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TPA311x Family PLimit Function

Audio and Imaging Products, Audio Power Amplifiers
ABSTRACT

TPA311x family includes a feature called SpeakerGuard™ that can limit output power to loads.  Its operation is explained and a design technique is provided for setting up SpeakerGuard limiting.

TEXT

Texas Instruments’ TPA311x family of APAs (audio power amplifiers) includes a function called SpeakerGuard™, an output power limiter and DC detector that can be used for purposes like protecting loudspeakers.  The threshold for SpeakerGuard limiting can be set by the user as required.
SpeakerGuard limiting reduces the duty cycle at APA outputs to simulate a reduced power supply voltage or “virtual rail”.  Above the threshold for SpeakerGuard limiting, duty cycle is reduced to make the output voltage approach the virtual rail gradually to produce soft clipping.  Soft clipping creates some variability in output power, and SpeakerGuard output power depends on this and several other factors.  These are explained here and guidelines are provided for setting up SpeakerGuard limiting.
Typical SpeakerGuard Limiting.

SpeakerGuard limiting depends primarily on a voltage called the Power Limit (PLimit) voltage, VPLIMIT, which sets up the virtual rail and soft clipping.  The graph below shows output voltage VOUT with different VPLIMIT values and constant 0.5Vrms input VINPUT.  With VPLIMIT of 7V, limiting is disabled.  As VPLIMIT is reduced, output power and peak output voltage are reduced, and the output waveform changes shape, because clipping begins sooner during the cycle and becomes harder.
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(Power supply = 16V, input = 0.5Vrms, gain = 26dB, loads = 8Ω, VPLIMIT varied.)

SpeakerGuard Limiter Dependence on Input Voltage, Gain and Load Impedance.

SpeakerGuard limiting does not limit output power directly.  Instead, it establishes the virtual rail, the highest output voltage that can be produced with a given VPLIMIT, high input voltage and gain, and no load.  It also controls soft clipping.  Because of the soft clipping, input voltage and gain affect output level.  If the instantaneous product of input voltage and gain is below the virtual rail or close to it, soft clipping will reduce the instantaneous output to less than the virtual rail.  Only if input voltage times gain is much higher than the virtual rail will the instantaneous output approach the virtual rail.

The graph below illustrates SpeakerGuard limiter output voltage variations with 6dB changes in input voltage and gain with VPLIMIT constant 1.9V.  Equal changes in input voltage and gain have identical effects on SpeakerGuard limiting, so a single graph illustrates both.  For this graph, input voltage varies from 0 to -6 to -12 dBV (1.0 to 0.5 to 0.25 Vrms) with 26dB gain, or gain varies from 32 to 26 to 20 dB with 0.5Vrms input voltage.  The sequence of output voltages is the same in both cases.
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(Power supply = 16V, VPLIMIT =1.9V, loads = 8Ω, input and gain varied.)

The load is important in SpeakerGuard limiting because during limiting the amplifier effectively operates open-loop, as clipping reduces feedback loop gain to a negligible value.  The virtual rail divides between the load and total amplifier output circuit resistance, so reducing load impedance reduces output voltage.  However, since SpeakerGuard limiting is essentially open-loop, changes in load impedance do not change the waveform significantly.  This is illustrated in the graph below.
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(Power supply = 16V, VPLIMIT =1.9V, input = 0.5Vrms, gain = 26dB, loads varied.)

The effects of input voltage, gain and load impedance are described in greater detail in Appendix B.

With changes in VPLIMIT, input voltage and gain, soft clipping reduces the actual peak output voltage and changes waveform shape.  These variations prevent a direct relationship between the square of peak output voltage and RMS power that would make it easy to calculate RMS output power.  But a method is still needed for calculating RMS output power for a given VPLIMIT, input voltage, gain and load, to simplify the design process.  The next section provides a design procedure for estimating RMS output power with a factor that adjusts for waveform shape.  Since the result is an estimate, it must be verified by measurement before it can be used.
Design Procedure:  Estimating and Verifying Maximum RMS Output Power.

The following design procedure can be used to estimate maximum RMS output power with a sine input.  This estimate depends on peak input voltage, gain and load impedance as well as VPLIMIT.  Even though this is an estimate, it provides a good starting point for setting up SpeakerGuard limiting.
1. Estimate maximum peak output voltage VMAX-SG.

VMAX-SG = 4.8 * VPLIMIT * ZLOAD / (ZLOAD + 2 * (RDS.ON + RCKT) ).

ZLOAD is load impedance, RDS.ON is output FET resistance, and RCKT is the sum of circuit output resistances in each output line (output filter inductor DCR, PCB trace resistance, connector resistance, etc).  Expected values of RDS.ON and RCKT are discussed in Appendix A.
2. Estimate RMS output power PRMS-SG using a factor FPWR that is based on (VIN.PEAK * Gain / VPLIMIT), the product of peak input voltage VIN.PEAK and the linear value of Gain divided by VPLIMIT.
PRMS-SG = VMAX-SG ^2 / ZLOAD * FPWR.
FPWR is shown in the graph below.  Of course, VIN.PEAK = √2 * VIN.RMS and Gain = 10^(Gain,dB/20).
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The input signal is not likely to be a sine, of course.  So it is necessary to verify this estimate with measurements using expected input signals and adjust the value of VPLIMIT as required to achieve the target for maximum output power.

Note that there are limits on the range of FPWR.  For high values of VPLIMIT or low values of input voltage and gain, limiting is disabled because peak output voltage does not reach the range of SpeakerGuard limiting.  For very high values of the product of input voltage and gain, FPWR should theoretically approach 1, but for practical reasons it does not.
1. If VPLIMIT is high enough to reduce (VIN.PEAK * Gain / VPLIMIT) below about 4, SpeakerGuard will provide no limiting, because the value of VIN.PEAK * Gain is too low to reach the range of SpeakerGuard limiting.  (The value of VIN.PEAK * Gain is 83% or less of the virtual rail.)
One practical consequence is that SpeakerGuard limiting is disabled if VPLIMIT is connected to VGVDD, about 6.9V.  In that case, with maximum recommended power supply voltage VCC of 26V, output voltage is limited by ordinary clipping to less than 26V, less than 4 times VGVDD.  In this case SpeakerGuard limiting does not become apparent until VPLIMIT is reduced below about 5V.
2. If (VIN.RMS * Gain / VPLIMIT) is made much larger than 25, theoretically the slope of the output voltage waveform edges should become nearly infinite, making the output waveform nearly square.  In such a case the value of FPWR would approach 1.  However, this is not a very practical case.  Most audio source outputs are limited to a couple of volts peak, and higher voltages would violate the Absolute Maximum Value for input voltage, -0.3 to 6.3 V.

Note that a square wave input would naturally produce FPWR = 1.

SpeakerGuard Limiter Independence of Power Supply Voltage.

Power supply rejection of the TPA311x family is very high.  As a result SpeakerGuard limiting varies only slightly with changes in power supply voltage VCC.  This is illustrated in the graph below, which shows an inaudible change of only 0.5dB as VCC varies from 12 to 24 V.  So VCC can generally be ignored in determining SpeakerGuard setup.
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(VPLIMIT =1.9V, input = 0.5Vrms, gain = 26dB, loads = 8Ω, power supply varied.)

APPENDIX A.

Expected Value of RDS.ON.

The nominal value of RDS.ON is 240mΩ, with output FET temperature 25C.  However, power dissipated in output FETs increases their temperature, and FET RDS.ON increases with temperature.  Over both process and temperature from -25 to 150 C, RDS.ON can vary between about 150 and 450 mΩ.
So values of RDS.ON that reflect increased temperature should be used in initial estimates for choosing VPLIMIT.  The following values are suggested for initial estimates with typical operation into different load impedances.

· 8Ω:  290 mΩ.

· 4Ω:  330 mΩ.

It is important to realize that FET temperature and RDS.ON will depend on the thermal system design for the APA as well as output power and loads.  So it is not possible to suggest more than the estimates above for RDS.ON.  This is another reason the value of VPLIMIT must be adjusted from measurements with expected input signals.

Expected Value of RCKT.

RCKT includes output filter inductor DCR, resistance of all copper traces in the output path, and contact resistance of all connectors in the output path.  Unless heavy gauge cables are used to connect the loads, it may be necessary to consider cable resistance as well.

DCR of inductors can vary from a few mΩ to several hundred mΩ, depending on the quality of the inductor.  Inductor DCR can vary with temperature, so DCR at the expected operating temperature should be used in initial estimates for setting VPLIMIT.
Well-laid-out copper traces should contribute only a few mΩ.  Resistance per square is about 0.5 mΩ in 1-ounce (0.033mm) copper.  So resistance of a 1-ounce trace is 0.5 mΩ * length / width, and the resistance of a trace 100 mils wide by 1 inch long is only 5 mΩ.
Connector contact resistances are generally well specified by their manufacturers.  They are typically a few mΩ to less than 100 mΩ.
Example:  Computing RDS.ON + RCKT.

Assume the following components of this resistance.

· RDS.ON = 290 mΩ, for a case with 8Ω loads.  

· Inductor DCR = 90 mΩ, a reasonable value for a moderate-cost inductor.
· Output trace resistance = 5 mΩ, with length 1 inch and width 100 mils in 1-ounce (0.033mm) copper.

· Output connector contact resistance = 15 mΩ.

Then it is easy to complete the sum of RDS.ON + RCKT.

RDS.ON + RCKT = (290 + 90 + 5 + 15) mΩ = 400 mΩ.

It is important to remember that this resistance appears on each side of an output of a BTL APA like those in the TPA311x family, so it is multiplied by 2 in estimating output power.

APPENDIX B.
Calculating Peak Output Voltage.

The following schematic shows a simplified circuit of the output stage of a TPA311x device when SpeakerGuard output is at its maximum.  In SpeakerGuard limiting, as in all clipping, an amplifier effectively operates open-loop, because clipping reduces feedback loop gain to a negligible value.  At maximum SpeakerGuard output, power supply voltage (in this case, the virtual rail VVR) divides among output circuit resistances and the load to produce maximum peak output voltage VMAX-SG.
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Calculating peak output voltage requires also knowing that VVR = 4.8 * VPLIMIT.  The following equation shows how to calculate peak output voltage at maximum SpeakerGuard output.

VMAX-SG = 4.8 * VPLIMIT * ZLOAD / (ZLOAD + 2 * (RDS.ON + RCKT) ).
ZLOAD is load impedance, RDS.ON is output FET resistance, and RCKT is the sum of circuit output resistances in each output line (output filter inductor DCR, PCB trace resistance, connector resistance, etc).

Because of the soft clipping characteristic, peak output voltage approaches maximum SpeakerGuard output voltage only when peak input voltage and gain are high.  So peak output voltage is usually less than VMAX-SG max calculated above.  However, VMAX-SG is a good starting point for estimating RMS output power.

PLimit Soft Clipping Characteristic.

The following graph relates output voltage with SpeakerGuard limiting versus without SpeakerGuard limiting, normalized to VVR.  It includes the virtual rail VVR set by VPLIMIT, also normalized to VVR.
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The line labeled VOUT -LIMITED is instantaneous unloaded output voltage relative to VVR as input voltage is increased with SpeakerGuard limiting.  The line labeled VOUT -NO-LIMIT is instantaneous output voltage that would occur without SpeakerGuard limiting as input voltage is increased.  VOUT -LIMITED reaches its maximum value of VVR when VOUT -NO-LIMIT is equal to or greater than about 3 times VVR.  (Recall that VVR = 4.8 * VPLIMIT.)  This shows that input voltage times gain must be substantially higher than VVR to generate maximum peak output voltage.  Where VOUT -NO-LIMIT crosses VVR, VOUT -LIMITED reaches about 80% of its maximum value.
VPLIMIT = 7.0V:  12 Wrms, 13.9 Vpeak


       VPLIMIT = 3.0V:  10 Wrms, 11.6 Vpeak


           VPLIMIT = 1.9V:  5 Wrms, 7.5 Vpeak


                             VINPUT = 0.5 Vrms 1kHz
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       Zload = 16Ω :  2.8W rms, 7.9V peak
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                   Zload = 4Ω:  6.7W rms, 6.1V peak





       VCC = 12V:  5.3 Wrms, 7.7 Vpeak


              VCC = 16V:  5.0 Wrms, 7.5 Vpeak
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VMAX-SG = VVR * ZLOAD / (ZLOAD + 2 * (RDS.ON + RCKT) )
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