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http://www.eetimes.com/design/power‐management‐design/4016199/Power‐MOSFET‐criteria‐ critical‐to‐your‐mobile‐handset‐designs?pageNumber=0  Design Article   Power MOSFET criteria critical to your mobile handset designs  Travis Eichhorn, National Semiconductor Corp.   10/1/2006 5:28 PM EDT   The MOSFET switch makes up one of the major sources of efficiency loss in a switch mode power  supply circuit. Often times, as in the synchronous boost there are both high and low side switches.  Although the synchronous FET has lower power loss compared to the Schottky diode, it still brings  with it a fair amount of loss in efficiency.   To demonstrate the contribution to efficiency loss from both the high and the low side MOSFETs, a  thorough analysis of the synchronous buck topology using external MOSFETs is helpful. See circuit of  Figure 1. 



  Figure 1. Synchronous Buck Topology      To begin with, the high side switch (Q1) has typical loss components of:     1.RMS inductor current through Q2's on resistance.     2.The gate driver supplying current to charge the gate capacitances every switching cycle.     3.The overlap of the inductor current and the drain to source voltage during turn on and turn off.  



  4.The charging of the drain to source capacitance every switching cycle.   The low side switch (Q2) has major loss components of:   1.RMS inductor current through Q2's on resistance.     2.The gate driver supplying current to charge the gate capacitances every switching cycle.     3.The body diode conducting during the converters dead time and while Q1 and Q2 are off.     4.The charging Q2's drain to source capacitance every switching cycle.   To estimate these efficiency losses, and compare them with the measured values it's important to  develop an understanding of the loss components.   High side switch ON The RMS current through Q1's on resistance is fairly straightforward. Assuming  continuous conduction, during every on cycle Q1 connects VIN to the inductor and conducts the  output current plus the inductor current ripple. The resulting power loss 
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Simplified circuit The next contribution to the efficiency loss in Q1 becomes a bit more complicated. This involves switching losses during turn-on and turn-off. From the point of view of the high side driver Q1's gate appears as a capacitor. To get a better idea of this, refer to Figure 2.



Figure 2. Gate Driver and MOSFET Simplified Circuit RD represents the resistance of the driver plus any resistances from the output of the driver to the gate of Q1. RG forms the resistance in series with the gate (bond wires, leads, etc.) and is typically given in MOSFET datasheet. CGS forms the gate to source capacitance, CGD the gate to drain capacitance, and CDS the drain to source capacitance. The turn-on explanation of the high side MOSFET is normally done in four separate intervals. Interval 1 brings the gate voltage from 0 to VT. The power consumed is from the gate driver charging the gate capacitances (CGSGDT. In interval 2 the gate voltage goes from VTGP). In this interval the FET turns on and ID ramps up to the full inductor current (≈IOUT). In this interval the drain to source voltage remains constant at VIN. The power consumed is due to the gate charging current and the overlap between the rising ID and the constant VDS across Q1. Interval 3 begins (and ends) with VGATE at VGP and lasts until the FET is fully on. In this interval ID is constant and VDS ramps down to its final on voltage (IOUT�RDS_ON). The power consumed is due to the gate charging current and the overlap of the falling VDS and the constant ID. In Interval 4 VGATE goes from VGP to its maximum drive voltage. In this interval the FET is fully on so there is no ID/VDS overlap. The power lost is due only to the gate charging current. The power consumed due to the gate charging current during interval 1 and 2 can be combined and estimated using the QGS parameter given in the MOSFET datasheet.



QGS is the charge required to bring the gate from 0 to the Miller plateau voltage. Since this occurs each switching period during turn-on, the power consumed is where VDRIVE is the maximum gate drive voltage for Q1 (VCC in Figure 1). To find interval 2's ID/VDS overlap power loss, we need to know the time spent in interval 2 (t2). t2 is the exponential rise of the gate voltage as the gate capacitance (CGS + CGD) charges through RD + RG. In this interval (CGS + CGD) is given in the MOSFET datasheet as CISS usually in the electrical table or as a plot of CISS vs. VDS. Alternatively, CISS can be derived from the QGS term since most of the charge goes into CGS until VGATE reaches VGP. Approximating VGATE's rise as a first order RC results in t2 becoming,



. The overlap power consumption will then be the power lost across the switch during interval 2 every switching period. This results in . Solving for t2 requires finding values for VT and VGP. VGP as mentioned before is the Miller plateau voltage. This is named for the Miller effect, which describes how a capacitor with both terminals simultaneously changing in voltage is replaced with an equivalent capacitor where one terminal is fixed. For instance, VGS is considered constant during interval 3. VDS on the other hand changes from VIN to IOUT x RDS_ON (≈ 0). The net voltage change across the gate to drain capacitance (CGD) will be (VIN) + (VGS2 - VGS1). Using the Miller effect, the equivalent CGD referred to the source would be CGD (EFF) = CGD x (1+(VIN)/(VGS2-VGS1)). Consequently, CGD appears as a much larger capacitance as seen from the gate since VGS changes little during the interval. Additionally, CGD increases dramatically with decreasing VDS (see graph of CRSS vs. VDS in MOSFET datasheets). This results in CGD swamping the gate driver.



 



Find Threshold V Before we can find a value for VGP we'll first need to know the threshold voltage VT. Typically VT is given in the MOSFET datasheet as a minimum, and thus not well defined. A more accurate value can be derived from the Typical Transfer Characteristic graph included in the MOSFET datasheet. From the transfer characteristic plot, pick 2 separate VGS values and their corresponding ID. With both sets of ID and VGS values obtain two MOSFET saturation equations



and . Solving for VT gives, Solving for β gives VGP is calculated at the given ID (in our case IOUT) resulting in, During interval 3 as with interval 2, there is both power consumed in charging the gate capacitance and from



the ID/VDS overlap. The gate charge power loss is found using the QGD term. This gives Finding the ID/VDS overlap power consumption requires knowing t3. In this interval VGS is approximated as being constant and held at VGP. This results in the gate charging current as being approximately constant. Additionally, the drain side of CGD in our buck converter example, changes from VIN to IOUT x RDS_ON (≈ 0). Using the I = C(dV/dt) equation t3 becomes, . Since CGD (CRSS) in the MOSFET datasheet changes drastically with VDS a more accurate CGD value is calculated using QGD. In this case and The power consumption due to the ID/VDS overlap becomes Once the MOSFET has completely turned on and VDS is now at IOUT x RDS_ON, CGD is again constant and the gate driver resumes charging both CGD and CGS up to the final gate drive voltage. The power consumed in interval 4 is limited to gate charge losses only. Using the total gate charge parameter from the MOSFET datasheet and subtracting out the QGS and QGD term gives the power consumption for interval 4 as



 



High side OFF High side switch OFF During turn-off the Q1 goes through the same process as turn-on except in reverse. This time the gate charge power loss is dissipated in the high side driver's on resistance and the series gate resistance, but does not contribute to an overall power consumption since there is no power taken from the input supply. There is however I/VDS overlap which will be a drag on efficiency and must be accounted for. Finally, the high side MOSFET's drain to source capacitance (listed as COSS in the MOSFET datasheets) is included. This capacitance charges up to VIN when the FET turns off and discharges when the FET turns on. The COSS power consumption becomes, . The low side MOSFETs In the synchronous buck, the low side MOSFET has its source tied to GND and its drain tied to the inductor connection (LX). This makes the analysis more straightforward since the source is fixed. Additionally, when the high side MOSFET turns off the low side MOSFETs body diode begins conducting the output current before the low side FET turns on, thus clamping VDS to approximately -0.6V. This basically eliminates the overlap power loss since VDS and the ΔV



at the drain is so small. Power loss in the low side switch is therefore limited to only conduction losses and gate charge losses. The conduction losses in the low side MOSFET start with losses through the body diode during the dead time between Q1 turning off and the Q2 turning on. The power consumed by the body diode is, tDT is the sum of the fixed or adaptive dead time from the converter (tDEADTIME), the time it takes Q2's gate to go from 0 to VT during Q2's turn-on (tDT1), the time it takes Q2's gate to go from VT to 0 during turn-off (tDT2), and the time it takes Q1's gate to go from 0 to VGP (tDT3, the point when Q1 is now conducting the full load current). tDEADTIME, if given, will be in the converters datasheet. TD1 is the exponential rise time of Q2's gate from 0 to VT. This time



Q2's gate to going from VT to 0 (tDT2), is more difficult since this is an exponential. If we use a 90% drop we can solve for Q2's gate going from VT to VDRIVE x 0.1. This gives tD2 of For Q1's gate going from 0 to VGP (tD3) the time is (t1 + t2), where t2 is from the previous discussion for Q1, and t1 is found using the tD1 equation. When the low side switch finally turns fully on, the conduction losses will be due to the rms current through the low side switch and its on-resistance, (RDS_ON). This loss becomes



where



The gate charge losses result from the current charging CGS and CGD from 0 to the final drive voltage. Unlike the high side FET, the Miller effect is minimized since the voltage transition at the low side drain, during turn-on, is negligible due to the clamping effect of the body diode. This effectively eliminates the time the gate voltage is stuck at the Miller plateau voltage and thus reduces the QGD charge into the low side gate. The low side gate charge power loss then becomes, . During turn-off there are again losses due to the body diode conduction, the RMS current through the low side FETs on-resistance, and the gate charge losses. However, as with the high side FET, the gate charge losses are a result of the discharging of the gate capacitances and do not add to any power drawn from the input supply.  



Power estimates Power consumption estimate Going back to our test circuit, of figure 1, these are the following parameters: IOUT = 3A, VOUT = 3.3V, VDS = VIN = 12V, fSW = 850kHz, Q1 = Q2 = Si4884, D = 0.275, L = 100μH, ΔI = 300mA, VDRIVE = VCC = 5V, RD_HIGH =



3Ω, RD_LOW = 2Ω , RG = 2.2Ω. I changed the inductor from the 1.6μH recommended in the evaluation kit to a 10μH in order to reduce the current ripple. This limits the discrepancy between IOUT and the peaks and troughs of IL that coincide with Q2's and Q1's current at turn-on and turn-off. Parameters from the Si4884 datasheet were, RDS_ON = 13.5mΩ, QT = 15.3nC, QGS = 5.8nC, QGD = 4.8nC, VT(ESTIMATE) = 2.08V, VGP(ESTIMATE) = 2.53, CISS@12V = 1.8nF, COSS@12V = 500pF, CISS@0V = 2.2nF. The efficiency loss estimate goes as follows: Q1 1. Conduction Losses 2. Gate Charge Losses



3. ID/VDS overlap losses (t2 ≈ 0.88ns, t3 ≈ 10ns)



112mW for turn-on and 112mW for turn-off. 244mW total.



4. COSS losses



Q2 1. Conduction loss



2. Gate charge loss



3. Body Diode Conduction (tDEADTIME is unknown, tD1 = 6.2ns, tD2 = 10.6ns, and tD3 = 7.1ns)



4. COSS loss Same as Q1. PQ1TOTAL = 15mW + 65mW + 224mW + 31mW = 335mW PQ2TOTAL = 39mW + 45mW + 24.5mW + 31mW = 139.5mW This is the total estimated power required to switch the MOSFETs. Now lets compare this with the measured power loss.



Scope shots of the turn-on and turn-off for Q1 and Q2 are shown in Figure 3.



Figure 3 Scope shots of the turn-on and turn-off for Q1 and Q2   



I reduced the scope bandwidth to 20MHz which didn't have much affect on the rise or fall times, but did remove a lot of the ringing associated with the circuit parasitics. Q1's turn-on showed a distinct Miller plateau and a pronounced ID/VDS overlap. The inductor current changes slope at VGS ≈ 2.1V, which agrees with the calculation for VT. The time from the inductor current's slope change until VDS has gone to zero will give a good approximation of the ID/VDS overlap. This turns out to be around 40ns. Since the inductor current ripple is about 300mA I will approximate IL ≈ IOUT = 2A. This gives an overlap loss at turn-on of During Q1 turn-off, VGS pulled low very rapidly and showed virtually no overlap. The conduction loss at 2A and VGS = 5V was 24 mΩ x 22 x 0.275 = 26.4mW. The on resistance was higher than the datasheet suggests, which I attribute to heating. For the gate charge power loss I lumped both Q1's and Q2's gate charge power



loss together and approximated both as using the power draw from VCC. This led to Q1 and Q2 gate charge power loss of 5V x 24mA = 120mW. The consumption due to COSS seemed too difficult to easily measure so it was ignored. Q2's power consumption came out as follows. The body diode conduction losses were estimated from figure 3 during Q2's turn-on and turn-off. There is a noticeable dip below ground for VDS when the diode conducts coinciding with the converters dead time, Q2's gate going from 0 to VT during turn-on, and Q2's gate going from VT to 0 during turn-off. This results in a turn-on diode loss of 0.4V x 2A x 24ns x 850kHz = 16.2mW, and a turn-off diode loss of 0.3V x 2A x 24ns x 850kHz = 12.2mW. Finally, Q2's conduction loss was 24mΩ x 22 x 0.725 = 70mW. As a rough comparison the calculated losses were PQ1c + PQ2C = 339mW + 139.5mW = 478.5mW and the measured losses were PQ1M + PQ2M = 408mW + 26.4mW + 120mW + 16.2mW + 12.2mW + 70mW = 652.8mW. Probably a better idea of the parasitics affecting the rise and fall times of VDS and ID would have gave a closer calculated estimate. Additionally, conduction losses were 2x higher due to the actual MOSFET on resistance compared with the datasheet value, which was measured with a pulse test. About the author Travis Eichhorn is a Senior Applications Engineer with National Semiconductor's Grass Valley design center. He received his Bachelor of Science degree in Electronic Engineering from California State University



Sacramento in 1999. He has over 5 years of experience as an applications engineer working with power electronics. [email protected]    
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