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Abstract—A reverse startup procedure for a multi terminal
smart transformer (MTST) supplying data centres, transitioning
from islanded operation to grid connected operation is proposed
in this paper. During islanded operation, the MTST low voltage
(LV) converter remains active, while the MTST multi active
bridge (MAB) converter is partially active and MTST medium
voltage (MV) converter is inactive. To facilitate reconnection to
the MV grid from the LV side, these converters need to be
activated to allow the power flow. In this operation, the power is
drawn from a battery energy storage system (BESS) connected
to LVdc_1 bus to charge the MTST MVdc bus. Once the MVdc
bus is sufficiently charged, the MTST-MV converter is initiated
to establish the connection between the LV side and the MV grid.
Simulation is performed in PSCAD and the results are provided
to validate the effectiveness of this startup operation.

Index Terms—Battery energy storage system (BESS), data
centres, islanding, LVdc loads, multi terminal smart transformer
(MTST).

I. INTRODUCTION

The architecture of recent information/communication tech-
nology (ICT) infrastructures, such as data centres, is be-
ing restructured to seamlessly integrate with traditional
grid, incorporate DC sources like renewable energy sources
(RES)/battery energy storage systems (BESS), and efficiently
supply power to both AC and DC loads [1], [2]. The AC
and DC sources/loads integrates to form a hybrid power
architecture is an ideal choice for data centres [3].

Solid state transformer (SST), facilitates the hybrid architec-
ture of data centres by enabling interaction with the AC utility
grid. SSTs providing key capabilities including bidirectional
power flow management and harmonic mitigation, enhances
power quality and the integration of RES/BESS [4], [5].
The data centres are substantial loads in the power system,
they are typically connected to medium voltage ac (MVac)
grids. Consequently, MVac to low voltage dc (MVac-LVdc)
conversion is essential for data centre operations, making SSTs
a financially viable alternative to traditional low frequency
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transformer (LFT) solutions [6], [7]. A concept for a multi
terminal smart transformer (MTST) tailored for use in green
data centres is presented in [8]. This system employs multi
active bridge (MAB) converter for dc to dc stage and is capable
of delivering quality power in both ac/dc forms across different
voltage levels as required. Furthermore, its ac/dc terminals
offer the flexibility to connect RES/BESS.

A startup strategy is proposed for a three stage SST [9], with
the objective of reducing high frequency transformer (HFT)
currents during startup. This strategy coordinates the startup
of ac/dc and dc-dc converter in a regulated fashion, equalizing
the primary/secondary voltages of the transformer. A new
soft start procedure tailored for ST incorporating cascaded H
bridge and dual active bridge converters, controlled as a unified
converter is presented in [10]. Initially, during startup, CHB
converter functions as rectifier and the dc to dc stage gradually
modify the voltages of dc link capacitors to desired level.
The modulation technique with DAB converters enables the
limitation of inrush currents, preventing overcurrent and over-
shoots. The startup/restart schemes of 3-stage modular SSTs
is examined in [11]. To mitigate inrush currents during SST
start-up, a control strategy for DAB with an extended delay
time is utilized. A partial-startup scheme for three stage ST
was proposed for a meshed-hybrid islanded grid is discussed
in [12]. This startup procedure ensures the smooth activation
of MV converter and isolated dc-dc converter, facilitating the
connection of LVdc side to MVac grid without disrupting the
ST-LV converter’s operation.

This paper presents a reverse startup procedure for MTST,
enabling reconnection to MV grid from LV edge islanded
operation. The paper is arranged as follows. Section II de-
scribes the system and Section III explains the operating
principle of MAB converter. The description for the reverse
startup operation is elaborated in Section IV, and in Section
V, the control strategies of the MTST is discussed. Section
VI provides the simulation results, and in Section VII, the
conclusion is drawn.
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Fig. 1. (a) Schematic of MTST fed data centres. (b) Topology of MAB converter. (c) Y equivalent model of MAB converter.

II. SYSTEM DESCRIPTION

A BESS integrated MTST feeding data centres is depicted
in Fig. 1(a). The power transfer between MV grid and
LVac/LVdc loads takes place via MTST-MV converter, MAB
converter, and LV converter. During grid connected operation,
the BESS interfaced with LVdc_1 bus operates in current
controlled mode (CCM) enables charging or discharging. Dur-
ing islanding operation, the MTST-MV converter is inactive
and MAB converter operates as triple-active bridge (TAB)
converter. Whenever the MVdc bus is switched off, LVdc_1
bridge takes over as primary, correspondingly the LVdc_2 and
LVdc_3 bridges acts as secondary and tertiary, respectively.
The BESS maintains LVdc_1 bus voltage, ensuring continuous
power to LV loads. The MTST-LV converter regulates LVac
voltage/frequency.

III. OPERATING PRINCIPLE OF MAB CONVERTER

A MAB converter consists of n full bridge modules linked
via n winding HFT with magnetic coupling. In this work,
an asymmetrical quadruple-active bridge (AQAB) converter
is considered comprising of four active bridges labeled as P,
S, T, and Q for analysis purpose and its topology is shown in
Fig. 1(b). Each bridge’s elements are marked with subscripts
(p, s, t, q) indicating their respective bridge. For analyzing the
MAB converter’s operation and switching conditions, a Y
equivalent model shown in Fig. 1(c) is utilized. In this model,
the bridges are substituted with rectangular voltage sources
and denoted as vy, vs, vy and v4. The midpoint voltage v, and
the inductor’s current slope are calculated as follows, where
r€(p, 8,1, ).

Up + Vs + U + V4
1 .

Vy =

6]

diLx Vg — Uz
_ 2
dt Ly, @
where, Ly=Lyy=DLps=1Ly =Ly 3)

If all LV side parameters are referred to the MV side, the
LV side inductances and voltages are expressed as follows:

/ Np 2 / np 2 / Np ?
o= (22) Lol = (22) L, = (22) L.,
N ny ng

€]
n n
Vivie1 = (nj) Vivde 1s-Vivaen = (nz> Vivde n-
)

The converter employs phase-shift modulation (PSM) to
regulate power. This technique involves applying rectangular
voltages (vp, vs, v¢ and v,) to the transformer with varying
phase shifts (¢, ¢s, ¢¢, and ¢4) and a constant switching
frequency (fs). By adjusting the phase difference between the
bridges, power control is achieved. For an MAB converter with
n bridges, the power equation used to calculate the individual
power transfer between each bridge is given by

Pml o f5 L ¢ml < T ) (6)
Omi = dm — P1 (7)

where V,,, and V; are bridge dc voltages, ¢,, and ¢; - angles
of phase shift, f; - switching frequency, L,,; - inductance
equivalence of bridges m and [.

IV. DESCRIPTION OF REVERSE STARTUP OPERATION

The startup procedure facilitates the reconnection of LVac
side to MVac side via MTST. The reverse startup process
undergoes three modes of operation namely, initial precharging
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Initial precharging mode
MVac CB-OFF, MVdc CB-ON, Rpecharge CB-ON

v

‘ Connect MAB with MVdc precharging resistor %7

Final precharging mode
MVac CB-ON, MVdc CB-ON, Ryrecharge CB-OFF

!

‘ Connect MV converter to grid, disconnect MVdc Ryprecharge

v

‘ Generate pulses to MV converter to keep up MVdc voltage

Grid connected mode
MVac CB-ON, MVdc CB-ON, Rrecharge CB-OFF

v

‘ Transit to MAB-LVdc voltage control ‘

‘ Power flows from MV grid ‘

End
Fig. 2. Flowchart for the reverse startup operation.

mode, final precharging mode and grid connecting mode.
Initial precharging mode deals with the operation of MAB
converter; final precharging mode involves the MV converter
in action; and grid connected mode establishes the reconnec-
tion of LVac side to MVac grid. The flow chart for the reverse
startup scheme is depicted in Fig. 2. Further elaboration on
each mode follows.

A. Initial precharging mode

This mode charges the MVdc bus to 0.9 times of its
reference voltage. This is facilitated by the MTST-MAB
converter, which draws power from LVdc_1 to the MVdc
bus. To reduce the initial starting current, a series resistor
is employed alongside MVdc capacitor for voltage rampup,
as illustrated in Fig. 1(b). After reaching the nominal voltage
level, the precharging resistor is cut off. If P;}%%; denotes
the maximum power of MAB, then the precharging resistor’s
value is calculated as

2
n1 v,
Rprecharge o |:(nn) LVdc_nj| .
MVdc - m—% ( )
MAB

where (%) represents the transformer turns ratio and Vv 4c »
denotes the LVdc voltages for n arms of the MAB. Therefore,
when the MAB is connected to the LV side, the MVdc
capacitor will charge from the LV side without the need for any
phase-shift. This leads to a sudden inrush of capacitor charging
current. To reduce this current, a precharging resistor is used.
When MVdc voltage attains 90% of its reference value, the
pulses to MAB are switched off, and precharging resistor is
disconnected.

The time constant of the MVdc capacitor precharging circuit
is given by orecharge
T = R]\/]Vdc X Cyvde. 9
During the capacitor charging phase, the voltage of the MVdc
capacitor, Vo arvqc 1S determined by capacitor charging equa-
tion and can be expressed as:

-t
Ve_mvde = VMVdc{l - 6( Rxf‘;‘ef;cwexcf””c) } (10)

where ¢ represents the time duration and C)jsy 4. denotes the
capacitance of MVdc link.

Considering, 90% of reference MVdc voltage for the MVdc
capacitor, (10) can be written as

1 e Z o an
(11) can be simplified to:
t = 2.302 x RYSHTIC o Oy ge. (12)

The minimum value of R%7¢/%79¢ is determined using (8),

while (12) is utilized to estimate the timespan for precharging
the MVdc link capacitor.

B. Final precharging mode

In this mode, the MTST-MV converter is activated to
charge MVdc bridge to its specified desired voltage. A control
mechanism is employed to offset switch losses, ensuring that
power is extracted from MV edge to charge MVdc bridge to
the specified voltage level. The power consumed by MTST-
MV converter is solely utilized for charging the MVdc bus.
To prevent excessive current draw, a hard limit is imposed
on reference currents generated for MTST-MV converter,
ensuring that the peak current remains within the converter’s
rated capacity. This reduces startup current stress on MTST-
MV converter.

C. Grid connected mode

The BESS converter switches to CCM, and the MTST-
MAB converter regulates the LV side voltages facilitating the
system’s transition to grid connected operation. The power
delivered from the BESS is capped at a fixed level. Conse-
quently, any excess power demand on the LV edge is met
by drawing power from MV grid through the MTST-MV and
MAB converters, facilitating the system’s changeover to grid-
connected mode.

V. CONTROL STRATEGIES

This section outlines the control strategies for each converter
in the system. Fig. 3 presents the control strategies of MTST.

Authorized licensed use limited to: TU Delft Library. Downloaded on October 22,2025 at 07:19:08 UTC from IEEE Xplore. Restrictions apply.



MYV Converter R

LV Converter

 precharge MAB Converter ' E
MVac <. [ ' . '
ac " [} ] C T T
MVac C/B iMVac CB‘\ l’ de o : 51 r'éV/‘ﬁ la_tn :
Grid # RS Crrae 152 : AeE 1
de |Cwa =2 B : ac '
L} .
T v Vee| '
l ' ' Joad
: ' v Vv loads
L}
e —d Hé/sterestls I Vivae s ! Deadbeat Predictive gk
urren de [—c 11 . Voltage Controller o
Controller ontroller ' '
* ]
v Vivie 1 de E » E
Current H 175555 BESS Mode ;
L}
Reference [— VMVac ! V:;/du :
. d — ]
Generation E y +— Controller| 7, ,,. , H
' dc = '
! '
. I :
Pryic ° ' SOC PlissIngss E
loads ; | BESS '
Pry . '
o '
' L}
' L}
‘—VMVdc ' E
L}
Vavac Ve s . Islanding operation
Fig. 3. Control diagram of MTST.
A. MTST-MV converter TABLE 1
. . . . SIMULATION PARAMETERS
This converter consumes total required power, including _
. . System quantities Values
system losses, from MVac grid. A PI controller is employed to MVac voltage T kv (L)
estimate system losses. By incorporating these losses into total LVac voltage 04 kv {L-L)

power demand, the MVdc voltage is regulated. The equation
can be seen below:

Ploss = KplosseMVdc + Kiloss / eMVdcdt (13)

where eprvgc. - actual and reference MVdc voltage error,
Kpioss - proportional gain constant and Kjj.ss - integral gain
constant.

The total power consumed by MTST-MV converter is given
by the following expression:

P]T/[V = ]Dloss + PLV_demand- (14)

During startup procedure, the MTST-MV converter is solely
responsible for charging MVdc bridge, and hence the compo-
nent Pry_demand s not included in Py, . As a result, Py
consists only of Pj,ss. Upon successful reconnection to the
MVac grid, the Pry_demand 18 incorporated into the overall
power of MTST-MV converter. This is utilized as reference
power to produce reference currents. Hysteresis current control
is employed to align actual MVac currents with their reference
values.

Vi L;tdc?l Error PI N
Isgss Controller
BESS Mode
Pulses to
Vivae 1 /\/\/\ BESS
ITsess Triangular Wave Generator Converter

Fig. 4. BESS Controller.

MTST-MV converter Srated = 100 kVA, Ly, = 100 mH,

C¢m =1 pF, Crprvac = 1350 puF

MTST-MAB converter Srated = 100 kVA, No. of windings = 4,
fs =2 kHZ, VJWVdc =20 kV,

Vivde1 =1kV, Vivac2 =48V, VL vac3 =12V

MTST-LV converter Sratea = 100 kVA, Crv4c = 4700 pF

Lf =1 mH, Cf :20/LF

BESS dc-dc converter Pratea = 1.5 MW, fs =10 kHz,

L=1mH, C =100 puF

B. MTST-MAB converter

The control is achieved by varying phase delay between
primary and secondary bridge firing sequences. The primary
side operates with a pulse having a 50% duty cycle. On
secondary side, multi-windings feed power to respective bridge
of MAB. A multi-terminal transformer is employed, with
winding ratios determined based on needed voltage levels. This
relationship is written as follows:

Ny Mg Nt i Ng = Vrvde : Vivde1 : Vivde 2 : VLvde_3-

15)

The delay in the firing sequence for each bridge is calcu-
lated based on its output voltage reference in relation to the
primary side. This is achieved using a Proportional-Integral
(PI) controller.

C. MTST-LV converter

This converter manages voltage/frequency on LVac edge
during both island/grid connected operations. The reference
voltage is maintained at 230 V/phase and 50 Hz. The deadbeat
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(d) LVdc_1 voltage. (e) LVdc_2 voltage. (f) LVdc_3 voltage. (g) LVac voltage. (h) LVac current. (ii) Zoomed view of voltage and current waveforms.

control scheme is employed to ensure precise regulation of the
LVac voltage.

D. BESS dc-dc converter

During grid connection, BESS converter works in CCM.
However, while operating in UPS mode, it shifts to VCM to
ensure a stable LVdc_1 bus voltage. In VCM, the controller
continuously tracks LVdc_1 and compares it with reference
voltage. A PI controller is used to adjust the actual voltage with
respect to reference voltage, ensuring stability. Based on the PI
controller output, pulses are generated to control the converter

operation effectively. The controller for BESS is depicted in
Fig. 4.

VI. SIMULATION RESULTS

The system is modeled and simulated using PSCAD. The
simulation parameters are provided in Table I. Initially, the
system operates in islanded mode, with the BESS regulating
LVdc_1 voltage and MTST-LV converter controlling the LVac
voltage. The system voltages/currents are illustrated in Fig. 5(1)
and Fig. 5(ii). At t = 1 s, the reconnecting process commences
by closing the MVdc CB. The MVdc voltage gradually rises
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until it reaches 0.9 times the reference MVdc voltage. Upon
reaching this voltage level on MVdc edge, the second mode
initiates, and then the MTST-MV converter receives switching
pulses to rise the MVdc voltage to its reference value of 20
kV. Once this voltage threshold is attained, the regulation of
LVdc voltages is transferred to the MTST-MAB converter and
the BESS transits to CCM, enabling the system to operate in
grid connecting mode.

The LVac load takes power from BESS via MTST-LV
converter. Fig. 6 illustrates the active power flows in the
system. The LVac load consumes a constant power of 0.4 MW,
while LVdc_1 bus consumes 0.1 MW consistently during the
starting phase. The LVdc_2 and LVdc_3 loads draw power of
10 kW and 1 kW, respectively. The BESS starts feeding power
once MVdc capacitor begins charging. BESS power increases
initially and then decreases as capacitor charging current
reduces. Concurrently, MTST-MAB converter absorbs this

power, resulting in negative power flow. When MVdc voltage
hits 90% of its reference value, the MTST-MV converter draws
power from grid. Upon completion of startup process, the
powers stabilize to steady values confirming the effectiveness
of reverse startup scheme.

VII. CONCLUSION

This paper proposes a reverse startup method for a MTST
supplying data centres transitioning from island to grid con-
nected operation. In this process, the BESS charges MVdc
bus by enabling power flow from LVdc_1 bus through MAB
converter. To restrict excessive current draw, a current limit
resistor is utilized during the charging process, ensuring the
MVdc bus charges within safe current and power limits.
At last, MTST-MV converter is engaged to establish grid
connected operation.
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