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PROGRAMMABLE CURRENT-SENSING CIRCUIT PROVIDING CONTINUOUS TEMPERATURE COMPENSATION FOR DC-DC CONVERTER



220, entitled: “Synchronous-Recti?ed DC to DC Converter



with Improved Current Sensing,” issued Jun. 12, 2001, by R. Isham et al, assigned to the assignee of the present applica tion and the disclosure of which is incorporated herein. As described therein, the controller monitors the source-drain current ?owing through the lower NFET 40 by way of a current-sensing or scaling resistor 37 electrically intercon nected between node 35 and an current-sensing circuit 15. The current- sensing circuit is operative to monitor the cur



Matter enclosed in heavy brackets [ ] appears in the original patent but forms no part of this reissue speci?ca tion; matter printed in italics indicates the additions made by reissue.



rent ISENSE ?owing through scaling resistor 37. This current is the product of the output current IOUT ?owing from the



CROSS-REFERENCE TO RELATED APPLICATION



common node 35 to the inductor 50 times the ratio of the



ON-resistance RDS4OON of the lower NFET 40 to the resis



tance R37 of the scaling resistor 37, and is thus proportion



The present application claims the bene?t of US. Provi sional Patent Application, Ser. No. 60/340,324, ?led Dec. 14, 2001, entitled: “Continuous Control Temperature Com



ally representative of the output current I OUT. The load cur



rent IL, namely the current I5O ?owing through the inductor



pensated Current Sensing Technique for DC to DC,” by R. Isham, assigned to the assignee of the present application



50, is substantially equal to the output current IOUT minus the current I SENSE ?owing through the scaling resistor 37.



and the disclosure of which is incorporated herein. FIELD OF THE INVENTION



As the ratio of RDS4OON to R37 is typically relatively 20



the load current IL will have substantially similar



The present invention relates in general to electronic cir cuits and components therefor, and is particularly directed to a new and improved current-sensing and correction circuit with a programmable, continuous compensation for tem perature variations of an output switching MOSFET of a



magnitudes, making ISENSE representative of load current. 25



current IL and/or the value of the ON-state resistance



BACKGROUND OF THE INVENTION 30



lower NFET 40. Moreover, the voltage drop across the on-state resistance RDS4OON of the lower NFET 40 (usually



such as a buck-mode, pulse width modulation (PWM) based, DCiDC converter of the type diagrammatically shown in



signal to a (MOSFET gate) driver 20, for controlling the



negative) is accommodated in the converter without a nega 35



scaling resistor 37 must be selected to have a temperature coe?icient which offsets the behavior of NFET 40. This may 40



The upper NFET device 30 is turned on and off by an



be accomplished by replacing scaling resistor 37 with a net work of resistors and positive temperature coe?icient ther mistors. As shown in greater detail in FIG. 2, the controller’s current-sensing circuit 15 comprises a sense ampli?er 200 having a ?rst, non-inverting (+) input 201 coupled to a con



VIN and ground (GND)). upper gate switching signal UGATE being applied to its gate



tive voltage supply. In addition, since the ON-resistance RDS4OON of the lower NFET 40 varies with temperature,



turn-on and tum-off of a pair of electronic power switching devices, to which a load is coupled. In the illustrated DCiDC converter, these power switching devices are



depicted as an upper (or high side) power NMOSFET (or NFET) device 30, and a lower (or low side) power NFET device 40, having their drain-source current ?ow paths con nected in series between a pair of power supply rails (e.g.,



nitude of, for example, voltage droop, current limiting or trip, and current balancing incorporated into the DC/DC converter is effectively ‘scaled’ by selecting resistor 37 rela tive to the value of the on-state resistance RDS4OON of the



supplied by one or more direct current (DC) power sources,



FIG. 1. As shown therein, a controller 10 supplies a PWM



The resistance of the scaling resistor 37 is selected to pro vide a prescribed value of current ?ow for the values of load



RDS4OON of the lower NFET 40. Thus, the sensitivity or mag



buck mode DCiDC converter.



Electrical power for an integrated circuit (IC) is typically



small, the current I SENSE will be substantially smaller than the output current I 0U], so that the output current IOUT and



45



troller SENSE-port 11, and a second, inverting (—) input 202 coupled to a controller SENSE+ port 12. The SENSE-port 11 is coupled to the grounded termination of NFET 40,



from driver 20, and the lower NFET device 40 is turned on



and off by a lower gate switching signal LGATE from driver



while the SENSE+ port 12 is coupled through scaling resis



20. A common node 35 between the upper and lower NFETs



tor 37 to common node 35. The sense ampli?er 200 has its



is coupled through an inductor 50 (which may typically comprise a transformer winding) to a load reservoir capaci tor 60 coupled to a reference voltage terminal (GND). A connection 55 between inductor 50 and capacitor 60 serves



50



drain-source path is coupled between the SENSE+ port 12 and input terminal 221 of a sample-and-hold circuit 220. Sample-and-hold circuit 220 includes PFETs 240 and 250



as an output node from which a desired (regulated) DC out



put voltage Vout is applied to a LOAD 65 (shown as coupled to GND).



output 203 coupled to the gate 213 of an NFET 210, whose



coupled with a capacitor 260 and input sampling switching 55



circuitry. In operation, the sense ampli?er 200 and NFET 210



The output node connection 55 is also fed back to error



(which serves as a controlled impedance) are operative to



ampli?er circuitry (not shown) within the controller, the



continuously drive the controller’s SENSE+ port 11 toward ground potential. This forces the end of the current feedback



error ampli?er being used to regulate the converter’s output DC voltage relative to a reference voltage supply. In



60



addition, the common node 35 is also coupled to current sensing circuit 15 within controller 10, in response to which the controller adjusts the PWM signal, as necessary, to main tain the converter’s DC output within a prescribed set of



parameters. For this purpose, the controller may incorporate a current



sensing circuit of the type described in US. Pat. No. 6,246,



resistor 37 which is connected to controller SENSE+ port 11 to be at ground potential and the end connected to common



node 35 to have a negative voltage. The negative voltage at common output node 35 will be equal to the product of the output current IOUT and the on-state resistance RDS4OON 65



between the drain and source of the lower NFET 40.



Current from the sample and hold circuit 220 ?ows into the drain and out of the source of NFET 210 into the
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SENSE+ port 11. Also ?owing into the SENSE+ port 11 from the opposite direction is the current I SENSE Which, as described above, is representative of load current IL. In order to maintain the SENSE+ port 11 at ground potential, sense



LOWtc scaling resistor, the ratio of the resistance of the HIGHtc resistor to that of the programming resistor Will have a larger slope With temperature than the ratio of the resistance of the LOWtc resistor to that of the programming



ampli?er 200 adjusts the current ?owing through NFET 210



resistor. As a result, the contribution of the HIGHtc current



and into SENSE+ port 11 to be substantially equal to I SENSE.



?oWing into the output node Will decrease With increasing



Since ISENSE is representative of the load current IL, the cur



temperature faster than the contribution of the LOWtc cur



rent ?oWing through NFET 210 and into SENSE+ port 11, as



rent ?oWing out of the output node, so that the composite corrected current Will decrease With increase in temperature.



controlled by sense ampli?er 200, is also representative of load current I L.



For temperatures greater than a HIGHtc/LOWtc current



Within the controller 10, sampling control circuitry peri odically supplies a sampling control signal to the sample



equality temperature, at Which point the HIGHtc and LOWtc resistors are equal, the ratio of the corrected current to the



and-hold circuit 220, When NFET 210 is in its ON (conducting) state. In response to this sampling control



sensed current Will be less than 1.0; for temperatures beloW this current-equality temperature, the ratio of the corrected



signal, the sample-and-hold circuit 220 samples the current



current to the sensed current Will be greater than 1.0.



?oWing through NFET 210 and stores the sampled value on capacitor 260 via node 236. Thus, the sampled current value



acquired by the sample-and-hold circuit 220 is also repre sentative of load current IL. This sampled value of sensed current is coupled from the sample and hold circuit’s output



Namely, the temperature-compensating relationship of the corrected current to the sensed current is such that the ratio of corrected current to sensed current folloWs a deterministic 20



port 223 to the controller’s error ampli?er circuitry that monitors the output node 55.



compensation is set by the programming resistor. In a second embodiment, the ?rst embodiment is modi?ed to substitute an additional gain stage for the current mirror



As pointed out above, the scaling resistor 37 that couples the common node 35 to the controller’s SENSE+ port 11 must have a temperature coe?icient that offsets the behavior



25



of the on-state resistance RDS4OON of the loWer NFET 40 (Which varies With temperature and may be as high as forty percent over a typical operating range). As a result, it is



customary to employ some form of complicated and costly feedback netWork in place of resistor 37.



30



discussed temperature variation problem is successfully 35



rection circuit, containing programmable temperature com



FIG. 2 diagrammatically illustrates a current-sensing cir cuit for the controller of the DCiDC converter of FIG. 1; FIG. 3 diagrammatically shoWs a current-sensing and pro



grammable temperature-compensation circuit in accordance



pensation circuitry and being con?gured to be incorporated



With a ?rst embodiment of the present invention;



into a DCiDC converter, such as the buck mode architec



sample-and-hold output terminal, an auxiliary output of the sample-and-hold circuit supplies a copy of the sampled



FIG. 1 diagrammatically illustrates a conventional buck



mode, pulse Width modulation (PWM) based, DCiDC con verter;



SUMMARY OF THE INVENTION



ture of the type shoWn in FIGS. 1 and 2, described above. The front end portion of each embodiment of the inven tion includes sense ampli?er, NFET and sample-and-hold components described above With reference to FIG. 2. In addition to providing the sampled sense current to the



that supplies the replicated HIGHtc current to the output/ summing node. This provides more temperature dependence for given values of thermal coe?icients of resistance. BRIEF DESCRIPTION OF THE DRAWINGS



In accordance With the present invention, the above addressed by a neW and improved current-sensing and cor



curve at temperatures other than said predetermined tem perature. It should be noted that the amount of temperature



FIG. 4 graphically depicts the relationship betWeen the 40



ratio of temperature-compensated current ICORRECTED to sense current ISENSE over a temperature range (—20° C. to



+125° C.), for a number of different resistance values



RPROGRAM of the programming resistor of the embodiment



of the current-sensing and programmable temperature compensation circuit of FIG. 3; 45



sense current to a programming resistor having a program



FIG. 5 diagrammatically shoWs a current-sensing and pro



mable resistance. The voltage produced across the program



grammable temperature-compensation circuit in accordance



ming resistor is coupled to respective high temperature com



With a second embodiment of the invention, in Which the embodiment of FIG. 3 is modi?ed to incorporate an addi



pensation (HIGHtc) and loW temperature compensation (LOWtc) auxiliary sense ampli?ers. The output of the HIGHtc auxiliary sense ampli?er con trols a HIGHtc NFET, the drain-source path of Which is coupled to a HIGHtc scaling resistor. The temperature coef ?cient of resistance of the HIGHtc scaling resistor is higher than that of a LOWtc scaling resistor in the source-drain path of a LOWtc NFET at the output of the LOWtc auxiliary sense ampli?er. The source-drain path of the HIGHtc NFET is coupled to a current mirror, Which supplies a copy of the current in the source-drain path of the HIGHtc NFET to summing node, that serves as the output of the current



50



DETAILED DESCRIPTION 55



Before describing a number of embodiments of the



current-sensing circuit of the invention, Which provides programmable, continuous compensation for variations in the operational temperature of an output sWitching MOS 60



sensing and correction circuit. The summing node combines produce a “temperature-corrected” output current that is coupled to the controller’s error ampli?er circuitry in place



Since the temperature coe?icient of the HIGHtc scaling resistor is larger than the temperature coef?cient of the



is used to supply the replicated current component IHIGHtc to



the output node.



the HIGHtc and LOWtc currents and the sensed current to



of the sensed current.



tional gain stage in place of the current mirror circuitry that



65



FET of a buck mode DCiDC converter, it should be observed that the invention resides primarily in an arrange ment of conventional DC poWer supply circuit and control components, and the manner in Which they are integrated



together to realiZe a temperature-compensated poWer supply architecture of the type described brie?y above. It Will also be appreciated that the invention may be embodied in a variety of other implementations, and should not be construed as being limited to only those shoWn and
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described herein. For example, although the non-limiting



by the ?rst auxiliary sense ampli?er 320 to produce a ?rst



circuit implementations of the Figures shows the use of MOSFET devices, it is to be understood that the invention is not limited thereto, but also may be con?gured of alternative



temperature compensation current IHIGH“, that is combined



fractional, or scaled, version of sense current I SENSE as a ?rst With the sense current I SENSE and a second temperature com



equivalent circuit devices, such as bipolar transistors, for example. The implementation examples to be described are



pensation current ILOWtC, to realiZe the temperature corrected, output current ICORRECTED, as Will be described. PFET 350 is coupled in current-mirror con?guration With PFET 360, Which has its source-drain path referenced to the VCC voltage rail, and coupled via an output node 365 to the source-drain path an NFET 370. As result, the source-drain path of current mirror PFET 360 mirrors the ‘high’ tempera



intended to furnish only those speci?cs that are pertinent to the present invention, so as not to obscure the disclosure With details that are readily apparent to one skilled in the art



having the bene?t of present description. Throughout the text and draWings like numbers refer to like parts. Attention is noW directed to FIG. 3, Which diagrammati cally illustrates a ?rst embodiment of a current-sensing and correction circuit in accordance With the present invention,



ture coef?cient compensation current I HIGHts (?owing



through the scaling resistor 325 and the source-drain path of PFET 350) and couples this current to the output node 365.



containing programmable temperature compensation cir



Output node 365, from Which the ‘corrected’ sense current ICORRECTED is derived, is coupled in common With the out put port 223 of the sample and hold circuit 220. NFET 370



cuitry and being con?gured to be incorporated into a buck mode DCiDC converter of the type shoWn in FIGS. 1 and



2, described above. The front end portion of the temperature compensated current sensing and correction circuit of FIG. 3, shoWn Within broken lines 300, contains the sense ampli?er, NFET and sample-and-hold components shoWn in FIG. 2, discussed above. As such, these components Will not be redescribed, except as necessary to explain the architec ture and operation of the invention. Within the front end circuitry 300 of the temperature com pensated sense ampli?er, a sample value storage node 224 of the sample-and-hold circuit 220 is connected to a sampled



has its source-drain path coupled to a node 334 betWeen a



second, ‘LOWtc’ scaling resistor 335 and the source-drain 20



coupled to ground. Node 334 is coupled to an inverting (—) input 332 of the second auxiliary ampli?er 330. As pointed out above, in the present example, the temperature coef? 25



receive and store a sampled value of the sensed current. Node 224 is further coupled to the gate of an output PMOS



put of the second auxiliary sense ampli?er 330 to produce a 30



FET 250 that supplies the sampled sense current ISENSE to



second scaled version of the sense current I SENSE as a second



temperature compensation current ILOWtC. This second tem perature compensation current is combined at output port 365 With the sense current I SENSE and the ?rst temperature compensation current IHIGH“, to realiZe the temperature



the sample-and-hold output terminal 223, and additionally to the gate of an auxiliary output PMOSFET 227, that supplies a copy of the sample sense ISENSE current to an auxiliary



cient of resistance of the scaling resistance 335 is loWer than the temperature coef?cient of resistance of a scaling resistor 325. Similar to NFET 340, NFET 370 is controlled by the out



value storage capacitor 260, Which is sWitchably coupled (via sWitching unit 231) to input node 221, so that it may



current ?oW path of an NFET 370. Scaling resistor 335 is



35



output terminal 228.



corrected, output current ICORRECTED. In operation, the copy of the current ISENSE provided by auxiliary output 228 ?oWs through programming resistor



This copy of the ISENSE current provided by the auxiliary



310 to produce a voltage VrPROGRAM across the program



output terminal 228 is coupled to a programming resistor 310, referenced to ground and having a programmable resis tance rPROGRAM. (Ideally, the temperature coef?cient of the



ming resistor. This voltage is applied to the non-inverting (+)



programming resistor 310 is Zero or very close to Zero). The



drives the gate of NFET 340, to produce a source-drain cur rent IHIGH”, that ?oWs through scaling resistor 325; in a like



inputs of each of the auxiliary sense ampli?ers 320 and 330. In response to this voltage, the ?rst auxiliary ampli?er 320



programming resistor is used to change the slope of a deter ministic curve, such as that shoWn in FIG. 4, Which repre sents the ratio of corrected or temperature-compensated cur



45



rent to the sensed current I SENSE.



The voltage produced across the programming resistor



50



gramming resistor 310 (through Which the current ISENSE ?oWs) and the resistance rHIGHtC of the scaling resistor 325 (through Which the current IHIGH” ?oWs). Namely, IHIGHtc=



ISENSE“ (rPROGRAM/rHIGHtC). Similarly, the value of the drain



source-drain current ?oW path of an NFET 340.



NFET 340 has its gate coupled to the output 323 of the



?oWs through scaling resistor 335. The value of the drain-source current IHIGH” through NFET 340 is proportional to the current ISENSE in accor dance With the ratio of the resistance (rPROGRAM) of the pro



310 at node 228 is coupled to each of a ?rst, non-inverting (+) input 321 of a ?rst auxiliary sense ampli?er 320, and to a



?rst, non-inverting (+) input 331 of a second auxiliary sense ampli?er 330. The ?rst auxiliary sense ampli?er 320 has its second, inverting (—) input 322 coupled to a node 324 betWeen a ?rst, ‘HIGHtc’ scaling resistor 325 and the



manner, the second auxiliary ampli?er 330 drives the gate of NFET 370, to produce a source-drain current ILOWtC, that



55



source current ILOWE through the NFET 370 is proportional to the current ISENSE in accordance With the ratio of the



?rst auxiliary sense ampli?er 320. Scaling resistor 325, Which is coupled to ground, has a ?rst prescribed scaling



resistance (rPROGRAM) of the programming resistor 310 and the resistance rLOWtC of the scaling resistor 335 (through



resistance value rHIGHtC, that serves to reduce the ratio of a



Which the current ILOWtC ?ows). Namely, ILOWtC=ISENSE*



composite, temperature compensated, or corrected, output current ICORRECTED to the ISENSE current at temperatures above a predetermined temperature. In the present example, the temperature coef?cient of resistance of the scaling resis tance 325 is higher than the temperature coef?cient of resis tance of a second scaling resistor 335, to be described. The source-drain path of NFET 340 is coupled to the source-drain path of a current mirror PFET 350, Which is referenced to the VCC voltage rail. NFET 340 is controlled



(rPROGRAM/rLOWtc)' 60



The tWo currents IHIGHtC and ILOWtC are set at the same



value for a particular operating temperature (such as 25° C.).



65



Since current mirror PFET 360 is operative to mirror the temperature compensation current IHIGHtC in the source drain path of PFET 350 in accordance With the operation of NFET 340, the output node 365 is supplied With three cur rent components: lithe sense current ISENSE from port 223



of the sample and hold circuit 220; Zithe current IHIGHtC
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mirrored by PFET 360; and 3ithe current lLOWtC produced by NFET 370. Due to the directions of current How of these three current components relative to output node 365, a com



by PMOSFET 520 through resistance rHIGHtC2 540. As the temperature increases above this point, the ratio of rHIGHtCZ/ rLOWtC2 increases and, conversely, the current out of PMOS



posite temperature-compensated output current ICORRECTED



FET 520 decreases. The current out of PMOSFET 520, or



can be de?ned as:



IHIGHtc’ becomes equal to: ISENSE*(RPROGRAM/RHIGHtc)*



RL OWtc2/RHIGHtc2)' As described above, the current out of NMOSFET 370, or ICORRECTED=ISENSE_ ILOWzc'HHIGHzm or



'



The corrected current is ISENSE+IHIGHtC=ILOWtC, or



ICORRECTED_ISENSE (1- (rPROGRAM/rLOWzc) + (rPRO GRAM/rHIGHzc))' _



*



ILOWtcs 15 ISENSE (RPROQRAM/RLOWTC)~



>F



This temperature-compensated current ICORRECTED is coupled to the controller’s error ampli?er circuitry in place of the sensed current ISENSE, as described above. FIG. 4 contains a family of deterministic curves, that



This gives a higher rate of change With temperature com pared to the ?rst embodiment, Which is:



graphically depict the temperature-compensating relation ship (i.e., ratio) of the temperature-compensated or correc tion current ICORRECTED to the sense current ISENSE over a



ISENSE(1+RPROGRAZVI


typical operational temperature range (—200 C. to +1250 C.), for a number of different resistance values RPROGRAM of the



programming resistor 310, and With the tWo currents IHIGHtC and lLOWtC being the same at the above-referenced value of 250 C. As shoWn therein, for the temperature (250 C.) at Which the tWo currents lHIGHtC and ILOWtC are equal, from the above equation for ICORRECTED, the ratio of ICORRECTED to



20



ISENSE: i-e-s ICORRECTED/ISENSE=1'0'



25



Since the temperature coe?icient of resistance of resistor 325 is greater than the temperature coe?icient of resistance of resistor 335, the ratio of the resistance of resistor 325 to the resistance of programming resistor 310 Will increase With temperature faster than the ratio of the resistance of resistor 335 to the resistance of programming resistor 310. As a result, as the temperature increases, the contribution of the current component lHIGHtC into node 365 Will decrease faster than the contribution of the current ILOWtC aWay from node 365, so that the composite current ICORRECTED Will decrease.



gain. This temperature-compensated current ICORRECTED is coupled to the controller’s error ampli?er circuitry in place of the sensed current ISENSE, as described above.



common node of a DCiDC converter to a controller sense



30



variations of an output sWitching MOSFET of a buck mode 35



DCiDC converter.



By coupling copies of the sampled current, that has been sensed through a sense resistor coupled to the common



MOSFET node of the DCiDC converter, to prescribed pro 40



Will be greater than 1.0, as shoWn. FIG. 5 diagrammatically shoWs a second embodiment of the current sensing circuit of the invention, in Which the ?rst embodiment of FIG. 3 is modi?ed to incorporate an addi



gramming and scaling resistors coupled to high and loW aux iliary sense ampli?ers, Which drive ‘high’ temperature coef ?cient (hightc') and ‘loW’ temperature coe?icient (‘loWtc’) associated, controlled ‘hightc’ and ‘loWtc’ current paths, a corrected current can be derived as a combination of the



45



sensed current and the controlled ‘hightc’ and ‘loWtc’ cur rents. Due to the directions of current How of these three



current components relative to output the node, a composite temperature-compensated output current ICORRECTED can be



the output node. In particular, PFETs 350 and 360 of the ?rst embodiment are replaced With a gain stage 500 having a third auxiliary ampli?er 510 Which drives a PFET 520.



Ampli?er 510 has its non-inverting (+) input 512 coupled to



behavior of the on-state resistance of the loWer NFET in the converter, (Which may be as high as forty percent over a



typical operating range), is successfully addressed by the current-sensing circuit of the invention, Which provides programmable, continuous compensation for temperature



less than 1.0, While for temperatures beloW the current



tional gain stage in place of the current mirror circuitry that is used to supply the replicated current component IHIGHtC to



As Will be appreciated from the foregoing description, the inability of a simple scaling resistor installed betWeen the



port to provide compensation for the temperature-responsive



Thus, for temperatures greater than the current-equality (IHIGHtc=ILOWtc) temperature, ICORRECTED/ISENSE Will be



equality (IHIGHtc=ILOWtc) temperature’ ICORRECTED/ISENSE



It may be noted that additional gain stages such as gain stage 500 may be added for additional increases in thermal



de?ned in as: 50



a node 514, Which is connected in common to a scaling



ICORRECTED=ISENSE—ILOWMHHIGH,C or, in terms ofthe resistors, as:



resistor 530 referenced to VCC and NFET 340. Scaling resistor 530 has a resistance rLOWtCZ. Ampli?er 510 has its



ICORRECTED_ISENSE (1'(TPROGRAM/TL0Wz¢)+(TPR0GRAM/TH1GH1C)) _



inverting (—) input 511 coupled to a node 515, Which is connected in common to a scaling resistor 540 referenced to



55



VCC and PFET 520. Scaling resistor 540 has a resistance rHIGHtc2'



resistance than resistance rLOWtCZ. At some reference temperature, such as the temperature at Which resistance rHIGHtC and resistance rLOWtC are equal, as described above, resistance rHIGHtC2 and resistance rLOWtC2 are equal. At this



temperature, the current through the resistance rHIGHtC 325, and NMOSFET 340 into resistance rLOWtC2 530 is replicated



Thus the ratio of ICORRECTED to ISENSE can be Written as:



ICORRECTED/ISENSE=1 _ (rPRO GRAN/ILOWzc)+(rPROGRAZ\//1AHIGHzc) -



This modi?ed architecture operates in the same manner as



current mirror PMOSFETs 350 and 360, but modi?es the current output of PMOSFET 520 dependent on temperature. Resistance rHIGHtC2 has a higher thermal coe?icient of



>F



In a second embodiment an additional gain stage is 60



inserted in place of the current mirror circuitry that is used to supply the replicated current component lHIGHtC to the out put node, so that the output current of the PMOSFET is modi?ed in dependence on temperature. The corrected cur rem 15 ISENSE+IHIGHtc=ILOWtcs or
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As noted above, this gives a higher rate of change With temperature compared to the ?rst embodiment, as:



said correction current to said sensed current folloWs a deter



mini stic curve at temperatures other than said predetermined



temperature. 4. The apparatus according to claim 3, Wherein said ?rst electronic poWer sWitching device comprises a MOSFET,



ISENSE(1+RPROGRAZVI


and said deterministic curve approximates a variation of



The temperature-compensated current ICORRECTED is coupled to the controller’s error ampli?er circuitry to track the temperature variations in the drain-source resistance of



drain-source resistance of said MOSFET With temperature. 5. The apparatus according to claim 3, Wherein said sensed current correction circuit includes a programming



the loWer MOSFET of the converter. While I have shoWn and described several embodiments



ministic curve.



in accordance With the present invention, it is to be under stood that the same is not limited thereto but is susceptible to



6. The apparatus according to claim 1, Wherein said pre scribed temperature-compensating relationship of said cor



element that is operative to change the slope of said deter



numerous changes and modi?cations as knoWn to a person



rection current to said sensed current is such that said correc



skilled in the art. I therefore do not Wish to be limited to the details shoWn and described herein, but intend to cover all such changes and modi?cations as are obvious to one of



tion current equals said sensed current at a predetermined



ordinary skill in the art. What is claimed is: 1. An apparatus for generating a regulated direct current



(DC) output voltage comprising:



temperature and, at temperatures above said predetermined temperature the ratio of said correction current to said sensed current is less than one, and at temperatures beloW



said predetermined temperature the ratio of said correction current to said sensed current is greater than one. 20



a DCiDC converter coupled to a supply voltage, and



being operative to generate a regulated output voltage derived from said supply voltage, said DCiDC con verter having a pulse Width modulation generator Which generates a PWM sWitching signal that sWitch ably controls operation of a sWitching circuit contain ing ?rst and second electronic poWer sWitching devices coupled betWeen respective ?rst and second poWer sup ply terminals, a common node thereof being coupled through an inductor element to an output voltage termi



25



sample and hold circuit, and 30



nal; and



second compensating currents are scaled versions of



a sense ampli?er unit having an input coupled to said ?rst poWer supply terminal, a second input and an



said ?rst sensed current, and a second sensed current path, coupled With said ?rst



output,



sensed current path, and being operative to combine said second sensed current With said ?rst and second



[scaled versions of said sensed current] compensat 40



ing currents to produce said [control] correction cur rent.



sense ampli?er unit, said variable impedance con?g 45



9. The apparatus according to claim 8, Wherein said ?rst sensed current path is operative to process said ?rst sensed current in accordance With a programmable circuit element to produce said ?rst and second [scaled versions of said



sensed current] compensating currents.



impedance, and being operative to sample and hold



10. The apparatus according to claim 9, Wherein said ?rst current path includes said programmable circuit element, and ?rst and second auxiliary ampli?er circuits coupled to said programmable circuit element to produce said ?rst and second [scaled versions of said sensed current] compensat



current ?oWing through said variable impedance as a sensed current, and a sensed current correction circuit, coupled betWeen said sample and hold circuit and said controller, and being operative to supply, to said controller, a correc tion current having a prescribed temperature compensating relationship to said sensed current as



sampled and held by said sample and hold circuit,



said sensed current correction circuit includes a ?rst sensed current path, that is operative to process said ?rst sensed current to produce said ?rst and sec



ond compensating currents, wherein said first and



generator, said controller including



ured to vary in impedance in response to said output of said sense ampli?er unit, a sample and hold circuit coupled to said variable



sampled and held by said sample and hold circuit. 8. The apparatus according to claim 1, Wherein said sample and hold circuit is operative to generate ?rst and second sensed currents, each of Which is represen tative of said current as sampled and held by said



a controller for controlling the operation of said PWM



a current feedback resistor electrically coupled betWeen said common output node and said second input of said sense ampli?er unit, a variable impedance coupled to said output of said sense ampli?er unit and to said second input of said



7. The apparatus according to claim 1, Wherein said sensed current correction circuit includes a programming element that is effective to establish said prescribed temperature-compensating relationship to said current as



55



wherein said correction current is a combination of



ing currents. 11. The apparatus according to claim 10, Wherein said ?rst current path includes a current ?oW direction circuit coupled With one of said ?rst and second auxiliary ampli?er circuits and being operative to supply one of said ?rst and second



said sensed current, a first compensating current and



[scaled versions of said sensed current] compensating cur



a second compensating current.



rents With a prescribed current ?oW direction relative to said second sensed current.



2. The apparatus according to claim 1, Wherein said pre scribed temperature-compensating relationship of said cor



12. The apparatus according to claim 11, Wherein said



rection current to said sensed current is such that the ratio of



current ?oW direction circuit comprises a current mirror cir



said correction current to said sensed current equals one at a



cuit coupled to said ?rst auxiliary ampli?er circuit and being operative to supply said ?rst [scaled version of said sensed current] compensating current With said prescribed current



predetermined temperature, and has a values other than one



at temperatures other than said predetermined temperature. 3. The apparatus according to claim 1, Wherein said pre scribed temperature-compensating relationship of said cor rection current to said sensed current is such that the ratio of
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?oW direction relative to said second sensed current.



13. The apparatus according to claim 11, Wherein said current ?oW direction circuit comprises a third auxiliary
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ampli?er circuit coupled to said ?rst auxiliary ampli?er cir cuit and being operative to supply said ?rst [scaled version



19. A method of controlling the operation of a DCiDC converter, said DCiDC converter being coupled to a supply



of said sensed current] compensating current With said pre



voltage, and being operative to generate a regulated output voltage derived from said supply voltage, said DCiDC converter including



scribed current ?oW direction relative to said second sensed current.



14. A poWer supply comprising:



a pulse Width modulation generator, Which generates a



a buck mode pulse Width modulator (PWM) DCiDC converter circuit having an input, a high side output and



PWM sWitching signal that sWitchably controls opera tion of a sWitching circuit containing ?rst and second



a loW side output;



electronic poWer sWitching devices coupled betWeen respective ?rst and second poWer supply terminals, a common node thereof being coupled through an induc tor element to an output voltage terminal, and a controller for controlling the operation of said PWM generator, said controller including a sense ampli?er unit having a ?rst input coupled to said ?rst poWer sup



a high side sWitch coupled betWeen a ?rst voltage supply terminal and common output node, and being operative to control current ?oW therethrough in response to said



high side output; a loW side sWitch coupled betWeen said common output



node and to a second voltage supply terminal, and being operative to control current ?oW therethrough in response to said loW side output; a sense ampli?er unit having a ?rst input, a second input and an output, said second input coupled to said second



voltage supply terminal;



ply terminal, a second input and an output, a current feedback resistor coupled betWeen said common output 20



sense ampli?er unit, said variable impedance con?g



a current feedback register electrically coupled betWeen said common output node and said ?rst input of said



ured to vary in impedance in response to said output of said sense ampli?er unit, and a sample and hold circuit



sense ampli?er;



a variable impedance component electrically connected to said output of said sense ampli?er unit and to said ?rst input of said sense ampli?er, said variable impedance component con?gured to vary in impedance in response to said output of said sense ampli?er unit; a sample and hold circuit coupled to said variable imped ance component, and being operative to sample and



25



30



component as a sensed current; and 35



DCiDC converter, and being operative to supply, to said input of said buck mode PWM DCiDC converter, a correction current having a prescribed temperature compensating relationship to said sensed current as



sampled and held by said sample and hold circuit,



coupled to said variable impedance, and being opera tive to sample and hold current ?oWing through said variable impedance as a sensed current,



hold current ?owing through said variable impedance a sensed current correction circuit, coupled betWeen said sample and hold circuit and said buck mode PWM



node and said second input of said sense ampli?er unit, a variable impedance coupled to said output of said



said method comprising the steps of: (a) generating a correction current having a prescribed temperature-compensating relationship to said sensed current as sampled and held by said sample and hold circuit, wherein said correction current is a combination of said sensed current, a first compen sating current and a second compensating current; and (b) coupling said correction current to said controller, so that said controller controls the operation of said PWM generator in accordance With said correction current.



40



20. The method according to claim 19, Wherein said pre scribed temperature-compensating relationship of said cor



wherein said correction current is a combination of said sensed current, a first compensating current and a



rection current to said sensed current is such that the ratio of



second compensating current. 15. The poWer supply according to claim 14, Wherein said



predetermined temperature, and has values other than one at



prescribed temperature-compensating relationship of said



said correction current to said sensed current equals one at a 45



mined temperature. 16. The poWer supply according to claim 15, Wherein said ?rst electronic poWer sWitching device comprises a



50



22. The method according to claim 21, Wherein said ?rst electronic poWer sWitching device comprises a MOSFET,



temperature.



and said deterministic curve approximates a variation of 55



drain-source resistance of said MOSFET With temperature.



60



23. The method according to claim 21, Wherein step (a) comprises establishing the slope of said deterministic curve using a programming element. 24. The method according to claim 19, Wherein said pre scribed temperature-compensating relationship of said cor



sensed current correction circuit includes a programming



element that is operative to change the slope of said deter ministic curve.



18. The poWer supply according to claim 14, Wherein said



prescribed temperature-compensating relationship of said



rection current to said sensed current is such that the ratio of said correction current to said sensed current folloWs a deter mini stic curve at temperatures other than said predetermined



temperature.



MOSFET, and said deterministic curve approximates a variation of drain-source resistance of said MOSFET With



17. The poWer supply according to claim 16, Wherein said



temperatures other than said predetermined temperature. 21. The method according to claim 19, Wherein said pre scribed temperature-compensating relationship of said cor



correction current to said sensed current is such that the ratio of said correction current to said sensed current folloWs a deterministic curve at temperatures other than said predeter



correction current to said sensed current is such that said correction current equals said sensed current at a predeter



tion current equals said sensed current at a predetermined



mined temperature and, at temperatures above said predeter



temperature and, at temperatures above said predetermined



mined temperature the ratio of said correction current to said sensed current is less than one, and at temperatures beloW



rection current to said sensed current is such that said correc
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temperature the ratio of said correction current to said sensed current is less than one, and at temperatures beloW



said predetermined temperature the ratio of said correction



said predetermined temperature the ratio of said correction



current to said sensed current is greater than one.



current to said sensed current is greater than one.
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3]. The apparatus according to claim 25, wherein said



25. An apparatusfor generating a regulated direct current



(DC) output voltage comprising:



sensed current correction circuit includes a programming



element that is e?‘ective to establish said prescribed temperature-compensating relationship to said sensed cur



a DC-DC converter coupled to a supply voltage, and



being operative to generate a regulated output voltage derived from said supply voltage, said DC-DC con



rent.



32. The apparatus according to claim 25, wherein



verter having a pulse width modulation generator which generates a PWM switching signal that switch



said sensed current providing circuit is operative to gen erate first and second sensed currents, each of which is



ably controls operation ofa switching circuit contain ing first and second electronic power switching devices coupled between respectivefirst and second power sup



representative of said sensed current, and said sensed current correction circuit includes



ply terminals, a common node thereof being coupled



a first sensed current path, that is operative to process



through an inductor element to an output voltage termi



said first sensed current to produce said first and second compensating currents, wherein saidfirst and



nal; and controller for controlling the operation of said PWM generator, said controller including



second compensating currents are scaled versions of



saidfirst sensed current, and a second sensed current path, coupled with said first sensed current path, and being operative to combine said second sensed current with saidfirst and second compensating currents to produce said correction



a sense amplifier unit having an input coupled to said first power supply terminal, a second input and an



output, current feedback resistor electrically coupled between said common output node and said second



input of said sense amplifier unit, a variable impedance coupled to said output of said



20



sense amplifier unit and to said second input ofsaid



sensed current in accordance with a programmable circuit



sense amplifier unit, said variable impedance config ured to vary in impedance in response to said output



ofsaid sense amplifier unit,



25



able impedance, and being operative to provide a sensed current in accordance with a current ?owing



through said variable impedance, and



30



sensed current providing circuit and said controller, and being operative to supply, to said controller, a correction current having a prescribed temperature compensating relationship to said sensed current,



cuit coupled to saidfirst auxiliary amplifier circuit and being



a second compensating current.



operative to supply saidfirst compensating current with said prescribed current ?ow direction relative to said second



26. The apparatus according to claim 25, wherein said



prescribed temperature-compensating relationship of said



sensed current.



correction current to said sensed current is such that the



37. The apparatus according to claim 35, wherein said current ?ow direction circuit comprises a third auxiliary



ratio ofsaid correction current to said sensed current equals one at a predetermined temperature, and has a values other



amplifier circuit coupled to saidfirst auxiliary ampli er cir cuit and being operative to supply said first compensating



than one at temperatures other than said predetermined tem



perature. 45



prescribed temperature-compensating relationship of said



current with said prescribed current ?ow direction relative to said second sensed current.



38. A power supply comprising:



correction current to said sensed current is such that the



a buck mode pulse width modulator (PWZW) DC-DC con verter circuit having an input, a high side output and a



ratio of said correction current to said sensed current fol lows a deterministic curve at temperatures other than said



predetermined temperature.



coupled to said programmable circuit element to produce saidfirst and second compensating currents. 35. The apparatus according to claim 34, wherein said first current path includes a current ?ow direction circuit coupled with one ofsaidfirst and second auxiliary amplifier circuits and being operative to supply one ofsaidfirst and second compensating currents with a prescribed current ?ow direction relative to said second sensed current. 36. The apparatus according to claim 35, wherein said current?ow direction circuit comprises a current mirror cir



wherein said correction current is a combination of said sensed current, a first compensating current and



27. The apparatus according to claim 25, wherein said



element to produce first and second compensating currents. 34. The apparatus according to claim 33, wherein said first current path includes said programmable circuit



element, and first and second auxiliary amplifier circuits



a sensed current providing circuit coupled to said vari



a sensed current correction circuit, coupled to said



current.



33. The apparatus according to claim 32, wherein said first sensed current path is operative to process said first



50



28. The apparatus according to claim 27, wherein said first electronic power switching device comprises a



low side output; a high side switch coupled between a first voltage supply terminal and common output node, and being operative



MOSFET and said deterministic curve approximates a



to control current?ow therethrough in response to said



variation ofdrain-source resistance ofsaid MOSFET with temperature. 29. The apparatus according to claim 27, wherein said



high side output;



sensed current correction circuit includes a programming



element that is operative to change the slope of said deter ministic curve.



30. The apparatus according to claim 25, wherein said



prescribed temperature-compensating relationship of said correction current to said sensed current is such that said correction current equals said sensed current at a predeter



55



a low side switch coupled between said common output



node and to a second voltage supply terminal, and



being operative to control current ?ow therethrough in response to said low side output; a sense amplifier unit having a first input, a second input and an output, said second input coupled to said second



voltage supply terminal;



mined temperature and, at temperatures above said prede



a current feedback resistor electrically coupled between said common output node and saidfirst input ofsaid



termined temperature, the ratio of said correction current to said sensed current is less than one and, at temperatures



a variable impedance component electrically connected



sense amplifier;



below said predetermined temperature, the ratio ofsaid cor



to said output ofsaid sense amplifier unit and to said



rection current to said sensed current is greater than one.



first input of said sense amplifier, said variable imped
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16 (b) coupling said correction current to said controller, so that said controller controls the operation ofsaid



ance component con?gured to vary in impedance in response to said output of said sense ampli?er unit; a sensed current providing circuit coupled to said vari



PWM generator in accordance with said correction



able impedance component, and being operative to



current.



provide a sensed current in accordance with a current 5



?owing through said variable impedance; and a sensed current correction circuit, coupled to said sensed current providing circuit and said buck mode PWM



rection current to said sensed current is such that the ratio of said correction current to said sensed current equals one at



DC-DC converter, and being operative to supply, to said input ofsaid buck mode P WM DC-DC converter, a correction current having a prescribed temperature compensating relationship to said sensed current,



a predetermined temperature, and has values other than one



at temperatures other than said predetermined temperature. 45. The method according to claim 43, wherein saidpre scribed temperature-compensating relationship of said cor



wherein said correction current is a combination of said sensed current, a first compensating current and a



second compensating current.



39. Thepower supply according to claim 38, wherein said



rection current to said sensed current is such that the ratio of said correction current to said sensed current follows a 15



deterministic curve at temperatures other than said prede



termined temperature. 46. The method according to claim 45, wherein said?rst electronic power switching device comprises a MOSFET



prescribed temperature-compensating relationship of said correction current to said sensed current is such that the



ratio of said correction current to said sensed current fol lows a deterministic curve at temperatures other than said



predetermined temperature.



44. The method according to claim 43, wherein saidpre scribed temperature-compensating relationship of said cor



and said deterministic curve approximates a variation of 20



40. Thepower supply according to claim 39, wherein said first electronic power switching device comprises a



drain-source resistance of said MOSFE T with temperature. 47. The method according to claim 45, wherein step (a)



comprises establishing the slope of said deterministic curve



MOSFET and said deterministic curve approximates a



using aprogramming element.



variation ofdrain-source resistance ofsaid MOSFET with temperature. 4]. Thepower supply according to claim 40, wherein said



48. The method according to claim 43, wherein saidpre scribed temperature-compensating relationship of said cor rection current to said sensed current is such that said cor rection current equals said sensed current at a



sensed current correction circuit includes a programming



element that is operative to change the slope of said deter ministic curve.



predetermined temperature and, at temperatures above said predetermined temperature, the ratio of said correction cur



42. Thepower supply according to claim 38, wherein said



prescribed temperature-compensating relationship of said



rent to said sensed current is less than one and, at tempera



correction current to said sensed current is such that said



tures below said predetermined temperature, the ratio of



correction current equals said sensed current at a predeter



said correction current to said sensed current is greater than



mined temperature and, at temperatures above said prede



one.



termined temperature, the ratio of said correction current to said sensed current is less than one, and at temperatures below said predetermined temperature, the ratio ofsaid cor



49. A method of compensating for temperature variations in a current, the method comprising:



receiving the current from another circuit;



rection current to said sensed current is greater than one.



43. A method of controlling the operation ofa DC-DC



providing at least two compensating currents; combining the at least two compensating currents with the



converter, said DC-DC converter being coupled to a supply



voltage, and being operative to generate a regulated output voltage derived from said supply voltage, said DC-DC con verter including



received current such that the received current is modi



fled to compensate for the temperature variations, wherein a relationship between the at least two com



a pulse width modulation generator, which generates a



pensating currents in?uences the modification of the



PWM switching signal that switchably controls opera tion ofa switching circuit containing?rst and second electronic power switching devices coupled between respective first and second power supply terminals, a



received current; and



outputting the modi?ed received current in place of the received current.



common node thereof being coupled through an induc



50. The method ofclaim 49,further comprising setting the



tor element to an output voltage terminal, and



at least two compensating currents equal to the same value



controller for controlling the operation of said PWM



at a desired temperature to define the relationship between



generator, said controller including a sense ampli er



the at least two compensating currents.



unit having a first input coupled to said first power



5]. The method ofclaim 49, wherein providing at least two compensating currents comprises deriving the at least two compensating currents from the received current. 52. The method ofclaim 5], wherein deriving the at least



supply terminal, a second input and an output, a cur



rent feedback resistor coupled between said common



output node and said second input of said sense ampli ?er unit, a variable impedance coupled to said output ofsaid sense ampli?er unit, said variable impedance configured to vary in impedance in response to said



two compensating currents from the received current com 55



prises: passing the received current through a reisistor with a



output of said sense ampli?er unit, and providing a



known temperature coe?icient to convert the received



current ?owing therethrough as a sensed current,



current to a voltage; and



said method comprising the steps of'



passing the converted voltage through at least two



(a) generating a correction current having a prescribed



resistors, each of the at least two resistors having a



temperature-compensating relationship to said



known diferent temperature coe?icient, to convert the



sensed current, wherein said correction current is a



converted voltage to the at least two compensating cur



combination of said sensed current, a first compen sating current and a second compensating current; and



rents.
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