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Abstract — Grid-connection and startup of solid state
transformers (SST) based on modular topologies are studied in
this work. A simple solution is implemented to feed the
auxiliary electronics (i.e. sensors, control boards, drivers, etc.)
of each SST module. It is based on feeding this circuitry from
the DC links of the module using Auxiliary Power Supplies
(APS). However, this structure leads to a problematic
energization of the SST due to the threshold input voltage of
the APS. Before the DC link capacitors are charged to this
voltage threshold, the APSs are not functional and
consequently SST energization and connection to the grid are
performed without monitoring. Although startup in this
situation is problematic, adequate procedure can prevent
unwanted transients. In this paper, a step-by-step simple
procedure is proposed for energizing a three-stage SST based
on a Cascaded H-Bridge (CHB) modular topology. Simulation
results as well as experimental tests are presented.

Keywords— Solid State Transformers, Cascaded H-Bridge,
modular, multilevel, auxiliary power supplies, grid forming,
grid feeding, start-up, energization, pre-charging.

I. INTRODUCTION

Solid State Transformers (SST) are the replacement for
conventional Line Frequency Transformers (LFT). They are
recently gaining research attention due to their wide range of
functionalities in comparison to the LFTs [1], [2]. This is
due to the fact that these smart transformers are formed by
power electronic converters functioning at a relatively high
switching frequencies. This enable them to provide many
advantages like DC low voltage (LV) ports, controlled
bidirectional power flow, protections, fault ride-through,
imbalances and harmonics compensation [3]. These are
appealing features for applications like smart grids to
efficiently integrate distributed resources and storage
systems. SSTs also provide a relevantly higher power
density, which is of special interest for applications where
volume and weight are critical. Good examples are traction,
offshore and subsea applications [4]-[6]. On the other hand,
there is always the question of reliability and robustness of
the SST in comparison to the LFT and it is obvious that, in
this aspect, the LFT is superior. However, recent
achievements in the field of semiconductor devices are
opening a way to a possible change of this. The faster
switching speeds and higher blocking voltages of
semiconductor devices can allow a possible relevant
enhancement to the SST reliability [7].

Various examples of different SST topologies are
available in literature [7]-[13]. The differences are mainly
the number of stages and the modularity [14]. Three-stage
topologies are preferable as they provide more flexibility,
simpler control and commutation as well as optimization of
the full SST by dividing it into three separate stages.
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Modularity is mainly advantageous for achieving
redundancy pushing the SST a step forward towards
reliability. The importance of selecting a modular design is
directly related to the required voltage levels that the SST
has to interface as well as the rated power transfer that it has
to process [14]. Non-modular multilevel topologies can be
employed for high voltage grid levels, however, it
compromises the redundancy and fault tolerance of the SST.

One of the widely used SST topologies is the modular
three-stage topology where one stage is a modular AC/DC
converter to interface with the medium/high voltage
(MV/HV) grid, the second is a DC/DC converter and finally
a DC/AC conventional LV converter to connect to the LV
grid. Many works in literature have studied this SST
structure focusing on the different aspects of modelling,
control techniques, efficiency improvements, protections
and fault tolerance [5]-[16]. However, few ideas are
presented related to the energization and the start-up of this
specific SST structure. In literature, this topic is mostly
discussed for non-modular topologies. Moreover, to the best
of the authors’ knowledge no experimental results have been
provided dealing with the first stages of the SST connection
to the grid, including issues like pre-charging DC links,
energizing auxiliary electronics in each of the SST modules,
dealing with the possibility of operating in grid forming or
grid feeding at any of the SST ports, etc.

In [17], the SST has a three-stage non-modular structure,
in which the AC/DC stage is a conventional rectifier, the
DC/DC stage is a dual half-bridge (DHB) and the DC/AC
stage is a conventional inverter. The authors provided results
for a straight forward stage-by-stage energization technique
which resulted in high inrush current measured at the High
Frequency Transformer (HFT). A procedure for decreasing
this inrush current was proposed in [18]. The main idea was
basically synchronizing the charging of the rectifier and the
DC/DC stage DC links to achieve almost the same voltage at
the terminals of the HFT. In [19], the SST topology is a
three-stage non-modular multilevel structure based on a 3-
level NPC converter acting as the AC/DC converter. In
order to reduce the transients at the instant of the SST
connection to the MV grid, charging of the MV DC link (22
kV) from the LV port is proposed. Regarding supplying the
auxiliary electronics, in [20], strategies for implementing an
Auxiliary Power Supply (APS) for a modular three-stage
SST and a process to start it up are discussed. The work
focuses on the design and the validation of the proposed
APS but no simulation or experimental results of the start-up
procedure are provided.

What specially distinguish the energization and start-up
of the modular three-stage SSTs from other SST structures is
the isolation requirements. It not only requires isolation
between its two ports but also between series stacked



modules/cells at the HV side AC/DC converter stage which
can be several kV over the LV side reference [21], [22].
Another important fact for practical SST application is the
possibility of starting-up the SST with both grids available
or with just one of them (i.e. grid-forming at one port)
independent of the start-up port. In other words, depending
on the availability of the grid, the SST has to be able to start-
up from the HV side or from the LV side without any
compromise in the behavior.

Those previously mentioned two facts imposes
challenges on feeding the SST auxiliary electronics (i.e.
energizing the SST) and its consequent start-up.

This paper proposes an APS structure fitting the
topology practical implementation constrains. A simple step-
by-step procedure for energizing and starting up the SST is
presented. The method is then detailed for all possible SST
operation modes depending on the availability of the grid at
each of its ports. Validation of the proposed ideas is
achieved using simulation and experimental results applied
to the full-scale prototype of one SST module.

II.  SST ToPOLOGY AND OPERATION MODES

A. SST topology

The selected SST topology is a three-phase CHB-based
modular three-stage topology. It is schematically shown in
Fig. 1 [23]. The topology is composed of three converters.
The first stage is an AC/DC converter acting as the SST
front-end converter connecting it to the HVAC grid. This
stage is implemented using a CHB converter, whose cells
are composed of a full-bridge (FB) and a DC link capacitor.
Second stage is a DC/DC converter acting as the
intermediate stage with the function of maintaining a
required isolation level between both SST ports as well as
bidirectional power flow. This stage uses a Dual Active
Bridge (DAB) converter. The outputs of all the DABs of the
three phases are connected in parallel creating a LV and
high current DC link. Third stage is a conventional high-
power DC/AC inverter which uses a 3-phase 4-line (3P4L)
topology. Table I shows the specification of the SST. The
AC/DC converter and the DC/DC converter stages have a
modular structure. Each cell of the CHB is connected to one
DAB converter forming one module of the SST (see Fig. 2).
Modules are identical and stacked. Each module must be
able to handle all the isolation required between the two SST
ports. This is achieved by the DAB high frequency
transformer (HFT).

The control of the SST is implemented in a partial
distributed structure [24]. Each SST module has an
independent control unit, this is called the Slave unit. Slave
units are responsible for measurement and control tasks
within the module, an example is generating gate signals for
the CHB full-bridge, measuring input/output currents and
voltages and performing the DAB control. However, there is
a Master control unit where the top level control is
implemented, dealing with balancing control of the CHB,
measurement of line voltages and currents, grid
synchronization, etc. All Slave control units of one phase are
communicated together and to the Master control unit using
a ring communication protocol based on TosNet. Each unit
represents a node in the ring. This communication structure
simplifies and reduces the optical fiber count [24].

B. Selected APS structure

The selected APS structure is a local distributed structure
where APSs are used to feed the SST module from its local
DC link capacitors. One APS is used to feed the HV side of
the module from the cell capacitor (Ccen in Fig. 2). Another
APS feeds the LV side of the module from the LV DC link
capacitor (Cpy in Fig. 2).
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Fig. 1. : Selected modular-multilevel three-stage CHB based SST
topology. AC grid filters at both ports are not shown.
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TABLE I: SST SPECIFICATIONS

SST
Rated power 105 kW
Number of cells 21 (7 per phase)
Rated power per module 5 kW
HV/LV grid voltage (L-L) | 6 kV /400 V
DAB
Switching frequency 30 kHz
HFT isolation 24 kV

HFT transformation ratio 1:1

CHB
VceII 800V
Ceell 600 uF(ﬁlm)
LV DC/AC
Rated power 105 kW
VdeLv 800 V
CucLv 1500 uF (film)
APS
Input voltage 800V
Output voltage 24V
Threshold (turn-on) 350V
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Fig. 2. : One module/cell of the SST composed of the CHB FB, DC link
capacitor, the DAB FB1 and FB2, the HFT, the APSs and the HV/LV sides
pre-charge circuits.



This structure allows the use of commercial APSs (for
Veen < 1500 V) [25], which are relatively cheap, and avoids
the complexity of designing a high isolation power source.
The fact of having a self-powered SST module preserves the
redundancy of the SST, which intrinsic to its modular
design, increasing the SST reliability.

Fig. 2 shows one module of the SST with the two APSs
and their input and output connections.

C. SST operation modes

The SST can operate in many operation modes depending
on the availability of the grid at each of its ports. If the grid
is existing at a port, then this port is working in Grid-
feeding. On the other hand, if the grid does not exist at a
port, the port is working in Grid-forming and is required to
create this grid. Since the three-stage CHB-based SST
topology has two ports, three operation modes are possible.
Each operation mode imposes a distinctive control structure
for each of the converter stages of the SST. Each of these
modes as well as the control function of each converter are
explained in this section.

1) Both ports are operating in Grid-feeding (Fig. 3a):

In this case, both grids exist, and the grid-interfacing
converters has to synchronize with the grid. The control of
the HV side CHB converter is focused on balancing the cells
capacitors (i.e. controlling Ve) while the control of the LV
DC/AC 3P4L converter is dedicated to maintaining the LV
DC link capacitor at the target value (i.e. controlling Vgctv).
Finally, the DAB DC/DC converter control is responsible of
controlling the power transfer between the two ports given
that the voltage at both DC links is controlled at the required
constant voltage.

2) LV port is operating in Grid-forming (Fig. 3b):

In this case, only the HV grid, Vactv, is existing while the
LV grid, VacLy, is required to be formed by the SST. Similar
to the previous case, the control task of the CHB converter is
balancing the cells capacitors. However, the control of the
LV DC link capacitor voltage, VacLv, has to be carried out by
the DAB. It can no longer be performed through the DC/AC
converter because its control will now be focused on
creating/forming the LV grid. Since the DABs are all
connected in parallel to the same Cry DC link capacitor, the
voltage control cannot be implemented in each DAB
independently, instead, the outer voltage control loop is
implemented in the Master control unit and the current
reference is sent to all DABs.

3) HV port is operating in Grid-forming (Fig. 3c):

In this case, the LV grid, VacLv, is existing while the HV
grid, Vachy, is formed by the SST. The CHB converter
control is in charge of forming the HV grid while the
balancing of the cell capacitor voltage is carried out by the
DABs. Each DAB controls its Vcen independently. On the
other hand, the LV side converter controls VgcLv.

III.  PROPOSED SST START-UP PROCEDURE

The aim of this section is, first, to clarify the challenges
related to the energization and start-up of the selected SST
topology based on the selected APS structure and second, to
apply the proposed start-up technique step-by-step on all
SST operation modes.
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Fig. 3. : Operation modes of the SST. a) Both ports are operating in Grid-
feeding, b) LV port is operating in Grid-forming, ¢) HV port is operating in
Grid-forming. Existing grid is indicated using a sinusoidal voltage source.
Control blocks for each converter stage are shown detailing the commands
with (*) and the feedback signals in red. Active and reactive power are
denoted as P and Q respectively.

A. SST Start-up challenges

The main challenge in this SST topology is the high
isolation between HV and LV side grids, which is seen at
the module level. While the proposed distributed APS
structure provides the optimum solution for modular SST
designs, providing simpler and more robust auxiliary
circuitry energization technique, it implicates a more
challenging start-up. The complication comes from two
facts. The first one is that the APS has a threshold input
voltage that should be achieved before it can feed any
circuitry, implicating SST connection to the grid without any
feedback or monetarization from the modules. The second
one is that in a grid-forming situation, the forming port of
the SST would be energized through the feeding port. This
situation clearly leads to an uncontrolled energization, which
may mean transient events such as inrush current and
voltage drops/sags. These transients can lead to the possible
breakdown of devices or drivers, saturation of HFT or
switching off of the APSs.

B. Proposed start-up procedure

The three main characteristics of the proposed method
for energizing and starting up the addressed SST topology



are the ability to mitigate undesired transients without any
additional device or circuitry, validation for all operation
modes and simplicity.

The basic idea of the proposed procedure is the
synchronization of the energization/charging of the primary
and secondary DC links, where the primary is the grid-
feeding port and the secondary is the grid-forming port.

First, to charge the primary DC link from the rectifier
connected to the grid, a pre-charge circuit is used to limit the
inrush current. Two pre-charge circuits are essential at both
ports of the SST (see Fig. 2) to be able to start-up in any
operation mode (see Fig. 3). The value of the pre-charge
resistors are selected based on the required time constant and
the value of the DC link capacitor. The time constant is
selected to be in the range of 600 ms. Resistor values are
consequently calculated to be 1 kQ for HV side and 450 Q
for LV side.

However, charging of secondary DC link is only possible
after the energization of the corresponding APS (i.e.
charging its feeding capacitor to the APS threshold voltage).
Consequently, total synchronization (i.e. pre-charging both
DC links at the same time) is not possible [18]. In this case,
in order to avoid the inrush current resulting from the
voltage difference applied on the transformer terminals, a
soft starting technique is implemented as explained in detail
in this section.

1) LV port operating in grid-feeding, HV port operating
in grid-forming:

This operation mode takes place when the SST is
supposed to establish the HVAC grid voltage while fed from
the LVAC grid. Fig. 4 shows the detailed step-by-step
proposed procedure for this particular operation mode. Since
the grid is available at the LV side, it is obvious that the
energization is done from this port. The blocks highlighted
in blue are actions taking place at the LV side, while in red
are those taking place at the HV side and in green are
actions taking place simultaneously at both sides of the SST.

The procedure is also schematically shown in Fig. 5,
where the LVAC grid rectified voltage, Vivac rectified= 650 V
(calculated based on the LVAC line voltage and the
structure of the 3P4L converter) and T, is the time constant
which is defined by the pre-charge resistors and the value of
CuLv. At step (3), when instantaneously enabling FB2 (DAB
full-bridge of the LV side) to charge Ve, an inrush current
is prone to happen due to the instantaneous voltage applied
to the terminals of the transformer. This inrush current
would cause a voltage drop in Vgeyv introducing the
possibility of switching Off APS_y and losing power in the
primary side. This issue is solved by soft-starting full-bridge
FB2 at step (3). This is done by employing a low duty cycle
[26]. At step (6), full control of the SST is achieved and it
starts with its normal function (i.e. creating the HV grid and
transferring power between both ports).

The theoretical method is validated using simulation
results performed in Simulink Matlab® and applied to one
module of the SST. The results are shown in Fig. 6.
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Fig. 4. : Block diagram showing step-by-step proposed procedure for SST
start-up in the case of LV port operaing in grid-feeding and HV port
operating in grid-forming.
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2) HV port operating in grid-feeding, LV port operating
in grid-forming:

This is the case when the SST is connected to the HVAC
grid and is required to form the LVAC grid voltage. Fig. 7
shows the detailed step-by-step proposed energization and
start-up procedure for this operation mode. Since the grid is
available at the HV side, the energization is done from HV
port. The blocks color coding is the same as the previous
case.

The schematic of the start-up events is shown in Fig. 8,
where the HVAC grid rectified voltage, Vhvac rectified = 606 V
(calculated based on the HVAC line voltage and the
structure of the CHB) and T is the time constant which is
defined by the pre-charge resistors and the value of Ceel.

Similar to the previous operation mode, soft starting
technique is implemented at step (3), in this case, when
enabling FB1.

3) LV and HV ports operating in grid-feeding:

In this mode, the SST is connected to both the HVAC
and the LVAC grids (i.e. both grid exist). Since the grid is
available at both ports, the energization is done from both
ports simultaneously. The start-up in this case is less
problematic and previously discussed in literature [19]. Fig.
9 shows the detailed step-by-step start-up procedure. The
blocks are only in green because events in HV and LV sides
takes place simultaneously.

The start-up events are also schematically shown in Fig.
10. In this case each of Ce and Cpv pre-charges to their
corresponding grid rectified voltage (i.e. 606 V for Ceen and
650 V for C|_v).
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Fig. 7. : Block diagram showing step-by-step proposed procedure for SST
start-up in the case of HV port operating in grid-feeding, LV port operating
in grid-forming.
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Fig. 11. : CHB-based SST module prototype (see Fig. 2).

IV. EXPERIMENTAL RESULTS

Fig. 11 shows the developed full-scale SST module. As
shown in the corresponding schematic in Fig. 2, it is
composed of the full bridge of the CHB, which is developed
using 1.7-kV non-commercial Si IGBTs with a SiC anti-
parallel diode from Infineon. The DAB bridges are
developed using 1.2-kV commercial SiC MOSFETs from
ROHM and two-channel commercial CREE driver boards.
The control slave unit is designed based on a Xilinx Spartan
3E FPGA and including all AD converters and the required
optical fibers for sending/receiving signals from all the
module devices. The HFT is designed for 24-kV of galvanic
isolation based on a UU-core and a separate winding
structure [27]. The utilized APSs are commercial 60-W
sources. The front panel board is designed to show the
activity of all important components inside one module.
Through the front panel it is possible to visualize any fault
happening in the module as well as indicating the failing
component.

Fig. 12 shows the experimental results when testing the
proposed start-up procedure in the case of LV port operating
in grid-feeding, and the HV port operating in grid-forming
(Fig. 4 and Fig. 5). The test is carried out on the SST module
(Fig. 11) at the target voltages. The results verifies the
validity of the proposed start-up method.

Moreover, the obtained experimental waveforms (Fig. 12)
are compared to the simulation waveforms (Fig. 6). The cell
voltage in both cases is compared in Fig. 13. The noticeable
agreement between the simulation and the experimental
results validates the reliability of the developed simulation.
This is a key point to the validation of the method on the full
SST through simulation models.
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Fig. 12. : Experimental results. Proposed procedure for SST start-up in the
case of LV port operaing in grid-feeding and HV port operating in grid-
forming, a) Cell voltage (Vcen), b) cell current (icen), ¢) LV DC link voltage
(VaeLv), d) APShy output voltage, e) APS,y output voltage. Numbers at the
top indicates events shown in Fig. 4 and Fig. 5.
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V. SIMULATION RESULTS FOR THE FULL SST

Since the SST is at a commissioning stage, experimental
validation of the proposed method on the full SST is not
possible. However, the proved reliability of the simulation
model for one SST module opens the way to the
development of a precise model for the full SST. This model
allows the verification of the proposed method over the full
SST. This simulation model is developed taking into
consideration the details of the full structure, such as: grid
filters, balancing control for the CHB cell capacitors,
transients in line currents and voltages, etc.

Fig. 14 shows the simulation results for the case of the
HV port operating in grid-feeding (procedure in Fig. 7). The
obtained results proves the validity of the proposed method
for starting up the SST with controlled transients.

VI. SUMMARY AND CONCLUSIONS

This work provides a discussion on the challenges and
solutions to energize and start-up a three-stage CHB-based

modular multilevel SST. A distributed APS scheme is
proposed to self-feed each SST module from its local LV
DC links. This solution simplifies the design of the power
source required to feed the auxiliary electronics, which may
be complex due to the required high galvanic isolation
between primary and secondary of one module. On the other
hand, this APS structure provides a problematic energization
in cases of grid-forming in one SST port. The fact that APSs
are not operative till the DC links are pre-charged produces
an uncontrolled initial start-up stage where transients are
neither monitored nor controlled.

A simple step-by-step procedure to solve these
challenges is presented in this work. The procedure is
explained in details for all the SST operation modes. It is
clearly seen that no additional circuitry nor complicated
control is required.
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