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Application note

Inrush-current limiter circuits (ICL) with Triacs and Thyristors (SCR)and controlled
bridge design tips

Introduction

At application startup, a high current can be sunk from the mains due to transient energy demand to start the system. Such
inrush current could come from motor startup, DC capacitor charge or the low value of resistor impedance at cold temperature.

A high inrush current can cause several issues for the system like component failure (fuse, bridge diode, etc.) but also
represents an excessive current stress on the power grid compared to the nominal current sensed in steady state. Indeed, if
nothing is implemented to limit the inrush current, the startup current can easily be 10 to 20 times higher than the steady-state
current. The power grid wires and other current protection components have then to be rated to deliver such high current for a
short time. Moreover, the sudden current variation leads to Line voltage dips. These fluctuations decrease the power delivered
to other loads. Then lamps or displays connected on the line could show a brightness variation called the flicker phenomenon.
To avoid such unwanted phenomenon, the IEC 61000-3-3 electromagnetic standard defines the maximum voltage fluctuation,
which can be accepted, and so the maximum repetitive current, according to the application case.

Today, one of the major sources of high inrush current comes from the DC capacitors, which are charged by a diode bridge. This
document lists the different topologies, which can be implemented with SCR (silicon-controlled rectifier) or triacs to implement
an inrush-current limitation (ICL) circuit. Tips are given to design such circuits, with a particular focus on the controlled bridge
solution.

This document is split into different sections, which deal each a specific topic and which can be read separately (references are
given to other sections if the reader requires further explanation).
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1 ICL circuit topologies

1.1 Bypass solutions

Bypass solutions are the solutions traditionally used for inrush-current limiter (“ICL") circuits. The capacitor inrush-
current is limited by a resistor (refer to Ry in Figure 1 to Figure 4) which can be either a fixed-value resistor or a
temperature-variable resistor. Temperature- variable resistors usually present a negative thermal coefficient (NTC)
so that the resistor has a high-Z value in cold-state, that is, at startup, and a low impedance value at steady-state.
The low-value resistor is required at steady-state to limit the power losses dissipated by this resistor, which
becomes redundant as soon as the startup is finished. But to reduce the NTC resistor losses, a better solution is
then to turn on a switch in parallel to bypass its impedance.

Designers were used to use a mechanical relay for the bypass switch (see S1 on Figure 4). But such technologies
have several drawbacks, for example:

. High current consumption for the coil

. Risk of relay opening in case of machine vibrations

. Acoustic noise due to the mechanical contact

. Risk of explosion in flammable environment (due to switching spark)

. Poor reliability (especially if the relay is switched on or off when a high DC voltage or a high current is
present)

. Bulky solution

Below figures give the three different solutions, which can be used:

Figure 1: The bypass device is put on the DC side and is implemented with a single SCR

Figure 2: The bypass device is put on the AC side and is implemented with a single triac

Figure 3: The bypass device is put inside the bridge and is implemented with two SCRs in a mixed bridge.

Figure 1. Bypass device is put on DC side Figure 2. Bypass device is put on AC side
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Figure 4. Mechanical solution for ICL resistor bypass and stand-by losses removal
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The schematic in Figure 2 is the only one able to operate with an AC voltage doubler circuit (implemented with
triac T2, which could be an AVS08 or AVS12 device; and capacitors C1 and C2). The current, which charges both
C1 and C2 is actually always passing through Ry or triac T1. In this case a voltage doubler (with T2, C1 and C2)
is implemented in Figure 1 and Figure 3 schematics, R resistor can only limit the current charging C1
capacitor. So, the inrush-current could be limited if the application is plugged into the mains during a negative
voltage half-cycle.

You can also note that a voltage doubler is useful only if no PFC circuit is used. Indeed, a PFC is able to regulate
the DC bus to a constant level even if the AC line voltage varies between 90 to 270 V.

The schematic in Figure 3 could eventually be able to operate with an AC voltage doubler circuit but the two
SCRS (T1 and T2) should be placed on the same bridge leg (with, for example, T2 cathode connected on T1
anode) instead of a common-cathodes circuit. This means that both SCRs could then not be supplied from the
same voltage supply.

Mixed bridge solutions avoid a device to be added in series with the diode bridge. Such a solution is then
preferred versus the single-SCR or triac solutions for applications where a high power efficiency is required.

1.2 Soft-start solutions

The drawback of the solutions presented in Figure 1 to Figure 4 is that the Ry resistor is always connected to
the line (through the diode bridge) even if the application is in standby mode.

To reduce the losses, which can be dissipated by the application, for example due to the high voltage, which is
still applied on the DC side through R 1, a switch has to be used in series with the line voltage (as shown in
Figure 4 where S2 is open to disconnect the diode bridge in standby mode and thus remove the standby losses).
Such a solution with certainty increases the total solution cost.

Another smarter solution involves simply removing the Ry resistor. Figure 1 to Figure 3 schematics could
actually work if the Ry resistor is replaced by an open circuit. The whole solution for the ICL function and
standby loss suppression is then implemented by one or two SCRs, or a single triac, instead of one ICL resistor
and two mechanical relays as shown on Figure 4. For the schematic of Figure 3, D3 and D4 diodes can also be
removed. The solid-state technology could then be cheaper than the mechanical technology solution and will also
bring the advantages already listed in Section 1.1: Bypass solutions (increased reliability, acoustic noise
suppression, etc.).

R m removal solution with an SCR and a triac ICL function can work if the three following conditions are satisfied:
1. Aninductor is present in series with the line (refer to L in previous schematics)

2. The control circuit is able to implement a progressive soft-start of the device previously used as a bypass
switch

3. An auxiliary supply is present to supply the MCU before the DC output capacitor is charged (refer to C in the
above schematics) so that the MCU can ensure the inrush- current limiter soft-start.

It should be noted that condition 3 should be fulfilled in most circuits where the consumption in standby mode is a
concern. Indeed, the standby mode means that the most part of the circuit is unpowered but some basic functions
have still to be ensured (like MCU reactivation in case an RF or IR signal is received).

These applications use a low-power auxiliary supply to provide the MCU with enough energy during the standby
mode. A bigger power supply is then activated during normal operation mode.
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It should also be noted that condition 1 should be fulfilled almost for free as most applications using a DC bridge
feature an SMPS or a motor inverter. And the high-switching frequency of such circuits requires that an EMI filter
is added at the application line input. Most EMI filters feature a common-mode inductor, which presents a
spurious differential- mode inductance (like L in the previous schematic) due to the copper turns of the choke.

Figure 4 gives a PSPICE simulation result for the schematic of Figure 2 under these conditions:

. The circuit is operating in doubler mode (T2 triac is ON)

. The Line voltage is a 120 V RMS 60 Hz voltage

. Output capacitors (C1 and C2) are both 220 yF capacitors

. The value of the differential-mode inductor is 100 yH

. The PFC circuit is replaced by an open-circuit

T1 triac control sequence is the following one:

1. Triac is first turned on with a 8.1 ms delay (so approximately 0.23 ms shorter than a line half-cycle)

2. Then, the turn-on delay is decreased by 0.13 ms at each next half-cycle (this is done by applying a gate pulse
control with an 8.2 ms period)

3. The gate pulse width is limited to 0.2 ms to avoid that the gate current will be applied at the beginning of the
next cycle; especially for the 1rst triggering pulse, as otherwise the triac will allow a current conduction for the
full next half-cycle; the inrush-current would not thus be limited anymore.

The used of triac model is a T1235T device.

Figure 5. DC capacitor soft-start with triac solution in doubler mode
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Figure 5 clearly shows that the L inductor current, so the Line input current, is well limited to a peak value lower
than 20 A while the output voltage (VDC, which is the voltage across both C1 and C2 in series) is charged slowly
to two times the peak VAC voltage in approximately 0.25 s. A 20 A peak current value allows the appliance to
fulfill the IEC 61000-3-3 standard while limiting the maximum relative line voltage change below 4%. Indeed, to
reach a 4% Line voltage variation, a 20 A RMS current has to be drawn from the mains. So, with a 20 A peak
current, the standard is fulfilled with a good margin.
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2 Control circuits

2.1 Auxiliary winding solutions

Figure 1 and Figure 2 both show that the power device (respectively the SCR and the triac) are controlled by an
auxiliary winding.

This winding is sometimes implemented by adding a secondary winding on the flyback converter of the
application supply or on the PFC inductor. This means that a gate current will be applied to the SCR or the triac
as soon as the flyback or the PFC is controlled.

With certainty, such a solution cannot work with the soft-start solutions presented in Section 1.2: Soft-start
solutions where the SCR or the triac has to be controlled before that the output DC capacitor is charged, and so
before that the PFC or the flyback is activated.

In case a secondary flyback supply is used to supply the PFC control circuit, then the auxiliary winding could not
be added on this secondary supply transformer as a flyback (like the PFC) could not be activated with a
predefined delay to achieve the SCR or triac progressive soft-start (as shown in Figure 5).
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Opto-coupler

Typical schematic

Figure 6 shows a typical example of how an opto-transistor can be connected to drive a SCR used in a mixed
bridge. The SCR cathode is then connected to the high-voltage DC bus (HVDC point), while its anode is
connected either to the line or to the neutral. Vppy is the supply of the control circuit. Vpp1 is the supply used to
provide a gate current to the SCR or the triac (then a negative voltage should be preferred, as explained in
AN3168). As Vpp1 is referenced to HVDC point, Vpp1 and Vppy supplies have to be insulated from each other.

For the typology of Figure 1, the opto-transistor schematic would be the same as for Figure 6 except that the

SCR anode is connected at the upper output of the diode bridge.

For the schematic of Figure 3 a), both SCR cathodes are connected to HVDC, the auxiliary supply (Vpp1), used to
provide a gate current to the SCR, needs then to have its reference connected also to HVDC as shown in

Figure 6.

Such a topology can easily be implemented using a secondary winding added on a flyback transformer as shown
in Figure 7. It could be noted that this secondary winding could be the winding traditionally used to supply the
converter IC, as such a winding is no more required if the IC features a current source to ensure its startup. Then
the second supply (Vpp2), implemented with the secondary transformer winding, is referenced to DC bus ground
(refer to GND2 on Figure 7) and then can supply the SMPS IC control circuit and MCU.

For Figure 3 b), SCR gates are connected to a specific driver referenced to GND_DC.
Therefore, an isolated power supply is not required.

Figure 6. SCR triggering circuit with an opto-transistor
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2.2.2
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Figure 7. Flyback SMPS solution to provide MCU and SCR supplies
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Gate resistor selection
The gate resistor RG has to be selected to apply a current higher than the SCR IgT. This resistor has then to
satisfy the equation below, where Vg sat) is the opto-transistor collector-emitter saturation voltage and Vg the
gate-to-cathode SCR voltage (see Figure 6).
Vpp1—VcE(sat) — V6K

lr(7))
In the above equation, we note that the SCR IgT is varying with the junction temperature that is why it is indicated
as “IGT(Tj).” The gate current of any triac or SCR indeed increases when the device junction temperature
decreases (as shown in Figure 8. Gate current variation versus junction temperature (TN5050H SCR), for
example, for the TN5050H SCR). The highest gate current to apply occurs when the device has to be started at
the minimum ambient temperature. Then, once the device is on, its junction temperature is always above the
ambient temperature due to its own power losses.

Rg <

(1)

Figure 8. Gate current variation versus junction temperature (TN5050H SCR)

20 |
v - leT
g 15 g
£ ]
5 —
310 S
2 +— Ver ""“-—-..\ e
2 05 P—
5 [S—
0.0
-50 25 L] 25 50 75 100 125 150
160

To ensure that the SCR will be well triggered whatever the conditions, the best is to take into account the worst
case for each parameter. This means that we assume that:

. Vpp1 is at its lowest level (we assume 10% below its nominal value of 5V here)

. VcE(sat) €quals the maximum specified value (which is usually 1 V for a photo- Darlington, or 0.4 V for a
photo-transistor).

. Vgk equals the maximum Vgt specified value (for example 1V for a TN5050H).

. T, equals to the minimum ambient temperature of the application (usually 0 °C to -10 °C).
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The selected resistor is a 5% accuracy resistor; so the worst case occurs when Rg is 5% higher than its standard
value.

For our calculation, we consider a TN5050H device, which is a 1200 V 50 A SCR with a 50 mA gate current. This
device is also available in automotive-grade (TN5050H-12WY) and is allowed to work with 150 °C junction
temperature.

To allow a control by a single MCU 1/O pin, a photo-transistor is enough (there is no need of a photo-Darlington
with a better gain between the LED current and detector current).

If the minimum ambient temperature is -10°C, according to the TN5050H device datasheet curve, the maximum
IgT at -10°C is approximately 30% higher than the value specified for 25 °C. This means a gate current higher
than 65 mA (1.3 x 50 = 65) has to be applied.

The gate resistor to select has to be lower than:

VDpD1min. ~ VCE(sat)max. — VGKmax. _  45—_04—1
Igr(=10°C) - 1.05 65-1073-1.05

The closest standard is then 39 Q for a 5% accuracy series.

Royr <

= 450 2)

223 LED current setting

The minimum current to apply to the LED is with certainty linked to the gate current to apply and also to the
current transfer ratio (CTR) of the photo-coupler.

For most photo-couplers, the CTR can be considered as a constant from 25 °C to -10 °C. So, the datasheet
minimum specified CTR can be considered for our calculation.

As previously stated, we assume a photo-transistor (not a photo-Darlington). Then we can consider a 50%
minimum CTR.

The LED resistor (refer to R gp on Figure 6) has then to satisfy the equation below, where VE is the opto-
transistor emitter LED forward voltage and Vg the MCU 1/O pin low-level output voltage.
Vpp2 —VE—V

DIL;ZT(t j)};CTROL (3)
To ensure we always apply a current at least higher than the required IgT at the photo- coupler output, we also
take into account here the worst case:
Vppy is at its lowest level (we assume 10% below its nominal value of 5 V)

Rpgp <

VE equals to the maximum specified value of the LED (which is usually around 1.5 V).

Maximum low output level for the MCU pin, which sinks the LED current (we assume 0.8 V for the LED current
level sunk by this I/O)
T; equals the minimum ambient temperature of the application (-10°C as considered previously).
The selected resistor is a 5% accuracy resistor; so the worst case occurs when Rg is 5% higher than its standard
value.
This gives:

o < e = S <161z g
The closest standard is then 1500 Q for a 5% accuracy series. The nominal current applied to the LED (for the
nominal Vpp2, VoL, VF, and Rg values) is then in the range of 2 mA. This is well below the maximum advised

current for the LED, which is usually in the range of from 5 to 10 mA. So, the photo-coupler reliability is better
ensured and the CTR ratio should not decrease too much during the application life-time.
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2.3 Pulse transformer

A pulse transformer is a very easy way to implement an insulated control circuit for power devices like bipolar
transistors, SCR, or triacs. Such transformers are magnetic voltage transformers. The ratio between primary and
secondary voltages (U1 and U2) is given by the equation below where N1 and N2 are respectively the turns

number of the primary and secondary windings. This ratio “n” is often called the “turns ratio” in pulse transformers
datasheet.

nol2_u2 5)

The number of windings of pulse transformers is also often referred to as “1:1” or “2:1.” This respectively means
that for the first transformer, the secondary voltage equals the primary one, while for the second case, the
secondary voltage is half the primary one.

One particular point to take into account when designing a pulse transformer is the maximum “Voltage x time”
product. The “V x ys” product is usually given for the maximum voltage pulse duration, which can be supplied by
the secondary winding (but not the product value applied to the primary winding). Indeed, the voltage applied to
the coil integrated overtime gives an indication of the magnetic core saturation. We call E x T this voltage-time
product as if a square voltage pulse is applied. The integral of the secondary voltage equals the peak output
voltage multiplied by the pulse width. We can then estimate the maximum length of voltage pulse applied to the
primary transformer with the equation below, where U1pggi is the peak level of the applied square-pulse (U1pgak
would be close to the MCU Vpp voltage if Figure 9 schematic is used).

tpmax. = #élzeak (6)
If the applied pulse lasts longer than tpmax, then the secondary voltage collapses to zero and the primary winding
current increases fast due to the primary inductor saturation.

To avoid such core saturation, the voltage applied at the primary should not have any DC content. Even if a
square pulse shorter than tymax is applied, a second pulse cannot be applied after. This applies even if the second
pulse is applied several hours later as the magnetic core flux remains in the last position inside the magnetic core
hysteresis cycle.

To be sure that the primary voltage will not have any DC voltage component, a zener diode (referred to as Dz in
Figure 9) has to be used. This zener diode allows a negative voltage to be applied to the primary winding for the
time required to decrease the primary winding current back to zero. The d1 diode is used to avoid the Vpp supply
to be short-circuited when the bipolar transistor (Ty) is turned on.

It should be noted that the schematic of Figure 8, which drives simultaneously both SCRs of the mixed bridge,
can only be used for short pulse control. Actually this avoids the reversed SCR leakage current to increase as
explained in Section 3.1: Impact of gate current on leakage current. In case long-pulse or DC gate control has to
be implemented, the schematic of Figure 7 has to be duplicated for each SCR, with an MCU I/O pin dedicated to
each SCR (T1 controlled during positive half-cycle and T2 controlled during negative half-cycle).

The SCR gate resistor has to be selected with the same approach as seen in Section 2.2.2: Gate resistor
selection. The equation is then:

U2—-VE-Vgk

Rg <
¢ 167(T})

(7)

Where Vg is D2 diode forward voltage drop.

It should be noted that the secondary winding current, due to the gate current, has theoretically no effect on the
magnetic core saturation. The secondary winding is indeed supplied to limit the magnetic flux variation given by
Lenz's law. But in practice, as the magnetic coupling is not perfect between secondary and primary, the secondary
current causes an early saturation and the voltage pulse width would then be reduced. If the pulse transformer
output current capability is not clearly given in the transformer datasheet, practical experimentation has to be
performed to confirm if the chosen pulse transformer fits the application.

As already said, in case a DC or PWM signal (with a high duty cycle, which could generate too high OFF state
losses of each SCR) is applied to each SCR gate, it is better to use one pulse transformer for each SCR. A diode
bridge can then also be used to enlarge the gate current pulse width and provide a gate current even while a
negative voltage is applied to the primary by the zener diode. A capacitor can also be used to smooth the voltage
applied to each SCR gate.

AN4606 - Rev 3 page 9/26




‘_ AN4606
,l Control circuits

Figure 9. SCR triggering circuit with a pulse transformer
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3.1 Impact of gate current on leakage current

Figure 10 gives the typical voltage across T1 and T2 SCRs used in a mixed-bridge (see Figure 3) without any
PFC circuit. During this test, T1 and T2 are both triggered by a square gate current while VAC is respectively
positive and negative (that is, the gate current pulse is 10 ms long for a 50 Hz line frequency). V14 and V12
voltages are then equal to zero as these SCR are ON, for the half-cycle where they are triggered, even if they
conduct current only when the VAC voltage goes higher than the output DC voltage, somewhere close to the peak
line voltage (as here no PFC is used).

Figure 10. Typical SCR voltages in a mixed-bridge during steady-state
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Figure 10 thus clearly shows that when one SCR is triggered (or conducting), the other one is reverse biased.
This is an important point to note. Indeed, the leakage current of a SCR can increase when a gate current is
applied. Figure 11, for example, gives a typical leakage current measurement when a reverse voltage is applied to
a TYN1012 (1000 V 12 A SCR, with a 15 mA IgT) at a 125 °C junction temperature. Figure 11.a gives the
measurement results when a gate current, from 0 to 16 mA, is applied. In this case, the leakage current at 400 V
is above 10 mA for a 16 mA applied gate current. This is more than 100 times higher than the leakage current,
which is measured without any gate current (100 pA typically, for a 2 mA max specified Iprp/IrRrMm Value in our
datasheet). This leakage current increase is due to the internal bipolar transistors of the SCR; the leakage current
is indeed applied to a bipolar transistor base. The leakage current is then amplified due to the transistor gain.
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Figure 11. TYN1012 leakage current versus applied gate current (T; = 125 °C)
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This high leakage current can cause a nonnegligible power loss increase. The equation below gives the average
losses per SCR assuming that the leakage current (IR) is constant whatever is the voltage. This equation then
takes into account this DC leakage current multiplied by the line voltage average value for one half-cycle (as no
voltage is applied to the SCR for the positive half-cycle if it is triggered).

Popr =

(8)

V2 VRMs IR(AV)
T

Assuming a 10 mA DC leakage current, for a 230 V application, gives a 1 W extra loss per SCR! This could
significantly impact the application efficiency.

There are two different solutions to avoid such extra loss:

1. The first one involves applying a gate current only to the SCR, which has to conduct. This means that one
driver is dedicated to a single SCR (so two photo-couplers or pulse transformers should then be required to
control the whole bridge).

2. The second one involves applying just a short gate current pulse. Then a single driver can be used to drive
both SCRs at the same time. Indeed, a SCR remains ON as soon as its anode current has become higher
than the latching current. If the gate pulse lasts less than 0.1 ms; then the losses calculated previously are 100
times lower for a 50 Hz application (as the pulse duty cycle for a 10 ms period will be 1%).

The second solution is easy to implement especially for applications using a PFC. Indeed, for such applications,
the time when the SCR has to be switched on is perfectly known, as it is the time where the PFC MOS is turned
on by the MCU. So, the SCR triggering signal could be synchronized with the first MOS turn-on. A single SCR
gate pulse is indeed enough for applications where the PFC senses a continuous current. For discontinuous
operation mode, the losses due to the leakage current depends on the SCR gate control duty cycle. Then a
solution with separate drivers could be preferred.

It should be noted that such a phenomenon of leakage current with an applied gate current is less an issue for
sensitive SCRs (with IGT lower than 100 pA). In this case applying a 100 YA gate current has almost no impact
on the leakage current. But sensitive SCRs cannot be proposed for mixed bridge applications where we need
devices able to withstand a high dV/dt rate and thus avoid the SCR to turn on during a full half-cycle once the
application is hot-plugged to the line. For example the TN5050H is able to withstand at least a minimum rate of
1000 V/us at a 150 °C junction temperature. Its (dV/dt) capability is typically more than five times higher for a 25
°C ambient temperature.

3.2 On-state power losses

The ON state voltage, versus its anode current, of a SCR or triac can be approximated by below linear law:
Vr(Ir) =V + Ra- ir 9)
Where Vi and Rd are two parameters given in the ST triac and SCR datasheet.

Then the average losses dissipated by the SCR is given by this equation (refer to AN533 for further information):

Pon =Vio-Lav + Rq Ifus (10)
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If a PFC is used, the Line current shape can be assumed to be a sinusoidal waveform.
Equation 10 gives two different ones according to the inrush-current limiter-used solution:

For SCR on the DC side, or triac solutions: these devices see the whole line current so the ON-state losses are
equal to:

2-1
Pon =Vio- —2% + Ry Ipear (1)
2

With Ipgak is the peak line current.
For mixed-bridge solution: each SCR sees only half of the line current. So, the ON-state losses per SCR equal to:

Ipeak Ig’eak
eak | . Peak (12)

Pon =Vio-
With Ipgak is the peak line current.

If the application does not use a PFC, or if the line current power factor does not equal to one, then Equation 10
can be used with below average and RMS values of the line current:

1
Ly = 3¢ (13)
Where Ipc is the average output DC current (provided by C on Figure 3) and n is the PFC converter efficiency (if
any).
21
Inus = Y7 (14)

Where PF is the power factor of the line current.

If the PFC efficiency or the line current power factor is not known, then device average and RMS current can
directly be defined by measuring the line input current with an ampere- meter.

The line current average measurement has to be performed within a half-cycle window in order not to get a null

value, as the current is alternating. Another method could consist on measuring the average current after the
diode bridge (assuming that the rectifier power efficiency is close to 100%).

You can also note that in the case of a mixed bridge solution, the average current of each SCR is half the
measured average line current. And the RMS current of each SCR is the measured RMS Line current divided by
1.41 (square root of 2).
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3.3 Protection towards voltage surges

As a mixed bridge, like every diode bridge, is connected directly to the AC line voltage input, there is a risk of
damage to the bridge and the PFC silicon devices (like bypass diode D5 in Figure 3) if a voltage surge is applied.

According to the IEC 61000-4-5 standard which describes how surges have to be performed, the surge voltage
has to be applied at different angles (0°: zero positive voltage; 90°: peak positive voltage; 270°: peak negative
voltage; etc.) and for both negative and positive polarities. The surge generator is coupled through capacitors and
the surge has to be applied between the two line terminals (line and neutral) for differential-mode test, and
between one of these two terminals and the protective-earth for common-mode test. We explain here, for the
three different cases, how a mixed bridge behaves during a differential mode surge test. Indeed, a differential-
mode test is usually the worst case for the mixed bridge stress, as common-mode surges can easily be clamped
using gas discharge tubes and low voltage varistors between both line and neutral and the earth.

For further information about the test schematic and test conditions, you can refer to the IEC 61000-4-5 standard.

3.31 IEC61000-4-5 differential-mode positive surge applied at peak mains voltage

The surge test, which is commonly considered to be the worst case is when a positive surge is applied at the
positive peak mains voltage. The resulting input peak voltage then reaches a higher value than if the surge is
applied at a different angle.

For a mixed bridge, this case is not necessarily the worst one. Most of the time, the mixed bridge is conducted at
peak line voltage, unless the application is off or in standby mode. There are a lot of applications, which are
disconnected from the Line when they are off. So, a surge voltage could not be applied in this case.

If we assume the bridge SCRs and diodes are conducting when the surge is applied, then the surge energy
applies a supplementary current to the SCR and the diode. But this is not necessarily an issue, as an SCR and a
diode have a very high overcurrent capability. ST datasheets give for each SCR a curve of maximum peak current
(Itsm) versus the pulse duration of this current. The overcurrent capability for a 20 ps current pulse is then 60 to
100 times higher than the device current rating (Itrms))-

For example, we have performed a 4 kV positive surge test applied at a 90° angle with the schematic of Figure 3
(without PFC). We used a 2 pH inductor for L and a single 100 pyF capacitor for C to be close to the worst
application case. The SCRs are two TN5050H 1200 V 50 A devices, D1 and D2 diodes, and D5 bypass diode are
STBR6012 devices (which is the automotive-grade version of the 60 A 1200 V 175 °C diode). The Ry resistor is
disconnected (as the two diodes in series) so that the tested schematic is the one used for soft-start solutions and
so that the whole surge current is applied to the mixed bridge.

For a 90° angle, T1 and D1 (see Figure 3) are conducting. The surge energy then increase the current level and
cause D5 to turn on due to the voltage held by the PFC inductance. Diode D5 thus allows the surge current to be
by-passed and avoid damaging the PFC freewheeling diode (D6).

Figure 3 shows T1 current (so D1 and D5 current too) reaching a 1730 A peak current during the surge. The
current pulse width is equivalent to a 30 us long half-sinus. Such a current stress is applied when the two device
junction temperatures were both around 40°C. The current level here is well below the STBR6012 and TN5050H
current typical capability for such a temperature.

In case the applied surge current is above the SCR or diode current capability, there are basically two ways to
reduce this overcurrent (both could be used together):

1. Increasing the differential inductor helps reduce the applied peak current, but it also slightly increases the
overcurrent pulse width. Using an inductor with a higher serial parasitic resistance has an even bigger impact
to reduce the peak current but at the price of higher power losses during normal operation.

2. Adding a varistor at Line input helps reduce the peak voltage applied to the circuit, and so the overcurrent as

well. The lower the voltage rating of the varistor and the higher the varistor diameter, the better is the voltage
clamping and the bridge devices surge current reduction.
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Figure 12. 4 kV surge test at 90° on a mixed-bridge with TN5050H SCR
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Figure 12 also shows that the Vpc output voltage is increased by the surge current energy. The DC voltage
increases then by 325 V, from the peak line voltage (325 V) to 650 V. As this voltage is reversely applied to T2 (as
diode D1 is also conducting when T1 is ON) and D2, at least 800 V devices have to be used for T2 and D2. As
the TN5050H and the STBR6012 are a 1200 V devices, the voltage margin is very high.

In case the reverse voltage exceeds the SCR or diode capability, limiting the surge current by using an input
varistor, as previously stated, help here too. But a better voltage limitation could be achieved by using a higher-
value output capacitor or a capacitor with a lower internal parasitic series resistance.

The schematic of Figure 3 has also been submitted to a 6 kV surge test with the same test conditions as detailed
above for the result presented on Figure 12. T2 and D2 reverse voltage reached then a maximum level of 840 V,
which is still well below the maximum Vrry capability of the STBR6012 (1200 V) and below the maximum
transient voltage the TN5050H can withstand given by its Vpgy parameter, which equals 1300 V for the
TN5050H.

For a 6 kV surge, T1 overcurrent reaches 2600 A for the same 30 ys duration. Such a current stress is above
TN5050H specified Itgy current capability and STBR6012 IFSM current capability. But both devices were not
damaged even after 20 surges (applied with a 1 min repetition period). The circuit is then able to withstand
typically a 6 kV surge.

It should be noted that the ITg) curve is measured while the SCR is in the OFF state before the surge current is
applied. If the SCR is already ON before an overcurrent is applied (as it is the case in the above test), the SCR is
able to withstand a higher current as its whole die area is already conducting. This is why the circuit can sustain
here typically a 6 kV surge level.
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3.3.2
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IEC61000-4-5 differential-mode negative surge applied at peak mains voltage

Figure 13. Mixed-bridge behavior sequences for negative surge test at 90°
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Phase A: normal mixed bridge operation before the surge is applied. The VAC voltage is positive, so T1 and D1
are conducting. The Line current (I, cf. dashed green line) is circulating from L to N through T1, D1, and the
output capacitor.

Phase B: a negative surge is applied coupled to the Line. VAC becomes then negative. This means that a
negative current (represented by the red dashed Line) will now be circulating from N to L. This current increases
to reach the level of the Line current during phase A leading to the line current to reach zero.

Phase C: as explained before, the Line current has decreased following VAC inversion. When I current reaches
zero, the D1 diode turns off. T1 should also turn off but as an SCR usually has more carriers to recombine
compared to a diode (due to the double injection of the two embedded PN junctions in a SCR), T1 can still be ON
when D1 turns off. Furthermore, as the Line voltage is supposed to be positive at this moment, T2 is not triggered
by the control circuit (this is done to avoid leakage current increase as explained in Section 3.1: Impact of gate
current on leakage current). This means that now the whole Line voltage is applied across T2 (refer to the V1o
arrow in red to highlight this point) as T1 is still on.

Phase C has to be carefully managed. If the voltage increases above the breakdown voltage of the SCR, the
device may be damaged by breakover. It should be noted that for most of the cases, if the surge current is not too
high, the SCR could turn on by breakover without failure. But such an operating mode is not insured for most SCR
and AC switches, so it is better to implement a solution to prevent this. Two solutions are presented here.

SCR overvoltage protection by crowbar strategy

One solution is to use a TRANSIL overvoltage protection device connected between the SCR anode and Gate (as
shown on Figure 14 where we see the TRANSIL protection is active as soon as a 1 kV negative surge is applied).
In this case, during phase C, the voltage increases up to the TRANSIL breakdown voltage (Vgr). The TRANSIL
diode will then start to conduct and will apply a current to the SCR gate and trigger it. Figure 14 gives a result
showing such behavior:

Phase A ends at point 1 where V¢ voltage becomes negative.

Phase B ends at point 2 where the line current reaches zero. In fact, due to D1 diode recombination, phase B
ends slightly later (the light-blue dashed line appears, where we see a voltage increase across T2, this means
that D1 is really OFF).

During phase C, T2 turns on at point 3 where the voltage exceeds the TRANSIL breakdown voltage. The
maximum voltage applied to T2 is limited to 430 V. Then as T2 is ON, D2 can also turn on and applies the surge
energy, which charges the output capacitor. As D2 is ON, a reverse current circulates through T1 and recombine
its minority carriers. This phase ends at point 4 where we see that a negative voltage is applied across T1 (this
means that T1 actually turns off).

Phase D starts after point 4. The surge current is applied to the output capacitor through T2 and D2. T1 and D1
are off. This phase ends when the surge current reaches zero leading to T2 and D2 turn-off. The AC voltage
comes back to a positive voltage as the surge energy is dissipated. T1 turns back on only if it is triggered again.
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Figure 14. 1 kV negative surge test at 90° on a mixed-bridge with TN5050H SCR
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In Figure 14 we did not use on purpose a 400 A/div scale for IL current, as in Figure 12 as we wanted to highlight
point 2 where I reaches zero. The surge current for a 4 kV surge also reaches here a 1730 A maximum level,
which is below the typical TNS050H Iyg)y (for a 40 °C junction temperature as in our test) and STBR6012 Iggy for
a 30 ps pulse width.

For the TRANSIL, we used a 1.5KE400CA device for our tests (performed with Figure 3 schematic without PFC,
with a 2 pH inductor for L and a 100 pF capacitor for C; TN5050H SCR and STBR6012 for D1, D2, and D5
diodes; Ry v resistor disconnected). This TRANSIL diode allows the clamping voltage to be limited to a very low
peak level (430 V), and this is a particularly important point as during phase C, the absolute value of the negative
voltage applied to D1 equals the sum of V12 and Vpc. For a 325 V output DC voltage, this means that D1 sees a
755 V negative peak voltage (which is OK for the STBR6012). A higher voltage TRANSIL or a lower energy
TRANSIL (1.5KE400CA is a 1500 W TRANSIL) will lead to a higher clamping voltage, and so a higher voltage
applied to D1.

The resistor connected between T2 gate and cathode (see Figure 14 or Figure 15) is used to deviate the current
coming from Dz TRANSIL diode. Indeed, each time a dV/dt voltage transient is applied to Dz, a current circulates
through the TRANSIL due to its internal parasitic capacitor. This current may trigger T2. This is why the resistor R
is added. Usually a 50 to 100 Q value allows the dV/dt withstand of the SCR not to be decreased too much.

It should also be noted that in the circuit given in Figure 14, the Dz TRANSIL diode is connected in parallel to the
output DC capacitor when D1 is on. Then, in case, for example, of a positive surge applied with a 0° to 180°
angle, the DC voltage is applied to the series association of Dz and the R resistor.

On Figure 12, we have seen that the DC voltage can reach a 650 V peak value. With a 1.5KE400CA device and a
50 Q resistor in series, the voltage across the TRANSIL will approximately reach 500 V, and so its current will
reach 3 A. Such a current stress is OK for the 1.5KE400CA, which is able to sustain a 5 A peak current for a
10/1000us waveform (as allow in the device datasheet). But a 3 A current through R resistor also means a 150 V
reverse voltage applied to the G-K junction. This level is well above the maximum reverse voltage, which can be
applied to the G-K junction of any SCR.

Also for different circuits, and especially in case the output capacitor value is lower, the DC voltage can reach a
higher value, leading to a higher stress to the TRANSIL which could be damaged as here, for reverse voltages,
SCR T1 and T2 will not be triggered. And the applied voltage could be applied for a too long time.

For these two reasons, it would be better to use the circuit shown in Figure 15, where a diode (Da1 or Da2) is
added in series with a 1.5KE400A unidirectional TRANSIL (Dz1 or Dz2). A 1 A 1000 V diode is enough like, for
example, the STTH110 (or STTH112 for a 1200 V voltage capability).
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The static characteristic of the series association is then the one shown in Figure 15. For a forward 400 V applied
voltage, the SCR will be triggered. For a reverse voltage up to 1000 V, no current will be deviated by the
TRANSIL. A bidirectional TRANSIL can still be used in series with Da1 and Da2 to reach a 1400 V reverse
voltage capability of this series association.

Figure 15. SCR overvoltage protection with unidirectional TRANSIL and series diode
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SCR overvoltage protection with clamping devices

In case of a turn-on of when the device is triggered by the TRANSIL, there is another solution: using voltage
suppressors such as metal oxide varistors at the bridge input instead of TRANSIL diodes between anodes and
gates. Figure 15 gives a typical front-end schematic with such a solution. Varistors MOV1 and MOV2 are put
behind the EMI filter to limit their the SCR above 430 V is not desired, or in case the surge current exceeds the
SCR Itg\m capability absorbed current thanks to the filter impedance (especially the differential- mode inductance
of common-mode choke L1).

Several varistors can be used in parallel to better clamp the voltage surge and avoid turning on T2 in case of a
negative surge applied at a 90° angle (or T1 turn-on in case of a positive surge applied at 270°). Please note that
T1 and T2 do not need to be protected anymore by TRANSIL in this solution.

The surge withstanding level will then depend on the varistor capability to clamp the surge voltage below the
T1/T2 SCR Vpsw/Vrsm and D1/D2 diodes VrRrm- The SCR overcurrent is no longer an issue. For example, with
four 385 V 14 mm MOV in parallel, and with a typical EMI filter, the mixed-bridge voltage was limited to 1100 V
even for a 6 kV surge, which is well below the TN5050H Vpgy capability and typical STBR6012 breakdown
voltage. The circuit is then typically able to sustain a 6 kV surge.

This solution with MOV protection is also efficient to protect the SCR when the surges are applied while the
thyristors are OFF. Indeed, if the maximum voltage is well clamped below the Vpsy/Vrsu level, the devices
remain OFF and no current surge will be applied to them.

Figure 16. Mixed-bridge overvoltage protection in a typical front-end schematic
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3.33 IEC61000-4-5 differential-mode positive surge applied at zero mains voltage

In case a positive surge is applied at a 0° angle (or a negative surge applied at 180°), T1 absorbs (or T2) the
surge current if it is already triggered or if a TRANSIL diode is used as shown in Figure 11.

With the schematic previously used (Figure 3 schematic without PFC, with a 2 pH inductor for L and a 100 pF
capacitor for C; TN5050H SCR and STBR6012 for D1, D2, and D5 diodes; Ry v resistor disconnected), in case of
SCR conduction, the surge current reaches 1730 A for a 4 kV surge, which is below the TN5050H Itgy capability.

In case a higher surge voltage is applied, the overcurrent could exceed the SCR overcurrent capability. For a 0°
or 180° angle, as the SCR does not conduct any current, its current capability is then not higher than the Itgy

curve given in the device datasheet, as previously explained.

To avoid damage of the SCR damage in case a higher voltage is applied, the following solution could be
implemented:

1. First, MOV varistors have to be implemented at the parallel of the mixed bridge input (as shown in Figure 15)
to limit the maximum voltage below the SCR Vpgu/Vrsm and diode Viry level.

2. Secondly, as the SCR has to remain OFF (to avoid a too high current applied through it), its triggering signal
has to be delayed in order not to start at the early beginning of the half-cycle. This should not impact the
power factor too much if the delay is not too long.

3.34 3.3.4 Determination of the surge current

It could be very useful to determine at design-level, what would be the surge current for a given front-end circuit.
This allows the right SCR or diode P/N to be selected before performing the IEC 61000-4-5 surge tests.

The surge current can then be simulated with a circuit simulation (for example with PSPICE software). For such a
simulation, a surge generator has to be modeled to provide the 1.2/50 us voltage waveform in open-circuit and
the 8/20 us current waveform in short-circuit as described in the IEC 61000-4-5 standard. Figure 16 gives a
schematic of such a generator. Switch S1 has to be switched on when the surge has to be applied. Capacitor C1
has to be charged initially to the desired voltage surge level (1 kV, 2 kV, 4 kV, etc.).

Terminals “OUT_H”" and “OUT_L" have to be coupled to the simulated schematic to analyze. This coupling could
be done directly, if possible, or through coupling capacitors as is done in a real IEC 61000-4-5 surge test (which is
done usually with one 18 uF capacitor for the differential-mode test, or 9 uF capacitor with a 10 Ohm resistor in
series for the common-mode test, connected to the generator OUT_H output).

The simulated current obtained was 10% higher than the real measured current but with a pulse width 30 %
longer than during the experimentation. With certainty, the accuracy of the simulated current depends in great part
on the accuracy of the component models used for the front-end schematic, and especially on all the components
(capacitor, inductor, semiconductors) resistor values. But such an approach can already give a rough estimation
of the board behavior, according to the used DC capacitors and differential-mode inductors.

Figure 17. Schematic to simulate a 1.2/50 ps voltage and 8/20 ps current surge generator
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4 Conclusion

Some basic guide lines have been given to implement circuits to limit the inrush-current that could occur at bridge
plug-in or after Line voltage dips or interrupts.

Several topologies, using SCR or triacs, have been presented. Some guidelines have been given about the
selection criteria. These criteria mainly depend on the application performance requirements, for example the
need for a voltage doubler, or the application power range, etc.

The major control circuits used in this kind of application, with opto-transistors and pulse transformers, have also
been presented. Some guidelines have been given on how to design such circuits and ensure a correct operation
with the selected thyristor (SCR) or triac, and diode.

We have particularly given some tips on how to design the mixed bridge circuit to protect the design effectively
from an overvoltage. Experimental results show that a 4 kV to 6 kV withstanding level of the bridge, and
consequently of the whole application including the PFC if any, can easily and cost-effectively be achieved when
the right EMI filter and overvoltage protection devices are selected.
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