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		  ?  semiconductor components industries, llc, 2003 april, 2003 - rev. 0 1 publication order number: and8117/d and8117/d understanding the output current capability of dc-dc buck converters prepared by:  upal sengupta on semiconductor principal field applications engineer introduction due to the widespread availability of highly integrated dc-dc  switchmode converter devices, system design engineers no longer have to put much effort into the design of low-power converters for many applications. a little bit of analysis, however, can allow the system designer to make sure  that an ic switching regulator is being utilized to its full capability. whether a dc-dc converter circuit uses an internal or external  power switch, one critical parameter that the circuit designer must determine is the load current capability. this value leads to the sizing of the power switch. the peak switch current rating (the level of current above which the power mos device may break down or overheat) is proportional to the load current. of course, a larger power mos device will be able to deliver more output current, but for a given switch current rating, the system designer does have  some ability to affect output current capability based on external  component values and operating conditions as well. in addition to the peak switch current limit rating, the effective output current capability for the overall power supply circuit also depends on the input-output voltage relationship, the inductor value, and switching frequency. as a result, system designers need to understand how the specifications of an ic switching regulator should be interpreted to  apply to their specific operating conditions. in some cases, the published output current ratings of the ic may not reflect the true capability of the part for a given application, whereas in other cases the safe operating limits of the ic may be inadvertently exceeded. buck converter topology a semi-idealo synchronous buck converter is illustrated in figure 1. the high-side power switch duty-cycle will depend on the step-down ratio. when the high-side power switch is turned on, current drawn from the input begins to flow through the inductor. when the high-side switch is turned off, the low-side (synchronous rectifier) switch is turned on, and current circulates through the lower nmos switch as shown, since the inductor current cannot instantaneously stop. during steady-state operation, the ono and offo times of the switch are balanced to maintain the desired output voltage. figure  1.  semi-ideal'' synchronous buck regulator dc-dc controller circuit dc-dc  regulator with internal mos switches i pmos  = current flow during t on c in - + v in i l  = i pmos  + i nmos l i nmos  = current flow during t off output voltage feedback cout system (load) v out application note http://onsemi.com

 and8117/d http://onsemi.com 2 when operating in continuous conduction mode, the pmos (high-side) switch has a duty cycle proportional to the step-down ratio, d  v out  v in for a switching frequency f s , the on-time of the pmos switch will be: t on  d*(1  f s ) thus, the t on  is dependent on both the switching frequency and the step-down ratio. inductor current waveforms and equations since  the objective of this discussion is to characterize the full-load  operation of the dc-dc converter, we  can assume that the converter will be operating in continuous conduction mode (ccm). in ccm operation, the inductor current stays above zero as shown in figure 2. figure 2. inductor current in continuous conduction mode i max  = peak inductor current i out  = average inductor current i min  = minimum inductor current t on t off t off t off t on t on i l the average inductor current is equal to the output (load) current.  for a given constant load level, the inductor current will be ramping above and below this level as the power switch is turned on and off. thus the peak inductor current, and therefore the peak high-side power switch current, will be higher than the output current. the output current is the average value of the inductor current, which varies between i min  and i max : i out  (i min  i max )  2 (for ccm only) to determine the actual peak switch current value for a given load current, we can begin with the familiar equation for the inductor voltage/current relationship: v  l*(di  dt) in our case, vo is the differential voltage across the inductor, or (vin - vout) when the high-side power switch is turned on. the change in inductor current dio from the initial turn-on of the pmos switch until it is turned off is (i max  - i min ). finally, the dto value is the switch on-time, t on  as defined earlier. thus the inductor voltage-current relationship can be defined as: (v in  v out )  l*(i max  i min )  (t on ) rearranging terms results in: (i max  i min )  (v in  v out )*(t on )  l and since we know i out  = (i min  + i max ) / 2, as seen in figure 2, we can substitute for i min  in terms of i out  and determine the upper limit of the inductor ramp current to be: i max  i out  (v in  v out )*(t on )  (2l) the {(v in -v out )*t on /(2l)} term above represents half of the peak-to-peak ripple current. because the value for i max is limited to the high-side power switch current rating, reducing  the ripple current (the difference between the peak inductor current and the average load current) allows the effective  output current of the circuit to approach the switch current rating. the equation above indicates the following general trends for a buck converter circuit: ? higher inductance allows higher load current for a fixed frequency (larger l = reduced ripple current) ? higher frequency allows higher load current for a fixed inductance level (smaller t on  = reduced ripple current) ? vin/vout levels affect the output current in two opposing ways: ? higher step-down ratio (vout/vin) results in shorter switch on-time (t on ), hence lower peak switch current ? lower step down ratio (vin closer to vout) results a lower differential inductor voltage, so the slope of the inductor current during the ramp-up period is reduced

 and8117/d http://onsemi.com 3 ncp1501 synchronous buck regulator from a system designer's point of view, the ncp1501 device in figure 3 may appear similar to the semi-idealo buck converter. the only external components required are an input capacitor, output inductor, and output capacitor. the additional features of the ncp1501 regulator allow for external frequency input, shutdown mode, output voltage selection, and high efficiency at both high and low load currents. these features are discussed in the device data sheet and will not be covered in this note. figure 3. ncp1501 block diagram and application circuit dc/dc control q2 c in 10   v bat q1 v out ldo control sync shd i lim q3 ea fb cb0 cb1 lx l1 10   h c out 10   calculation of the peak current equations as applied to the ncp1501 device show that the effective output current of the device can indeed vary as a function of external components and operating conditions. the peak switch current limit for the pfet (q3 as shown in figure 3) is nominally 800 ma. to allow for component tolerances, a 20% derating of the typical value gives us 640 ma, which is used for a minimum limit. figures 4 and 5 illustrate the difference in output current capability for a 4.2 v- to- 1.8 v converter using the ncp1501 by adjusting frequency and/or inductor value. figure 4. output current, l = 6.8   h figure 5. output current, l = 10   h average load current 0.40 0.45 0.50 0.55 0.60 0.65 0.70 peak switch current 0.68 0.66 0.64 0.62 0.60 0.58 0.56 0.54 0.52 0.50 f = 600 khz f = 800 khz f = 1 mhz f = 1.4 mhz peak current limit average load current 0.40 0.45 0.50 0.55 0.60 0.65 0.70 peak switch current 0.68 0.66 0.64 0.62 0.60 0.58 0.56 0.54 0.52 0.50 f = 600 khz f = 800 khz f = 1 mhz f = 1.4 mhz peak current limit v in  = 4.2 v v out  = 1.8 v l = 6.8   h v in  = 4.2 v v out  = 1.8 v l = 10   h

 and8117/d http://onsemi.com 4 at 600 khz operating frequency, with a 6.8   h inductor, the converter can only deliver about 500 ma before the worst- case switch rating is reached. however, if the switching frequency is increased to 1.4 mhz for the same inductor value, over 550 ma output capability is possible. by increasing the inductor to 10   h, the load current can be pushed to above 600 ma. the ncp1501 allows the user to select the switching frequency by applying an external clock signal. figure 6, on the other hand, shows the effect of input voltage on output current capability for a fixed operating frequency (1.0 mhz) and inductor value (6.8   h). in this case, if the input voltage is restricted, output current capability may be increased. however, if the full input voltage range is required, the system designer should be aware  that the worst case current rating for the power switch will be reached at  lower levels of load current for high input voltage conditions. figure 6. ncp1501 output current variation with input and output voltage input voltage 3.0 3.5 4.0 5.0 5.5 0.600 output current 0.595 0.590 0.585 0.580 0.575 0.570 0.565 0.560 0.555 0.550 v out  = 1.3 4.5 v out  = 1.0 f = 1 mhz l = 6.8   h v out  = 1.5 v out  = 1.8 this phenomenon may seem somewhat counterintuitive as one thinks of high line input requiring less current from the input power source - however, due to the higher input-output  dif ferential, the inductor current ramps up very quickly in this condition so the ripple current is higher. the actual line and load regulation performance of the ncp1501 device, operating at 1.0 mhz with a 6.8   h inductor  (tdk llf40176r8) , is shown in figure 7. figure 7. ncp1501 output performance for 3.0 - 4.2 v input range (pwm mode) output current (ma) 0 50 150 300 600 2.00 output voltage 1.95 1.90 1.85 1.80 1.75 1.70 1.65 1.60 1.55 1.50 250 v in  = 4.2 v in  = 3.6 f = 1 mhz l = 6.8   h v in  = 3.0 100 200 350 450 550 400 500

 and8117/d http://onsemi.com 5 final observations . . . it may seem from the above discussion that one would simply go with the largest possible inductor and highest possible frequency in order to maximize output current capability. in reality, though, compromises must be made due to other considerations. for example, larger inductance values will typically require a larger physical case dimension for the same saturation current capability. component tolerances and derating factors also need to be taken into account, as magnetic components will start to decrease in effective inductance value as current increases toward the saturation limit. larger inductances will slow down the response time of the switching regulator when subjected to  line and load transient conditions. furthermore, since the ncp1501 is designed to require a minimum amount of external components, the control loop stability compensation circuit is completely internal to the ic. this also limits the range of values allowed for the output inductor and capacitor. thus, for applications where space is at a premium, the system designer may instead choose to go with the lowest possible inductor value that will reliably provide just enougho output current to the load. furthermore, higher switching frequencies will result in higher switching losses. in the particular case of the ncp1501, this translates into a few percentage points lower converter efficiency. this, of course, results in slightly reduced battery life for a portable device. higher frequency operation may also restrict the choice of inductors due to the need for magnetic core materials that maintain their performance characteristics at high dv/dt conditions. the 640 ma minimum switch current rating of the ncp1501  device allows easy design of a converter with 500 to 600 ma output current capability, using standard surface-mount  components. while today's integrated switchmode regulators are substantially easier to use in a system design than their predecessors were, proper external component selection is still critical in order to achieve best performance. a table of possible component values is listed below. inductor description tdk llf4017-6r8 (6.8   h) dcr = 0.122   , ipk = 0.70 a, 4.0x4.1x1.7 mm tdk llf4017-100 (10   h) dcr = 0.145   , ipk = 0.50 a, 4.0x4.1x1.7 mm coilcraft do1606t-682 (6.8   h) dcr = 0.2   , ipk = 1.0 a, 6.5x5.3x2.0 mm coilcraft do1606t-103 (10   h) dcr = 0.3   , ipk = 1.0 a, 6.5x5.3x2.0 mm coilcraft lpo6610-682 (6.8   h) dcr = 0.32   , ipk = 0.90 a, 5.5 x 6.6 x 1.0 mm capacitor description tdk c2012x5r0j106 (10   f) esr = 2.3 m  , irms = 3.5 a @ 1.0 mhz, 2.0x1.25x1.25 mm  rata grm21br60j106 (10   f) esr = 2.0 m  , irms = 1.7 a @ 1.0 mhz, 2.0x1.25x1.25 mm

 and8117/d http://onsemi.com 6 on semiconductor  and          are registered trademarks of semiconductor components industries, llc (scillc).  scillc reserves the right to mak e changes  without further notice to any products herein.  scillc makes no warranty, representation or guarantee regarding the suitability  of its products for any particular purpose, nor does scillc assume any liability arising out of the application or use of any product or circuit, and s pecifically disclaims any and all liability, including without limitation special, consequential or incidental damages.  typicalo parameters  which may be provided in scillc data sheets and/or specifications can and do vary in different applications and actual performance may vary over time.  all operating parameters,  including typicalso must be validated for each customer application by customer's technical experts.  scillc does not convey any license  under its patent rights nor the rights of others. scillc  products are not designed, intended, or authorized for use as components in systems intended for surgical implant into the body , or other applications intended to support or sustain life, or for any other application in which the failure of the scillc product could create a sit uation where personal injury or death may occur.  should buyer purchase or use scillc products for any such unintended or unauthorized application, buyer shall indem nify and hold scillc and its of ficers, employees, subsidiaries, affiliates, and distributors harmless against all claims, costs, damages, and expenses, and re asonable attorney fees arising out of, directly or indirectly, any claim of personal injury or death associated with such unintended or unauthorized u se, even if such claim alleges that scillc was negligent regarding the design or manufacture of the part.  scillc is an equal opportunity/affirmative action employ er. publication ordering information japan : on semiconductor, japan customer focus center 2-9-1 kamimeguro, meguro-ku, tokyo, japan 153-0051 phone : 81-3-5773-3850 on semiconductor website :  http://onsemi.com for additional information, please contact your local sales representative. and8117/d literature fulfillment : literature distribution center for on semiconductor p.o. box 5163, denver, colorado 80217 usa phone : 303-675-2175 or 800-344-3860 toll free usa/canada fax : 303-675-2176 or 800-344-3867   toll free usa/canada email : onlit@hibbertco.com n. american technical support : 800-282-9855 toll free usa/canada
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