'm +L +L , +L, ) +

di, |

dt

L, + L, + L+ L, )+

1
+L234

L

1-2-3

+L11 2- 4)

(L, +Ly  + Ly + L, )

2n

_ di
T
— (le + lefa + Lllfzfa + L127374 ) +

(L +L1 3+L1 2-3 L117374)+

— 1 1 1 1 1 1 1 1
.(Lm +L+L, L+ L L, + L, 5, +L1_3_4)+

St (L L+ L+ L)
22)

1 1
st Lyt L 4)

=L (L +L +L , ,+L ,,
dt ( - ) (23)

_d AL, v I
dt

A (em?) 341 341 341 341 511 511 511
1122 1122 1122 1122 1683 1683 1683
99.6 995 99.0 985 995 985 997

Volume (cm®)

Efficiency (%)

turns and Ns.mv=130 turns. The inductance matrix for example
for model-7 extracted from Maxwell-3D simulation study is
given below:

L, M, M, M_
M,, L., M,; M,, _
M., M, L., M,

_M4—l M,, M, L.,

[0.007248 0.007245 0.007247 0.104630
0.0072459 0.007248 0.007246 0.104661
0.0072472 0.007246 0.007248 0.104644

| 0.104630 0.104661 0.104644 1.512256

The leakage and magnetizing inductances referred to the first
winding can be defined as L =N .P for i=1,234;
=N}.P_ori=123andj=234andi# ,L_,_, =N} .P__,

for 1=1,2 and ]=2,3 and k=3,4 and i#j#k; and L, = N].P,

By substituting the leakage and magnetizing inductance
formulas into the induced referred voltage equations (16) - (19)
we get:

di

y, = dll(L' FL AL 4L L AL L, D)t
di,_
(L, + L, + L, + L, )+

dt
b
%(L‘m +L,+L, , +L11+4)+
di
f(ﬁm +L1174 + L117274 + L117374)

(20)

d:;t“ (L, +L 4Ly + Ly )+
di, |
dt
The obtained equivalent circuit the MPSST referred to

winding “1” is shown in Fig. 6. Hence, the inductance matrix

for the four-winding solid-state transformer will be defined as:

1 1 1 1 1 1 1 1
'(Lm + L4 + L1-4 + L2-4 + L3-4 + L2—3-4 + L1-2-4 + L1-3—4 )

v L, M., M_, M_ i
Val_ M,, L, M,, M,, i i, (24)
v, M M,, L M, , | dt|i,

M M L

124! @ Ln..{tzﬁ' Lagh Lgs? LIQhL
Fig. 6. MPSST equivalent circuit referred to the first port.

Where:
L, =L +L+L,

+L

1-3-4

+ L

1-2-4

+L

1 1
+Ll*3+L 1-2-3

N2
:N_zz[le + le + Lll—z + le-s + L12—4 + L11—2-3 + L12-3-4 + L11-2-4]

1

L22

N2
= N_32|:le +L13 +Z}273 +L1173 +Ll3 4 +L11 2-3 +L127374 +L117374:'

1

L3—3

N2
L 4 :N_‘;I:le + Ll4 +L1174 + le74 + L1374 + L127374 + L117274 + L117374:'
1
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=
N

N.
M, =Vz|:l}m + Lllfz + Lllfzfs +Z'117274:|

1

M13

N.
M, zﬁ[l‘lm + L11—3 + L11—2—3 + L11—3—4 :I

1

N,
M_, =M, :V“[le + L11—4 + L11—2—4 + Li—3—4]
1

N,.N.
M,,=M,,= ]2\72 : [le +L12-3 +L11—2—3 +L12-3—4]
1
N,.N
M274 = M472 :#[L‘m + L1274 + L127374 +L117274:|
1
N,.N,
M, =M, = ]3\72 . I:le + L13-4 +L12—3—4 +Li—3—4]

1

Based on the specific magnetic structure used in the MV
MPSST (Fig. 7), the fluxes present in the core (and hence their
corresponding inductances) are:
¢m ’ ¢1 ’ ¢2 ’ ¢3 ’¢4 ’ ¢1—2 ’ ¢3—4 ’ ¢l—2—3 ’ ¢2—3—4
b=t s=b,=b=4,,=4,,=0 as they
sandwiched and dictated by the optimized shell-type MPSST
winding arrangement. Then, a MATLAB code is developed in
order to solve equation (24) in which the leakage and
magnetizing inductances are calculated. For instance, for
model-7 (uH) we get: L =7243.7, L, =1.2191, L, =-0.0615,
L, =-0.0386 , L, =2.2833 , L, ,=13571, L, ,=1.1912 ,
L ,,=22587 , L, ,,=00961 ,
L11-4 = L11-3 = L12—4 = le-s = Li-2—4 = L11-3—4 =0

Based on our derived equivalent circuit given in Fig. 6 and

calculated values above, the magnetizing inductance and each
ports’ leakage inductance value are calculated. For example, for
model-7, port-1 leakage inductance
=L+L ,+L ,,=12191+1.3571+2.2587 = 4.8349 uH .

Insulation Sheets
LV Port 1
LV Port 2

while

are

MV Port 4

Fig. 7. MV MPSST Maxwell-3D model.

III. SIMULATION RESULTS

Simulation of the complete system by linking the Maxwell-
3D model (physics and magnetics of the transformer) along with
Simplorer circuit (power electronics circuit) will result in a
complete and realistic simulation of the entire MV MPSST
system. After the evaluation of the possible design models for
the proposed MV MPPST (Fig. 5), Maxwell-3D/ Simplorer co-
simulation studies are carried out (Fig. 8). The ports voltages of

the system are 7.4kVDC for MV grid port and 500VDC for
energy storage, PV, and load ports. The simulation is carried out
at 50kHz switching frequency and at full load to deliver 25kW
to the load port. The duty cycle of the PWM signals are kept
constant at 50% and power control is obtained by controlling the
phase-shift angles among the H-bridge converters. The obtained
results from the simulation studies are compared in terms of core
shape, effective cross-sectional area, volume, transformer losses,
and efficiency. Comparison showed that the leakage inductance
is adversely affected in terms of the insulation and placement of
the high voltage winding. As a result, besides the parameters
such as size and efficiency, lower leakage inductance has been
chosen as the main target. Results showed that model-7 provides
the lowest leakage inductance with the highest efficiency level.
The flux distribution of this model is given in Fig. 9. It is seen
that the maximum flux density is around 0.11691T which is
below the design target limit that is defined by ferrite material
specifications. The detailed parameters of the selected optimal
model are given in Table 3. As seen from the results, the total
loss of the transformer is obtained as 73.4W, and then the
efficiency of the transformer is calculated as 99.7%.

Fig. 10 shows the ports currents and voltages waveforms
obtained from ANSYS Maxwell-3D/ANSYS-Simplorer co-
simulation results for Model-7. As can be seen from the figure,
while the PV and grid port currents are in one direction, the load
and energy storage port currents are in reverse direction. At this
instant, the grid and PV ports are delivering power to the load
and energy storage ports. Besides, the losses of the transformer
and efficiency of the proposed transformer is calculated and
variation of the transformer efficiency versus load level is given
in Fig. 10(c).
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Fig. 9. Model-7 Flux Distribution.
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TABLE IIT
OPTIMAL DESIGN PARAMETERS

Parameter Value
No. of Turns 9/9/9/130
Litz Wire (AWG) 2x8/2x8/2x8/16
Buax (T) 0.11691
ES 4.834
Load 4.515
Leakage Ind. (uH)  Grid 925.431
PV 4.372
Magnetizing Inductance (uH) 7243.7
Transformer Losses (W) 73.4
Efficiency (%) 99.7
Effective Area (cm?) 51.120
Core Volume (cm®) 1683
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(c) Efficiency versus load level variation of the proposed transformer
Fig. 10. Simulation results for Model-7.

IV. EXPERIMENTAL SETUP AND TEST RESULTS

After the desired design specifications are achieved for
simulation studies, the designed transformer is built. In Fig. 11a,
a picture of the built transformer is shown. The windings are

placed on the middle leg core with interwinding insulation
layers. All three low voltage port windings are wrapped
together to increase the coupling coefficient. Core to core,
winding to winding, and core to winding insulation are
carefully considered in this process. A cold plate is used for
thermal management and heat dissipation. As a final process,
the transformer can be potted to improve both the insulation and
the thermal conductivity. However, since this structure was
used in experimental studies, this method was not used.

To test the transformer, three DAB converters are designed
and implemented using 1.2kV SiC MOSFETs. Since the MV
port is considered as the load port (for testing purposes as high
voltage switches are not available), a MV bridge rectifier is
implemented by using SiC Diodes with 1.7kV voltage rating.
Six series-connected diodes were used for each MV bridge
rectifier’s single diode at the load side and complete rectifier
unit is given in Fig. 11b. MV load port is loaded with 13.6kOhm
resistor bank and an external 20uH to limit the peak current at
the LV switches side. The experimental set-up implemented to
test the designed MV four-port MPSST is depicted in Fig. 12.
All MOSFET modules and drivers, control board, signal
conditioning board, MV four-port transformer, and MV
rectifier can be seen from the figure.
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Fig. 11. (a) The designed transformer (186/152/90mm Width/Height/Depth).
(b) MV Bridge Rectifier at the load side.
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Fig. 12. MV four-port transformer test set-up.

For limitation in switches current and power supply used,
two ports were tested to reach and validate the 7.4kV at 4kW
power level. To test the system, voltage level was increased
gradually. In Figs. 13 and 14, waveforms of the port voltages
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and currents are depicted for 3.6kV and 5.6kV, respectively.
Then, the system is tested at its rated value 7.4kV as can be seen
in Fig. 15. As it can be seen from the figures there is a low
frequency swinging. Since availability of the high voltage
switches are limited, in this study, (as explained above) serial
connected 1.7kV diodes are used to design the rectifier used in
the MV port. Similar situation is valid for the DC capacitors,
serial connected capacitors are used to reach up to 7.4kV. In
addition, for safety reasons, long Litz wires are used to connect
the transformer to the MV bridge rectifier PCB. However, the
resultant inductances of the connection port and parasitic
capacitances of the rectifier interact and cause the swinging
seen in the testing result waveforms. In these figures, the MV
voltage probe attenuation factor is 2000 while the maximum
factor in the oscilloscope is 1000 (Model CT4079). Therefore,
the real MV port voltage is twice the voltage measured by the
oscilloscope. As the medium voltage has been verified, the next
step will be to lower the voltage (again, power supply limitation)
and test all the ports and analyze the power flow with the closed
loop control implemented [21].

When the experimental and simulation results are compared,
it is seen that the results are consistent. Thus, the four-port
converter structure capable of 50kHz switching has been
successfully tested at 7.4kV medium voltage level.
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Fig. 13. Primary Voltage (Probe 3) and Current (Probe 2), and Medium
Voltage 3.6kV (Port 1)
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Fig. 14. Primary Voltage (Probe 3) and Current (Probe 2), and Medium Voltage
5.6kV (Port 1)

Fig. 15. Primary Voltage (Probe 3) and Current (Probe 2), and Medium Voltage
7.4kV (Port 1)

V.CONCLUSION

In this study, a four-port SST which can connect four
different load or source ports together is designed for microgrid
applications. One port of the transformer is designed to be
operate at MV (compatible with 4.16kV AC voltage). Different
design models are considered, and optimal design is obtained.
The obtained design model simulated and with FEA software
and 99.7% transformer efficiency is obtained. Then, the
designed transformer is implemented. In addition, to test the
transformer, a test set-up including LV full-bridge converters,
MYV rectifier is implemented. 7.4kV voltage level is reached and
validated.
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