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5:61) An embodiment of a coupled-inductor core includes ?rst and 
BEIJLEVUE W A 98004 5573 U 5 second members and ?rst and second forms extending 

’ _ ( ) between the ?rst and second members. The ?rst form has a 
. _ parameter (e.g., length) of a ?rst value, and is operable to 

(73) Asslgnee' STERSICLAAISERICAS INC" conduct a ?rst magnetic ?ux having a ?rst density that 
1 p1 as’ ( ) depends on the ?rst value of the parameter. The second form 

_ is spaced apart from the ?rst form, has the parameter (e.g., 
(21) Appl' NO" 12/136’018 length) of a second value different from the ?rst value, and is 

. _ operable to conduct a second magnetic ?ux having a second 
(22) Flled' Jun' 9’ 2008 density that depends on the second value of the parameter. 

R l t d U s A l. t. D t Because tWo or more of the forms of such a core may have 
6 a e ' ' PP lea Ion a a different values for the same parameter, the core may be 

(60) Provisional application No. 60/933,949, ?led on Jun. Suitable fOr use in a multiphase power supply Where the 
8, 2007. currents through the phases are unbalanced. 
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COUPLED-INDUCTOR CORE FOR 
UNBALANCED PHASE CURRENTS 

CLAIM OF PRIORITY 

[0001] This application claims priority to US. Provisional 
Application Ser. No. 60/933,949 ?led on Jun. 8, 2007, Which 
is incorporated by reference. 

CROSS-RELATED APPLICATIONS 

[0002] This application is related to US. patent application 
Ser. No. 12/ 136,014 entitled POWER SUPPLY WITH A 
MAGNETICALLY UNCOUPLED PHASE AND AN ODD 
NUMBER OF MAGNETICALLY COUPLED PHASES, 
AND CONTROL FOR A POWER SUPPLY WITH MAG 
NETICALLY COUPLED AND MAGNETICALLY 
UNCOUPLED PHASES, ?led on Jun. 9, 2008, and Ser. No. 
12/ 136,023 entitled INDUCTOR ASSEMBLY HAVING A 
CORE WITH MAGNETICALLY ISOLATED FORMS, ?led 
on Jun. 9, 2008, Which have a common oWner and Which are 
incorporated herein by reference. 

SUMMARY 

[0003] This Summary is provided to introduce, in a simpli 
?ed form, a selection of concepts that are further described 
beloW in the Detailed Description. This Summary is not 
intended to identify key features or essential features of the 
claimed subject matter, nor is it intended to be used to limit 
the scope of the claimed subject matter. 
[0004] An embodiment of a coupled-inductor core includes 
?rst and second members and ?rst and second forms extend 
ing betWeen members. The ?rst form has a parameter (e.g., 
length) of a ?rst value, and is operable to conduct a ?rst 
magnetic ?ux having a ?rst density that depends on the ?rst 
value of the parameter. The second form is spaced apart from 
the ?rst form, has the parameter (e.g., length) of a second 
value different from the ?rst value, and is operable to conduct 
a second magnetic ?ux having a second density that depends 
on the second value of the parameter. 
[0005] Because tWo or more of the forms of such a core may 
have different values for the same parameter, the core may be 
suitable for use in a multiphase poWer supply Where the 
currents through the phases are unequal, i.e., are unbalanced, 
but the Windings disposed about the forms have the same 
number of turns. As compared to a coupled-inductor assem 
blyi“coupled-inductor assembly” is an assembly that 
includes the core and the Windingsihaving Windings With 
different numbers of turns, a coupled-inductor assembly hav 
ing Windings With the same number of turns may have at least 
one Winding With less resistance, and thus may be more 
energy ef?cient and may generate less heat. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] FIG. 1 is a schematic diagram of an embodiment of 
a multiphase buck converter that includes a coupled-inductor 
assembly. 
[0007] FIG. 2 is a diagram of sWitching signals that drive, 
and balanced currents that How through, the phase paths of an 
embodiment of the buck converter of FIG. 1. 
[0008] FIG. 3 is schematic diagram of an embodiment of a 
phase-current unbalancing circuit that may compose part of 
the poWer-supply controller of FIG. 1. 
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[0009] FIG. 4 is a perspective vieW of an embodiment of the 
coupled-inductor assembly of FIG. 1 that has at least tWo 
forms With different values for the same form parameter. 
[0010] FIG. 5 is a magnetic-circuit model of an embodi 
ment of the coupled-inductor assembly of FIG. 4. 
[0011] FIG. 6 is a simpli?ed magnetic-circuit model ofan 
embodiment of the coupled-inductor assembly of FIG. 4 hav 
ing tWo Wound forms, a leakage form, and tWo Windings 
respectively disposed about the tWo Winding forms. 
[0012] FIG. 7 is a block diagram of an embodiment of a 
computer system having a multiphase poWer supply that 
includes an embodiment of the coupled-inductor assembly of 
FIG. 4. 

DETAILED DESCRIPTION 

[0013] FIG. 1 is a schematic diagram of an embodiment of 
a multiphase buck converter 10, Which includes phase paths 
(alternatively “phases”) 121-12” and a coupled-inductor 
assembly 14 having magnetically coupled Windings 161-16”, 
one Winding per phase. As discussed beloW in conjunction 
With FIGS. 3-6, the assembly 14 may be designed to carry 
unbalanced phase currents even When the Windings 16 carry 
ing these currents have the same number N of turns. This may 
reduce the resistance of at least one of these Windings, and 
thus may alloW the converter 10 to have an increased poWer 
ef?ciency and to generate less heat as compared to a buck 
converter that incorporates a conventional coupled-inductor 
assembly having Windings With different numbers of turns. 
[0014] In addition to the coupled-inductor assembly 14, the 
converter 10 includes a poWer-supply controller 18, high-side 
drive transistors 20 1 -20n, loW-side drive transistors 22 1 -22n, a 
?lter capacitor 24, and an optional ?lter inductor 26. A Wind 
ing 16 and the high-side and loW-side transistors 20 and 22 
coupled to the Winding compose a respective phase 12. For 
example, the Winding 161 and transistors 201 and 221 com 
pose the phase 121. 
[0015] The controller 18 may be any type of controller 
suitable for use in a buck converter, is supplied by voltages 
VDDMMHW and VSSCOMVOHW, and receives the regulated output 
voltage Vow, a reference voltage Vref, and feedback signals 
IFBl-IFBn, Which are respectively proportional to the phase 
currents i 1 -in that How through the respective phase Windings 
161-16”. For example, each of these feedback signals IFBI 
IFB” may be a respective voltage that has substantially the 
same signal phase as the corresponding phase current i and 
that has an amplitude proportional to the amplitude of the 
corresponding phase current, and may be generated by a 
series coupled resistor and capacitor (not shoWn in FIG. 1) 
coupled in electrical parallel With the corresponding Winding 
16. 
[0016] The high-side transistors 201-20”, Which are each 
sWitched “on” and “off” by the controller 18, are poWer 
NMOS transistors that are respectively coupled betWeen 
input voltages VINl-VINn and the Windings 161-16”. Alter 
natively, the transistors 201-20” may be other than poWer 
NMOS transistors, and may be coupled to a common input 
voltage. Moreover, the transistors 201-20” may be integrated 
on the same die as the controller 18, may be integrated on a 
same die that is separate from the die on Which the controller 
is integrated, or may be discrete components. 
[0017] Similarly, the loW-side transistors 221-22”, Which 
are each sWitched on and off by the controller 18, are poWer 
NMOS transistors that are respectively coupled betWeen loW 
side voltages VLl-VLn and the Windings 161-16”. Altema 
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tively, the transistors 22 1 -22n may be other than power NMOS 
transistors, and may be coupled to a common loW-side volt 
age such as ground. Moreover, the transistors 221-22” may be 
integrated on the same die as the controller 18, may be inte 
grated on a same die that is separate from the die on Which the 
controller is integrated, may be integrated on a same die as the 
high-side transistors 20 1 -20n, may be integrated on respective 
dies With the corresponding high-side transistors 201-20” 
(e. g., transistors 201 and 221 on a ?rst die, transistors 202 and 
222 on a second die, and so on), or may be discrete compo 
nents. 

[0018] The ?lter capacitor 24 is coupled betWeenVOMt and a 
voltage VSSCGP, and Works in concert With the Windings 16l 
16n and the ?lter inductor 26 (if present) to maintain the 
amplitude of the steady-state ripple voltage component of the 
regulated output voltage Vol” Within a desired range that may 
be on the order of hundreds of microvolts to tens of millivolts. 
Although only one ?lter capacitor 24 is shoWn, the converter 
10 may include multiple ?lter capacitors coupled in electrical 
parallel. Furthermore, VSSCQP may be equal to VSSCOWOHW 
and to VLl -VLn; for example, all of these voltages may equal 
ground. 
[0019] As further discussed beloW, the ?lter inductor 26 
may be omitted if the leakage inductances Llkl-Llkn of the 
Windings 161-16” are su?icient to perform the desired induc 
tive ?ltering function. In some applications, the ?lter inductor 
26 may be omitted to reduce the siZe and component count of 
the converter 10. 

[0020] Each of the Windings 161-16” of the coupled-induc 
tor assembly 14 may be modeled as a self inductance L and a 
resistance DCR. For purposes of discussion, only the model 
components of the Winding 161 are discussed, it being under 
stood that the model components of the other Windings 162 
16” are similar, except for possibly their values. 
[0021] The self inductance Ll of the Winding 161 may be 
modeled as tWo Zero-resistance inductances: a magnetic-cou 
pling inductance LC 1, and a leakage inductance Llkl. When a 
phase current i l ?oWs through the Winding 161, the current 
generates a magnetic ?ux. The value of the coupling induc 
tance LCl is proportional to the amount of this ?ux that is 
coupled to other Windings 162-16”, and the value of the leak 
age inductance Llkl is proportional to the amount of the 
remaining ?ux, Which is not coupled to the other Windings 
162-16”. In one embodiment, LCl:LC2: . . . :LCn, and 
LZk1:LZk2: . . . :Llkn, although inequality among the coupling 
inductances LC, the leakage inductances Llk, or both LC and 
Llk, is contemplated. Furthermore, in an embodiment, the 
respective magnetic-coupling coef?cients betWeen pairs of 
coupling inductances LC are equal (e.g., a current through 
LCl magnetically induces respective equal currents in LC2, . . 
. LC”), although unequal coupling coef?cients are contem 
plated. 
[0022] The resistance DCRl is the resistance of the Winding 
161 When a constant voltage V is applied across the Winding 
and causes a constant current I to How through the Winding. 

That is, DCRIIV/I. 
[0023] FIG. 2 is a timing diagram of the drive signals 
PWMl and PWM2 and the phase currents i 1 and i2 during 
steady-state operation of an embodiment of the converter 10 
of FIG. 1 having tWo magnetically coupled phases 161 and 
162, Where the phase currents i1 and i2 are balanced. The 
signals, hoWever, may not be draWn to scale. 
[0024] Because the phase currents i1 and i2 are balanced, 
the maximum A of i 1 substantially equals the maximum lmax 
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AM“ of i2, the minimum Alml-n of i1 substantially equals the 
minimum Azml-n of i2, the peak-to-peak amplitude Alpp sub 
stantially equals the peak-to-peak amplitude A2”, of i2, and 
the average A of i l substantially equals the average A 
of i2. 
[0025] Referring to FIGS. 1-2, an embodiment of the 
operation of the buck converter 10 is discussed Where the 
converter has only tWo phases 121 and 122. In this embodi 
ment, the tWo phases 121 and 122 are sWitched 180o apart at a 
sWitching frequency PW. 
[0026] While PWMl is high (logic 1), the high-side tran 
sistor 201 is on and the loW-side transistor 221 is off, and an 
increasing phase current il ?oWs from VIN], through the 
transistor 201, Winding 161, and ?lter inductor 26 (if present), 
and to the capacitor 24 and to a load 28 that is supplied by 
Vow. This increasing current il generates a magnetic ?ux that 
induces a corresponding increase in the current i2 ?oWing 
through the other coupled phase 122. 
[0027] In contrast, While PWMl is loW (logic 0), the high 
side transistor 201 is off and the loW-side transistor 221 is on, 
and the current i1, Which is noW decreasing, ?oWs from VL 1, 
through the transistor 221, Winding 16 1 and ?lter inductor 26 
(if present), and to the capacitor 24 and to the load 28. The 
current i2 also decreases. The currents i 1 and i2 continue to 
decrease until PWM2 goes high as discussed beloW. 
[0028] Similarly, While PWM2 is high, the high-side tran 
sistor 202 is on and the loW-side transistor 222 is off, and an 
increasing current i2 ?oWs from VIN2, through the transistor 
202, Winding 162, and ?lter inductor 26 (if present), and to the 
capacitor 24 and to the load 28. This increasing current i2 
generates a magnetic ?ux that induces a corresponding 
increase in the current i 1 ?oWing through the phase 121. 
[0029] In contrast, While PWM2 is loW, the high-side tran 
sistor 202 is off and the loW-side transistor 222 is on, and the 
current i2, Which is noW decreasing, ?oWs from VL2, through 
the transistor 222, Winding 162 and ?lter inductor 26 (if 
present), and to the capacitor 24 and to the load 28. The 
current i 1 also decreases. The currents i l and i2 continue to 
decrease until PWMl goes high again as discussed above. 
[0030] The controller 18 comparesVout to Vref, and controls 
the duty cycles of PWMl and PWM2 to maintain a predeter 
mined constant relationship betWeen Vow and Vref in the 
steady state, e.g., V0Mt:2V,ef for example, Vol” may be the 
average or minimum of the output ripple component. For 
example, as current draWn by the load 28 increases, the con 
troller 18 may increase the on times or otherWise alter the duty 
cycles of PWMl and PWM2 to accommodate the increased 
load current; conversely, as the load current decreases, the 
controller may decrease the on times or otherWise alter the 
duty cycles of PWMl and PWM2 to accommodate the 
decreased load current. The controller 18 may use a pulse 
Width-modulation (PWM) technique, a constant-on-time 
technique, or another technique to control the on and off times 
ofthe high-side and loW-side transistors 201-202 and 221-222. 
[0031] The controller 18 may also monitor the feedback 
signals IFBl and IP52, and adjusts the on times or otherWise 
adjusts the duty cycles of PWMl and PWM2 as needed to 
maintain the balance betWeen the currents i1 and i2. That is, 
the controller 18 adjusts PWMl and PWM2 so that A 
A A1”, and Alavg stay substantially equal to Azmax, 
AMI-n, A2”, and Azavg respectively. An embodiment of cur 
rent-balancing circuitry that the controller 18 may include is 
disclosed in Us. Pat. No. 6,278,263, Which is incorporated 
by reference. 

lavg 2avg 

lmaxs 
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[0032] Because the currents i 1 and i2 are balanced, the 
coupled-inductor assembly 14 may be symmetrical such that 
there is little or no chance of saturating the core (not shoWn in 
FIGS. 1-2) of the assembly. That is, the core rung about Which 
the Winding 161 is Wound has the same parameters (e.g., 
dimensions, reluctance) as the rung about Which the Winding 
162 is Wound, and the number N1 of turns of the Winding 161 
is the same as the number N2 of turns of the Winding 162. For 
an ideal, symmetrical assembly 14 carrying balanced currents 
i 1 and i2 and having LZkl:LZk2:0, the net ?ux through the core 
is Zero, and thus there is no danger of saturating the core. And 
even if the assembly 14 is not ideal such that Llkl and Llk2 are 
non Zero, the peak magnitudes of the ?uxes ?oWing through 
the core may be small enough such that there is little chance 
of saturating the core. 
[0033] But still referring to FIGS. 1-2 and as discussed 
beloW in conjunction With FIGS. 3-6, one may design the 
converter 10 so that tWo or more of the Windings 161-16” are 
able to carry a respective tWo or more unbalanced currents 
i l-in. Unbalanced currents i ?oWing in the phases 12 may be 
suitable, for example, Where the controller 18 may deactivate 
one or more of the phases 12 under less-than-full load con 
ditions to conserve poWer. For example, consider a tWo-phase 
embodiment of the converter 10 that is designed to provide a 
steady-state average light load current of 15 Amperes (A), a 
steady-state average normal-load current of 30 A, and a 
steady-state average heavy-load current of 45 A. During light 
load conditions, the controller 18 activates only the phase 121, 
and causes this phase to provide a 15 A steady-state average 
current i1. Similarly, during normal-load conditions, the con 
troller 18 activates only the phase 122, and causes this phase 
to provide a 30 A steady-state average current i2. And during 
heavy-load conditions, the controller 18 activates both phases 
121 and 122, and causes these phases to together provide a 45 
A steady-state average current (i lavg:15 A and i2avg:30 A). 
Although this example discusses only the unbalanced cur 
rents i l and i2 having unequal average amplitudes Aavg1 and 
Aavgz, tWo phase currents, e.g., the currents i 1 and i2, may be 
unbalanced if one or more of Amax, Ami”, App, and Aavg of the 
?rst current do not substantially equal a respective one or 
more of Amax, Ami”, App, and Aavg of the second current. An 
embodiment of a circuit for unbalancing phase currents is 
discussed beloW in conjunction With FIG. 3. 
[0034] If the converter 10 is designed for tWo or more 
Windings 161-16” to carry unbalanced currents, then the core 
of the coupled-inductor assembly 14 may be designed so that 
no portion of the assembly’s core saturates during operation 
of the converter. 

[0035] One technique for preventing saturation of the 
assembly 14 core is to make the Ni products equal in each of 
the phases carrying unbalanced currents i; therefore, because 
the currents i in these phases are unequal, the number of turns 
N of the respective Windings 16 are also unequal. 
[0036] But this technique may result in one or more of the 
corresponding Windings 16 being longer than, and thus hav 
ing a greater DCR than, respective Windings in a core assem 
bly designed to carry balanced currents i. 
[0037] Furthermore, because N must be an integer per 
MaxWell’s equations, this technique constrains the unbal 
anced currents i to be integer multiples of one another. 
[0038] Still referring to FIGS. 1-2, hoWever, another tech 
nique for preventing saturation of the core may reduce the 
DCR of at least one Winding 16 as compared to the previously 
described technique, and may alloW one unbalanced current 
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to be a non-integer multiple of another unbalanced current. In 
an embodiment of this other technique, portions of the core, 
such as the rungs about Which the Windings are Wound, have 
different values of a same parameter, and each of the respec 
tive Windings 16 carrying the unbalanced currents has a same 
number N of turns, such that one Winding need not be longer 
than another Winding as in the previously described tech 
nique. But this technique does contemplate that the respective 
Windings carrying the unbalanced currents may have differ 
ent numbers N of turns. 

[0039] Reducing the DCR of one or more of the Windings 
161-16” may reduce the amount of poWer (Inns-DCR) that the 
Windings (and thus the coupled-inductor assembly 14) con 
sume, and thus may reduce the amount of heat that the Wind 
ings (and thus the coupled-inductor assembly) generate. 
[0040] Consequently, a coupled-inductor assembly 14 
alloWing unbalanced phase currents and having one or more 
Windings With reduced DCRs may alloW the converter 10 to 
be more poWer ef?cient and to generate less heat than a 
converter that has unbalanced phase currents and that 
includes a coupled-inductor assembly With Windings having 
different numbers of turns. 

[0041] Furthermore, alloWing one unbalanced current to be 
a non-integer multiple of another unbalanced current may 
increase the number of applications in Which one may use a 
coupled-inductor poWer supply such as the converter 10. 
[0042] Referring again to FIG. 1, alternate embodiments of 
the buck converter 10 are contemplated. For example, the 
converter 10 may be modi?ed to generate Vol” having a nega 
tive value. Furthermore, the converter 10 may include one or 
more magnetically uncoupled phases as described in previ 
ously incorporated U.S. patent application Ser. Nos. 12/ 136, 
014 and 12/136,023. 
[0043] Further descriptions of coupled-inductor poWer 
supplies appear in the folloWing references, Which are incor 
porated by reference: Wong et al., Investigating Coupling 
Inductors In The Interleaved QSW VRM, IEEE 2000, and 
Park et al., Modeling And Analysis Of Multi-Interphase 
Transformers For Connecting PoWer Converters In Parallel, 
IEEE 1997. 

[0044] FIG. 3 is a diagram of an embodiment of a current 
unbalancing circuit 30, Which the controller 18 of FIG. 1 may 
include to unbalance tWo or more of the phase currents i l-in of 
the buck converter 10 of FIG. 1. 

[0045] The circuit 30 includes an error ampli?er 32, a 
phase-current summer 34, phase-current scalers 3 6 1 -3 6n, cur 
rent-unbalancing summers 38l -38n, gain blocks 401-40”, 
PWM summers 42 l -42n, and PWM signal generators 44 l - 

44”. 
[0046] The error ampli?er 32 generates a control voltage 
VEA, Which is proportional to the difference betWeen the 
regulated output voltage Vol” (or a scaled version of Vol”) and 
the reference voltage Vref VEA may be the result of the ampli 
?er 32 loW-pass ?ltering the difference betWeenVOMt and Vref. 
[0047] The phase-current summer 34 adds the feedback 
signals IFBl-IFBn to generate a signal I LO A Dcalculate d, Which is 
proportional to the actual load current I L O A D through the load 

28 (FIG. 1). 
[0048] Each of the phase-current scalers 361 -3 6n scales 

by a respective one of the values n/ a 1 -n/an according 
LOADcalculated _ _ _ 

to the respect1ve phase current to be carried by the respect1ve 
Winding 16, Where n is the number of coupled phases 12 1 -12n 
and Where a l-an are respective balancing coef?cients. 
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[0049] Each of the current-unbalancing summers 381-38” 
subtracts from a respective signal I FBI-I PB” a scaled signal 
from a respective one of the scalers 361-3 6”. 

[0050] Each of the gain blocks 401-40” multiplies a sum 
from a respective one of the summers 381-38” by a respective 
gain value Gl -Gn to generate a respective signal AIl -AIn. The 
values Gl -Gn may be selected to give speci?ed frequency and 
error-correction responses to the respective feedback loops 
formed in part by the summer 34, the scalers 361-36”, the 
summers 381-38”, and the gain blocks 401-40”. Alternatively, 
the gain blocks 401-40” may be omitted, Which is equivalent 
to Gl:G2:. . .:Gn:l. 

[0051] Each of the summers 421-42” subtracts a respective 
one of the signals All-AI” from VEA. 
[0052] Each of the PWM signal generators 441-44” 
includes a comparator that receives on a non-inverting input 
node the resulting sum from a respective one of the summers 
421-42”, that receives on an inverting input node a respective 
conventional ramp signal, and that generates on an output 
node a respective one of the signals PWMl-PWMn. The 
phases of the ramp signals may be offset in a conventional 
manner such that the phases of PWMl-PWMn are offset, for 
example, by 360°/n as discussed above in conjunction With 
FIG. 2. 

[0053] Referring to FIGS. 1 and 3, the operation of the 
unbalancing circuit 30 is described according to an embodi 
ment Where the converter 10 includes tWo phases 121-122 
(n:2), and is designed to generate i1:3~i2. In this embodi 
ment, il represents the average current ?oWing through the 
phase 121 and i2 represents the average current ?oWing 
through the phase 122. But in other embodiments, i l and i2 
may represent, e.g., the peak, minimum, or rms currents 
respectively ?oWing through the phases 121 and 122. 
[0054] The “on” portions of PWMl and PWM2 (e.g., the 
portions of PWMl and PWM2 at logic 1 in FIG. 2) are 
proportional to VEA. For example, if Vol” decreases to less 
than Vref, then VEA tends to increase, and this increase in VEA 
tends to increase the lengths of the on portions of PWMl and 
PWM2. The increases in the lengths of the on portions of 
PWMl and PWM2 increase the on times of the high-side 
transistors 201-202, and this tends to cause Vow to increase 
back toWard Vref. Conversely if Vow increases to more than 
Vref, then VEA tends to decrease, and this reduction in VEA 
tends to decrease the lengths of the on portions of PWMl and 
PWM2. The decreases in the lengths of the on portions of 
PWMl and PWM2 decrease the on times of the high-side 
transistors 201-202, and this tends to cause V to decrease 
back toWard Vref 
[0055] As described beloW, the signals All-M2 effectively 
and respectively adjust the signal VEA for the phases 121-122 
via the PWM summers 421-42” to set i1:3-i2. 

out 

[0056] When 

i 1:31'2 (1) 

then 

IFBII3'IFBZ (2) 

n/a 1 'ILOADcalculazed :IFBl (3) 

and 

n/ a 2 'ILOADcalculazed :IFB2- (4) 

Dec. 25, 2008 

[0057] Also, because n/a1~ILOADcaZcMZated+n/ 
a2'ILO/LDcaZcuZated:ILOA_DcaZcuZated$ then 

n/al+n/a2:l. (5) 

[0058] Therefore, from equations (2)-(4), one may derive 
the following: 

"1/ a1 -ILOADCdlCMldlEd:3 '’F122 :3 ‘Vi/a2 'ILOADcalculazed (6) 

and 

a2:3a1. (7) 

[0059] And, from equations (5) and (7) and that n:2 in this 
embodiment, one may derive the folloWing: 

gas/3 (9) 

and 

512:8. (10) 

[0060] Therefore, When IFB1:3-IFB2, IFBII2/(8/3) 
:3A'ILOADcaZcuZated’ IFB2:1/4'ILOADcaZcuZated’ the Output of the 
unbalancing summer 38l equals Zero, and the output of the 
unbalancing summer 382 equals Zero, and the circuit 30 
makes no adjustment to the signal VEA from the error ampli 
?er 32. 
[0061] But suppose that IFB1<3-IFB2, and thus both IP51, 
and il are too loW. 
[0062] Therefore, the difference output of the unbalancing 
summer 381 is negative and the value AIl is negative, but the 
inverting input of the PWM summer 42l effectively makes 
AIl positive, and thus makes the output of the PWM summer 
441 more positive as compared to the summer output due to 
VEA alone. This tends to increase the on portion of PWMl, and 
thus tends to increase both IP51, and i1. 
[0063] In contrast, When IFBl<3IFB2, then IFB2>(IFB1)/3, 
and both I F52 and i2 are too high. 
[0064] Therefore, the difference output of the unbalancing 
summer 382 is positive and the value AI2 is positive, but the 
inverting input of the PWM summer 422 effectively makes 
AI2 negative, and thus makes the output of the PWM summer 
442 more negative as compared to the output due to V E A alone. 
This tends to decrease the on portion of PWM2, and thus 
tends to decrease both I F52 and i2. 
[0065] Consequently, When I FBI is too loW and I P52 is too 
high, the current unbalancing circuit 30 acts to increase I PB 1 
and reduce IFB2 to the values set by the scalers 361-362, and 
thus acts to increase i1 and reduce i2 toWard i1:3-i2. But since 
the current-unbalancing circuit 30 maintains I LOA Dcalculated 
(and thus maintains the actual load current I LO A D) substan 
tially constant, the unbalancing circuit ideally does not cause 
Vow to drift out of regulation by causing V to increase or 
decrease relative to Vref 
[0066] In a similar manner, the unbalancing circuit 30 acts 
to decrease I FBI and i l and to increase IFB2 and i2 to the 
respective values set by the scalers 361-362 When IFBl and i 1 
are too high and IFB2 and i2 are too loW. 
[0067] And When I FBI and IFB2 equal the values respec 
tively set by the scalers 361 and 362 (and thus i1:3~i2), the 
difference signals AIIIAIZIO, and the signal VEA sets the on 
portions of PWMl and PWM2 as if the circuitry generating 
AIl and AI2 Were not present. 
[0068] Still referring to FIGS. 1 and 3, the current-unbal 
ancing circuit 30 may operate in a similar manner When the 

out 
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converter 10 includes more than tWo phases 12, and When the 
currents i through more than tWo of these phases are unbal 
anced. 
[0069] Referring again to FIG. 3, alternate embodiments of 
the current-unbalancing circuit 30 are contemplated. 
[0070] FIG. 4 is a perspective vieW of an embodiment of the 
coupled-inductor core assembly 14 of FIG. 1, Where the core 
assembly may be designed for use When tWo or more of the 
phases 121-12” of the buck converter 10 of FIG. 1 carry 
unbalanced currents. 

[0071] In addition to the Windings 16 1 -16n, the core assem 
bly 14 includes a core 50 having Winding forms 521-52” and 
an optional leakage form 53, and members 54 and 56, Which 
interconnect the forms. That is, using a ladder analogy, the 
forms 521-52” are the rungs of the ladder, and the members 54 
and 56 are the rails to Which the rungs are connected. Spaces 
581-58” are located betWeen the forms 521-52” and 54. 
[0072] Each Winding 161-16” is formed from a respective 
conductor 60 l -60n, Which has a respective Width Wl -Wn, and 
each conductor 601-60” is Wound, in a Faraday’s laW sense, 
Nl-Nn turns about a respective form 521-52” and extends 
beneath and adjacent to the remaining forms. For example, 
the Winding 16 1 is formed from a conductor 60 1 that is Wound 
Nl:1 turn about the form 521 and extends beneath and adja 
cent to the remaining forms 522-52”. Although the conductor 
601 is adjacent to only three sides of the form 521, the current 
il through the conductor 60l traverses a closed loop through 
Which the form 521 passes. The portions of this closed loop 
other than the conductor 601 may be formed, e.g., by a con 
ductive trace on a circuit board on Which the core assembly 14 
is disposed. Therefore, N1 is the integer number of closed 
loops through Which the form 521 extends. Similarly, the 
Winding 162 is formed from a conductor 602 that is Wound 
N2:1 turn about the form 522 and extends beneath and adja 
cent to the remaining forms 521 and 523-52”, and so on. The 
conductors 601-60” may be made from any suitable conduc 
tive material such as copper or another metal, and may, but 
need not be, electrically insulated from the forms 521-52”. 
[0073] Each form 521-52” and 53 has a respective length 
11-1” and 11k, a respective permeability [Ll-u” and ulk, and a 
respective cross-sectional areaAl -An andAZk. Although some 
of these like parameters (e.g., the lengths 11-1” and 1%) are 
shoWn as being equal in FIG. 4, some or all of these like 
parameters may have different values. Furthermore, some or 
all of the perrneabilities [Ll-[1.” and [11k may be made to be 
different by forming the respective forms 52 from different 
materials. Moreover, an optional gap 62 (e. g., an air gap) may 
be disposed in the leakage form 53 to adjust the reluctance 
thereof. Alternatively, the optional gap 62 may be distributed 
throughout the material from Which the leakage form 53 is 
made. 
[0074] Referring to FIGS. 1 and 4, the operation of the 
coupled-inductor assembly 14 is generally described When a 
current il ?oWs through the conductor 601 in the direction 
shoWn, it being understood that the operation is similar When 
a current ?oWs through the other conductors 602-60”. For 
purposes of example, it is assumed that the coupled-inductor 
assembly 14 is mounted to a printed circuit board such that the 
forms 522-52” do not pass inside the loop(s) composed in part 
by the conductor 601. 
[0075] As the current il ?oWs through the conductive loop 
composed in part by the conductor 601, it generates a total 
magnetic ?ux (PT. In a ?rst-order approximation, a ?rst por 
tion 4), of the total ?ux (PT ?oWs through the form 521, and a 
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second portion (pom of the total ?ux (PT ?oWs outside of the 
form 521 such that ([)T is given by the folloWing equation: 

[0076] The ?rst ?ux portion 4), ?oWs through the remaining 
forms 522-52” and 53 such that the sum of the ?uxes 45-4)” and 
4)“ ?oWing through each of the remaining forms equals (1)1. 
Because the portion of 4), that equals ¢2+¢3+ . . . +4)” ?oWs 
through the forms 522-52” about Which the conductors 602 
60” are Wound, this portion of q), is called the coupling ?ux. 
The portion 45-4)” of the coupling ?ux q), induce respective 
currents to ?oW in the conductors 602-60”. As discussed fur 
ther beloW in conjunction With FIGS. 5-6, the speci?c values 
of the ?uxes q), -([)n depend on the reluctances Rl -Rn and Rik of 
the forms 521-52” and 53. 
[0077] And the remaining ?ux equal to the sum ¢om+¢lk is 
called the total leakage ?ux, because it does not induce any 
currents to ?oW in the conductors 602-60”. Where ¢0m<<¢ 1k, 
then the total leakage ?ux may be approximated as (put. As 
discussed further beloW in conjunction With FIGS. 5-6, the 
speci?c value of the ?ux qhk depends on the reluctances Rl-Rn 
and Rik ofthe forms 521-52” and 53. 
[0078] Referring again to FIG. 4, each portion of the core 
50 has a respective maximum ?ux density B above Which that 
portion of the core Will magnetically saturate. 
[0079] For knoWn reasons that are omitted for brevity, it 
may be desirable to run a poWer supply like the buck converter 
10 of FIG. 1 such that no portion of the core 50 saturates When 
the phases 12l -12n carry the respective currents i l-in that they 
are designed to carry. 
[0080] An embodiment of a technique for designing the 
core 50 and the core-assembly 14 so that no portion of the 
core saturates under expected operating conditions is dis 
cussed beloW in conjunction With FIGS. 5-6. For reasons 
discussed above in conjunction With FIG. 1, this embodiment 
may alloW Nl#N2# . . . #Nn. 

[0081] FIG. 5 is an embodiment of an equivalent magnetic 
circuit 70 of the core-assembly 14 of FIG. 4. Rl-Rn and Rik are 
the respective reluctances of the forms 52l -52n and 53 of FIG. 
4, Rl2-R(n_l)n and Rnk are the respective reluctances of the 
portions of the member 54 betWeen adjacent pairs of the 
forms, and R2 l-Rn(n_ 1) and Rim are the respective reluctances 
of the portions of the member 56 betWeen adjacent pairs of the 
forms. For example, R12 is the reluctance of the portion of the 
member 54 betWeen the forms 521 and 522, R23 is the reluc 
tance of the portion of the member 54 betWeen the forms 522 
and 523, and so on. Similarly, R21 is the reluctance of the 
portion of the member 56 betWeen the forms 522 and 521, R32 
is the reluctance of the portion of the member 56 betWeen the 
forms 523 and 522, and so on. Also, the directions of the ?uxes 
45-4)” have been reversed relative to their directions in FIG. 4 
for purposes of mathematical convention that may simplify 
mathematical calculations that use the circuit model 70. Fur 
thermore, the model 70 may ignore the leakage ?ux (pom if 
¢om<<¢lk, or may include the contribution of (pom in 4) 1k. 
[0082] FIG. 6 is an embodiment of an equivalent magnetic 
circuit 80 of the core-assembly 14 of FIG. 4 for a tWo-phase 
embodiment (n:2) of the buck converter 10 of FIG. 1. In this 
embodiment, it is assumed that the reluctances of the mem 
bers 54 and 56 are much less (for example, at least ten times 
less) than each of the reluctances R 1 -R2 and Rik; therefore, the 
reluctances of the members 54 and 56 are approximated as 
Zero in the magnetic circuit 80, thus further simplifying the 
circuit 80 as compared to the circuit 70 of FIG. 5. Further 
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more, the circuit model 80 includes the contribution of (pom 
(FIG. 4) in qhk by including in Rik the reluctance of the path 
traversed by (pom (this also assumes that (pom is the same for i1 
and i2). Moreover, it is assumed that the maximum ?ux den 
sities of the leakage form 53 and the members 54 and 56 are 
large enough so that if the forms 521 and 522 do not saturate, 
then the leakage form and the members do not saturate. For 
example, this assumption may hold true Where the leakage 
form 53 includes the gap 62 (FIG. 4) and the cross-sectional 
areas of the forms 54 and 56 are signi?cantly larger than the 
cross-sectional areas Al and A2 of the forms 521 and 522. 
[0083] q) 1 and (1)2 of the model circuit 80 may be given by the 
folloWing: 

[0084] And R1, R2, and Rik are given by the folloWing: 

_ ll (14) 

_#1A1 

l 15 
R2:_2 ( ) 

#2142 

llk (16) 
lHkAlk 

[0085] Furthermore, the ?ux densities B 1 and B2 through 
the forms 521 and 522 are given by the folloWing: 

B1: & (17) 
A1 

_ 2 (18) 
B2 — A2 

[0086] Therefore, to prevent saturation of the forms 52 l and 
522 (and thus to prevent saturation of all portions of the core 
50 in this example), one may designs the core 50 according to 
the folloWing: 

Where Blmax is the maximum ?ux density that the form 521 
is able to conduct Without saturating, and BMW is the maxi 
mum ?ux density that the form 522 is able to conduct Without 
saturating. One may determine B max and Bzmax in a conven 
tional manner. For example, one may determine B [max and 
BZW from [1.1 and [1.2, or retrieve Blmax and Bzmax from a table 
based on the respective materials from Which the forms 521 
and 522 are made. 
[0087] Referring to FIGS. 4 and 6, an example procedure 
for designing a tWo-phase embodiment of the coupled-induc 
tor assembly 14 using the circuit model 80 is described. In this 
example, 

il:m-i2 (21) 

Where m may be any positive number. 
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[0088] From equations (12)-(21), one may derive the fol 
loWing expressions of the respective ?ux densities q) 1 and (1)2 in 
the forms 521 and 522 ofthe core 14, Where 4), and (1)2 do not 
saturate the respective forms 521 and 522 or any other part of 
the core 50 in this example: 

B1 = & (22) 
A1 

_ R1R2 + RlRlk + RzRlk ' 

12 N2 llk 
N - — N - — - — B i 1 #2141142 +( l m ) plkAlAk] < 1m‘ 

_ 2 (23) 
B2 _ A2 

_ R1R2 + RlRlk + R2Rlk 

N2 [1 N2 llk 
Z I #1141142 + (z _Nl)- I-HkAZAIk ] < Bzmax 

[0089] In this design example, the folloWing equalities are 
also assumed: 

HFllfli (24) 

Blmax:B2ma>c:Bmax (25) 

AIIAZIAfA (26) 

N1:N2:N (27) 

m:3 (28) 

[0090] From equations (22)-(26), one may derive the fol 
loWing expressions for B l and B2: 

select values for A, N, [1, HM, I1, I2, and Ilk such that equations 
(27) and (28) are true. Furthermore, to set Bl equal to B2, the 
designer may select the values for u, uzk, I1, I2, and I M accord 
ing to the folloWing equation, Which is derived from equa 
tions (27) and (28): 

<12 

[0092] Furthermore, in this example, although the coupled 
inductor assembly 14 is designed for the Windings 161 and 
162 to carry unbalanced currents i 1 and i2, the Windings have 
the same number of turns N. Moreover, unlike the number of 
turns N, the variable In is not constrained to only integer 
values. 
[0093] Appendix A includes additional mathematical 
expressions that are derived from the circuit model 80 of FIG. 
6 and that may be useful in designing the coupled-inductor 
assembly 14 and a poWer supply such as the buck converter 10 

(FIG. 1). 
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[0094] Still referring to FIGS. 4 and 6, other embodiments 
of the coupled-inductor assembly 14 and the above-described 
procedure for designing the assembly are contemplated. For 
example, the design procedure may be extrapolated to design 
a coupled-inductor assembly having more than tWo coupled 
phase 12, and having feWer or more than one leakage form. 
Furthermore, one may use the circuit model 70 of FIG. 5 to 
design the assembly 14 by modifying the design equations 
accordingly. Moreover, one may develop design equations 
similar to those described above to mathematically demon 
strate that other portions of the core 50 (e.g., the members 54 
and 56 and the leakage form 53) do not saturate in a speci?ed 
application. Also, in addition to the coupled forms 521-52”, 
the coupled-inductor assembly 14 may include uncoupled 
forms as discussed in US. patent application Ser. Nos. 
12/136,014 and 12/136,023, Which are incorporated by ref 
erence. Furthermore, instead of or in addition to the leakage 
form 53, the core assembly 14 may include a leakage plate as 
described in US. patent application Ser. No. 11/903,185, 
Which is incorporated by reference. 
[0095] FIG. 7 is a block diagram of a system 90 (here a 
computer system), Which may incorporate a multiphase 
poWer supply 92 (such as the buck converter 10 of FIG. 1) that 
generates unbalanced phase currents and that includes an 
embodiment of the coupled-inductor assembly 14 of FIG. 4. 
[0096] The system 90 includes computer circuitry 94 for 
performing computer functions, such as executing softWare 
to perform desired calculations and tasks. The circuitry 94 
typically includes a controller, processor, or one or more other 
integrated circuits (ICs) 96, and the poWer supply 92, Which 
provides poWer to the IC(s) 96. One or more input devices 98, 
such as a keyboard or a mouse, are coupled to the computer 
circuitry 94 and alloW an operator (not shoWn) to manually 
input data thereto. One or more output devices 100 are 
coupled to the computer circuitry 94 to provide to the operator 
data generated by the computer circuitry. Examples of such 
output devices 100 include a printer and a video display unit. 
One or more data-storage devices 102 are coupled to the 
computer circuitry 94 to store data on or retrieve data from 
external storage media (not shoWn). Examples of the storage 
devices 102 and the corresponding storage media include 
drives that accept hard and ?oppy disks, tape cassettes, com 
pact disk read-only memories (CD-ROMs), and digital-ver 
satile disks (DVDs). 
[0097] From the foregoing it Will be appreciated that, 
although speci?c embodiments have been described herein 
for purposes of illustration, various modi?cations may be 
made Without deviating from the spirit and scope of the inven 
tion. Furthermore, Where an alternative is disclosed for a 
particular embodiment, this alternative may also apply to 
other embodiments even if not speci?cally stated. 

APPENDIX A 

[0098] The folloWing are mathematical expressions for 
parameters of a tWo-phase embodiment of the coupled-induc 
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tor core assembly 14 of FIGS. 1 and 4. These expressions 
have been derivedusing the magnetic circuit model 80 of FIG. 
6 

[0099] Ll:Lcl+LZkl is the self inductance of the Winding 
161. 
[0100] L2:Lc2+LZk2 is the self inductance of the Winding 
1 62. 
[01 01] LMILc IILc2 is the coupling inductance betWeen the 
Windings 161 and 162. 
[0102] Llkl is the leakage inductance of the Winding 161, 
and is de?ned in terms of the portion of the self ?ux Llil that 
?oWs through the leakage form 53 When il:1 A. 
[0103] Llk2 is the leakage inductance of the Winding 162, 
and is de?ned in terms of the portion of the self ?ux L2i2 that 
?oWs through the leakage form 53 When i2:1 A. 
[0104] R1 is the reluctance ofthe form 521. 
[0105] R2 is the reluctance of the form 522. 
[0106] Rik is the reluctance of the leakage form 53. 
[0107] Al is the cross-sectional area of the form 521. 
[0108] A2 is the cross-sectional area of the form 522. 
[0109] Alk is the cross-sectional area ofthe form 53. 

[0110] [1.1 is the permeability of the form 521. 
[0111] [1.2 is the permeability of the form 522. 
[0112] [1.3 is the permeability of the form 53. 

L _ 1V12(R2 + Rt) 
l_ R1R2 +R1Rk +R2Rk 

_ N22<R1 + Rt) 

2 _ R1R2 +R1Rk +R2Rk 

NlNgRk 
L’" : R1R2 + RlRk + RZRk 

L _ N12R2 
“ _ R1R2 + RlRk + RZRk 

N22R1 
LI<2 = Hi 1 2 + RlRk + RZRk 

l _ #mi ‘A1 

[2 
R2 _ #m2 ‘A2 

Rk _ #kAk 

SPECIAL EXAMPLES 

[0113] 

If core and 
Winding 

If Leakage rung If core structure If Winding structure structures are 
has no air gap is symmetrical is symmetrical both symmetrical 
(Rk=0) (R1=R2) (N1=N2) (R1= R2,N1=N2) 

L N? L 2N? L N[(R2 + Rk) 2N? 
l‘T1 l_R1+2Rk l_R1R2+R1Rk+R2Rk l_R1+2Rk 
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-continued 

If core and 
Winding 

If Leakage rung If core structure If winding structure structures are 
has no air gap is symmetrical is symmetrical both symmetrical 
(Rk = 0) (R1 = R2) (N1 = N2) (R1 = R2, N1 = N2) 

L _ N% L _ mg L _ Nf(R1+Rk) L _ 2N? 
2- R2 2- R1+2Rk 2- R1R2+R1Rk+R2Rk 2- R1+2Rk 

Lm= 0 m I M L _ NfRk NfRk 
R? + ZRIRk m _ R1R2 + RlRk + RzRk ‘“ R? + zRlRk 

L _N% L _ Nf L _ NfR2 L _ Nf 
1“ _ Rl 1“ _ R1 + 2Rk 1“ _ R1R2 +R1Rk +R2Rk 1“ _ R1 + 2Rk 

L N% L N% L NfRl L Nf 
k2‘T2 k2_R1+2Rk k2_R1R2+R1Rk+R2Rk k2 R1+2Rk 

What is claimed is: 
1. A coupled-inductor core, comprising: 
?rst and second members; 
a ?rst form extending between the ?rst and second mem 

bers, having a parameter of a ?rst value, and operable to 
conduct a ?rst magnetic ?ux having a density that 
depends on the ?rst value; and 

a second form extending between the ?rst and second 
members, spaced apart from the ?rst form, having the 
parameter of a second value different from the ?rst 
value, and operable to conduct a second magnetic ?ux 
having a density that depends on the second value. 

2. The coupled-inductor core of claim 1 wherein: 
the ?rst member is substantially parallel to the second 
member; and 

the ?rst and second forms are substantially parallel to one 
another and are substantially perpendicular to the ?rst 
and second members. 

3. The coupled-inductor core of claim 1 wherein the 
parameter comprises a permeability. 

4. The coupled-inductor core of claim 1 wherein the 
parameter comprises a cross-sectional area. 

5. The coupled-inductor core of claim 1 wherein the 
parameter comprises length. 

6. The coupled-inductor core of claim 1 wherein the ?rst 
and second members and ?rst and second forms comprise a 
material having a permeability that is greater than the penne 
ability of air. 

7. The coupled-inductor core of claim 1 wherein the ?rst 
and second members and ?rst and second forms each com 
prise a respective material having a respective permeability 
that is greater than the permeability of air. 

8. The coupled-inductor core of claim 1, further compris 
ing a third form extending between the ?rst and second mem 
bers, spaced apart from the ?rst and second forms, having the 
parameter of a third value, and operable to conduct a third 
magnetic ?ux having a density that depends on the third 
value. 

9. A coupled-inductor assembly, comprising: 
a core, comprising, 

?rst and second members, 
a ?rst form extending between the ?rst and second mem 

bers, having a parameter of a ?rst value, and operable 

to conduct a ?rst magnetic-?ux having a density that 
depends on the ?rst value, and 

a second form extending between the ?rst and second 
members, spaced apart from the ?rst form, having the 
parameter of a second value different from the ?rst 
value, and operable to conduct a second magnetic ?ux 
having a density that depends on the second value; 
and 

a ?rst conductor wound about the ?rst form a ?rst number 
of times. 

10. The coupled-inductor assembly of claim 8 wherein the 
core further comprises a second conductor wound about the 
second form a second number of times, the second number 
equalling the ?rst number. 

11. The coupled-inductor assembly of claim 8 wherein the 
core further comprises a second conductor wound about the 
second form a second number of times, the second number 
being different from the ?rst number. 

12. The coupled-inductor assembly of claim 8 wherein the 
core further comprises a second conductor wound about the 
second form a second number of times, one of the ?rst and 
second numbers being less than one. 

13. A regulator, comprising: 
a regulator output node operable to provide an output volt 

age; 

a coupled-inductor assembly, including 
a core, having 

?rst and second members, 
a ?rst form extending between the ?rst and second 

members, having a parameter of a ?rst value, and 
operable to conduct a ?rst magnetic-?ux having a 
density that depends on the ?rst value, and 

a second form extending between the ?rst and second 
members, spaced apart from the ?rst form, having 
the parameter of a second value different from the 
?rst value, and operable to conduct a second mag 
netic ?ux having a density that depends on the 
second value, 

a ?rst conductor wound about the ?rst form a ?rst num 
ber of times, having an input node, and having an 
output node coupled to the regulator output node, and 
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a second conductor Wound about the second form a 
second number of times, having an input node, and 
having an output node coupled to the regulator output 
node; 

a driver circuit coupled to the input nodes of the ?rst and 
second conductors and operable to cause a ?rst magne 
tizing current to How through the ?rst conductor during 
a ?rst period and to cause a second magnetizing current 
to How through the second conductor during a second 
period; and 

a controller coupled to the regulator output node and to the 
driver circuit and operable to maintain the output voltage 
Within a predetermined range. 

14. The regulator of claim 13 Wherein the controller is 
operable to maintain the output voltage Within a predeter 
mined range by: 

comparing the output voltage to a reference voltage; and 
controlling the driver circuit in response to a difference 

betWeen the output voltage and reference voltage. 
15. The regulator of claim 13 Wherein: 
the ?rst magnetizing current has a ?rst magnitude; 
the second magnetizing current as a second magnitude; and 
the controller is operable to cause the ?rst magnitude to be 

different than the second magnitude. 
16. The regulator of claim 13 Wherein: 
the ?rst magnetizing current has a ?rst average magnitude; 
the second magnetizing current as a second average mag 

nitude; and 
the controller is operable to cause the ?rst average magni 

tude to be different than the second average magnitude. 
17. The regulator of claim 13 Wherein: 
the ?rst magnetizing current has a ?rst maximum magni 

tude; 
the second magnetizing current as a second maximum 

magnitude; and 
the controller is operable to cause the ?rst maximum mag 

nitude to be different than the second maximum magni 
tude. 

18. The regulator of claim 13 Wherein: 
the ?rst magnetizing current has a ?rst minimum magni 

tude; 
the second magnetizing current as a second minimum mag 

nitude; and 
the controller is operable to cause the ?rst minimum mag 

nitude to be different than the second minimum magni 
tude. 

19. A system, comprising: 
a regulator, including 

a regulator output node operable to provide an output 
voltage; 

a coupled-inductor assembly, including 
a core, having 

?rst and second members, 
a ?rst form extending betWeen the ?rst and second 
members, having a parameter of a ?rst value, and 
operable to conduct a ?rst magnetic-?ux having 
a density that depends on the ?rst value, and 

a second form extending betWeen the ?rst and sec 
ond members, spaced apart from the ?rst form, 
having the parameter of a second value different 
from the ?rst value, and operable to conduct a 
second magnetic ?ux having a density that 
depends on the second value, 
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a ?rst conductor Wound about the ?rst form a ?rst 
number of times, having an input node, and having 
an output node coupled to the regulator output 
node, and 

a second conductor Wound about the second form a 
second number of times, having an input node, and 
having an output node coupled to the regulator 
output node; 

a driver circuit coupled to the input nodes of the ?rst and 
second conductors and operable to cause a ?rst mag 
netizing current to How through the ?rst conductor 
during a ?rst period and to cause a second magnetiz 
ing current to How through the second conductor dur 
ing a second period, and 

a controller coupled to the regulator output node and to 
the driver circuit and operable to maintain the output 
voltage Within a predetermined range; and 

a circuit having a supply node coupled to the regulator 
output node. 

20. The system of claim 19 Wherein the controller and the 
circuit are disposed on a same die. 

21. The system of claim 19 Wherein: 
the controller is disposed on a ?rst die; and 
the circuit is disposed on a second die. 
22. A method, comprising: 
driving a magnetizing ?rst current through a ?rst conductor 

and into an output node during a ?rst period, the ?rst 
conductor Wrapped around a ?rst form of a core, the 
magnetizing ?rst current having a ?rst magnitude and 
generating magnetic ?ux through the ?rst form, the ?rst 
form having a ?rst characteristic of a ?rst value, a den 
sity of the magnetic ?ux ?oWing through the form 
depending on the characteristic; and 

directing a ?rst portion of the magnetic ?ux through a 
second form of the core, the ?rst portion of the ?ux 
causing an induced second current to How through a 
second conductor and into the output node, the second 
conductor Wrapped around the second form of the core, 
the induced second current having a second magnitude, 
the second form having the characteristic of a second 
value that is different from the ?rst value. 

23. The method of claim 22, further comprising directing a 
second portion of the magnetic ?ux through a third form of 
the core about Which is Wrapped no current-carrying conduc 
tor. 

24. The method of claim 22, further comprising directing a 
second portion of the magnetic ?ux through a third form of 
the core about Which is Wrapped no current-carrying conduc 
tor, the third form having the ?rst characteristic of a third 
value. 

25. The method of claim 22, further comprising directing a 
second portion of the magnetic ?ux through a third form of 
the core about Which is Wrapped no current-carrying conduc 
tor, the third form having a second characteristic of a value 
that is different than the values of the second characteristic for 
the ?rst ands second forms. 

26. The method of claim 22, further comprising: 
driving a magnetizing second current through the second 

conductor and into the output node during a second 
period, the magnetizing second current having a third 
magnitude and generating magnetic ?ux through the 
second form, a density of the magnetic ?ux ?oWing 
through the second form depending on the characteris 
tic; and 
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directing a ?rst portion of the magnetic ?ux through the 
?rst form of the core, the ?rst portion of the ?ux causing 
an induced ?rst current to How through the ?rst conduc 
tor and into the output node, the induced ?rst current 
having a fourth magnitude. 

27. The method of claim 26 Wherein: 

the third magnitude is substantially equal to the ?rst mag 
nitude; and 

the fourth magnitude is substantially equal to the second 
magnitude. 

28. A method, comprising: 
driving a magnetizing ?rst current having a ?rst magnitude 

through a ?rst Winding and into an output node during a 
?rst period, the ?rst Winding having a number of turns; 
and 

driving a magnetizing second current having a second 
magnitude through a second Winding and into the output 
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node during a second period, the second Winding having 
the number of turns and being magnetically coupled to 
the ?rst Winding. 

29. The method of claim 28 Wherein: 
the ?rst Winding is Wound about a ?rst form of a core, the 

magnetizing ?rst current having a ?rst magnitude and 
generating a ?rst magnetic ?ux through the ?rst form, 
the ?rst form having a characteristic of a ?rst value, a 
density of the magnetic ?ux ?oWing through the form 
depending on the characteristic; and 

the second Winding is Wound about a second form of the 
core, the magnetizing second current having a second 
magnitude and generating a second magnetic ?ux 
through the second form, the second form having a char 
acteristic of a second value, a density of the magnetic 
?ux ?oWing through the second form depending on the 
characteristic. 


