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POWER CONVERTER WITH POWER 
SWITCH OPERABLE IN CONTROLLED 

CURRENT MODE 

This application is a continuation of patent application Ser. 
No. 12/103,993, entitled “Power Converter With PoWer 
Switch Operable in Controlled Current Mode,” ?led on Apr. 
16, 2008, now US. Pat. No. 7,679,342, Which application is 
incorporated herein by reference. 

TECHNICAL FIELD 

The present invention is directed, in general, to poWer 
electronics and, more speci?cally, to a poWer converter and 
method of controlling a poWer sWitch therein to improve 
poWer conversion e?iciency at loW output current. 

BACKGROUND 

A sWitch-mode poWer converter (also referred to as a 
“poWer converter” or “regulator”) is a poWer supply or poWer 
processing circuit that converts an input voltage Waveform 
into a speci?ed output voltage Waveform. DC-DC poWer 
converters convert a dc input voltage into a dc output voltage. 
Controllers associated With the poWer converters manage an 
operation thereof by controlling the conduction periods of 
poWer sWitches employed therein. Generally, the controllers 
are coupled betWeen an input and output of the poWer con 
ver‘ter in a feedback loop con?guration (also referred to as a 
“control loop” or “closed control loop”). 

Typically, the controller measures an output characteristic 
(e. g., an output voltage, an output current, or a combination of 
an output voltage and an output current) of the poWer con 
ver‘ter, and based thereon modi?es a duty cycle of the poWer 
sWitches of the poWer converter. The duty cycle is a ratio 
represented by a conduction period of a poWer sWitch to a 
sWitching period thereof. Thus, if a poWer sWitch conducts for 
half of the sWitching period, the duty cycle for the poWer 
sWitch Would be 0.5 (or 50%). Additionally, as voltage or 
current for systems, such as a microprocessor poWered by the 
poWer converter, dynamically change (e.g., as a computa 
tional load on the microprocessor changes), the controller 
should be con?gured to dynamically increase or decrease the 
duty cycle of the poWer sWitches therein to maintain an output 
characteristic such as an output voltage at a desired value. 

In an exemplary application, the poWer converters have the 
capability to convert an unregulated input voltage, such as 
?ve volts, supplied by an input voltage source to a loWer, 
regulated, output voltage, such as 2.5 volts, to poWer a load. 
To provide the voltage conversion and regulation functions, 
the poWer converters include active poWer sWitches such as 
metal-oxide semiconductor ?eld-effect transistors (“MOS 
FETs”) that are coupled to the voltage source and periodically 
sWitch a reactive circuit element such as an inductor to the 
voltage source at a sWitching frequency that may be on the 
order of ?ve megahertz. 

In typical applications of dc-dc poWer converters, poWer 
conversion e?iciency is an important parameter that directly 
affects the physical siZe of the end product, its cost and market 
acceptance. Active poWer sWitches that are either fully on 
With loW forWard voltage drop or fully off With minimal 
leakage current provide a recogniZed advantage for poWer 
conversion e?iciency in comparison With previous designs 
that utiliZed a dissipative “pass” transistor to regulate an 
output characteristic or a passive diode to provide a recti?ca 
tion function. Previous designs using pass transistors and 
passive diodes produced operating poWer conversion e?i 
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2 
ciencies of roughly 40-70% in many applications. The use of 
active poWer sWitches in many recent poWer converter 
designs, particularly as synchronous recti?ers for loW output 
voltages, has increased operating ef?ciency at full rated load 
to 90% or more. 

A continuing problem With poWer converters is preserving 
poWer conversion e?iciency at loW levels of output current. 
LoW e?iciency at loW output currents is a result of poWer 
inherently lost by parasitic elements in the poWer sWitches 
and by losses induced in reactive circuit elements, particu 
larly inductors coupled to the active poWer sWitches. Further 
losses are also generated in the control and drive circuits 
coupled to the active poWer sWitches. Ultimately, as the out 
put current of a poWer converter approaches Zero, the ?xed 
losses in the poWer sWitches, the inductive circuit elements, 
and the control circuits cause poWer conversion ef?ciency 
also to approach Zero. 

Various approaches are knoWn to improve poWer conver 
sion ef?ciency at loW output currents. One approach used 
With resonant poWer conversion topologies reduces sWitching 
frequency of active poWer sWitches for loW output current. 
Another approach, as described by X. Zhou, et al ., in the paper 
entitled “Improved Light-Load E?iciency for Synchronous 
Recti?er Voltage Regulation Module,” IEEE Transactions on 
PoWer Electronics, Volume 15, Number 5, September 2000, 
pp. 826-834, Which is incorporated herein by reference, uti 
liZes duty cycle adjustments to adjust sWitching frequency or 
to disable a synchronous recti?er sWitch. A further approach, 
as described by M. E. Wilcox, et al. (“Wilcox”), in US. Pat. 
No. 6,580,258, entitled “Control Circuit and Method for 
Maintaining High E?iciency Over Broad Current Ranges in a 
SWitching Regulator Circuit,” issued Jun. 17, 2003, Which is 
incorporated herein by reference, generates a control signal to 
intermittently turn off one or more active poWer sWitches 
under light load operating conditions When the output voltage 
of the poWer converter can be maintained at a regulated volt 
age by the charge on an output capacitor. Of course, When an 
output voltage from a poWer converter is temporarily discon 
tinued, such as When the load coupled thereto is not perform 
ing an active function, the poWer converter can be disabled by 
an enable/disable signal, generated either at a system or 
manual level, Which is a process commonly used, even in 
quite early poWer converter designs. 

HoWever, resonant poWer conversion topologies are fre 
quently a poor choice in many applications due to an inher 
ently disadvantageous Waveform structure in resonant cir 
cuits and the resulting inef?cient use of semiconductor poWer 
sWitches required to execute the resonant poWer conversion 
process at high levels of load current. Intermittently turning 
off one or more active poWer sWitches under light load oper 
ating conditions as described by Wilcox still generates asso 
ciated sWitching losses When the active poWer sWitches are 
periodically operated to maintain charge on an output ?lter 
capacitor. Thus, the problem of providing high poWer conver 
sion ef?ciency at light load currents still remains an unre 
solved issue. 

Accordingly, What is needed in the art is a poWer converter 
and related method to provide high poWer conversion e?i 
ciency in a sWitch-mode poWer converter, especially at light 
load currents, that overcomes de?ciencies in the prior art. 

SUMMARY OF THE INVENTION 

These and other problems are generally solved or circum 
vented, and technical advantages are generally achieved, by 
advantageous embodiments of the present invention, includ 
ing a poWer converter and method of controlling a poWer 
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switch therein to improve power conversion ef?ciency at loW 
output current. In one embodiment, the poWer converter 
includes a ?rst poWer sWitch coupled to a source of electrical 
poWer and a second poWer sWitch coupled to the ?rst poWer 
sWitch and to an output terminal of the poWer converter. The 
poWer converter also includes a controller con?gured to alter 
nately enable conduction of the ?rst and the second poWer 
sWitches With a duty cycle in response to an output charac 
teristic of the poWer converter. The controller is con?gured to 
control a level of current in the ?rst poWer sWitch When the 
second poWer sWitch is substantially disabled to conduct. 

In another aspect, the present invention provides a method 
of operating a poWer converter including coupling a ?rst 
poWer sWitch to a source of electrical poWer and coupling a 
second poWer sWitch to the ?rst poWer sWitch and to an output 
terminal of the poWer converter. The method also includes 
alternately enabling conduction of the ?rst and the second 
poWer sWitches With a duty cycle in response to an output 
characteristic of the poWer converter. The method further 
includes controlling a level of current in the ?rst poWer sWitch 
When the second poWer sWitch is substantially disabled to 
conduct. 

The foregoing has outlined rather broadly the features and 
technical advantages of the present invention in order that the 
detailed description of the invention that folloWs may be 
better understood. Additional features and advantages of the 
invention Will be described hereinafter Which form the sub 
ject of the claims of the invention. It should be appreciated by 
those skilled in the art that the conception and speci?c 
embodiment disclosed may be readily utiliZed as a basis for 
modifying or designing other structures or processes for car 
rying out the same purposes of the present invention. It should 
also be realiZed by those skilled in the art that such equivalent 
constructions do not depart from the spirit and scope of the 
invention as set forth in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present inven 
tion, reference is noW made to the folloWing descriptions 
taken in conjunction With the accompanying draWings, in 
Which: 

FIG. 1 illustrates a diagram of an embodiment of a poWer 
converter constructed according to the principles of the 
present invention; 

FIG. 2 illustrates a diagram of portions of the poWer con 
ver‘ter illustrated in FIG. 1 constructed according to the prin 
ciples of the present invention; 

FIG. 3 illustrates a Waveform diagram of an exemplary 
operation associated With a poWer sWitch of a poWer con 
ver‘ter in accordance With the principles of the present inven 
tion; 

FIG. 4 illustrates a diagram of an embodiment of portions 
of a poWer converter constructed according to the principles 
of the present invention; 

FIGS. 5A to 5D illustrate Waveform diagrams of exem 
plary operations of a poWer converter in accordance With the 
principles of the present invention; and 

FIGS. 6A and 6B illustrate Waveform diagrams of exem 
plary operations associated With a poWer sWitch of a poWer 
converter in accordance With the principles of the present 
invention. 

Corresponding numerals and symbols in the different ?g 
ures generally refer to corresponding parts unless otherWise 
indicated, and may not be redescribed in the interest of brevity 
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4 
after the ?rst instance. The FIGUREs are draWn to clearly 
illustrate the relevant aspects of exemplary embodiments. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

The making and using of the presently exemplary embodi 
ments are discussed in detail beloW. It should be appreciated, 
hoWever, that the present invention provides many applicable 
inventive concepts that can be embodied in a Wide variety of 
speci?c contexts. The speci?c embodiments discussed are 
merely illustrative of speci?c Ways to make and use the inven 
tion, and do not limit the scope of the invention. 

The present invention Will be described With respect to 
exemplary embodiments in a speci?c context, namely, a 
poWer converter including a controller responsive to a level of 
output current to regulate an output characteristic and meth 
ods of forming the same. While the principles of the present 
invention Will be described in the environment of a poWer 
converter, any application that may bene?t from a poWer 
converter, such as a poWer ampli?er, including a controller 
responsive to a level of current to regulate an output charac 
teri stic is Well Within the broad scope of the present invention. 

Referring initially to FIG. 1, illustrated is a diagram of an 
embodiment of a poWer converter constructed according to 
the principles of the present invention. The poWer converter 
includes a poWer train 110, a controller 120, and a driver (e. g., 
a gate driver) 130, and provides poWer to a system/ load such 
as a microprocessor (not shoWn) coupled to output terminals 
140, 141. The controller 120 is responsive to a level of output 
current to regulate an output characteristic of the poWer con 
verter. While in the illustrated embodiment the poWer train 
110 employs a buck converter topology, those skilled in the 
art should understand that other converter topologies such as 
a forWard converter topology are Well Within the broad scope 
of the present invention. 
The poWer train 110 of the poWer converter receives an 

input voltage Vin from a source of electrical poWer (repre 
sented by battery 150) at an input thereof and provides a 
regulated output voltage Vol” at the output terminals 140, 141, 
or other output characteristic such as an output current I01”. In 
keeping With the principles of a buck converter topology, the 
output voltage Vow is generally less than the input voltage Vin 
such that a sWitching operation of the poWer converter can 
regulate the output voltage Vow. 

In a ?rst mode of operation Wherein substantial output 
current low is delivered to the output terminals 140, 141, a 
main poWer sWitch QM” [e.g., a p-channel metal oxide semi 
conductor ?eld effect transistor (“MOSFET”) embodied in a 
p-type laterally diffused metal oxide semiconductor (“P-LD 
MOS”) device], is enabled to conduct in response to a gate 
drive signal S DRVI for a primary interval (generally co-exis 
tent With a primary duty cycle “D” of the main poWer sWitch 
OM”) and couples the input voltage Vin to an output ?lter 
inductor Low. During the primary interval, an inductor current 
I L01” ?oWing through the output ?lter inductor Low increases 
as current ?oWs from the input to the output of the poWer train 
110. An ac component of the inductor current I L01” is ?ltered 
by an output capacitor Com to provide the output current low 
at an output of the poWer converter. The poWer converter 
generally operates in the ?rst mode of operation, for example 
and Without limitation, When the output current I01” is of 
suf?cient magnitude that current in the output ?lter inductor 
Low or in a poWer sWitch does not reverse direction. 

During a complementary interval during the ?rst mode of 
operation (generally co-existent With a complementary duty 
cycle “l-D” of the main poWer sWitch QM”), the main poWer 
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switch QM” is transitioned to a non-conducting state and an 
auxiliary power sWitch QM,C [e.g., an n-channel MOSFET 
embodied in an n-type laterally diffused metal oxide semi 
conductor (“N-LDMOS”) device], coupled to the output ?lter 
inductor Low, is enabled to conduct in response to a gate drive 
signal SDRVZ. The auxiliary poWer sWitch Qaux provides a 
path to maintain a continuity of the inductor current I 
?owing through the output ?lter inductor Low. 
complementary interval, the inductor current ILOM ?oWing 
through the output ?lter inductor Low decreases. In general, 
during the ?rst mode of operation, the duty cycle of the main 
and auxiliary poWer sWitches QM”, Qaux may be adjusted to 
maintain a regulation of the output voltage Vow of the poWer 
converter. Those skilled in the art should understand, hoW 
ever, that the conduction periods for the main and auxiliary 
poWer sWitches QM”, Qaux may be separated by a small time 
interval to avoid cross conduction therebetWeen and bene? 
cially to reduce the sWitching losses associated With the 
poWer converter. Those skilled in the art should understand 
further that terms used herein such as “current reversal” or a 
reference to a particular level of a physical quantity such as 
“Zero current” are to be understood Within the context of a 
physical apparatus With attendant and practical accuracy 
limitations. For example, one cannot knoW or measure the 
precise instant that a current that reverses direction passes 
through a current level of Zero. 

The controller 120 of the poWer converter receives an out 
put characteristic (e. g., the output current 10m and/or the out 
put voltage Vol”) of the poWer converter, and a desired output 
characteristic such as a desired system voltage Vsystem from an 
internal source or from an external source that may be asso 

ciated With the load. In an advantageous embodiment, the 
controller 120 may be coupled to a current sensor, such as 
current sensor 160 to sense a poWer converter current such as 

an output ?lter inductor current I Low or an output current 101”. 
In a further advantageous embodiment, the controller 120 
may be coupled to a current sensor to sense a current in a 

poWer sWitch. Thus, a current sensor 160 may be employed by 
controller 120 to select the ?rst mode of operation of the 
poWer converter by comparing a sensed current With a ?xed or 
adjustable current threshold level. 

The controller 120 may also be coupled to an input char 
acteristic (e.g., the input voltage Vin) of the poWer converter 
and to a return lead of the source of electrical poWer (again, 
represented by battery 150) as illustrated in FIG. 1 to provide 
a ground connection therefor. While only a single ground 
connection is illustrated in the present embodiment, those 
skilled in the art should understand that multiple ground 
connections may be employed for use Within the controller 
120. A decoupling capacitor Cdec may be coupled as illus 
trated in the FIGURE to the path from the input voltage Vin to 
the controller 120. The decoupling capacitor C dec is generally 
con?gured to absorb high frequency noise signals associated 
With the source of electrical poWer to protect the controller 
120. 

In accordance With the aforementioned characteristics, 
during the ?rst mode of operation the controller 120 provides 
a signal (e.g., a pulse-Width modulated signal S PWM) to con 
trol a duty cycle and a frequency of the main and auxiliary 
poWer sWitches QM”, Qaux of the poWer train 110 to regulate 
the output voltage Vow or other output characteristic thereof. 
The controller 120 in some applications may also provide a 
complement of the pulse-Width modulated signal S PWM dur 
ing the ?rst mode of operation (e.g., a complementary pulse 
Width modulated signal S l_PWM) in accordance With the 
aforementioned characteristics. Any controller adapted to 
control at least one poWer sWitch of the poWer converter is 

Lout 
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6 
Well Within the broad scope of the present invention. As an 
example, a controller employing digital circuitry is disclosed 
in Us. Pat. No. 7,038,438, entitled “Controller for a PoWer 
Converter and a Method of Controlling a SWitch Thereof,” to 
DWarakanath, et al., issued May 2, 2006, and Us. Pat. No. 
7,019,505, entitled “Digital Controller for a PoWer Converter 
Employing Selectable Phases of a Clock Signal,” to DWara 
kanath, et al., issued Mar. 28, 2006, Which are incorporated 
herein by reference. 

The poWer converter also includes a driver (e.g., a gate 
driver) 130 to provide gate drive signals SDRVI, S DRVZ to 
control conductivity of the main and auxiliary poWer sWitches 
QM”, Qaux, respectively, responsive to the pulse-Width modu 
lated signal S PMW (and, if necessary, to control the comple 
mentary pulse-Width modulated signal S1_ PWM) provided by 
the controller 120. There are a number of viable alternatives 
to implement a driver 130 that include techniques to provide 
suf?cient signal delays to prevent crosscurrents When con 
trolling multiple poWer sWitches in the poWer converter. The 
driver 130 typically includes sWitching circuitry incorporat 
ing a plurality of driver sWitches that cooperate to provide the 
drive signals SDRV1, SDRV2 to the main and auxiliary poWer 
sWitches QM”, Qaux. Of course, any driver 130 capable of 
providing the drive signals SDRV1, S DRVZ to control a poWer 
sWitch is Well Within the broad scope of the present invention. 
As an example, a driver is disclosed in Us. Pat. No. 7,330, 
017, to DWarakanath, et al., entitled “Driver for a PoWer 
Converter and a Method of Driving a SWitch Thereof,” issued 
Feb. 12, 2008, and a poWer sWitch is disclosed in Us. Pat. No. 
7,230,302, entitled “Laterally Diffused Metal Oxide Semi 
conductor Device and Method of Forming the Same,” to 
Lot?, et al., issued Jun. 12, 2007 and in U.S. Pat. No. 7,214, 
985, entitled “Integrated Circuit Incorporating Higher Volt 
age Devices and LoW Voltage Devices Therein,” to Lot?, et 
al., issued May 8, 2007, Which are incorporated herein by 
reference. 

According to the principles of the present invention, the 
main and auxiliary poWer sWitches QM”, Qaux are typically 
poWer sWitches that can be incorporated into a semiconductor 
device in an integrated circuit proximate control or signal 
processing devices that perform many of the control functions 
of the controller 120 of the poWer converter. The control and 
signal processing devices are typically complementary 
metal-oxide semiconductor (“CMOS”) devices such as 
p-type metal oxide semiconductor (“PMOS”) devices and 
n-type metal oxide semiconductor (“NMOS”) devices. The 
PMOS and NMOS devices may also be referred to as p-chan 
nel and n-channel MOSFETs, respectively. 

In a sWitch-mode poWer converter, such as the buck poWer 
converter illustrated and described With reference to FIG. 1, 
the duty cycle of a poWer sWitch, such as the main poWer 
sWitch QM” previously described herein, determines the 
steady-state ratio of a poWer converter output voltage Vow to 
its input voltage Vin. In particular, for a buck poWer converter 
topology operating in a continuous conduction mode, the 
duty cycle determines the ratio of output voltage to input 
voltage (ignoring certain losses Within the poWer converter) 
according to the equation: 

DIVOM/Vin- (1) 

In an alternative poWer converter topology, such as a boost 
topology, the duty cycle determines the ratio of output to input 
voltage (again, ignoring certain losses Within the poWer con 
ver‘ter) operating in a continuous conduction mode (“CCM”) 
according to the equation: 

D: Vin/Vout' (2) 
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This reciprocal relationship for the ratio of input and output 
voltages of buck and boost topologies recognizes that a buck 
poWer converter topology employing synchronous recti?ers 
is operable as a boost topology With its input and output 
reversed, and vice versa. Other sWitch-mode poWer converter 
topologies such as a buck-boost, forward, Cuk, etc., are char 
acteriZed by further relationships, Well knoWn in the art, for a 
ratio of output voltage to input voltage, for a particular oper 
ating condition such as CCM. 
A controller, such as controller 120 illustrated in FIG. 1, 

typically regulates an output characteristic of a poWer con 
ver‘ter by controlling a duty cycle of a poWer sWitch. The duty 
cycle is generally controlled by comparing a saWtooth voltage 
Waveform With a controlled threshold voltage produced by an 
error ampli?er con?gured to sense an output voltage or other 
output characteristic. 
A load coupled to a poWer converter may sometimes oper 

ate for a period of time in an idle mode Wherein the load draWs 
a relatively small but non-Zero current from the poWer con 
ver‘ter, for example, less than 1% of its normal load current. 
Under such operating conditions, Wherein poWer conversion 
ef?ciency of the poWer converter is typically very loW, it is 
preferable to provide high poWer conversion e?iciency, par 
ticularly When the poWer converter is poWered from a por 
table energy source such as a battery. 

Referring to FIG. 2, illustrated is a diagram of portions of 
the poWer converter illustrated in FIG. 1 constructed accord 
ing to the principles of the present invention. A sWitch-current 
controller 200 of the poWer converter is con?gured to control 
a current ?oWing through a main poWer sWitch QM” during the 
complementary duty cycle l-D of a switching cycle. The 
sWitch-current controller 200 includes a gate driver 201 for 
the main poWer sWitch QM”. The gate driver 201 includes 
driver sWitches such as a p-channel ?eld-effect transistor 
(“PET”) 224 and an n-channel FET 222, With their gates 
coupled together and driven by a pulse-Width modulated sig 
nal S PWM. The pulse-Width modulated signal SPWM may be 
created by a controller such as the controller 120 illustrated 
and described With respect to FIG. 1. The source, gate, and 
drain of the respective driver sWitches are labeled With “s,” 
“g,” and “d,” respectively. 

Producing a current ?oWing through the main poWer 
sWitch QM” during the complementary duty cycle l-D of a 
sWitching cycle When a poWer converter is lightly loaded, 
such as producing less than 5% of its rated output poWer, can 
provide substantial e?iciency improvement over a sWitching 
mode Wherein both the main and auxiliary poWer sWitches 
QM”, Qaux are continuously enabled to conduct in comple 
mentary intervals of time. A sWitching mode Wherein the 
main and auxiliary poWer sWitches QM”, Qaux are enabled to 
conduct in complementary intervals of time can produce sub 
stantial bidirectional current through reactive circuit ele 
ments, such as an output inductor Low, contributing thereby 
substantial poWer losses. In addition, producing a light cur 
rent ?oWing through the main poWer sWitch QM” during the 
complementary duty cycle l-D of a sWitching cycle When a 
poWer converter is lightly loaded can be a more economical 
alternative than providing a large output capacitance to main 
tain an output voltageVOut of a poWer converter during a mode 
of operation Wherein all sWitching is temporarily disabled. 

The sWitch-current controller 200 illustrated in FIG. 2 is 
con?gured to control a gate voltage for the main poWer sWitch 
QM” When it Would ordinarily be disabled to conduct (i.e., 
during the complementary duty cycle l-D of a sWitching 
cycle). The gate voltage of the main poWer sWitch QM” is 
controlled during the complementary duty cycle l-D of a 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
sWitching cycle so that the main poWer sWitch QM” can con 
duct a light current to the load (i .e., an output current I of the 

poWer converter). 
When the pulse-Width modulated signal S PWM is high, the 

gate driver 201 couples the gate of the mainpoWer sWitch QM” 
to ground, turning it on. When pulse-Width modulated signal 
S PWMis loW, the gate driver 201 couples the gate of the main 
poWer sWitch QM” to the output of an operational ampli?er 
214. The output of the operational ampli?er 214 is controlled 
to enable the main poWer sWitch QM” to conduct a controlled, 
light current When the pulse-Width modulated signal S PWM is 
loW. 
A p-channel FET 212 With its gate coupled to its drain 

operates as a diode in forWard conduction. The drain current 
of the p-channel FET 212 is controlled by a resistor 216, 
Which is coupled substantially across the input voltage Vin 
(less the diode drop of the p-channel FET 212). Thus, the gate 
of the p-channel FET 212 is set to the voltage With respect to 
its source that is necessary to conduct the current ?oWing 
through the resistor 216. This gate voltage is sensed With the 
operational ampli?er 214 and coupled to the gate of the main 
poWer sWitch QM” during the complementary duty cycle l-D 
of a sWitching cycle. Thus, the p-channel FET 212 and the 
main poWer sWitch QM” operate as a current mirror during the 
complementary duty cycle l-D of a sWitching cycle, Wherein 
a current controlled by the resistor 216 and scaled by a die 
geometric ratio of the main poWer sWitch QM” to the p-chan 
nel FET 212 ?oWs through the main poWer sWitch QM”. 
Preferably, the p-channel FET 212 and the main poWer sWitch 
QM” are produced in a common manufacturing process and 
are con?gured to operate at substantially the same die tem 
perature. Preferably, the p-channel FET 212 is a doWnscaled 
replica of the main poWer sWitch QM”. The operation of cur 
rent mirrors is Well knoWn in the art, and Will not be described 
further in the interest of brevity. 

Turning noW to FIG. 3, illustrated is a Waveform diagram of 
an exemplary operation associated With a poWer sWitch of a 
poWer converter in accordance With the principles of the 
present invention. In particular, the Waveform represents a 
source-to-drain current I QM” ?oWing through a poWer sWitch 
(e.g., the main poWer sWitch QM” of FIG. 2) during a ?rst 
mode of operation Wherein the output current is of suf?cient 
magnitude that current in an output inductor or in a semicon 
ductor poWer sWitch does not reverse direction. During the 
primary duty cycle D of the sWitching cycle, the source-to 
drain current IQmn ?oWing through the main poWer sWitch 
QM” increases substantially linearly due to the voltage applied 
across an output inductor (e.g., the output inductor Low of 
FIG. 2). During the complementary duty cycle l-D of the 
sWitching cycle, the source-to-drain current IQmn maintains a 
controlled, substantially constant current level ICC ?oWing 
through the main poWer sWitch QM”, that is controlled by a 
controller such as the sWitch-current controller 200 of FIG. 2. 

Turning noW to FIG. 4, illustrated is a diagram of an 
embodiment of portions of a poWer converter constructed 
according to the principles of the present invention. A con 
troller 400 of the poWer converter is operable in three modes. 
The controller 400 regulates an output characteristic of the 
poWer converter, and is con?gured to control current through 
a main poWer sWitch QM” in response to a sensed or estimated 
poWer converter current. The controller 400 is advanta 
geously operable to provide a mode of operation Wherein 
improved poWer conversion ef?ciency is achieved at light 
load. Additionally, the poWer converter may experience an 
improvement in dynamic response because of an additional 
bias available to feed an output thereof that in turn produces a 
smaller decay of an output characteristic (e. g., an output 

out 
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voltageVom) since the output voltage Vol” is not supplied only 
by an output capacitor Com. The poWer converter includes an 
error ampli?er 402 that senses the output voltage Vow as an 
output characteristic to provide a feedback signal. 

The primary and complementary duty cycles D and l-D of 
a switching cycle are established by a comparator 414 that 
produces a pulse-Width modulated signal S PWM. The nonin 
verting input of the comparator 414 is coupled to an error 
ampli?er signal VEA of an inverter 418. The inverting input of 
the comparator 414 is coupled to a saWtooth Waveform signal 
Vsawtooth that has a substantial positive voltage offset for the 
Waveform valleys. 

In a ?rst mode of operation Wherein a substantial current is 
delivered to a load (not shoWn) coupled to output terminals 
440, 441, the main and auxiliary poWer sWitches QM”, Qaux 
are alternately enabled to conduct, respectively, during a pri 
mary duty cycle D and a complimentary duty cycle l-D. The 
primary duty cycle D and the complimentary duty cycle l-D 
are controlled to regulate an output characteristic of the poWer 
converter. During the ?rst mode of operation, the load current 
is of su?icient magnitude so that current ?oWing through 
output inductor Low does not reverse direction. During the 
complementary duty cycle l-D, the main poWer sWitch QM” 
conducts a current controlled by a current mirror including a 
gate driver 401, an operational ampli?er 404, a p-channel 
FET 408 and a resistor 416. The current mirror is operable in 
a manner similar to that described With reference to FIG. 2. 
HoWever, in the circuit illustrated in FIG. 4, the current 
through the main poWer sWitch QM” is controlled by current 
?oWing through the resistor 416. The resistor 416 is coupled 
to the error ampli?er signal VEA of the inverter 418. The 
inverter 418 ampli?es the output of the error ampli?er 402 
With gain —k. Thus, as the voltage of the error ampli?er signal 
VEA is reduced, the current ?oWing through the resistor 416 is 
also reduced. Correspondingly, as the voltage of the error 
ampli?er signal VEA is reduced, the current ?oWing through 
the main poWer sWitch QM” during the complementary duty 
cycle l-D of the sWitching cycle is also reduced. 

The error ampli?er 402 senses the output voltage Vow. The 
error ampli?er 402 includes an operational ampli?er 409 that 
includes feedback netWorks 405, 406. The feedback netWorks 
405, 406 include a parallel arrangement of a capacitor and a 
resistor. The error ampli?er 402 further includes input net 
Works including resistors 410, 412. In a preferred embodi 
ment, the values of components in feedback netWorks 405, 
406 are equal, and the values of the resistors 410, 412 in the 
input netWorks are equal. The selection of component values 
for an error ampli?er 402 to produce a stable response of a 
poWer converter in a particular application is Well knoWn in 
the art, and Will not be described further in the interest of 
brevity. The error ampli?er 402 generates the error ampli?er 
signal VEA in response to the sensed output voltage Vol” of the 
poWer converter and a desired output voltage represented by 
signal Vsystem. Of course, different arrangements of feedback 
and input netWorks to meet the needs of a particular applica 
tion including a voltage divider coupled across output termi 
nals 440, 441 are Well Within the broad scope of the invention. 
Thus, in the ?rst mode of operation, the controller 400 enables 
alternating conduction of the main and auxiliary poWer 
sWitches QM”, Qaux While enabling a controlled current ?oW 
ing through the main poWer sWitch QM” during the comple 
mentary duty cycle l-D. The controlled current ?oWing 
through the main poWer sWitch QM” is responsive to the error 
ampli?er signal VEA produced by the error ampli?er 402. 

In a second mode of poWer converter operation, poWer 
converter output current iout is insuf?cient to sustain unidi 
rectional current How in output inductor L Bidirectional 
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10 
current ?oW through inductor Low is prevented in the poWer 
converter illustrated in FIG. 4 by sensing an inductor current 
iLOm With a current sensor 460. The sensed inductor current 
i Low is ampli?ed With a transresistance ampli?er that includes 
operational ampli?er 426 coupled to feedback resistor 428. 
The gain of the transresistance ampli?er is substantially the 
resistance of the resistor 428. The output of the transresis 
tance ampli?er is coupled to an input of anAND gate 420. 

The output of the comparator 414 is coupled to a signal 
inverter 422. The signal inverter 422 produces a high output 
signal during the complementary duty cycle l-D of the 
sWitching cycle. The output of the signal inverter 422 is 
coupled to the other input of the AND gate 420. Thus, the 
AND gate 420 produces a high gate signal for the auxiliary 
poWer sWitch Qaux to enable conduction therein during the 
complementary duty cycle l-D of the sWitching cycle, When 
positive current ?oWs through the output inductor Low. The 
current mirror previously described continues to provide a 
gate drive signal for the main poWer sWitch QM” to enable a 
current controlled by the error ampli?er 402 to How there 
through during the complementary duty cycle l-D of the 
sWitching cycle. In this manner, during the second mode of 
poWer converter operation, a controlled current is enabled to 
How through the main poWer sWitch QM” When the auxiliary 
poWer sWitch Qaux is disabled to conduct during the comple 
mentary duty cycle l-D of the sWitching cycle. The controller, 
therefore, is con?gured to control a level of current in the 
mainpoWer sWitch QM” When the auxiliary poWer sWitch QM,C 
is substantially disabled to conduct. 

In a third mode of poWer converter operation, the output 
current iom is further reduced so that a source-to-drain current 
that flows through the main poWer sWitch QM” is controlled to 
a controlled current level ICC to maintain su?icient current to 
poWer the load. As in the ?rst and second modes of poWer 
converter operation, the error ampli?er 402 can be used to 
control current ?oWing to the output terminal 440, thereby 
regulating an output characteristic of the poWer converter. 

Turning noW to FIGS. 5A to 5D, illustrated are Waveform 
diagrams of exemplary operations of a poWer converter in 
accordance With the principles of the present invention. In the 
interest of maintaining continuity, the Waveform diagrams 
Will be described in part With reference to signals and com 
ponents illustrated and described With respect to FIG. 4. More 
particularly, a left portion of FIG. 5A illustrates an error 
ampli?er signal VEA produced by error ampli?er 402 and a 
voltage saWtooth signal Vmwtooth produced by a saWtooth 
voltage generator (not shoWn) in the ?rst mode of poWer 
converter operation. When the error ampli?er signal VEA is 
greater than the voltage saWtooth signal Vsawtooth produced by 
the saWtooth voltage generator, the comparator 414 illus 
trated in FIG. 4 sets the primary duty cycle D of the sWitching 
cycle. In the right portion of FIG. 5A is a graphical represen 
tation of the resulting current that ?oWs through output induc 
tor Lam. During the primary duty cycle D of the sWitching 
cycle, the current ?oWing through the output inductor Low 
increases, and during the complementary duty cycle l-D, the 
current decreases. In the right portion of FIG. 5A, the load 
current is suf?ciently high so that current in output inductor 
Low does not reverse. 

Referring noW to FIG. 5B, illustrated in the left portion of 
the FIGURE again is a graphical representation of the error 
ampli?er signal VEA produced by error ampli?er 402 and the 
voltage saWtooth signal Vsawtooth produced by a saWtooth 
voltage generator, again in the ?rst mode of poWer converter 
operation. In the right portion of FIG. 5B, the current ?oWing 
through output inductor Low is again illustrated. In this case, 
the current ?oWing through output inductor Low reaches Zero 
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at the end of the switching cycle, but does not reverse direc 
tion, thus preserving operation in the ?rst mode of operation. 

Referring noW to FIG. 5C, illustrated in the left portion of 
the FIGURE is a graphical representation of the error ampli 
?er signal VEA produced by error ampli?er 402 and the volt 
age saWtooth signal Vsawtooth produced by a saWtooth voltage 
generator in a second mode of poWer converter operation. In 
the right portion of FIG. 5C, the current ?oWing through 
output inductor Low is again illustrated. In this case, the cur 
rent ?oWing through output inductor Low Would reach Zero 
and reverse direction during a primary duty cycle D*. In this 
second mode of poWer converter operation, the output current 
is insuf?cient to prevent current reversal in output inductor 
Low unless accommodation is provided in the poWer con 
verter. Accommodation is provided by the AND gate 420 
illustrated in FIG. 4 that disables conduction in the auxiliary 
poWer sWitch Qaux When current ?oWing through inductor 
Low reaches Zero or is less than Zero. Thus, a controlled 
current level ICC is supplied to output inductor Low by con 
trolling current ?oWing through the main poWer sWitch QM”. 
The result is a substantial reduction of ripple current con 
ducted to output capacitor Com, With attendant reduction in 
sWitching-induced losses in associated circuit components. 

Referring noW to FIG. 5D, illustrated in the left portion of 
the FIGURE is a graphical representation of the error ampli 
?er signal VEA produced by the error ampli?er 402 and the 
voltage saWtooth signal Vmwtooth produced by a saWtooth 
voltage generator in a third mode of poWer converter opera 
tion. In this mode, the output current has been reduced even 
further so that output current can be sustained by the con 
trolled current level ICC ?oWing through the main poWer 
sWitch QM” Without alternately enabling conduction through 
the auxiliary poWer sWitch QM” and the main poWer sWitch 
Qaux. In this mode, a reduced voltage level for the error 
ampli?er signal VEA produced by the error ampli?er 402 
causes the error ampli?er signal VEA to lie beloW even the 
valleys of the saWtooth Waveform signal Vsawtooth. When the 
error ampli?er signal VEA lies entirely beloW the saWtooth 
Waveform signal Vsawtooth, the comparator 414 produces no 
duty cycle (e.g., disabling the duty cycle). As illustrated in the 
right portion of FIG. 5D, the current that ?oWs through output 
inductor Low is the controlled current level ICC ?oWing 
through the main poWer sWitch QM”, controlled by error 
ampli?er 402 by means of the current mirror as described 
previously. The result is an output current controlled by the 
error ampli?er 402 that ?oWs to the load Without active 
sWitching of either the main poWer sWitch QM” or the auxil 
iary poWer sWitch Qaux, represented again by the primary 
duty cycle D*. Little to no ripple current is produced, and 
sWitching losses are substantially eliminated. PoWer conver 
sion ef?ciency in this mode of operation is substantially 
improved and is determined by the ratio of output voltage to 
input voltage and remaining losses in the poWer converter 
elements. In this mode of operation, some controller elements 
can be selectively disabled to further reduce poWer losses. 

If, in an alternative embodiment, the level of controlled 
current ICC for the main poWer sWitch QM” is not controlled by 
the error ampli?er 402 in response to actual load current at 
light levels of load current (i.e., a preselected level of con 
trolled current level ICC is chosen), it is important that the 
preselected level of controlled current for the main poWer 
sWitch QM” be less than the expected level of load current 
When the load is in a loW-current state. Otherwise, output 
voltage of the poWer converter can increase beyond a desired 
voltage level. 

Turning noW to FIGS. 6A and 6B, illustrated are Waveform 
diagrams of exemplary operations associated With a poWer 
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12 
sWitch of a poWer converter in accordance With the principles 
of the present invention. In the interest of maintaining conti 
nuity, the Waveform diagrams Will be described in part With 
reference to signals and components illustrated and described 
With respect to FIG. 4. FIG. 6A illustrates a graphical repre 
sentation of a primary duty cycle D resulting from the error 
ampli?er signal VEA produced by error ampli?er 402. When 
the error ampli?er signal VEA is less than a threshold level 
represented by the point 601, no duty cycle is produced (e. g., 
disabling the duty cycle). When the error ampli?er signal VEA 
is above this threshold level, primary duty cycle D increases 
linearly With the error ampli?er signal VEA until it reaches 
100%. In a preferred embodiment, the error ampli?er 402 is 
constructed to produce an output error ampli?er signal VEA 
that can fall beloW the minimum voltage of the saWtooth 
Waveform signal Vsawtooth to provide a mode of operation 
Wherein no duty cycle is produced (e.g., disabling the duty 
cycle). 

Referring noW to FIG. 6B, illustrated is a graphical repre 
sentation of the controlled level of current ICC that ?oWs 
through the main poWer sWitch QM” during the complemen 
tary duty cycle l-D of the sWitching cycle as a function of the 
error ampli?er signal VEA produced by error ampli?er 402. In 
a preferred embodiment, above an error ampli?er voltage 
represented by the point 602, the controlled current level ICC 
attains a saturation level 603. In an alternative embodiment, 
above the point 602, the controlled current level ICC is 
reduced for further increases in the error ampli?er signal VEA 
beyond the point 602 produced by error ampli?er 402 as 
represented by dashed line 604. The controlled current levels 
ICC illustrated in FIG. 6B are represented by straight lines, but 
in an alternative embodiment, it is contemplated that these 
lines may be implemented as nonlinear functions of the error 
ampli?er signal VEA to produce further ef?ciency enhance 
ments associated With a particular application. 

Thus, as illustrated and described With reference to the 
accompanying draWings, a controller for a sWitch-mode 
poWer converter operable in a plurality of modes is con 
structed in an advantageous embodiment. The controller is 
preferably formed With a single error ampli?er that is coupled 
to poWer converter elements to disable poWer sWitch conduc 
tivity upon reversal or reduction of a poWer converter current, 
and to provide a controlled current in a main poWer sWitch 
When an auxiliary poWer sWitch is disabled to conduct. It is 
contemplated Within the broad scope of the invention that an 
operational mode can be changed based upon a poWer con 
verter current, sensed or estimated, falling beloW a threshold 
level. It is further contemplated that a controller can be con 
structed With a plurality of error ampli?ers to control an 
output characteristic in a plurality of operational modes. It is 
further contemplated that the controller can be constructed to 
operate in a plurality of operational modes based on sensing 
or estimating a parameter that may be an indirect indicator of 
an output characteristic such as an output current. 

Those skilled in the art should understand that the previ 
ously described embodiments of a poWer converter and 
related methods of constructing the same are submitted for 
illustrative purposes only. In addition, other embodiments 
capable of producing a poWer converter employable With 
other sWitch-mode poWer converter topologies are Well 
Within the broad scope of the present invention. While the 
poWer converter has been described in the environment of a 
poWer converter including a controller to control an output 
characteristic to poWer a load, the poWer converter including 
a controller may also be applied to other systems such as a 
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power ampli?er, a motor controller, and a system to control an 
actuator in accordance With a stepper motor or other electro 
mechanical device. 

For a better understanding of poWer converters, see “Mod 
em DC-to-DC SWitchmode PoWer Converter Circuits,” by 
Rudolph P. Sevems and Gordon Bloom, Van Nostrand Rein 
hold Company, NeW York, N.Y. (1985) and “Principles of 
PoWer Electronics,” by J. G. Kassakian, M. F. Schlecht and G. 
C. Verghese, Addison-Wesley (1991). The aforementioned 
references are incorporated herein by reference in their 
entirety. 

Also, although the present invention and its advantages 
have been described in detail, it should be understood that 
various changes, substitutions and alterations can be made 
herein Without departing from the spirit and scope of the 
invention as de?ned by the appended claims. For example, 
many of the processes discussed above can be implemented in 
different methodologies and replaced by other processes, or a 
combination thereof. 

Moreover, the scope of the present application is not 
intended to be limited to the particular embodiments of the 
process, machine, manufacture, composition of matter, 
means, methods, and steps described in the speci?cation. As 
one of ordinary skill in the art Will readily appreciate from the 
disclosure of the present invention, processes, machines, 
manufacture, compositions of matter, means, methods, or 
steps, presently existing or later to be developed, that perform 
substantially the same function or achieve substantially the 
same result as the corresponding embodiments described 
herein may be utiliZed according to the present invention. 
Accordingly, the appended claims are intended to include 
Within their scope such processes, machines, manufacture, 
compositions of matter, means, methods, or steps. 

What is claimed is: 
1. A controller for a circuit having ?rst and second sWitches 

con?gured to alternately enable conduction of said ?rst and 
said second sWitches With a primary duty cycle and a comple 
mentary duty cycle, respectively, of a sWitching cycle in 
response to an output characteristic of said circuit and control 
a light level of current in said ?rst sWitch When said second 
sWitch is substantially disabled to conduct during a part of 
said complementary duty cycle of said sWitching cycle. 

2. The controller as recited in claim 1 Wherein said con 
troller includes an error ampli?er con?gured to control said 
light level of current in said ?rst sWitch. 

3. The controller as recited in claim 1 Wherein said con 
troller is con?gured to disable conduction of said second 
sWitch in response to a sensed current. 

4. The controller as recited in claim 1 Wherein said con 
troller includes a current mirror con?gured to control said 
light level of current in said ?rst sWitch. 

5. The controller as recited in claim 1 Wherein said circuit 
is a poWer converter and said controller is con?gured to 
disable conduction of said second sWitch in response to a 
sensed substantially reversed direction of current through an 
output inductor of said poWer converter. 

6. The controller as recited in claim 1 Wherein said con 
troller is con?gured to disable said alternately enable conduc 
tion of said ?rst and said second sWitches and control said 
light level of current in said ?rst sWitch. 

7. The controller as recited in claim 1 Wherein said con 
troller is con?gured to disable said alternately enable conduc 
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tion of said ?rst and said second sWitches and control said 
light level of current in said ?rst sWitch in response to said 
output characteristic. 

8. A method, comprising: 
alternately enabling conduction of ?rst and second 

sWitches With a primary duty cycle and a complemen 
tary duty cycle, respectively, of a sWitching cyclein 
response to an output characteristic of a circuit thereof; 
and 

controlling a light level of current in said ?rst sWitch When 
said second sWitch is substantially disabled to conduct 
during a part of said complementary duty cycle of said 
sWitching cycle. 

9. The method as recited in claim 8 Wherein said control 
ling is performed in accordance With an error ampli?er. 

10. The method as recited in claim 8 Wherein said second 
sWitch is disabled to conduct in response to a sensed current. 

11. The method as recited in claim 8 Wherein said control 
ling is performed in accordance With a current minor. 

12. The method as recited in claim 8 Wherein said circuit is 
a poWer converter and further comprising 

disabling conduction of said second sWitch in response to a 
sensed substantially reversed direction of current 
through an output inductor of said poWer converter. 

13. The method as recited in claim 8 further comprising 
disabling said alternately enable conduction of said ?rst and 
said second sWitches and controlling said light level of cur 
rent in said ?rst sWitch. 

14. The method as recited in claim 8 further comprising 
disabling said alternately enable conduction of said ?rst and 
said second sWitches and controlling said light level of cur 
rent in said ?rst sWitch in response to said output character 
istic. 

15. A circuit, comprising: 
?rst and second sWitches; and 
a controller con?gured to alternately enable conduction of 

said ?rst and said second sWitches With a primary duty 
cycle and a complementary duty cycle, respectively, of a 
sWitching cycle in response to an output characteristic of 
said circuit and control a light level of current in said ?rst 
sWitch When said second sWitch is substantially disabled 
to conduct during a part of said complementary duty 
cycle of said sWitching cycle. 

16. The circuit as recited in claim 15 Wherein said control 
ler includes an error ampli?er con?gured to control said light 
level of current in said ?rst sWitch. 

17. The circuit as recited in claim 15 Wherein said control 
ler is con?gured to disable conduction of said second sWitch 
in response to a sensed current. 

18. The circuit as recited in claim 15 Wherein said control 
ler includes a current minor con?gured to control said light 
level of current in said ?rst sWitch. 

19. The circuit as recited in claim 15 Wherein said circuit is 
a poWer converter and said controller is con?gured to disable 
conduction of said second sWitch in response to a sensed 
substantially reversed direction of current through an output 
inductor of said poWer converter. 

20. The circuit as recited in claim 15 Wherein said control 
ler is con?gured to disable said alternately enable conduction 
of said ?rst and said second sWitches and control said light 
level of current in said ?rst sWitch in response to said output 
characteristic. 


