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Abstract—The design of bypass switches is essential to
protect the auxiliary converter connected to the HV/MV
power transformer. In this paper critical fault cases
are used to determine overcurrents in the HT auxiliary
converter. The overcurrents are determined with a power
transformer model that includes a core saturation model
and parasitic capacitances between the transformer wind-
ings. Based on the determined overcurrent levels two
bypass switches are designed to protect the HT auxiliary
converter against critical faults.

I. INTRODUCTION

The increasing share of renewable energy generation
requires a more flexible and smarter grid [1], [2],
for controlling voltage and power fluctuations [3],
[4]. To address this, various concepts as for example
FACTS, grid expansions, and distribution transformers
with controllable tap changer have been investigated
in the past [5], [6]. An alternative interesting concept
for controllable transformers are the so-called hybrid
transformers (HT). HT combine a line-frequency power
transformer (LFT), which typically transfers the major
power share (> 90%), with an auxiliary AC/AC power
electronics converter [7] for controlling the secondary
voltage and the power flow. The AC/AC auxiliary
converter is typically connected to an auxiliary winding
of the LFT as shown in the single-phase representation
of a HT in Fig.l. The auxiliary converter system
power rating is typically designed only for a relatively
small fraction (< 10%) of the total LFT power rating
[7], [8]. In general, such power electronics converters
as the HT auxiliary converter are relatively sensitive

to overcurrents/-voltages, which could occur in the
medium voltage (MV) grid for example in case of a
fault/lightning strike. Consequently protection systems
are required for the HT [9], [7].

In the past, various concepts and topologies for HT
[8], [10] as well as for the protection against grid faults
at the medium voltage (MV) to low voltage (LV) grid
interface [7] have been investigated. A summary and
discussion of the most interesting HT and protection
concepts can be found in [7], [8], [10]-[14], [16],
[17]. The focus in these publications is on HT at the
MV/LV grid interface. However, there are significant
differences between a protection system for HT at the
MV/LV grid interface and a protection system for HT
at the high voltage (HV)/MV grid interface. The turns
ratio of the transformer at the MV/LV (20kV/400V)
grid interface is significantly higher than the turns
ratio of the transformer at the HV/MV (110kV/20kV)
grid interface. Due to the lower turns ratio transient
overvoltages as for example switching impulses (SI) in
the HV grid lead to significantly higher overcurrents
in the HT auxiliary converter connected the HV/MV
transformer. Furthermore, no transient overvoltages are
investigated on the LV side for designing the protection
system for the auxiliary converter of a HT at the MV/LV
grid interface [13]. However, transient overvoltages need
to be investigated in the MV grid where the auxiliary
converter of the HV/MV HT is connected [15]. At the
MV/LV grid interface a single bypass switch is used
to protect the HT auxiliary converter [13], [16], [17].
A third difference is that, varistors at the auxiliary
winding and a DC-link clamping circuit are sufficient



to protect the HT auxiliary converter against transient
overvoltages on the primary winding terminals of the
MV/LV transformer as discussed in [13]. However, the
protection schemes presented in [13], [16], [17] are
not sufficient to protect a HT auxiliary converter of a
HT at the HV/MV grid interface against overcurrents
caused by critical fault cases as for example a SI in
the HV grid and three phase (3®) short circuits in the
MYV grid. Such SI in the MV grid, single line-to-ground
faults in solidly grounded MV grids, and line-to-line
short circuits in the MV grid are identified as critical
faults for the HT auxiliary converter at the HV/MV
grid interface [15]. For protecting the HT auxiliary
converter at the MV/LV grid interface a single bypass
switch (Sec Bypass in Fig. 1) is sufficient. However,
two bypass switches shown in Fig. 1 must be installed
to protect a HT auxiliary converter at the HV/MV grid
interface against critical faults. A critical HT auxiliary
converter current is reached within microseconds in
case of a SI in the HV grid. A mechanical switch MS
with a turn on time in the milliseconds range [18] is
too slow to bypass the HT auxiliary converter in case
of a critical fault. As a consequence, a bypass switch
with solid state switches, as for example thyristors, is
required to bypass the HT auxiliary converter within a
few microseconds. A bypass switch with anti-parallel
thyristors that provides a fast bypass path for fault
currents is designed for a LV three-phase HT auxiliary
converter in [13], and in [17] for a LV single-phase HT
auxiliary converter. However, the overcurrents caused
by the transient overvoltages due to a SI reach a current
level that requires a hybrid bypass switch consisting
of thyristors and MS in parallel, in order to keep the
number of paralleled thyristors in the bypass switch
low. Such a bypass switch with MS and thyristors
is designed in [16], for a 5 MVA HT based on an
assumed maximum system fault current value for the
bypass thyristors. However, transient overvoltages in
combination with a transformer model need to be
included in the design for the bypass switches for a HT
auxiliary converter at the HV/MV grid interface.

A comprehensive bypass switch design for the
HT auxiliary converter at the HV/MV grid interface
that combines detailed models of the transformer
and the converter is missing so far and is presented
in this paper. The transformer model used for the
bypass switch design includes the transformer parasitic
capacitances and the transformer core saturation. Based
on the transformer model transient overcurrents excited
by transient overvoltages and transferred through the

transformer are determined accurately. Determining the
overcurrents accurately is important for designing the
bypass switch rating. As HT auxiliary converter a three-
phase bidirectional AC/AC back-to-back converter is
selected. With the transformer model and the converter
model the specifications for two bypass switches are
derived. The bypass switch specifications are deduced
with the overcurrent levels caused by SI in the HV grid
or 3®-short circuits in the MV grid. HV SI or 3®-short
circuits lead to the higher overcurrents in the HT
auxiliary converter than MV SI, single line-to-ground
faults in solidly grounded MV grids, and line-to-line
short circuits in MV grids. The bypass switches are
designed for AC currents as either solid state or hybrid
switches. The solid state bypass switch consists of
anti-parallel thyristors, which can conduct the bypass
currents for an arbitrary length of time. In the hybrid
bypass switch mechanical switches are connected in
parallel to the bypass thyristors to take over the bypass
currents from the thyristors after a certain time.

In a first step, the functionalities and design of
the bypass switches are presented in section 2. Next
a simulation model of the HT to design the bypass
switches for the considered fault cases is given in section
3. Then, the specifications for the thyristors in the bypass
switches are derived in section 4. The design procedure
for the bypass switch components is explained in section
5. Results and a discussion are provided in section 6.
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Fig. 1. Single phase representation of HT with bypass switches.

II. DESIGN AND FUNCTIONALITIES FOR THE BYPASS
SWITCHES

Without bypass switches the HT auxiliary converter
needs to be designed for current ratings significantly
higher than the nominal current rating of the MV grid.
Further during the SI in the HV grid, saturation occurs
in the core of the considered transformer in case the
HT auxiliary converter is not bypassed. For the HT
auxiliary converter considered in this paper, two bypass



switches are needed as shown in Fig. 1. In Fig. 1 a
bypass switch is connected to the auxiliary winding
to bypass overcurrents induced by the transformer
auxiliary winding. The auxiliary winding bypass switch
is denoted as Aux Bypass. The Aux Bypass is designed
as a hybrid bypass switch with n, parallel thyristors
and a mechanical switch (MS) in parallel as shown in
Fig. 3. Without MS in the Aux Bypass a significant
larger number n, > 10 of parallel thyristors is needed
for bypassing the overcurrent in case of a HV SI. The
number n, of thyristors in the Aux Bypass is chosen
such that the thermal limit of the thyristors is not
exceeded. The thermal limit of the thyristors and the
number n, of parallel thyristors also depends on the
turn on time ¢, of the MS. The Aux Bypass operates
as follows. In case an overcurrent is detected in currents
i. or i, (Fig. 5) at the detection time ¢4 the anti-parallel
thyristors and the MS of the Aux Bypass are turned on
by the switching signals Sys and Syy in Fig 2. Note
the delay between the fault time ¢g; and the detection
time t4. At time tgq + tg the thyristors start to conduct
the bypass current iy, Time g4 is the turn on delay
of the thyristors. At time t = t4 + to, the switching
contacts of the MS are assumed to be closed and the
MS takes over the bypass current 7y, as shown in Fig.
2. Hence, the thyristors conduct the current only for
ta+ta <t < tqg+ton. As the MS takes over, the number
n, of parallel thyristors in the Aux Bypass can be kept
low. The MS conducts the bypass current i, until the
fault is cleared by the protection system of the HV
and/or MV grid. Note that the current levels of currents
tmy and 4ys in Fig. 2 only represent at what time instant
the thyristors and the MS in the Aux Bypass conduct
the current ip,. The current levels of currents ¢y, and
ims in Fig. 2 do not represent the actual current levels
that are reached in case the Aux Bypass is turned on.
The specifications for the Aux Bypass are determined
with the worst case fault of a HV SI at the transformers
primary winding.
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Fig. 2. Switching signals Sus and Swy and current waveforms of
the thyristors and the MS in the Aux Bypass
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Fig. 3. Single phase representation of a bypass switch with 2n,
thyristors and mechanical switch

The bypass switch in series to the secondary winding
in Fig. 1 is denoted as Sec Bypass. The highest bypass
current i, in the Sec Bypass in case of a 3®-short
circuit, allows to design the Sec Bypass as a solid state
switch with two anti-parallel thyristors per phase. Other
than for the Aux Bypass the thyristors in the Sec Bypass
are thermally designed to conduct the bypass current iy,
for an arbitrary length of time. In case a fault is detected
at time t4 the Sec Bypass is turned on. Then the thyristors
in the Sec Bypass conduct the current until the fault is
cleared by the protection system of the HV and/or MV
grid. The worst case fault to deduce the specifications
for the Sec Bypass is the 3® short circuit in the MV
grid. Both bypass switches the Aux Bypass and the Sec
Bypass are turned on in case of SI in the HV and MV
grid, during line-to-line short circuits or 3® short circuits
in the MV grid.

III. SIMULATION MODEL FOR TRANSIENT
OVERVOLTAGES AND THREE PHASE SHORT CIRCUITS

The specifications for the Aux Bypass and Sec By-
pass switches are derived for SI and 3% short circuits
based on a simulation model. To model the HV/MV
HT accurately, a three phase model is chosen. In a
three phase model the steady state fault currents are
higher than in an equivalent single phase model of the
transformer. Additionally modeling the grounding point
[19] in Fig. 5 is more complex in a single phase model
than in a three phase model. The three phase transformer
with core saturation modeled in PLECS is illustrated in
Fig. 5 including the nonlinear magnetic core elements
for core saturation. The transformer primary winding is
connected to the HV grid in delta connection shown in
Fig. 4a. The transformer secondary winding is connected
to the MV grid with line to ground capacitances Cig
and the load Ry as shown in Fig. 5. The HT auxiliary
converter is an AC/AC back-to-back converter, where
a three phase converter (S) connected in series to the
transformer secondary winding is assumed to operate as
inverter. A LC-filter connects the secondary winding and
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Fig. 4. a) Transformer primary winding connected in delta to the
HV grid. b) Parasitic capacitances between the transformer primary,
secondary and auxiliary windings in phase ’a’.

converter (S to filter currents i.. A grounding inductor
L., connects the star point of the filter capacitances Ct to
ground. According to [19], the filter capacitances Ct are
the preferred grounding point. The three phase converter
@ of the HT auxiliary converter connected to the trans-
formers auxiliary winding is assumed to operate as active
rectifier. Again a LCfilter to filter currents ¢, connects
converter @ and the auxiliary winding. The remaining
terminals of the auxiliary winding are connected in star
connection. The Aux Bypass is directly connected to
the auxiliary winding terminals, while the Sec Bypass
is connected to the secondary winding terminals. The
bypass switches are assumed as ideal switches in order
to determine the bypass switch currents i, ,....ip, , and
i?)p,s""igp,(s‘) To limit the maximum current slopes dl"%m
iy (¢

and for the thyristors in both bypass switches,
inductances Ly, and Ly, s are inserted. Inductances Lyp o
and Ly, limit the current that flows from the filter
capacitances Ct of the LC-filters at the time instant
tq + tq. when the bypass switches are closed.

A. Transformer Parasitic Capacitance Model

In addition to the SI in the HV grid and 3% short
circuits in the MV grid, LI are investigated with the
simulation model in Fig. 5. According to [15], LI are
not critical for the HT auxiliary converter at the HV/MV

grid interface. Therefore, the maximum overcurrent %,
excited by a LI is the maximum short time overcurrent
the HT auxiliary converter is designed for. In other
words, the HT auxiliary converter is designed to ride
through LI without the bypass being closed. The max-
imum current ¢p,x during LI plus a margin iex, yields
the tripping current iyjp = Imax + Zexee UP to Which the
Aux Bypass and Sec Bypass switches are not closed.
This means the converter stays connected to the power
transformer during a LI. Due to the fast transient LI the
parasitic capacitances shown in Fig. 4b) are included into
the simulation model since the parasitic capacitances are
important to determine the tripping current iuj,. On the
other hand the parasitic capacitances are not included in
the simulation model for the thermal design of the bypass
switches with SI in the HV grid or the 3® short circuit in
the MV grid. The differences in the current 4, flowing
through the bypass switch in case of HV SI or 3®
short circuit with and without the parasitic capacitances
are small compared to the current values of currents
tpp during bypass operation. Therefore, the parasitic
capacitances are only considered in simulations, where
the HT auxiliary converter is not bypassed. The basic
calculation of the parasitic capacitances is explained in
[15].

B. Fault Cases for Bypass Switch Specifications

To determine the maximum currents iﬁp’a,..,z’ﬁp’a and
Uppsr->lbps WO fault cases where the HT auxiliary con-
verter is bypassed are simulated. First, a SI is simulated
in phase ’a’ of the HV grid represented by voltage vll,
in Fig. 4b). Second, the secondary winding is short
circuited by the 3® short circuit illustrated in Fig. 5.
Both faults lead to an overcurrent significantly higher
than the tripping current iy, of the bypass switches.
In case the bypass switches are tripped by a fault, the
converter switches are turned off at the same time.

C. Control and Modulation Scheme

The converter () is controlled with a single voltage
control loop to control voltages vg-vey in Fig. S as
described in [15]. The converter @ is controlled with
a conventional two loop control approach. The inner
control loop controls currents 5 ,,..., 75,,, While the outer
control loop controls the DC-link voltage v4. in Fig. 5
[20]. Each control loop is implemented as PI controller
with the inner control loop and the voltage control loop
in the dg-domain. The switching signals for converters
@ and (S are controlled with space vector modulation.
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Fig. 5. Three-phase power transformer with core saturation model connected to the HT auxiliary converter.

I'V. SPECIFICATIONS OF THE BYPASS SWITCHES

The specifications for the current rating g,y of the
thyristors in the Aux Bypass and the Sec Bypass are
determined with the bypass currents i, flowing during
the bypass operation. The minimum blocking voltage
VbrMm Of the bypass thyristors is calculated with volt-
age vcr plus the safety margin defined for two level
voltage source inverters in [21]. The thyristors for the
Aux Bypass and the Sec Bypass are selected based on
the thyristor blocking voltage Vpry. For the selected
thyristors the maximum on state current slope d"p is
given in the thyristors data sheet. With Vpry and the
allowed & dt , the inductances Ly, and Lyp for limiting
the current slopes are determined with (1).

Vbrm
Ty
d

Lip > (1)

Various thyristor types including bi-directionally
controlled thyristors, asymmetric bypass thyristors, pulse
power thyristors, and phase controlled thyristors are

commercially available. Bi-directional controlled thyris-
tors conduct current in both directions through a single
disc [22]. Therefore, the thyristor’s junction temperature
reaches higher levels for the same current level compared
to two anti-parallel thyristor discs. There is a significant
difference in the forward and reverse blocking voltage of
asymmetric bypass thyristors [23] which is not desired
for the Aux Bypass and the Sec Bypass. The allowed
mean on state current and surge on state current is
significantly lower for pulse power thyristors than for
phase controlled thyristors [24] and therefore phase
controlled thyristors are chosen for the Aux Bypass and
the Sec Bypass. Due to the MV level and the current
rating of the Aux Bypass the turn on time t,, for the
MS is assumed as turn on time of a MV vacuum circuit
breaker [18]. The turn on time t,, of the MS is one
important design criterion for the number n, of parallel
thyristors needed in the Aux Bypass. The number n,
in the Aux Bypass is determined with a thermal model
implemented in PLECS. When thyristors are connected
in parallel the equal sharing of the bypass current iy,



is essential. A symmetric layout is key to connect the
paralleled thyristors with equal parasitic inductances to
achieve equal current sharing. A symmetric layout can
be achieved with two disc shaped buses in order to split
the bypass current ¢, equally among the n, thyristors
[25]. The disc shaped bus allows to arrange the thyristors
in a circle between the two disc buses as presented in
[25] for n, = 8 thyristors and for pulse shaped currents
in the kA range. Therefore, disc shaped buses with
circular arrangement of the paralleled thyristors could
be considered for a future prototype design of the Aux
Bypass. Further, the positive temperature coefficient of
the selected thyristors forward voltage Vr contributes to
insure equal current sharing.

V. THERMAL DESIGN FOR THE BYPASS THYRISTORS

Thyristors from different manufacturers are selected
for a thermal design of the Aux Bypass and Sec Bypass.

A. Aux Bypass

The thermal design of the Aux Bypass is based on
a thermal model extracted from the data sheets of the
selected thyristors and implemented in PLECS. Due to
the short turn on time t,, of the Aux Bypass thyristors
a thermal model to determine the transient behavior of
the junction temperature 7; is needed. The thermal model
provided by the thyristors data sheet allows to determine
the junction to case thermal resistances R 1... R jc,i
and thermal capacitances Cijc1...Cinjci shown in Fig.
6. PLECS converts the thermal model extracted from
the data sheet internally into a Cauer model [26]. As a
consequence, the thermal model in Fig. 6 is represented
by a Cauer model. The variation in the case temperature
of the thyristors is assumed to be negligible due to the
short turn on time t,,. Therefore, the Cauer model in
Fig. 6 is directly connected to the ambient temperature
Tamp- Connecting the Cauer model of the Aux Bypass
thyristors directly to ambient leads to an accurate es-
timation of the thyristors junction temperature 7; with
the thermal model extracted from the thyristors data
sheet [26]. The minimum number n, of thyristors in
parallel for the Aux Bypass is given by the number 7,
of thyristors required to keep the junction temperature
T; below the maximum allowed junction temperature
Timax given in the thyristors data sheet. In order to
determine the number n, of thyristors in parallel, the
highest bypass current iy ,....iy,, flowing through the
Aux Bypass is considered. The highest bypass current
Uyp,a5+slbp,a 18 Caused by the SI in the HV grid.

th,j,c,1

ol

Fig. 6. Thermal model for the Aux Bypass

B. Sec Bypass

The Sec Bypass thyristors are turned on for an
arbitrary length of time. The bypass currents 4y, ...ty
considered for the thermal design of the thyristors lead
to losses F ¢ in the thyristors. The thermal network for
the thermal steady state analysis consists of the source
P, s representing the conduction losses of the thyristor,
the thermal junction to case resistance Ry, the thermal
case to heat sink resistance Ry, cps and the thermal heat
sink resistance Rypns connected to ambient Tjm,. The
thermal resistances Rinjc, Richs, and Ryps are the
thermal resistances of the Foster model determined from
the data sheets of the thyristors and the heat sink. The
estimation of the thyristors junction temperature 7} in a
steady state thermal analysis with the thermal resistances
Rinjc, Rinens, and Ry and the step wise power loss
P, is in good agreement with thermal models validated
through measurements [27]. The considered HT auxiliary
converter is assumed to be water cooled as for example
back-to-back converters in wind power applications with
a similar power rating [28], [29]. With the water cooled
HT auxiliary converter, water cooling is also chosen for
the Sec Bypass. Therefore, thyristors with a water cooled
heat sink with double sided cooling are assumed for the
Sec Bypass. The junction temperature 7; of the Sec By-
pass thyristors needs to stay below the maximum allowed
junction temperature 7}, given in the thyristors data
sheet. In order to determine the junction temperature
in steady state the losses F ¢ of the thyristors during
bypass are determined. The losses P are calculated
with the highest bypass currents 4 ...ig, ¢ through the
Sec Bypass during a 3®-short circuit in the MV grid.



VI. RESULTS AND DISCUSSION

The results for the bypass switch design are based on
a case study HV/MV HT. Only the most important case
study parameters are listed in table I, while important
parameters for the DC-link capacitance Cjy., the filter
capacitances C%, the filter inductances Ly, the switching
frequency fi, the grounding inductance L.,, and the
line to ground capacitances Cy, are identical to the pa-
rameters presented in [19]. The HT auxiliary converter’s
DC-link voltage vq. is regulated by the voltage controller
to vg. = 4kV. The HT auxiliary converter’s power rating
is P. = 5.6MW. The standard SI and LI for the HV and
MYV gird are defined in [30] and [31].

TABLE I
GENERAL DESIGN PARAMETERS FOR THE CASE STUDY HT.

P |
45MW  110kV

Viw
20kV

V;\ux IS
3kV 1.3kA

TABLE II
PARAMETERS FOR HV/MV POWER TRANSFORMER.

Npim
1518

NQEC Naux
276 41

AFe
0.2875m?

Biat Mr
1.8T 1500

The most important parameters for the HV/MV
power transformer are listed in table II. The transformer
geometry is derived from a HV/MV power transformer
in [32] and more detailed geometry parameters are given
in [15]. The saturation flux density B, and the relative
permeability p, for power transformers are given in [33].

For the bypass switch design, the HT auxiliary con-
verter is operated at nominal power P, such that the
nominal current I, = I flows through converter (S).
Then the six fault cases the HV LI, MV LI, HV SI,
MYV SI, line-to-line short circuit and 3® short circuit are
investigated. Only the results for the HV LI, HV SI and
the 3® short circuit are shown in the following. The other
faults result in lower bypass currents than during HV-SI
and 3P short circuits. All faults are assumed to occur
after tq; = 3s.

A. Results

The HV LI leads to the highest overcurrent iy,
where the HT auxiliary converter is not bypassed.
Results for currents i, in converter @& during a HV LI
are shown in Fig. 7. The maximum current reached is
trmax = 2.45KA. The tripping current iy, is then set
to iyip = 2.6KA to avoid the bypass switches tripping

during a HV LI. The current waveforms in Fig. 7 show
that the currents 4, in converter @ reach their pre-fault
waveforms after the fault within a few time periods T,
in the grid.

3 -—Z —'—Z /LI' ,max r
2
j 1
g2 0
.N'—_l
-2
-3
296 2.98 3 3.02 3.04 3.06
tins

Fig. 7. Currents i, of converter & during LI at the transformer
primary winding.

Next the two remaining fault cases namely the HV
SI and the 3® short circuit are investigated. The HV
SI fault case leads to the highest overcurrent in the HT
auxiliary converter. To highlight the importance of the
Aux Bypass and the Sec Bypass the HV SI is first
investigated without the HT auxiliary converter being
bypassed. The HV SI leads to a maximum overcurrent
in converter @ of i;max ~ 10kA as shown in Fig. 8.
Assuming a HT auxiliary converter design to sustain a
HV SI, switches with more than four times the current
rating are required. Therefore, a bypass scheme is needed
for the HV SI and also for MV SI, single line to ground
short circuits in solidly grounded grids, line-to-line short
circuits, and 3® short circuit fault cases.
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Fig. 8. Currents i, of converter @& during the HV SI at the
transformer primary winding without bypass.

The saturation of the power transformer core is
an important result during the HV SI fault without
bypass. The magnetic flux density B, in phase ’a’
of the transformer core reaches values |Bgy| | B, |
where the core becomes saturated as shown in Fig.
9. The saturation of the transformer core could lead



to undesired distortion, unbalances, and DC-offsets in
currents ¢, and i, in the HT auxiliary converter and
consequently also in the MV grid.

BI)
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Fig. 9. Transformer core magnetic flux density By, during the HV
SI at the transformer primary winding without bypass.

The Aux Bypass currents iy ,...ip,, during
bypassing in event of a HV SI fault are shown in
Fig. 10. The Aux Bypass needs to be designed for a
maximum current of 7p,, ~ 90kA with high DC-offset.
Therefore, a significant number n, of thyristors in
parallel is needed for the Aux Bypass. Further due to
the high current reached during the HV SI the bypass
currents are taken over from the thyristors by a MS
in parallel. Note, that no saturation is reached in the
transformer core with the converter bypassed by the
Aux Bypass during the HV-SIL.

100
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j 50 ib \’LC
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Fig. 10. Auxiliary winding bypass switch currents i, ,...,ipp o during
HV SI at the transformer primary winding and bypass.

The design case for the Sec Bypass currents
Tp,s>->lbps during a 3@ short circuit is shown in Fig 11.
The Sec Bypass currents iy, ,...ip, , are interfered by
oscillations with the resonance frequency of inductances
Ly,s and the filter capacitances C;. The maximum
current through the Sec Bypass is iy, ~ 7.3kA. The
thyristors in the Sec Bypass are designed to conduct
currents iy, ..o, o in Fig 11. for an arbitrary length of
time.
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Fig. 11. Secondary winding bypass switch currents iy, ,..,ipp
during 3% short circuit in the MV grid and bypass.

Two phase controlled thyristor discs from Dynex
and ABB/Hitachi are considered in order to design the
Aux Bypass and Sec Bypass. For all thyristors double
side cooling is assumed. Results for the Aux Bypass and
the Sec Bypass design with the Dynex DCR6650H42
thyristor [34] and the ABB/Hitachi 5STP 38Q4200
thyristor [35] are presented in the following.

First the Aux Bypass is designed with bypass
currents 4y, ,....%,, during SI in the HV grid. In the
hybrid Aux Bypass the bypass currents iy, ,,...i, , are
taken over by a MS after an assumed closing time of
ton = 140ms. The closing time t,, includes a safety
margin so that the number n, of thyristors in parallel
is sufficient in case closing the contacts of the MS
takes longer than the closing time for a vacuum circuit
breaker determined in [18]. Therefore, the closing time
is set to t,, = 140ms, which is twice the closing time
for a vacuum circuit breaker in [18]. For keeping the
junction temperature 7; below the maximum junction
temperature 7} nax @ minimum of n, = 6 thyristors in
parallel from ABB and n, = 4 thyristors in parallel
from Dynex are required. The junction temperature 7;
of the ABB thyristors and the Dynex thyristors during
bypass operation of the Aux Bypass is shown in Fig.
12, where the junction temperatures 7; stay below
Timax- The maximum current #iymax per thyristor is
Uthy,max = 14.9KA for the 6 parallel thyristors from ABB
and ighymax = 22.4kA for the 4 parallel thyristors from
Dynex. To limit the current slope diwmes i the Aux

dt
Bypass inductance Ly, = 40uH is determined.

For the design of the Sec Bypass, the same phase
controlled thyristors from Dynex and ABB/Hitachi are
considered. The thyristors in the Sec Bypass are designed
to conduct the bypass currents iy, ....ig,  during a 3®
short circuit in the MV grid for an arbitrary length of
time. Therefore, a water cooled heat sink from DAU



[36] is chosen for the thyristors in the Sec Bypass.
With the water cooled heat sink, no thyristors in parallel
are required for the Sec Bypass to keep the junction
temperature 7 below the maximum junction tempera-
ture 7imax. The junction temperature 7; of the Dynex
thyristors in the Sec Bypass reaches T = 55C° and the
junction temperature 7} of the ABB thyristors in the Sec
Bypass reaches T; = 75C° in steady state. Note that the
losses P in the Sec Bypass are lower with thyristors
from Dynex than with thyristors from ABB. Therefore,
thyristors from Dynex are selected for the Sec Bypass.
The maximum current ¢y max for the thyristors in the Sec
Bypass is ipymax = 7.3KA. To limit the current slope
dipmes i the Sec Bypass inductance Ly, = 20uH is

|
determined.
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Fig. 12. Junction temperature 7} of the thyristors in the Aux Bypass
during bypass

B. Discussion

The results for the Aux Bypass show that a low
number of 4 parallel thyristors is achieved with the
Dynex thyristor disc. Therefore, the Dynex thyristors
are selected for the Aux Bypass. The bypass currents
need to be taken over by the vacuum MS in order to
keep the number n, of parallel thyristors in the Aux
Bypass low. Due to the MS and the short turn on time
of the thyristors, cooling through natural convection is
assumed. For the Sec Bypass no thyristor in parallel
is needed to conduct the bypass currents for an arbi-
trary length of time. A water cooled heat sink keeps
the junction temperature below the maximum junction
temperature. Dynex thyristors lead to lower conduction
losses and are preferred over the ABB thyristors for
the Sec Bypass. The inductances Ly,, and Ly, lead
to a current slope within the limits defined in the data
sheets. The most important design parameters for the
Aux Bypass and the Sec Bypass are summarized in table
1.

TABLE III
DESIGN PARAMETERS FOR BYPASS SWITCHES.

dibp max

ithy,max np pr,a/pr,s dt VDRM
Aux Bypass 22.4kA 4 40pH  173.652  4.2kV
Sec Bypass  7.3kA 1 20uH 1444 4.2kV

VII. CONCLUSION

Two bypass switches are designed to bypass the
HV/MV HT auxiliary converter in event of critical
faults. The tripping current for the bypass switches
is defined and current limiting inductors are designed.
The number of thyristors in parallel for both bypass
switches are determined based on the highest expected
bypass currents. For the bypass switch connected to the
transformer auxiliary winding of the considered case
study HT a hybrid bypass switch is chosen with 4 parallel
thyristors and a maximum current of iy max = 22.4kA
per thyristor. No thyristors in parallel are required for
the Sec Bypass with a maximum thyristor current of
Uthy,max = [-0KA per thyristor. For the Aux Bypass natural
convection is sufficient as cooling method while for the
Sec Bypass a water cooled heat sink is assumed.

REFERENCES

[1] P. Crossley and A. Beviz, “Smart Energy Systems: Transition-
ing Renewables onto the Grid,” Renewable Energy Focus, pp.
54-59, 2010.

[2] M. Liserre, T. Sauter, and J. Y. Hung, “Future Energy Systems,
Integrating Renewable Energy Sources into Smart Power Grid
Through Industrial Electronics,” IEEE Industrial Electronics
Magazine, pp. 18-37, 2010.

[3] R. Yan, S. Roedinger, and T. K. Saha, “Impact of Photovoltaic
Power Fluctuations by Moving Clouds on Network Voltage: A
Case Study of an Urban Network,” Australasian Universities
Power Engineering Conference (AUPEC), 2011.

[4] A. Woyte, V. V. Thong, R. Belmans, and J. Nijs, “Voltage
Fluctuations on Distribution Level Introduced by Photovoltaic
Systems,” IEEE Transactions on Energy Conversion, vol. 21,
no. 1, pp. 202-209, 2006.

[5] M. H. Oliver Brueckl, Zukuenftige Bereitstellung von Blindleis-
tung und anderen Massnahmen fuer die Netzsicherheit, Dien-
stleistungsauftrag fuer das Bundesministerium fuer Wirtschaft
und Energie. INA — Institut fiir Netz- und Anwendungstechnik
GmbH, 2016.

[6] G. Glanzmann, “Flexible Alternating Current Transmission
Systems,” ETH Zurich Research Collection, 2005.

[7] J. Burkard and J. Biela, “Design of a Protection Concept for
a 100-kVAHybrid Transformer,” IEEE Transactions on Power
Electronics, vol. 35, no. 4, pp. 3543-3557, 2020.

[8] S. Bala, D. Das, E. Aeloiza, A. Maitra, and S. Rajagopalan,
“Hybrid Distribution Transformer: Concept Development and
Field Demonstration,” in /IEEE Energy Conversion Congress
and Exposition (ECCE), 2012.



[91

[10]

(11]

(12]

(13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

T. Guillod and J. W. Kolar, “Protection of MV Converters in
the Grid: The Case of MV/LV Solid-State Transformers,” IEEE
Journal of Emerging and Selected Topics in Power Electronics,
vol. 5, no. 1, pp. 393-408, 2017.

M. J. Mauger, P. Kandula, F. Lambert, and D. Divan,
“Grounded Controllable Network Transformer for Cost-
Effective Grid Control,” in IEEE Energy Conversion Congress
and Exposition (ECCE), 2018.

J. Kaniewski and Z. Fedyczak, “Modeling and Analysis of
Dynamic Properties of the Hybrid Transformer with MRC,”
in The International School on Nonsinusoidal Currents and
Compensation, 2010.

J. Burkard and J. Biela, “Transformer Inrush Current Miti-
gation Concept for Hybrid Transformers,” in European Conf.
on Power Electronics and Applications (EPE ECCE Europe),
2017.

J. Burkard, “Hybrid transformers power electronics for future
grids,” Ph.D. dissertation, ETH Zurich, 2019.

S. Foti, S. De Caro, A. Testa, L. D. Tornello, G. Scelba, and
M. Cacciato, “An Open-End Winding Hybrid Transformer,”
in International Symposium on Power Electronics, Electrical
Drives, Automation and Motion, 2020.

A. Wiemer and J. Biela, “Overvoltages and Overcurrents in
HV/MYV Hybrid Transformers due to Grid Faults,” in European
Conf. on Power Electronics and Applications (EPE ECCE
Europe), 2021.

E. Durna, J. Benzaquen, R. P. Kandula, and D. Divan, “Au-
tonomous Fail-Normal Switch for Hybrid Transformers,” in
IEEE Energy Conversion Congress and Exposition (ECCE),
2021.

M. Nazir and K. Burkes, “Hybrid Bypass Protection of Hybrid
Smart Transformers for Advanced Grid Support,” in IEEE
International Symposium on Power Electronics for Distributed
Generation Systems (PEDG), 2021.

C.-C. Hsu, G. Frusque, M. Muratovic, C. M. Franck, and
O. Fink, “Vacuum Circuit Breaker Closing Time Key Moments
Detection via Vibration Monitoring: A Run-to-Failure Study,”
in Research Collection ETHZ, 2022.

A. Wiemer and J. Biela, “Grounding Points in HV/MV Hybrid
Transformer Auxiliary Converters,” in European Conf. on
Power Electronics and Applications (EPE ECCE Europe),
2022.

A. Rodriguez-Cabero, F. Huerta Sdnchez, and M. Prodanovic,
“A Unified Control of Back-to-Back Converter,” in IEEE
Energy Conversion Congress and Exposition (ECCE), 2016.
“Voltage ratings of high power semiconductors,” in Application
Note 55YA 2051. Hitachi Energy Switzerland Ltd.
“Bi-Directional Control Thyristor,” in Data Sheet 5STB
18N4200. ABB Switzerland Ltd.

“Asymmetric Bypass Thyristor,” in Data Sheet ACR2900VR45.
Dynex Semiconductor Ltd.

“Pulse Power Thyristor,” in Data Sheet PT85QWx45. Dynex
Semiconductor Ltd.

T. Ding, J. Wang, H. Ding, L. Li, B. Liu, and Y. Pan, “A 35 ka
disc-shaped thyristor dc switch for batteries power supply of
flat-top pulsed magnetic field,” IEEE Transactions on Applied
Superconductivity, vol. 22, 2012.

The Simulation Platform for Power Electronic Systems.
Plexim, 2022.

[27]

(28]

(29]

[30]

(31]

(32]

(33]

(34]

[35]

(36]

K. Ma, N. He, M. Liserre, and F. Blaabjerg, “Frequency-
Domain Thermal Modeling and Characterization of Power
Semiconductor Devices,” IEEE Transactions on Power Elec-
tronics, vol. 31, no. 10, 2016.

A. S. Ltd., “Abb low voltage wind turbine converters acs800.”
ABB Switzerland Ltd., 2013.

——, “Abb wind turbine converters pcs6000.” ABB Switzer-
land Ltd., 2019.

IEC 60076-3 power transformers part 3, Austrian Standards
Institute (OVE) Std.

D. Fulchiron, “Overvoltages and insulation coordination in
MYV and HV,” in Schneider Electric Cahiers Techniques, 1995.
R. Feinberg, Modern Power Transformer Practice. The
Macmillan Press Ltd, 1979.

T. McLyman, Transformer and Inductor Design Handbook.
CRC Press, 2011.

“Phase Control Thyristor,” in Data Sheet DCR6650H42.
Dynex Semiconductor Ltd.

“Phase Control Thyristor,” in Data Sheet 5STP 380Q4200.
ABB Power Grids Switzerland Ltd.

“Water Cooled Heat Sink,” in Data Sheet VBA 125.
GmbH.

Dau



