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External Over-current Shutdown for High Current Op Amps

INTERNAL CURRENT LIMIT

Many of Apex’s power op-amps include a built-in current limit feature. To utilize this feature, the user
sets the current limit with an external resistor. The resistor’s value is proportional to the desired current limit
based on an equation that is supplied in the datasheet. The purpose of the current limit is to protect the op-
amp from exceeding the Safe Operating Area (SOA). When the current limit is exceeded, the op-amp output
stage switches from a voltage source to a constant current source. When the demanded output current drops
below the set current limit, the output stage switches back to a voltage source. More about the op-amp cur-
rent limit function can be found in

Although the built-in current limit feature protects the amplifier in many situations, it’s still possible to
exceed the SOA.

A direct short to ground will force the amplifier to dissipate power equal to the product of the voltage
drop across the amplifier (Vg5 — Voue) and the set current limit. At lower current limits this isn’t an issue,

but as the set current limit increases the risk of exceeding the SOA will also increase.

EXTERNAL CURRENT LIMIT

An external current limit can provide greater output current and reduce the op-amp’s internal power dis-
sipation. The external current limit consists of a series pass device placed between the power supply and the
op-amp supply terminal or in series with the output terminal and the load. More about this can be found in

This approach shifts the power dissipation from the amplifier’s output stage to the pass element and sub-
sequently reduces the risk of the amplifier exceeding its SOA. Consideration of power dissipation for the pass
element is required. When current limit is engaged, proper attention to thermal management is required to
control the pass device junction temperature.

EXTERNAL OVER-CURRENT SHUTDOWN

The current limit techniques in [ANO9 andlAN53| throttle the current but do not shut it off. As a result,
there will still be power dissipated and the need for proper power management. The over-current shutdown
discussed in this application note disconnects the op-amp from the power supply when the current limit is
exceeded. This approach eliminates the power dissipation in over-current situations since there is no output
current once the op-amp is disconnected. This method provides for adequate op-amp protection, a compact
assembly, and a much simpler power management scheme.
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THEORY OF OPERATION

Figure 1 presents a functional over-current shutdown circuit for high-current amplifiers like the Mand
This circuit monitors the supply current into the positive pins(+Vs) and from the negative pins(-Vs). If
the current limit is exceeded, the amplifier will be disconnected from both power supplies. About 60ms later
the circuit will automatically reconnect the amplifier to the supply rails. If the fault hasn’t been addressed,
the amplifier will be disconnected from the power supplies again. The automatic reconnecting of the power
supplies can be replaced with a manual reset. Refer to Section 1.4 for more information.

Figure 1: Over-Current Shutdown Circuit for High Current Amplifiers
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1.2 HIGH CURRENT PATH

Identifying the high-current path is key to understanding the circuit. The positive supply current flows
from R1 and U4 to the op-amp. The negative current flows from the op-amp through M4 and R2. R1 and R2
are sense resistors that set the current limit. As current flows through R1 or R2, a voltage will develop across
each resistor. The current limit will be activated when the voltage-drop across either resistor is equal to the

forward voltage of the optocoupler’s, Ul or U2, internal LED. The current limit is set using the equation1
below:

1
_F

Tim = 77—

Lim

Since the load current flows through the high-current path, power management of the sense resistors,
U4, and M4 needs to be carefully considered. These components will likely require heatsinking.

1. Equation 1 is an approximation. See analysis section for more information.
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1.3 ENTERING CURRENT LIMIT

During normal operation, the voltage at the base of Q3 is equal to the negative supply rail since the opto-
couplers are off and there is no current through R27. Subsequently Q3 and Q4 are also off. When /;, is
exceeded, Ul or U2 will turn on and allow current to flow through R27. The 15V Zener, D10, sets the voltage
at the base of Q3 to -Vs +15V. Transistor Q3 is now operating in the linear region and conducting current. The
current through Q3 flows from M2, R32, D16 and D17. The voltage-drop across D16 and D17 turn transistor
Q4 on. Transistor Q4 also begins conducting current. The current through Q3 keeps Q4 on, and the current
through Q4 keeps Q3 on.

Transistors Q3 and Q4 form a silicon-controlled rectifier (SCR). An SCR is needed because R27 only con-
ducts current for a brief amount of time. The SCR latches the circuit in its shutdown mode, after the optocou-
plers turn off. Section 1.5 explains how turning on Q3 quickly disconnects the amplifier from the power
supplies.

Figure 2: Relationship Between the Base of Q3, V,;, and -V,
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In the oscilloscope screen-capture of Figure 2 the circuit is in shutdown mode for the first 4ms and then
enters normal operation. Channel three (purple) is the amplifier’s output, channel two (blue) is the voltage at
the base of Q3, and channel one (yellow) is the negative supply rail.
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1.4 THE OSCILLATOR

Figure 3 shows the oscillator used in this circuit. The Astable Multivibrator circuit consists of two switch-
ing transistors, a cross-coupled feedback network, and two time delay capacitors which allows oscillation
between the two states with no external triggering to produce the change in state. This results in one stage
conducting “fully-ON” (saturation) while the other is switched “fully-OFF” (cut-off) giving a very high level of
mutual amplification between two transistors. Conduction is transferred from one stage to the other by the
discharging action of a capacitor through a resistor.

Figure 3: The Oscillator
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The oscillator and M2, an N-channel MOSFET, are used to reset the circuit. The gate of M2 is connected
to the collector of Q21. When the voltage at the collector of Q21 is equal to the negative supply rail, M2 will
turn off. Turning M2 off also turns off the SCR because the current flow has stopped. By turning off the SCR,
the circuit is reset, and the amplifier is reconnected to the power supplies. The SCR will turn back on when
the current limit is exceeded.

The oscillator, M2, and D2 can be replaced with a normally closed push button switch to act as a manual
reset. The switch will supply current to the SCR once it has been turned on. Pressing the button will have the
same effect as turning off M2.

In the oscilloscope screen-capture of Figure 4, channel three (purple) is the positive supply rail, channel
two (blue) is the voltage at the gate of M2, and channel one (yellow) is the negative supply rail.
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Figure 4: Voltage at the Gate of M2 with £45V Supplies

1.5 DISCONNECTING AND RECONNECTING THE AMPLIFIER

To understand how the circuit quickly turns U4 and M4 off there must be an understanding of Q2 and Q1.
The 12V Zener, D8, keeps the base of Q2 twelve volts above the negative supply rail.

We can assume the supply voltages are +45V. That means the voltage at the base of Q2 is -33V. There is a
0.7V drop across the base-emitter junction of Q2 and another 0.7V drop across D1. That means during normal
operation the voltage at the cathode of D1 and D20 is -34.4V. D20 is reversed biased because Q3 is off and
the voltage at the anode is equal to -45V.

Since the base of Q1 is directly connected to the collector of Q2, Q1 is only on if Q2 is conducting current.
It's easy to see that Q1 is used to biased the high-current transistors U4 and M4. In conclusion, if Q2 is on
then so is Q1 and subsequently U4 and M4 are also on, thus the amplifier is connected to the power supplies.
If Q2 is off, the opposite is also true.

As explained in Section 1.3, when the set current limit is exceeded Q3 begins conducting current. During
shutdown the voltage at the base of Q3 is -30V. With the 0.7V drop across Q3’s base-emitter junction the
voltage at the anode of D20 is -30.7V, so D20 is now forward biased. The 0.7V drop across D20 makes D1
reverse biased and turns off Q2. The technique of using the current through Q3 to quickly turn Q2 off is called
current steering.
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Figure 5 shows simulation results using 45V supplies and showing the voltage at the base of Q2, cathode
of D20, and anode of D20. The simulation was set to operate normally for the first 100ms, and after 100ms
the current limit is activated.

Figure 5: Voltages Across D20 During Normal Operation and Current Limit with 45V Supplies

LAB RESULTS

The circuit of Figure 1 was tested with the current limit set to 12A at different input frequencies. The
amplifiers, and its high voltage counterpartwere set in a noninverting configuration with a gain
of 20. In every test the load consisted of four separate 300W-10Q resistors connected in parallel for a total
load of 2.5Q. The amplifier's boost feature was not used on these tests. For each test, the oscilloscope
screen-captures show the amplifier output (channel one, yellow), the amplifier’s input (channel two, blue),
and the gate voltage of M2 (channel three, purple). The test results are shown below.
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TEST 1:

e Frequency: 1kHz
e Vsupply: £38V
e Peak Shutoff Current: 11.6A
e Vout_max: 57.8Vpp
e Amplifier:
Figure 6: Normal Operation at 1kHz

In Figure 7, the @ is in shutdown mode for the first 21ms, and there is no output from the amplifier.
When the gate voltage of M2 is equal to -Vs, the amplifier is reconnected to the power supplies and the op-
amp is back on. If the over-current situation has been addressed, the op-amp will continue to operate nor-
mally. In Figure 7 the over current situation was not addressed and the op-amp reentered shutdown mode.

Figure 8 is a detailed oscilloscope screen-capture of the M2’s gate voltage equal to -Vs. During this period
the amplifier’s output is not oscillating but amplifying the input signal. Also during this period, the circuit is
checking whether the over-current situation has been addressed and normal operation can continue or if
shutdown mode will be reentered.
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Figure 7: Over-Current Shutdown Activated with a 1kHz Input
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TEST 2:

e Frequency: 10kHz

e Vsupply: £45V

e Peak Shutoff Current: 14.16A
e Vout_max: 70.6Vpp

. Amplifier:

Figure 9: Normal Operation at 10kHz
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Figure 10: Over Current Shutdown Activated with a 10kHz Input
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Figure 12: Close-up of the SCR Reset Period with a 10kHz Input
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TEST 3:

Frequency: 50kHz

Vsupply: £80V

Peak Shutoff Current: 25.8A
Vout_max: 128.8Vpp

Amplifier:|PA52

Figure 13: NormaI_Operation at 50kHz
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Figure 15: One Period of the SCR Reset with a 50kHz Input
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ANALYSIS

Earlier it was stated that the current limit is set by:
Vi

I,. =
Lim RLim

But the test results show that the peak current increased as frequency increased. With an input fre-
quency of 1kHz the peak output current was 11.6A. The 400mA difference between the expected peak cur-
rent of 12A and the actual peak current can be attributed to the forward-voltage of the H11D1. The typical
forward-voltage of the optocoupler is 1.2V, so this value was used to set the current limit. Rearranging our
current limit equation and solving for the actual forward voltage, the optocoupler’s forward voltage is 1.16V.

It's easy to understand the discrepancy at 1kHz and its relationship to variations in forward voltages, but
this does not explain the peak currents at 10kHz and 50kHz that far exceed 12A. To understand this phenom-
enon a closer look at Equation 1.0 is needed. Although Equation 1.0 seems to apply at low frequencies, the
equation does not account for the optocoupler’s turn on time. The peak current needs to be above the set
current limit for a “certain amount of time” for the optocoupler to detect it. The “certain amount of time” can
be called the detection time or tyeiection.

At low frequencies tyeatection accounts for a very small portion of the sinusoidal period. Since the total
period is significantly larger than tyaiection, the optocoupler has enough time to turn on as soon as the op-
amp’s supply current is equal to the set current limit. Another way to think about this is that at lower frequen-
cies the sine wave passes through its peak value a lot slower than it would at high frequencies, so there is
enough time to detect this peak. Inversely, at higher frequencies the sine wave passes through its peak value
faster and the optocoupler is not able to detect it. As a result, as frequency increases the peaks must be
higher to allow the circuit enough time to detect an over-current situation.

14 ANG6SU REV A
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Figure 17: Period of Time Exceeding lj;;: vs Frequency and Amplitude

20

™\

SV SImNRIEE

5 /
%]
Q
<
0 100ps 200ps 300ps 400ps 500ps 600ps 700ps 800ps 900ps 1ms
-5
~10 \
ILimit777 T — 7 - | [T T 7 I 7\.7 i I - =
-12A
-15
-20

In Figure 17 the green waveform is a 1kHz sine wave with a 12.5A peak. The blue sine wave is at a fre-
qguency of 10kHz with a 12.5A peaks, while the red is also at 10kHz but with 20A peaks. Although the green
and blue waveforms have the same peak amplitude, the 1kHz signal exceeds the 12A current limit for a lon-
ger period. Figure 17 illustrates how increasing the peak amplitude at 10kHz increases the amount of time
the signal exceeds the 12A current limit.
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Table 1: Detection Times Across Frequency with Current Limit set to 1.2A

Frequency (kHz) Vin trip (Vop) Vout trip(Vp) Peak Current (A) tdetection (MS)

2 1.12 11.2 1.12 42.67
3 1.14 11.4 1.14 31.68
4 1.16 11.6 1.16 29.73
5 1.18 11.8 1.18 26.39
6 1.2 12 1.2 23.93
7 1.22 12.2 1.22 22

8 1.25 12.5 1.25 20.99
9 1.27 12.7 1.27 19.6
10 1.29 12.9 1.29 18.42
15 1.43 14.3 1.43 15.17
20 1.59 15.9 1.59 13.11
25 1.76 17.6 1.76 11.59
30 1.96 19.6 1.96 10.48
35 2.16 21.6 2.16 9.52
40 2.36 23.6 2.36 8.71
45 2.59 25.9 2.59 8.06
50 2.82 28.2 2.82 7.49
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Table 2: Detection Times Across Frequency with Current Limit set to 12A

Vin trip Peak Current
Frequency (kHz) (Vpp) Vout trip(VP) (A) tdetection (HS)
2 2.95 29.5 11.8 41.55
3 2.98 29.8 11.92 31.46
4 3.05 30.5 12.2 28.97
5 3.12 31.2 12.48 26.67
6 3.19 31.9 12.76 24.72
7 3.26 32.6 13.04 23.06
8 3.34 33.4 13.36 21.83
9 3.43 34.3 13.72 20.87
10 3.54 35.4 14.16 20.21
15 3.98 39.8 15.92 16.4
20 4.42 44.2 17.68 13.85
25 4.68 46.8 18.72 11.67
30 4.76 47.6 19.04 9.86

Detection times were measured starting at 2kHz up to 30kHz for a 12A peak and up to 50kHz for a 1.2A
peak. The detection times were within 2us of each other even though the set current limits were an order of
magnitude different. As frequency increased the detection time became shorter. This implies that there’s a
second variable besides tygiection that equation 1.0 does not consider.

When the voltage across the optocoupler’s internal LED is greater than the LED’s forward voltage the
optocoupler turns on. The higher peaks that result from higher frequencies translate to a greater forward
voltage. This turns on the optocoupler harder and reduces tyatection-

Precisely setting the current limit for this circuit is not as straight forward as equation one suggests and
would require an in-depth analysis of the optocoupler that is far beyond the scope of this application note,
but even without precisely setting the current limit the op-amp is still protected for two reasons. The
and can handle peak currents up to 100A for 1.0ms. As shown in tables one and two, the circuit is shut
off within 10’s of microseconds, so the power amplifiers are protected against peak-transient-currents. Sec-
ondly, the introduction of this application note discussed the power dissipation issue that arose from conven-
tional current limit techniques. The power that is generated using conventional current limit techniques can
pose a threat to power amplifiers overheating. The technique covered in this application note does not pose
a thermal threat to power amplifiers.

ANG69U REV A 17
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APPENDIX A: CALCULATING DETECTION TIME

The value of a sine wave at any point in time can be calculated with the following equation

2.0 |
Iinstantanious: Ipeak x sin(® x t)

w = angular frequency = 2rt*f

t = time (seconds)

For any sinusoidal wave the first peak always occurs at T/4 where T is the period. Referring to Figure 17,
the sine wave exceeds ||, at some point before T/4 and crosses below |;y;; after T/4. If the peak current

occurs at half the detection time or tygiection/2, then points A and B in Figure 17 are equal distance from T/4.
By rearranging equation 2.0 it is possible to know the time that point A occurs. This is shown below:

. [[Limit]
arcsin
1
peak

tpointA: ®

2.1

Since the time between point A and T/4 is equal to half the detection time, tyetection €an be found using
equation 3.0

3.0

_ AT
ldetection = 2(2 _tpointA)

Below are the calculations for finding the detection time at 10kHz with the theoretical current limit set to
12A. Note that in table one the detection times were calculated with I};,;; equal to 1.08A and in table two

[Limit is equal to 11.4A. The expected current limits were 1.2A and 12A respectively, but due to variations in

forward voltages the true current limit needed to be found on the bench. This was done using a 100hz sine
wave and increasing the input signal until the current limit activated.

) ILimit 11.44
arcsm| = arcsin( - )
; _ 5 (Z) _ peak/ | _ (100“5) _ V164 o021 s
detection 4 ) 4 27t x 10000 SR
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APPENDIX B: BILL OF MATERIALS

Ref. | Description | Value
Cl capacitor 100nF R1 resistor
C2 capacitor 47nF R2 resistor
C3 capacitor 6.8uF R3 resistor 2.49K
C4 capacitor 100nF R4 resistor 2.49K
C5 capacitor 100nF R5 resistor 1.27K
Co6 capacitor 220nF R7 resistor 3.32K
C7 capacitor 2.2mF RS resistor 15K
C8 capacitor 2.2mF R10 resistor 2.49K
Cl13 capacitor 2.2nF R11 resistor 75
Cl14 capacitor 10nF R12 resistor 12
C15 capacitor 10nF R13 resistor 10K
D1 IN4148 RI15 resistor 49.9K
D2 IN4148 R16 resistor 49.9K
D7 DIN963A R17 resistor 12
D8 DIN963A R18 resistor 10K
D9 DIN963A R19 resistor 10K
D10 DIN965A R27 resistor 10K
D16 IN4148 R31 resistor 20K
D17 IN4148 R32 resistor 2.49K
D20 IN4148 R33 resistor 475K
M2 IRFD210 R34 resistor 475K
M4 IRFP250N R35 resistor 10K
Q1 Q2N5401 R36 resistor 20K
Q2 Q2N5551 R37 resistor 10K
Q3 Q2N5551 R38 resistor 1K
Q4 Q2N5401 Ul H11D1
Q20 Q2N5551 U2 H11D1
Q21 Q2N5551 U4 IRF5210
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MICROTECHNOLOGY

AN69

: SCHEMATIC

APPENDIX C
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NEED TECHNICAL HELP? CONTACT APEX SUPPORT!

For all Apex Microtechnology product questions and inquiries, call toll free 800-546-2739 in North America. For
inquiries via email, please contact apex.support@apexanalog.com. International customers can also request
support by contacting their local Apex Microtechnology Sales Representative. To find the one nearest to you,
go to www.apexanalog.com

IMPORTANT NOTICE

Apex Microtechnology, Inc. has made every effort to insure the accuracy of the content contained in this document. However, the information is
subject to change without notice and is provided "AS IS" without warranty of any kind (expressed or implied). Apex Microtechnology reserves the right
to make changes without further notice to any specifications or products mentioned herein to improve reliability. This document is the property of
Apex Microtechnology and by furnishing this information, Apex Microtechnology grants no license, expressed or implied under any patents, mask
work rights, copyrights, trademarks, trade secrets or other intellectual property rights. Apex Microtechnology owns the copyrights associated with the
information contained herein and gives consent for copies to be made of the information only for use within your organization with respect to Apex
Microtechnology integrated circuits or other products of Apex Microtechnology. This consent does not extend to other copying such as copying for
general distribution, advertising or promotional purposes, or for creating any work for resale.

APEX MICROTECHNOLOGY PRODUCTS ARE NOT DESIGNED, AUTHORIZED OR WARRANTED TO BE SUITABLE FOR USE IN PRODUCTS USED FOR LIFE
SUPPORT, AUTOMOTIVE SAFETY, SECURITY DEVICES, OR OTHER CRITICAL APPLICATIONS. PRODUCTS IN SUCH APPLICATIONS ARE UNDERSTOOD TO BE
FULLY AT THE CUSTOMER OR THE CUSTOMER’S RISK.

Apex Microtechnology, Apex and Apex Precision Power are trademarks of Apex Microtechnology, Inc. All other corporate names noted herein may be
trademarks of their respective holders.
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