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Abstract: The increase in the involvement of renewable energy sources results in a high rate of semiconductor power converter applications. The
power converters provide interconnections of DC microgrids with AC distribution lines. Inverters, which are connected directly to the
grid lines, are exposed to the risk of overvoltage occurrence. This overvoltage can arise because of a grid malfunction or atmospheric
phenomena, leading to damage to the semiconductor devices. The overvoltage protection is usually based on spark gaps, transient
voltage suppression diodes, and combined with circuit breakers or crowbars. Spark gaps are very robust and simple devices, but
not suitable for the end protections, because the breakdown voltage is relatively inaccurate. Suppression diodes are precise but not
suitable for a higher portion of the transient wave energy. The crowbar protections are very robust, and their break voltage can be set
very precisely, but the auxiliary power supply of the control circuit is usually needed for accurate control of break voltage. This paper
introduces the crowbar overvoltage protection with a passive power supply. The goal of the proposed protection is the passive power
supply, because all the control circuits operate directly on the converter DC link voltage.
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1. Introduction

The use of renewable energy sources is growing globally, which brings a new demand for semiconductor power
converters and induces new technical challenges (Niu et al., 2021; Peyghami and Blaabjerg, 2020; Sang et al.,
2022). The accessible output power of the renewable energy sources is a time variable, similar to the electric energy
demand. However, the variabilities of the accessible output power and demand are different, which highlight the
importance of the energy storage systems in stabilising the electric system. Power converters are essential devices,
which couple these storages, for example, steady battery packs with the electric lines. Converters operating with
DC systems are applied in the case of DC microgrids (Bettahar et al., 2024; Boudja and Barra, 2023; Charaabi
et al., 2025; Frivaldsky et al., 2018, 2020, 2021; Prazenica et al., 2020; Sahu et al., 2024). Inverters can arrange
connections to AC grids (Desai et al., 2021; He et al., 2019; Shahria et al., 2023; Sharma and Koul, 2023).

Voltage inverters are usually formed by the well-known H-bridge topology. The new power semiconductor
devices, such as silicon-carbide, CoolMOS and gallium-nitride, enable operating with high switching frequencies and
lower values of passive filter components. However, these components are susceptible to even short overvoltage
transients. The ripple of the modulated voltage can also be decreased by the use of more level inverters (Anzari et al.,
2014; Kishore et al., 2022; Tanguturi and Keerthipati, 2022; Tan et al., 2020; Zaouche et al., 2016).

Overvoltage protection strategy can be based on an active converter control strategy, which is suitable for low
voltage ride through caused by an imbalanced grid (Wang and Zhang, 2023; Zhao and Chen, 2022). This kind of
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protection is implemented in the converter control system and does not operate when the power converter switches
to sleep mode. Furthermore, this kind of protection is suitable for cascaded H-bridges voltage balance, but is not
very convenient for the suppression of single transients because of its limited ability to absorb energy. The spark
gaps are very robust, independently operating protections (Gektidis et al., 2022). They operate without any power
supply, have simple construction, and are capable to absorb much of the energy. The disadvantage of the spark gap
technology is in its relatively low accuracy of breaking voltage settings and slow response. These parameters can
be improved by involving the trigger system (Gektidis et al., 2024; Netto et al., 2011; Zheng et al., 2012). However,
its implementation requires an auxiliary power supply. The metal oxide varistors can be used as uncontrolled
devices with a more precisely defined breaking voltage (Mosamane and Gomes, 2022). The main limitation of
this protection technology is the amount of energy that can be absorbed by the device. This can be improved by
nanotechnology (Tan et al., 2008). The transient voltage diode suppressors are very fast uncontrolled devices for
overvoltage protection; nevertheless, their main limitation is the amount of energy that can be absorbed, so they
are usually used for low-power electronics (Changlin et al., 2023). Protections based on the combination of the
technologies stated above are often implemented (Sok et al., 2024). The crowbar technology offers a combination
of high accuracy in setting the breakdown voltage and high capability for energy absorption (Zhou et al., 2013).
Very high response speeds are usually achieved by IGBT-based crowbars. These protections are often used for
dual-fed induction generator systems of wind turbines (Giannakis et al., 2017). In this case, the protected grid is AC,
and the crowbar contains controlled IGBT short-circuiting the output of an uncontrolled diode rectifier (Al-Quteimat
et al., 2017; Oliveira Silva et al., 2021) or IGBT-based pulse rectifier (Sava et al., 2014). The advantage of the
fully controlled IGBT application is the possibility of controlled interruption of the crowbar intervention. For a higher
overload capacity, the pair of antiparallel thyristors can be applied as a crowbar power topology for an AC system
(Rihan, 2017; Vetrivelan and Huang, 2024). This potentially increases the energy absorption ability, but decreases
the protection response time, because the speed of the crowbar response is limited by the switching-on time of the
power thyristor. Crowbar protections are also in use in DC form; they are often placed in the DC converter DC link
(Jayanthi and Devaraj, 2019; Yang et al., 2013). Otherwise, if an IGBT is applied or the active thyristor driving is
implemented, the auxiliary power supply is usually needed.

This paper is focused on overvoltage protection based on a pair of thyristors placed on the H-bridge cell DC
bus. The goal of the proposed techniques is in the design of its control circuit, which is power supplied directly from
the power line, so there is no other auxiliary power supply. The control system, including thyristor drivers, flip-flops
and a low-pass filter-based delay unit, consists of discrete parts, which operate directly on the power voltage of the
protected converter DC link.

This paper is a post-conference extended version of the work previously presented in Strossa et al. (2024).

2. H-Bridge Cascaded Multi-Level Inverter

2.1. Overvoltage protection requirement
The overvoltage protection concept presented here was developed for a single cell of a cascaded H-bridge
converter, as illustrated in Figure 1.

In general, the need for such protection depends on the type of devices connected to the DC inputs of the cells
shown in Figure 1. Overvoltage conditions may originate from disturbances on the connected grid lines, caused by
atmospheric transients.

If the transient overvoltage occurs on the AC side of the H-bridge, it is rectified through the clamping diodes of
the bridge cell transistors, resulting in the charging of the input capacitor C,. If the C, capacity is directly connected
to a battery string, the incoming energy can typically be absorbed without issue. However, when a unidirectional
converter is connected to the H-bridge cell input, and it cannot sink the current from the overcharged C,, the voltage
across the capacitor may exceed safe limits and potentially damage connected components.

Furthermore, if the output of the H-bridge cell is not directly connected to a mechanical switching device,
typically a contactor or fuse switch disconnector, and a line of cable is present between the converter output and
the mechanical switching element, an overvoltage may be induced along this cable. This phenomenon can occur
even when the converter is inactive, potentially leading to an unintended charge of the input capacitor C, while the
system is in sleep mode.
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Figure 1. Cascaded H-bridge cells concept.

In this case, the system of overvoltage protection must remain operational even when the converter is powered
down. A passive protection element, such as a spark gap, can fulfil this requirement. However, this type of protection
lacks precision in setting the breakdown voltage that an electronically controlled crowbar can offer. The proposed
solution addresses this by employing a crowbar circuit powered from a passive power supply.

Generally, the proposed crowbar intervenes if the overvoltage on C, originates for any reason. Nevertheless,
the proposed protection is mainly focused on the case of an H-bridge with blocked power transistors in sleep mode.
In this case, the overvoltage wave can come from the AC side and be rectified by the clamping diodes, charging C,,.

If the voltage wave triggering the crowbar is transient, the crowbar just discharges the C, capacity, and the
current loop is interrupted. If the nominal AC voltage on the AC line is present at the same time, the crowbar
intervention secondary causes the AC side fuse operation, which has to be installed there, as depicted in Figure 2.

The input is assumed to be on the left side and the output on the right side of the circuit diagram depicted in
Figures 1 and 2. Furthermore, this is the default arrangement for the next descriptions. But generally, the proposed
crowbar protection is intended for bidirectional H-bridges, which means that the input and output of Figures 1 and 2
can be interchanged from the point of view of energy transfer direction.

2.2. Overvoltage protection implementation
The fundamental design requirement coming out from the cascade structure of the cell cascade was to protect each
individual cell independently, while meeting the following set of parameters:

The following concept of cell overvoltage protection was suggested according to the parameters listed in
Table 1.

3. Crowbar Overvoltage Protection

3.1. Thyristor current rise limitation
In general, thyristors represent a highly suitable choice for use as crowbar switches due to their robustness and
their relatively high tolerance for non-repetitive current overloads when compared with other semiconductor
switching components.

Another advantageous characteristic of thyristors in this context is their ability to remain in the conducting state
once triggered, until the anode current drops below the holding threshold. This behaviour allows the crowbar to stay
active even after the input capacitor C, has been discharged, in the event that a temporary current source appears
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Figure 2. H-bridge cell overvoltage protection implementation (Strossa et al., 2024).

Table 1. H-bridge cell required overvoltage protection parameters (Strossa et al., 2024).

Symbol Parameter Value
Cy H-bridge single cell input capacity 4.7 mF
Ver Protection breakdown voltage 300V
[—— Maximum peak of the break clamping current 100 A
AVgyep Maximum ripple of the C, capacity voltage on the C, equivalent series inductivity, originated by the pulse width 50V

modulation of the H-bridge transistors

fow H-bridge cell switching frequency 100 kHz

on the AC side of the H-bridge cell. This feature becomes particularly valuable when the crowbar control circuit
loses its passive power supply following the discharge of C.

The following power circuit was suggested within the proposed overvoltage protection.

The input inductor L, shown in Figure 3, fulfils three essential roles within the crowbar circuit. First, it moderates
the rate at which the breakdown current increases, ensuring compliance with the thyristor’s di/dt specification.
Second, in combination with resistor R, it limits the peak amplitude of the breakdown current. Third, it provides
decoupling from fast voltage ripple on C,, which is generated on the capacitor parasitic serial inductance by the
pulse-width modulation of the H-bridge transistors, and thereby preventing these oscillations from affecting the
crowbar thyristors.

The overvoltage protection activates when the voltage across C,, exceeds the breakdown threshold V., as
listed in Table 1. At this point, the crowbar begins to bypass the input capacitor, initiating a clamping current loop
through C,, L, and R. The rate of current increase is most pronounced at the initial moment of activation. For this
specific time interval, the following expression is defined:

AL

=L
Aty 6]

where V; is the overvoltage protection breakdown voltage (V). The H-bridge input capacity is charged to this value
at the beginning of the discharging process, and ATR is the current slope (A/s).
R

The minimal value of the inductivity according to the di/dt thyristor parameter can be expressed from Eq. (1) as:
v

BR

Al
A,

L=

@

The prototype of the proposed crowbar overvoltage protection was implemented using the Semikron
manufactured SKKT 42/08E thyristor. This component is specified with a maximum allowable current rise rate of
150 Alus.

To ensure compliance with this limitation, the required inductance value can be determined by applying Eq. (2):
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Figure 3. Proposed overvoltage protection power circuit, link capacity discharging current loop of the first stage thyristor T, activated (a), link
capacity discharging current loop of the second stage thyristor T, activated (b), crowbar excited inductor current after link capacity discharged (c).
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where L, , is the minimal inductivity (H) to pass the di/dt thyristor limit.

3.2. Clamping current amplitude limitation
The following analysis comes from Strossa et al. (2024).

The clamping current limit mentioned in Table 1 comes from the capacitors forming C,, and from the H-bridge
transistors’ clamping diodes. After the C has been discharged by the crowbar, the current of the excited crowbar
inductor L commutes to these clamping diodes.

Generally, the H-bridge cell reverse diodes’ current peak capacity i?t is usually lower than the capacity of the
thyristors engaged in the overvoltage protection circuit. The target application of the overvoltage protection does not
prefer a very fast discharge in this case; therefore, a moderate current peak stress is preferred here.

If there was thyristor T, only without R, differently from Figure 3, then the following equation would describe the
circuit:

v (1) =ven (1), )

where t is time (s), V,,, (f) is the voltage on the capacity C,, as a function dependent on time ¢, and v, (t) is the
voltage on the crowbar inductivity L as a function dependent on time t.
The clamping current discharging the C, capacity can be defined according to Eq. (4) as:

i () dtw oy Sen ()
Cflcm(t) dt=-L & 5)

where i, (t) is the clamping current discharging the C capacity as a function of time t.
The discharging current can be expressed from Eq. (5) using the Laplace and inverse Laplace transform as:

. c .t
lcm(t):VBR'\/;'smm

(6)

The amplitude of the discharging current, expressed as a local maximum of Eq. (6), can be expressed as:
. C
Iein (t) =V \/;
(7

MIN2’ C= CIN and ic|N(t) =1

2 -3 2
Mmz:cl]; Vo _47:10 2300 _423mi,
IBRMAX 100

The expression of L =L, in Eq. (7) returns:

BRMAX

L

®)

where L, is the minimal inductivity (H) to pass the clamping current amplitude limit defined in Table 1, if the
crowbar series resistivity is not used (Strossa et al., 2024).

3.3. H-bridge cell switching voltage ripple decoupling

The switching transients generated by the H-bridge transistors can lead to voltage oscillations across the input
capacitor C,. These rapid fluctuations may occur due to interaction between the wiring and the equivalent series
inductance of C, triggered by the fast current commutation between the AC side of the H-bridge and the capacitor
during pulse-width modulation.

It is essential to ensure that these oscillations do not cause the current flowing through inductor L to exceed
the thyristor’s latching current, as this could result in unintended activation of the crowbar. The slope of the voltage
ripple on C,, during modulation depends on several factors: the amplitude of the switched current in the H-bridge
cell, the switching characteristics of the transistors, the parasitic properties of the capacitors forming C and the
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inductive behaviour of the conductors between the capacitor and the switching elements. The resulting voltage
ripple, which reflects the construction of the H-bridge cell, is summarised in Table 1.

The Semikron SKKT 42/08E thyristor, selected for the crowbar overvoltage protection prototype, features a
latching current /,, = 300 mA. To prevent unintended triggering due to current ripple caused by switching transients,
the minimum required inductance L, . can be determined based on the inductive reactance, using the relation

expressed in Eq. (2):
AI/SWRIP 30

2.nf, -1, 2-m100-10°-300-10°

MIN3

160 uH

Ly =

)

After evaluating the calculated values of L, , from Eq. (3), L, from Eq. (8) and L, . from Eq. (9), and taking
into account the expected physical dimensions of the corresponding inductors, a crowbar inductor with L = 170
uH was selected. This value satisfies the requirements defined by L, and L, . only, which lead to the decision to
implement a two-stage crowbar protection scheme.

The proposed overvoltage protection design incorporates an initial peak current limitation, achieved by a series
connection of inductor L and resistor R, as shown in Figure 3. The time constant of these current-limiting components
is tuned to dissipate as much energy as possible during the discharge pulse of the input capacitor.

The energy dissipated on resistor R ensures a fast decrease of the discharging current, which decreases the
current stress of the H-bridge free-wheeling diodes, which hold the discharging current after crowbar capacity C, is
discharged. Additionally, the resistivity R limits the discharging current amplitude, so the inductivity L < L,,, defined
by Eq. (8) can be applied.

The resistivity R was set to R = 2.6 Q, and the maximum discharging current is limited by R as:

V.i:@ ~115 A

R 2.6 (10)

The value stated by Eq. (10) is higher than the [, . stated by Table 1, but Eq. (10) is simplified; it does not take
into consideration the impact of the inductivity L, which also limits the amplitude. The 100 A limit stated by Table 1
was finally exceeded.

The first stage switch-on thyristor T, only, where resistivity R in series with clamping inductor L limits the clamping
current amplitude. After particular deexciting of the inductor L, the resistance R is bypassed by the delayed switched-
on thyristor T,. The time delay was set up empirically within the simulation of the proposed crowbar (Strossa et al.,
2024). The second stage thyristor T, is approximately 18 ms delayed, and the discharging current falls to zero
approximately 40 ms after crowbar intervention. The total inductor deexciting time after T, switching-on depends on
voltage drop of the conducting devices and the parasitic current loop resistivity. There is no protected application
time limit requirement.

1

BRMAX —

The time delay between switching of T, and T, is set to achieve maximum discharging current /. .. on the
second peak of intervention. If a shorter delay was set, the second peak current would exceed the maximum current
lruax F€Quired by the application. If a longer delay was set, the resistors forming R resistivity would be exposed to

a higher power load, which could impact their short-time overload and change the required power dimensioning.
The discharging circuit can be described by the following equation, after the first stage thyristor T, is activated:

Ve (t):vL(t)+vR(t)’ (11)

where v(f) is the crowbar resistivity voltage as a time-dependent function (V). This equation can be changed to:

1, dicy (¢) .
—— i (t)-dt=L-—2 4 R (¢
C (t) dt (7) (12)

After the switching on of the second stage T,, Eq. (12) changes to Egs (13) and (14).

VcrN(t_tz):vL(t_tZ)’ (13)

where t, is the time of T, activation(s).
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iy (1-1,)

" + Ve (tz) (14)

—%Iicm(t—tz)dt:L

Afterwards, finding a solution of t from Eq. (14), for /., achieving the local maximum equal to /., can lead

to finding t, in Eq. (11). Furthermore, this is a very complex process, which is difficult for multiple applications of

the initial conditions within the Laplace and Inverse Laplace transform. Consequently, the parasitic resistivities of

the current loops and the thyristors’ V-A characteristics are taken into consideration in equations, so the empirical
setting of time ¢, = 18 ms in the simulations was used to find the ideal value for the built prototype.

3.4. Crowbar power devices dimensioning
The following limiting parameters of the crowbar power devices were determined; the detailed parameters
assessment is described below.

The main aspects of the crowbar power dimensioning come from the protected circuit requirements listed in Table
1. The peak anode current of the thyristors T, and T, is defined by the discharging current stated there. The non-
repetitive single pulse current is usually defined for a sinus half-wave, taking 10 ms. The selected thyristor has to be
able to pass the i?t thermal energy absorption, so the thyristor selection should take into consideration the length and
shape of the discharging current line. The simulation results return the i?t thermal energy integral 88 A%s, as stated
in section 5.1., which is the requirement coming from the predicted discharging current line. The prototype crowbar
construction uses the Semikron SKKT 42/08E, which is capable of holding 1000 A amplitude of half-sine current.
Thyristors are overdimensioned, but the crowbar is resistant to any unexpected discharging current time prolongation.

The crowbar choke L is air core-based, so there is no risk of saturation. The only current-limiting aspect is the
cross-sectional square value of the choke wire.

The crowbar resistor R average power value is low, but the resistor has to be able to hold current up to 100 A for
up to 18 ms. The peak power of the resistor is:

Popax =R Ty ~ 2.6 1157 ~ 34,4 kW (15)

where P, is the peak power of the resistor (W) and /,,,, is the peak current (A).
The value of |, ,, from Table 2 should be the same as the I, in Table 1. For evaluation of the worst case,
the value /,,,, = 115 A according to Eq. (10) was assumed. But, finally, the value of resistivity R was set up

experimentally to pass the current peak equal to 100 A. The current peak comes out slightly higher in the simulation
than in the experimental set-up. This is probably because of another parasitic resistance in the current loop, which
is not considered in the simulation.

The resistor R power dimensioning needs to pass Eq. (15), which is the peak power for a short time interval.
Generally, there are more ways to pass it according to the datasheet ratings. The first way is to calculate the i
thermal integral and compare it with the datasheet value, if it is available. The second way is to read directly the
short-time datasheet voltage or current overload. Finally, it is also possible to calculate the dissipated energy and
the rated temperature rise from the thermal capacity.

In the proposed prototype design, the parallel combinations of three resistors rated each for 3 W were used. The
capability to operate repetitively in the proposed design was then experimentally verified.

Generally, the values of the parameters stated in Table 2 are interdependent, for example, the resistors’
parameters influence the thyristor requirements. In the case of the proposed prototype, the thyristor parameters

Table 2. Crowbar power devices requirements.

Symbol Parameter Value

di/dt Thyristor switching current slope 150 A/us
[ Maximum thyristor anode current 100 A/20 ms
it Thyristor thermal energy integral 88 ASs

L Crowbar Inductivity 170 uH

Loanx Maximum inductor non-saturating current 115A

R Crowbar resistivity 26Q

Pepeax Crowbar resistor peak power 26 KW

381




Overvoltage crowbar protection

382

were estimated according to the general application requirements stated in Table 1, and the resistor power and
resistivity values were stated according to the other parameters.

4. Proposed Crowbar Control Circuit with Passive Power Supply

4.1. Crowbar concept
The proposed crowbar overvoltage protection consists of the following blocks, shown in Figure 4.

The proposed crowbar consisting of T, and T, thyristors, power resistor R, and inductor L, as depicted in
Chapter lll, is coupled in parallel directly to the C, input capacity of the protected H-bridge cell. The overvoltage
evaluation unit observes the H-bridge link capacity voltage incessantly. The overvoltage protection intervenes if the
voltage on C exceeds the V. value listed in Table 1.

The power supply of the crowbar control circuits is provided by the voltage of the protected H-bridge input
capacity. This is the main advantage of the proposed concept because no other auxiliary source of energy is
needed. The crowbar protection goes to standby mode every time the voltage of the input capacity C  rises from
zero, so the crowbar control circuits are active independently of the protected H-bridge control and driving system.
So the crowbar protection is ready to react to the overvoltage coming out from the output grid, even if the H-bridge
cell control system is in sleep mode.

4.2. Control circuit passive power supply

The energy needed for proper crowbar intervention is stored in the capacity C,. This capacity is coupled with C
via D,, as depicted in Figure 4. The voltage in C, is followed by the voltage of C,, if it grows or stays in a steady
state. If the voltage on the C capacity exceeds the V. value, the protection intervenes. The crowbar power
circuit discharges the C capacity. The diode D, prevents discharging C, to C,, so the crowbar control circuits are
powered supplied from C, during the generation of the switching driving sequence for both the crowbar thyristors.

4.3. Overvoltage evaluation

The overvoltage detection mechanism in the proposed crowbar control circuit operates by comparing the voltage
measured across capacitor C, with a reference level defined by a Zener diode Z,. The corresponding schematic
is shown in Figure 5.

The reference voltage for the comparator is generated by the Zener diode Z_,. The observed input voltage is
scaled by the voltage divider formed by the R, and R, resistors. Transistor Q, forms the comparator together with
Q,. The comparative value defined by the breakdown voltage listed in Table 1 is set up by R,, R,, R,, and R,. The
hysteresis band of the comparator is defined by these resistors, mainly by R..

When the voltage on R, exceeds the Zener voltage of Z_,, the gate-source voltage of Q, can begin rising.
When this voltage exceeds the Q, threshold voltage, transistor Q, goes into a switched-on state. That causes
the switching-on of Q,, which forms positive feedback for Q,. The subsequent switching-on of Q, accelerates the
switching-on process of Q, (Strossa et al., 2024).

Crowbar — ————~—~——~——~—~—“—~—~—"~>——————————————— -
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Figure 4. Block diagram of the proposed crowbar overvoltage protection.
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Figure 5. Simplified proposed crowbar overvoltage evaluation control circuit (Strossa et al., 2024)

The output signal Trig. 1 serves as the input for the driver of the first-stage thyristor T,, as well as for the delay
unit that initiates the driver of the second-stage thyristor T,. Additionally, it functions as the enable signal for the
constant current source that powers the LED within the optocoupled trip signal output.

The duration of the driving pulse is determined by the hysteresis band of the comparator, since transistors Q,
and Q,, which are normally in the off-state, remain conducting until the voltage across capacitor C,. Drops below
the comparative value.

4.4. Second stage thyristor switching-on delay

Generally, the overvoltage evaluation unit depicted in Figure 5 is a comparator based on discrete electronic
components, power supplied directly from the protected H-bridge voltage system. This provides the function with no
need for any auxiliary power supply for the crowbar control circuit. This comparator compares the link capacity C,
voltage with the reference breaking value. The first stage thyristor T, driver is triggered directly from this comparator.
The second stage thyristor T, driver is triggered delayed via a low-pass filter. Thyristor drivers used in the proposed
concept do not provide sufficient hysteresis with reference to their input signal; this is because of their simple design,
as described in Section 4.5. So the driver triggering signals have to be sufficiently steep on their edges themselves.

This is passed with the trigger signal Trig. 1, which is the output of the comparator depicted in Figure 5. A similar
comparator integrated behind the low-pass filter used for thyristor T, driver was used as a signal shaper to pass this
condition for driving thyristor T,, as depicted in Figure 6.

The trigger signal Trig. 1, which is the output of the block depicted in Figure 5, is semigrounded in the active
state via Z,. This physical signal implementation is negated via Q, to V., in the active state, as depicted in Figure 6.
Z,,, commonly with R,,, forms the reference voltage for the comparator formed by Q, and Q,. Resistors R, R,¢, R,
and R, define comparator hysteresis in steady state. The parallel combination of these resistors and capacity C,
defines the delay between Trig. 1 signal and Trig. 2 signal, which is used for triggering the second-stage thyristor T.,.
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Figure 7. Simplified crowbar thyristor driver (Strossa et al., 2024).
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Figure 8. Simplified optocoupled trigger output.

4.5. Thyristors drivers

The cathode of thyristor T, is connected to the same ground potential that serves as the signal ground within the
control circuit, as illustrated in Figure 4. This arrangement simplifies the driver design. Thyristor T, on the other
side, has a floating cathode. However, once T, is triggered, the cathode of T, becomes grounded through T,. Since
T, is always activated with a delay related to T, both driver circuits are designed to operate with a common ground
reference. A simplified schematic of the driver is shown in Figure 7.

The drivers are controlled by the signal from the trigger. T, is triggered directly from the output Trig. 1 depicted
in Figure 5. T, is switched delayed, so the related driver is triggered by the output of the independent comparator,
which is similar to that one in Figure 5. This comparator is triggered by the signal Trig. 1 in Figure 5 via a low-pass
filter formed by R, R, and C, in Figure 6, which ensures the time delay.

Each driver contains a transistor, which switches the pulse to the thyristor gate, as depicted in Figure 7. The
length of the triggering signal defines the length of the driving signal, and it is set up by the hysteresis band of the
overvoltage comparator.

Capacity C, in Figure 7 bypasses R,, at the beginning of the switching pulse, which provides the initial gate
current peak.

4.6. Optocoupled trigger output

The proposed crowbar control circuit is equipped with an isolated trigger output, which can be optionally used for
signalling to the control system of the H-bridge protected by the proposed crowbar. This signal can be used for
sending information about the crowbar intervention to the microcontroller-based control system.
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The simplified circuit diagram of the optocoupled unit is depicted in Figure 8. The group of Zener diode Z_,
resistors R,, and transistor Q, forms the constant current source generating the current for the optocoupler LED
diode. This constant current generator is activated by signal Trig. 1. Transistor Q, operates in active mode, not as
a switch, so it dissipates much of the energy and its cooling is designed for an intermittent load. The resistor R, is
used to decrease the temperature load of transistor Q,, causing the power dissipation of the constant current source
for the optocoupler LED to be divided mainly between Q, and R,.

5. Simulations and Experimental Results

5.1. Spice simulation

The proposed crowbar solution was simulated in a Spice environment. The following results were obtained: The
delay of T, switching-on was experimentally set to approximately 18 ms. The proposed crowbar solution including
thyristor thermal energy integral was simulated in a Spice environment, as is depicted in Figure 9.

5.2. Built prototype

The experimental prototype of the crowbar overvoltage protection was built using Semikron SKKT 42/08E thyristors.
For the input capacitor C,,, a TDK manufactured component with a nominal capacitance of 4.7 mF was selected.
5.3. Experimental results

The experimental set-up is depicted in Figure 10. The constructed prototype was tested under the following
conditions: The protected H-bridge cell was kept deactivated, while the input capacitor was gradually charged from
a voltage source through a 10 kQ resistor. This resistor served to decouple the charging source from the crowbar
circuit during its activation. Once the voltage exceeded 300 V—corresponding to the breakdown threshold specified
in Table 1—the crowbar circuit responded successfully, as depicted in Figures 11 and 12.

The prototype also includes an optocoupled trigger output designed to transmit information about the overvoltage
protection event from the crowbar control board to the converter’s control system. The trigger signal V .. . (V).
originating from the optocoupler’s secondary side, operates with an open-collector output connected to a pull-up
resistor. This signal is illustrated in Figure 13.

I (V) Ven (V) | Pt (A2s) Ve (V) I (A) i’t

=]

T, — on

T, — on

l&__

t (ms)

Figure 9. Spice simulation of proposed crowbar intervention, H-bridge cell input capacity voltage V,

o (V), 50 V/div, clamping input capacity
discharging current / (A), 18 A/div and thermal integral i?t (A%s), 25 A’s/div, timebase 50 ms/div.
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Figure 11. Experimental waveforms after crowbar intervention of H-bridge (Strossa et al., 2024), input capacity voltage V., (V), 100 V/div and crowbar
clamping current / (A), 50 A/div, time base 10 ms/div.
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Figure 12. Experimental waveforms after crowbar intervention of H-bridge (Strossa et al., 2024), input capacity voltage V, (V), 100 V/div and

crowbar clamping current / (A), 50 A/div, time base 250 ps/div, detailed current rising is scoped.
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Figure 13. Experimental waveforms after crowbar intervention of H-bridge (Strossa et al., 2024), input capacity voltage V,, (V), 100 V/div, crowbar
clamping current / (A), 50 A/div and trip voltage on the secondary side of optocoupler V., (V), 10 V/div, time base 50 ms/div, trip signal observed.

TRIP

6. Conclusions

The crowbar overvoltage protection system, powered by a passive power supply, was introduced. A two-stage
crowbar configuration was implemented to limit the clamping current without requiring excessively high inductance.

In the first stage, the T, thyristor is triggered to divert the overcharged C, capacitor through a series combination
of inductance L and resistance R. At this point, the resistance plays the dominant role in shaping the clamping
current amplitude. The second stage activates the T, thyristor, which bypasses the resistance R.
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The proposed control system was validated through both Spice simulations and experimental testing on a
physical prototype. In simulations, the clamping current reached the /,,,, threshold of 100 A, as shown in Figure
9. In contrast, experimental results depicted in Figures 11-13 demonstrated slightly lower peak values, with the
current marginally exceeding 90 A.

The measured clamping current rise time was approximately 150 ps, as illustrated in Figure 12. The prototype
board also includes an optocoupler that generates an error-trip signal upon intervention. This signal is confirmed
in Figure 13. The square waveform distortion observed after approximately 70 ms results from the loss of power to
the control circuit due to the discharge of C, and C,. Nevertheless, the initial 70 ms portion of the pulse remains
well-formed and sufficiently long for standard sequential logic circuits, including flip-flops.

The control circuit operates directly on the voltage level of the protected H-bridge input capacitor C,. It comprises
a voltage reference, a comparator functioning as an overvoltage detector and thyristor drivers built from discrete
components, all functioning within a 100-300 V supply range.

Additionally, the experimental results confirm that the proposed crowbar control strategy ensures a reliable and
repeatable response to overvoltage events, with minimal component stress and consistent triggering behaviour.
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