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CURRENT MODE CONTROL WITH FEED-FORWARD

FOR POWER DEVICES

TECHNICAL FIELD

[0001] The present invention relates to power device controllers and more

5 particularly to two loop power device controllers with current mode control.

BACKGROUND ART

[0002] Advanced electronic circuitry requires advanced power sources. The
newer generations of power sources utilize power devices with corresponding
control circuits, which are capable to drive the power devices with great precision

10 and fast transient response. These control circuits are capable of reducing, or even
eliminating traditional problems, such as the dependence of the output voltage on
the operating temperature or load, the uneven dependence of the control mechanisms

on the frequency, and so on.

[0003] Many power device controllers utilize one loop feedback. Typically
15 this feedback loop operates in voltage mode control, sensing an output voltage,
comparing it to a reference voltage, and using the generated error voltage to modify

the operation of the power device, such as its duty cycle.

[0004] Other designs use two loop control circuits. In addition to the voltage
mode control loop, these designs utilize a current mode control loop. This second
20 loop senses the output current and uses this information to control the power device

faster.

[0005] However, even in such advanced two-loop designs the control
characteristics exhibit load dependences. Therefore, there is room for improvement

in power device control circuits.
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DISCLLOSURE OF INVENTION

[0006] Briefly and generally, embodiments of the invention include a power
device controller for controlling a power device generating an output voltage at an
output terminal, the power device controller comprising a voltage mode control
loop, configured to generate an error voltage and to control the power device, and a
current mode control loop, configured to generate a current control voltage and to
control the power device, the current mode control loop comprising a current feed-
forward, configured to reduce a load dependence of a loop gain by reducing a load
current dependence of a low frequency component of a gain of the error voltage to

the output voltage with a current loop closed.

[0007] Other embodiments include a multi-phase power device controller for
controlling a set of power devices, the power devices generating output voltages at
output terminals, the power device controller comprising a shared voltage mode
control loop, configured to generate an error voltage and to control the power
devices, and a shared current mode control loop, configured to generate a current
control voltage and to control the power devices, the shared current mode control
loop comprising a current feed-forward, configured to reduce a load current
dependence of a low frequency component of a gain of the error voltage to the

output voltages.

[0008] Embodiments include a power device controller for controlling a
power device generating an output voltage at an output terminal in connection to an
inductor, the power device controller comprising a voltage mode control loop,
coupled to the power device, a current mode control loop, coupled to the voltage
mode control loop and the power device, and a current mode feed-forward, coupled
to the current mode control loop, a ramp generator, and a sensed inductor current,
configured to modify a slope of at least one a ramp voltage of the ramp generator

and a sensed inductor current of an inductor, according to a load current.

[0009] Embodiments also include a power device controller for controlling a

2
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power device generating an output voltage at an output terminal, the power device
controller comprising a current mode control loop, coupled to the power device, an
adjustable ramp generator, a current sensor, configured to sense an output current, a
current mode feed-forward, coupled to the current mode control loop, the adjustable
ramp generator, and the current sensor, configured to modify a slope of at least one a
ramp voltage of the ramp generator and a sensed current of the current sensor

dependent on a load current.

BRIEF DESCRIPTION OF DRAWINGS

[0010] For a more complete understanding of the present invention and for
further features and advantages, reference is now made to the following description

taken in conjunction with the accompanying drawings.

[0011] FIG. 1 illustrates a block diagram of a power device controller,

according to an embodiment of the invention.

[0012] FIG. 2 illustrates an implementation of a power device controller,

according to an embodiment of the invention.

[0013] FIG. 3 illustrates a current feed-forward block according to an

embodiment of the invention.

[0014] FIG. 4 illustrates the load current dependence of the error voltage to

the output voltage transfer function according to an embodiment of the invention.

[0015] FIG. 5 illustrates the frequency dependence of loop gain with and

without feed-forward blocks, according to embodiments of the invention.

[0016] FIG. 6 illustrates various signal shapes with and without feed-forward

blocks, according to embodiments of the invention.

[0017] FIG. 7 illustrates various signal shapes with and without feed-forward
3
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blocks, according to embodiments of the invention.

[0018] FIG. 8 illustrates embodiments of the invention in terms of small-

signal transfer functions.
[0019] FIG. 9 illustrates a multiphase embodiment of the invention.

BEST MODE FOR CARRYING OUT THE INVENTION

[0020] Embodiments of the present invention and their advantages are best
understood by referring to FIGs. 1-9 of the drawings. Like numerals are used for

like and corresponding parts of the various drawings.

~

[0021] FIG. 1 illustrates a block diagram of a power device controller 100.
A function of power device controller 100 is to control a power device 110. Power
device 100 generates an output voltage V, at an output terminal 103. The
corresponding current will be referred to as output current ip, or load current. Power
device controller 100 includes a voltage mode control loop 120, which generates an
error voltage V. (of error-out voltage) and controls power device 110 in single loop
voltage mode control configuration. Error voltage V. can arise from any number of
perturbations, such as a small amplitude noise in any part of the system, including
variation of output voltage V,. Power device controller 100 can also include a
current mode control loop 130 in a two loop current mode control configuration,
which generates a current control voltage V. to control power device 110. Current
mode control loop 130 includes a current feed-forward 140, configured to reduce the
dependence of a DC gain H, of error voltage V. to the output voltage Vo with a
current loop closed: H, = V, / Ve, on the load current i,. As illustrated in relation to
FIGs. 5A-D, DC gain H, can have a broad spectrum. Embodiments of the present
invention reduce the i, dependence of H, in a low frequency range, such as in the

DC regime.

[0022] Typical ranges for i, include 0A-100A, for V, the range of 0.5V-30V.
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Other applications may use different current and voltage values.

[0023] FIG. 1 illustrates that power device controller 100 includes a
modulator 157, coupled to voltage mode control loop 120 to receive error voltage Ve
at a voltage control terminal and to current mode control loop 130 to receive current
control voltage Ve at a current control terminal. Modulator 157 outputs a power
device control signal d, representing a command - duty cycle, corresponding to the
received error voltage V. and the received current control voltage V.. Here, duty
cycle d represents the fraction of time within a switching cycle, when a top switch is
turned on in power device 110, as described below. Modulator 157 controls power

device 110 through power device control signal d.

[0024] FIG. 2 illustrates that in some embodiments voltage mode control
loop 120 includes a voltage error amplifier 121, which receives a reference voltage
Vrer from a reference voltage source and output voltage V, from output voltage
terminal 103. Voltage error amplifier 121 outputs error voltage Ve corresponding to

a difference of the reference voltage Vyer and the output voltage V.

[0025] Current mode control loop 130 includes a current sensor 133,
configured to sense inductor current i, for example, at output terminal 103 and to
generate a corresponding sensor voltage V. Current sensor can be a small series
resistor in the output path. Current sensor can also utilize inductor a direct current
resistance (DCR) of inductor L1, an on-resistance of top switch 112 or bottom
switch 114, a current transformer, etc. In some embodiments sensor voltage Vi is

used directly as a feedback signal for modulator 157.

[0026] However, in peak current mode control, when duty cycles of power
device 110 exceed about 50%, the power system may exhibit an unstable behavior,
e.g. sub-harmonic oscillations. Further, power devices 110 may include an output
inductor L1 at output terminal 103. Typically a large value is chosen for inductance
L of output inductor L1 to increase the system efficiency, if there are no critical

transient response requirements. However, in light or no load situations this large L
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value causes inductor current i and thus sensor voltage Vg to assume small ramp,

resulting in high noise sensitivity.

[0027] Some designs overcome both of the mentioned problems by
including a ramp generator 151. Ramp generator 151 generates a ramp voltage Vi,
which can be combined with sensor voltage Vs. The combined voltage has an
enhanced slope, thus increasing the stability of current mode control loop 130. Also,
the above mentioned instability at larger duty cycles is dampened by combining

ramp voltage Vr with sensor voltage V.

[0028] In embodiments of the present invention current mode control loop
130 generates current control voltage Vce by modifying at least one of the slope of
sensor voltage Vs and ramp voltage Vr. This is a rather general design principle,

which can be realized in several different ways.

[0029] In some embodiments this principle is carried out by coupling current
feed-forward 140 to current sensor 133 and to ramp generator 151. In such designs,
current feed-forward 140 generates current control voltage Ve by modifying a
slope of ramp voltage Vg in relation to sensor voltage Vs. The slope can be a rising
slope or a falling slope, or the slope of some segment of ramp voltage Vr. In other
embodiments, the slope is captured by a peak-to-valley difference of ramp voltage
Vr. This modification reduces the load current dependence of the DC gain of error
voltage V. to the output voltage V, with current loop closed. In formula, using the
notation H, = V, / V., this means to reduce the i, dependence of H,. The low
frequency component can be a DC gain or a low frequency segment of the spectrum

of H,.

[0030] In some embodiments, both sensor voltage Vs and current control
voltage V¢ are coupled into inverted .terminals of modulator 157, whereas error
voltage V. is coupled into the non-inverted terminal of modulator 157. In other
embodiments, sensor voltage Vg and current control voltage V¢ are coupled into a

signal processor, whose output is then coupled into modulator 157.

6
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[0031] Modulator 157 controls power device 110 through the duty cycle of
power device 110. Embodiments of power device 110 include designs in which
power device 110 includes a power diode 111, a top switch 112, and a bottom
switch 114, powered by an input voltage source 117. Power diode 111 can also be
the parasitic diode of bottom switch 114. Power switches 112 and 114 turn on and
off alternatively: when top switch 112 turns on, bottom switch 114 turns off and vice
versa. Modulator 157 controls duty cycle d by controlling the fraction of time
within each switching cycle when top switch 112 is turned on and bottom switch
114 is turned off.

[0032] As indicated in FIG. 2, output terminal 103 is connectable to a load
162. Load 162 can be a resistor, parallel coupled to output capacitors, forming an

effective RC circuit.

[0033] FIG. 3 illustrates an embodiment of current feed-forward 140, based

on Fairchild product FAN5182. This embodiment includes a differential amplifier

143, coupled to current sensor 133 through resistor R1 to receive sensor voltage Vs.
The inverted terminal of differential amplifier 143 is coupled to a reference voltage,
Vsrer through resistor R2. A reference voltage Vger is also coupled to the non-
inverted terminal through resistor R3, to set the operating point of differential
amplifier 143. Finally, the inverted terminal is coupled to the output terminal of
differential amplifier 143 through resistor R4. In some embodiments R1=R2 and
R3=R4. In others, the values of R1, ... R4 can be different. The ratio R3/R1
determines the signal gain of differential amplifier 143. The output of differential
amplifier 143 is coupled into a signal processor or modulator 157 through resistor
R5 to modify a slope of ramp voltage Vr through terminal RAMPADJ. Many other
embodiments of current feed-forward 140 can be designed with comparable

functionalities.

[0034] FIGs. 4A-C illustrate various small signal characteristics of power
device controller 100. In general, the dependence of DC gain H, of error voltage V.

to output voltage V,, with current loop closed, on load current i, (or equivalently,

7
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inductor current i) can be captured by the equation:

H0=R—0.>< !

Ri Ro B
M 1+—Z;7><(Mcx(1—d) 0.5)

5

[0035] In Eq.(1) R, is a resistance of load 162, R; is a resistance of current
sensor 133, L is the inductance of inductor L1, f; is a switching frequency of power
device controller 100, M, represents an external ramp parameter and d is a duty
cycle of power device controller 100. In cases, when output voltage V, is essentially
fixed, the output current ip dependence of H, is generated by Ro depending on ip in

an inverse manner:

Ro=Vo/io
@

[0036] The analysis of Eq. (1) will be helpful in understanding the io
dependence of DC gain H,.

[0037] FIG. 4A illustrates DC gain H, in designs, which do not employ
current feed-forward 140. This translates to external ramp parameter Mc being
essentially constant.  Visibly, H, decreases with increasing ip. In some
embodiments, when io sweeps the region between 0A and 15A, H, decreases to

about 15% of its io=0 value.

[0038] If in Eq. (1) numerator and denominator are divided through with Ro,
then the first term in the denominator is proportional to ip and the second term,
containing external ramp parameter Mc is nearly independent of io. This explains
that at large io, Ho decays approximately inversely with io, whereas at small ip

values it goes to a finite value.

[0039] FIGs. 4B and 4C illustrate embodiments, where current feed-forward
8
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140 modifies a slope of ramp voltage Vr. A general design principle of
embodiments is that current feed-forward 140 reduces the load current dependence
of the low frequency component of H, by making external ramp parameter Mc load
current dependent. In some embodiments this is achieved by making Mc decrease
with increasing ip in the second term of the denominator in Eq. (1). With this
modification the Mc term is capable of counterbalancing the increase of the first

term with 1g.

[0040] In some embodiments modulator transfer function Mc is modified

through a factor Ki as follows:

k
Ki=—2 —
i xRi+V, ’

€)

[0041] where Ki is a multiplicative factor in modulator transfer function Mc,
kg is a factor controlling the strength of current feed-forward 140 and V,, is an offset
voltage. Visibly, in this embodiment Mc acquired a dependence on inductor current

iL: Mc varies inversely with i;.

[0042] FIG. 4B illustrates an embodiment with a moderate value of kg In
this embodiment the dependence of H, on ip has been reduced considerably: H,

decays only to about 40% of its ig=0 value over the 0A to 15A ic range.

[0043] Fig. 4C illustrates an embodiment with a large value of ky. In this
embodiment the dependence of H, on io has been reduced to a very weak
dependence: the change of H, is minimal over the 0A and 15A ip range. Instead, H,
exhibits a gentle maximum at intermediate io values. In some embodiments, a target
of the feed-forward architecture is to design Ho to be constant over the whole load

range through various implementations.

[0044] In the embodiment of FIG. 3, based on Fairchild product FAN5182,

Me decreases with output current i following a different form:

PCT/US2006/027942
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Mc =1+ Se/Sn
4

where:

~ Sn

in— 0. S0 — . 0.2
Se(lo) :{ Vin-0.8  0.8-0.0005(90 - Io) 18} _

332.10° + 2.10° 49.910° 510

()

[0045] Here Vin is an input voltage 117, Se is a slope of ramp voltage Vg,
and Sn is the sensed rising slope of inductor current ip. The numerical values of the
parameters in the above Egs. (3), (4), and (5) are for illustrative purposes only.
Some embodiments have parameters considerably in excess or below the shown

values.

[0046] FIGs. 5A-D illustrate the frequency dependence of a loop gain in
Continuous Conduction Mode (CCM) for three different output current values:
i=0A, 7.5A and 15A. In embodiments, the plotted loop gain is proportional to DC
gain Ho.

[0047]) FIG. 5A illustrates the loop gain in decibels in designs without
current feed-forward 140 and thus with essentially output current independent
external ramp parameter Mc. The loop gain can be defined as the signal gain after
the signal has been traced in a closed loop around power device 110 and control
loops 120 and 130, back to the point of departure. This point of departure can be
e.g. the output of voltage error amplifier 121 in FIG. 2. The loop gain is shown for
output current values of 0A, 7.5A and 15A, and exhibits considerable dependence
on ip in the low frequency regime. In some embodiments, the loop gain may vary
by about 16 decibels with varying output current ig for frequencies below a few

thousand Hz.

[0048] FIG. 5B illustrates the phase shift after the signal has been traced in a
closed loop around power device 110 and control loops 120 and 130 in the design of

10
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FIG. 5A. The phase shift also exhibits considerable ip dependence in a low

frequency regime centered around 1,000 Hz.

[0049] FIG. 5C illustrates the loop gain in an embodiment, which does have
current feed-forward 140 and thus an output current dependent external ramp
parameter Mc. Employing current feed-forward 140 has essentially eliminated the
io dependence in the low frequency region, such as at frequencies below about
10,000 Hz. In some embodiments a loop gain may exhibit dependence on io at
higher frequencies. However, at these frequencies the value of the loop gain is
characterized by negative decibels, so the ip dependencé of the loop gain is

unimportant,

[0050] FIG. 5D illustrates the phase shift in the embodiment of FIG. 5C.
The io dependence has been essentially eliminated in a low frequency region, such
as at frequencies below about 1,000 Hz. Some embodiments may exhibit a phase
dependence of io at higher frequencies. However, typically the value of the loop

gain is characterized by negative decibels, so this ip dependence is not critical.
[0051] FIGs. 6A-D illustrate the large signal behavior of some embodiments.

[0052] FIG. 6A shows the time domain transient response of error voltage Ve
during a load current step-up change shown in FIG. 6B. Output voltage V,
decreases due to the step-up change of i, initially. In response, voltage error
amplifier 121 in voltage mode control loop 120 generates an increased error voltage
Ve.

[0053] FIG. 6C illustrates two loop designs, which include current mode
control loop 130. In two-loop designs sensor voltage Vs, related to load current i, or
inductor current i. as: Vs = irxR; is added to (or otherwise combined with) ramp
voltdge Vr. The combined voltage is referred to as current control voltage Vcc

(solid line in FIG. 6C):

11
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Vee=Vr + iLXRi s

(6)

[0054] In these two loop designs there are two control channels. If during a
transient period output voltage V, drops, that translates to an increased error voltage
V.. Increased error voltage V. drives current mode control loop 130 and 140 to

increase duty cycle d as described above, thus suppressing the fluctuation.

[0055] FIG. 6D illustrates that one of the consequences of duty cycle d being
bigger is that load current i, increases. Current sensor voltage Vs = irxR;is additive
to ramp voltage Vi. A larger V, translates to an enhanced current control voltage
Vee. Since the slope of current control voltage Vcc is the same, this enhancement of
Ve increases duty cycle d and thus delivers more energy to the Vo to maintain Vo

in the specified regulation range.

[0056] However, in such two-loop designs error voltage Ve does not return
to its pre-fluctuation value, as seen from the 9™ switching cycle onwards. Further,

the settling time takes several switching cycles, such as 7 cycles in FIG. 6C.

[0057] FIGs. 6C and 6E illustrate that embodiments of the present invention
address these issues by modifying the slope of ramp voltage Vr in relation to load

current iy, which was independent of load current i, in the above two-loop design.

[0058] A mode of operation of embodiments of the present invention is
illustrated by the dashed line in FIG. 6C. Sensor voltage Vs = iixR; is again added
to ramp voltage Vg to form current control voltage Vcc. In addition, current feed-
forward 140 also changes slope Se of ramp voltage Vr: Se is decreased with
increasing i;. Therefore, current control voltage Vcc reaches Ve slower. This
causes power device 110 to be turned on longer, increasing duty cycle d and output
voltage Vo. This additional control/feed-forward channel returns V. to its pre-
fluctuation value, in contrast to the design without current feed-forward 140.

Further, error voltage Ve returns to its pre-fluctuation value faster (in 5 switching

12
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cycles in FIG. 6C), compared to designs without feed-forward (7 switching cycles).

[0059] This feed-forward scheme has very high control bandwidth and it is
able to make slope Se of ramp voltage Vi load current dependent. This provides a
corresponding and correcting duty cycle modulation without extensive action by
feedback loops. The result is an essentially constant loop gain and nearly
instantaneous response to changes in load current i,. Finally, a function of current
mode feed-forward is to achieve an essentially constant error voltage V. over the

load to alleviate slew rate constraints of voltage error amplifier 121.

[0060] FIG. 7 illustrates the same response features in simulation, this time
in relation to output voltage V,. FIG. 7 illustrates a comparisop of fluctuation
responses with and without current feed-forward 140. In embodiments with current
feed-forward 140 output voltage Vo returns to its pre-fluctuation value, and the

return is faster than in designs without current feed-forward 140.

[0061] FIG. 8 illustrates embodiments of the invention in terms of a small-
signal model. Voltage mode control loop 120 receives output voltage Vo and feeds
it into voltage error amplifier 121. Voltage error amplifier 121 compares output
voltage Vo to a reference voltage Vger and outputs error voltage Ve. Impedances
Z1, 72 and resistor R2 adjust the gain and phase of voltage error amplifier 121 and
output voltage set point by a voltage division. Error voltage Ve is fed toward

modulator 157, which is represented here by Fm.

[0062) Modulator 157 receives another input from current sense Fi block.
Inductor current iy is coupled into current sensing and sampling gain F;, representing
the transfer function from the sensed inductor current ir into sensor voltage Vs. The
generated sensor voltage Vg is coupled into a signal processor 158, which combines
Ve and Vs e.g. by adding them and then couples the combined signal into modulator
157. In other embodiments, sensor voltage Vg and error voltage V. are individually

coupled into modulator 157.

13
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[0063] Current feed-forward 140 is represented by feed-forward transfer
function K;. X; can be for example the transfer function given above by Eq. (3).
Feed-forward transfer function K; can assume many different forms depending on
the particular embodiment. A typical feature of K; is that it decreases the external

5 ramp VR or Vs with increasing inductor current ir..

[0064] Modulator 157 transfers the inputted combination of error voltage Ve
and sensor voltage Vs and the feed-forward signal into duty cycle d. This transfer is
captured by modulator transfer function Fm. In the notation of Eq. (1), modulator
transfer function Fm corresponds to external ramp parameter Mc. Fm can be

10 inversely related to the peak-to-valley value of ramp voltage Vg + Vs.

[0065] The present embodiment also includes ramp voltage Vi of ramp

generator 151, implicit in the above modulator transfer function Fm.

[0066] In some embodiments feed-forward transfer function K; modifies

moderator transfer function Fm in a multiplicative manner. K; decreasing with

15 increasing load current i, makes the modulator transfer function Fm also decrease
with increasing load current i,. This feature reduces the load current dependence of

the DC gain of error voltage V. to output voltage V.

[0067] Duty cycle signal d is coupled into filter F2, representing the open

loop duty cycle — to — output voltage Vo transfer function. Filter F2 represents

20 power device 110 and the other elements of the output circuitry, including inductor
L1, output capacitors, and load 162. The output of filter F2 is output voltage Vo,

completing the signal tracing cycle.
[0068] The additional filters represent the following transfer paths:

[0069] Filter F1 represents the open loop input voltage Vi, — to — output
25 voltage V, transfer function;

[0070] Filter F3 represents the open loop input voltage Vi, — to — inductor
14
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current 1;, transfer function;

[0071] Filter F4 represents the open loop duty cycle d — to — inductor current

i, transfer function;

[0072] Filter FS represents the open loop output current ip — to — inductor

current ir transfer function; and

[0073] Filter Zp represents the open loop output impedance in relation to

output voltage V, and output current io.

[0074] FIG. 9 illustrates a multi-phase power device controller 200 for
controlling a set of power devices 210-1, ... 210-n. Multi-phase power device
controller 200 includes n individual modules 201-1,... 201-n, and several shared
modules. These include shared voltage mode control loop 220, shared current
control loop 230, shared current feed-forward 240 and shared ramp generator 251.
Power devices 210 generate output voltage Vo at an output terminal. Output
voltages Vo are coupled into shared voltage mode control loop 220, which generates
an error voltage Ve to control power devices 210. Error voltage Ve is then coupled

into modulators 257-1, ... 257-n of individual modules 201.

[0075] Multi-phase power device controller 200 also includes shared current
mode control loop 230 to generate a current control voltage Ve to control power
devices 210. Shared current mode control loop 230 includes shared current feed-
forward 240, configured to reduce the load current dependence of a low frequency

component of the gain of the error voltage Ve to output voltages Vo.

[0076] Modulators 257 are coupled to the shared voltage mode control loop
220 to receive error voltage Ve, and to shared current mode control loop 230 to

receive current control voltage Vec.

[0077] Shared voltage mode control loop 220 includes a shared voltage error

amplifier 221, configured to receive a reference voltage Vyer from a reference
15
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voltage source, and output voltages Vo from the output voltage terminal. Shared
voltage error amplifier 221 is configured to output error voltage Ve corresponding to

a difference of the reference voltage and output voltages Vo.

[0078] Shared current mode control loop 230 includes shared ramp generator
251, configured to generate a ramp voltage, and a set of current sensors 233-1, ...
233-n. Current sensors 233 are configured to sense the load currents at various

locations, and to generate corresponding sensor voltages Vs-1, ... Vs-n.

[0079] Shared current feed-forward 240 is coupled to current sensors 233
and to shared ramp generator 251. Shared current feed-forward 240 is configured to
generate current control voltage Ve by modifying ramp voltage Vg in relation to

sensor voltage V.

[0080] Shared current mode control loop 230 is configured to generate a

load dependent ramp for power devices 210 individually.

(0081] Summing/averaging node 266 sums or averages all individual sensor
voltages Vs-1,... Vs-n and uses this information to program Vr to be load current

dependent.

[0082] 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 therein without departing from the spirit and scope of the
invention as defined by the appended claims. That is, the discussion included in this
application is intended to serve as a basic description. It should be understood that
the specific discussion may not explicitly describe all embodiments possible; many
alternatives are implicit. It also may not fully explain the generic nature of the
invention and may not explicitly show how each feature or element can actually be
representative of a broader function or of a great variety of alternative or equivalent
elements. Again, these are implicitly included in this disclosure. Where the

invention is described in device-oriented terminology, each element of the device

16
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implicitly performs a function. Neither the description nor the terminology is

intended to limit the scope of the claims.
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CLAIMS

1. A power device controller, for controlling a power device generating

an output voltage at an output terminal, the power device controller comprising:

a voltage mode control loop, configured to generate an etror voltage and to

5 control the power device; and
a current mode control loop, configured:
to generate a current control voltage; and
to control the power device;
the current mode control loop comprising

10 a current feed-forward, configured to reduce a load dependence of a
loop gain by reducing a load current dependence of a low frequency component of a

gain of the error voltage to the output voltage with a current loop closed.

2. The power device controller of claim 1, the voltage mode control

loop comprising
15 a voltage error amplifier, configured to receive:
a reference voltage from a reference voltage source; and
the output voltage from the output voltage terminal;

the voltage error amplifier configured to output the error voltage

cotresponding to a difference of the reference voltage and the output voltage.

20 3. The power device controller of claim 2, comprising

18
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a modulator, coupléd:

to the voltage mode control loop to receive the error voltage at a

voltage control terminal; and

1o the current mode control loop to receive the current control voltage

5 at a current control terminal;

the modulator configured to output a power device control signal

corresponding to the received error voltage and the received current control voltage.

4, The power device controller of claim 3, the current mode control loop
comprising;
10 a ramp generator, configured to generate a ramp voltage; and

a current sensor, configured:

to sense the load current; and

to generate a corresponding sensor voltage.

5. The power device controller of claim 4, wherein

15 the current mode control loop is configured to generate the current control

voltage by modifying a slope of at least one of:

the sensor current; and

the ramp voltage.

6. The power device controller of claim 5, wherein

20 the current feed-forward is coupled:
19
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to thé current sensor; and
to the ramp generator; wherein

the current feed-forward is configured to generate the current control voltage

by modifying the slope of the ramp voltage in relation to the sensor voltage.
5 7. The power device controller of claim 6, wherein
the current feed-forward is configured

to modify the slope of the ramp voltage in relation to the sensor

voltage in order

to reduce the load dependence of the loop gain by reducing the load
10 current dependence of the low frequency component of the gain of the error

voltage to the output voltage with the current loop closed.

8. The power device controller of claim 4, the current feed-forward

comprising,

a differential amplifier, coupled to the current sensor, configured to output an

15 amplified sensor current to the ramp generator.
9. The power device of claim 4, wherein
the modulator is coupled:
to the current feed-forward to receive the current control voltage; and
to the current sensgr to receive the sensor voltage.

20 10. The power device controller of claim 3, wherein

20
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the modulator is configured to control the power device by controlling a duty

cycle of the power device through the power device control voltage.

11.  The power device controller of claim 3 , the current feed-forward
reducing the load current dependence of the low frequency component of the error
voltage to output voltage gain with the current loop closed by modifying the a

transfer function of the modulator to decrease with increasing load current.
12.  The power device controller of claim 1, wherein

the current mode control loop is configured to return the error voltage to
essentially its pre-fluctuation value after an output voltage fluctuation during a load

fransient response.
13.  The power device controller of claim 12, wherein

the current mode control loop is configured to return the error voltage to
essentially its pre-fluctuation value after an output voltage fluctuation faster than the

voltage mode control loop alone.
14.  The power device controller of claim 1, wherein

the current mode control loop is configured to reduce or eliminate a dynamic

range of the error voltage of a voltage error amplifier.

15. A multi-phase power device controller for controlling a set of power
devices, the power devices generating output voltages at an output terminal, the

power device controller comprising:

a shared voltage mode control loop, configured to generate an error voltage

and to control the power devices; and

2]
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1 ghared curtent'mbtle control loop, configured to generate a current control

voltage and to control the power devices, the shared current mode control loop

comprising

a current feed-forward, configured to reduce a load current
5 dependence of a low frequency component of a loop gain or a gain of the

error voltage to the output voltage with a current loop closed.

16.  The multi-phase power device controller of claim 15, comprising

a set of modulators, coupled:

to the shared voltage mode control loop to receive the error

10 voltage; and

to the shared current mode control loop to receive the current

control voltages.

17.  The multi-phase power device controller of claim 15, the shared

voltage mode control loop comprising
15 a shared voltage error amplifier, configured to receive:
a reference voltage from a reference voltage source; and
an dutput voltage from the output voltage terminal;

the shared voltage error amplifier configured to output the error
voltage corresponding to a difference of the reference voltage and the output

20 voltage.

18.  The multi-phase power device controller of claim 15, the shared

current mode control loop comprising:

22
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a'ramp genetatot, ¢otfigured to generate a ramp voltage;
a set of current sensors, configured:

to sense the load currents; and

to generate corresponding sensor voltages; and

5 a summing-averaging node, configured to swm or average the sensor

voltages.
19.  The multi-phase power device controller of claim 18, wherein
the shared current feed-forward is coupled:
to the current sensors; and
10 ) to the ramp generator; wherein

the shared current feed-forward is configured to generate the current control

voltage by modifying the ramp voltage in relation to the sensor voltages.
20.  The multi-phase power device controller of claim 15, wherein

the shared current mode control loop is configured to generate a load current

15 dependent ramp for the output voltages individually.
21. A power device controller for controlling a power device generating
an output voltage at an output terminal in connection to an inductor, the power

device controller comprising:

a voltage mode control loop, coupled to the power device;

23



WO 2007/015889 PCT/US2006/027942

a cutrent thode control loop, coupled to the voltage mode control loop and

the power device; and
a current mode feed-forward,

coupled to the current mode control loop, to a ramp generator, and to

5 an inductor current sensor; and

configured to modify a slope of at least one a ramp voltage of the
ramp generator and a sensed inductor current of an inductor, according to a load

current.

22. A power device controller for controlling a power device generating

10 an output voltage at an output terminal, the power device controller comprising:
a current mode control loop, coupled to the power device;
an adjustable ramp generator;
a current sensor, configured to sense an output current;
a current mode feed-forward,

15 (;oupled to the current mode control loop, the adjustable ramp

generator, and the current sensor; and

configured to modify a slope of at least one a ramp voltage of the
ramp generator and a sensed current of the current sensor dependent on a load

current,

24



PCT/US2006/027942

WO 2007/015889

001 —

r(a4

OF1 PIeMIOJ-Pa9,] WuaLINy)

! 0€1 [o1u0D) |

m IPON JU3HIN))

w LST m
— JOTR[PON
| 0TI 10nu0)

: IPOAl 3. OA m

Ty
011
I01AI(] JOMO(]
oM «© A £01 \

1/12



PCT/US2006/027942

WO 2007/015889

S e T T

0l — ]

2/12

i
=

P LA TR Y T Y P RN

0~}

>

yd 91 €

001

S S ol N
ey 11



PCT/US2006/027942

WO 2007/015889

¢ ‘DId

-
ey
—0°9A
o < ®
ravdiivd G S
0N
RY
nTi__ 3
_ aNo _ oy

3/12



PCT/US2006/027942

WO 2007/015889

St

v DId

4! 6 9 3 0

A1 USTH :Jf 9se)

91
e

9

(on)oH

dv ‘DId

of

sttt 6 9 3 0

—

A 9ILIOPON 1] 958D

91
Tt
-4
9

(eDoH

sl

Vv DId

o1

ct 6

14 o/m

91
it
8y
9

(oDoB

4/12



PCT/US2006/027942

WO 2007/015889

OI-1 m:; 01-1

01
05~

dq o/m

SLI-

s e —

€apro
<1 (gp) vo uen

f----

(gp) vsL uren

TR LY (gp) ver uen

5/12



PCT/US2006/027942

WO 2007/015889

%~.~

mm:;

001

01

ST~

081- - -

3apsel-

(39p) Vo aseyd

S N 2

06-

Sv-

(89p) V5L oseyd

(30p) V51 oseyd

6/12



PCT/US2006/027942

WO 2007/015889

01
0S-

SLI-

P

€apro
Sl (gp) vo uren

(gp) v§'L wen
SLY (gp) vs1 uen

08

7/12



PCT/US2006/027942

WO 2007/015889

- ds DI

(zH) 9
I-1 I 01-1 oL 001 01
4 d STT-

081- e
3apgel-

(89p) VO oseyd
4 o— - OEMOT - JSET- ...

(89p) V5L oseuyq

AL T L DU

0. BoPY VST oseuq

dd /M

Sh-

8/12



PCT/US2006/027942

WO 2007/015889

. _ _._. i o . :
LT | O I ]
I b i ) “ !
B U D ]
i { » i
> - i 1] 1
! ‘i
—_— i | ) I )
1 T R ] e
7 g : m Hy oo
t MY s
' 7 W

9/12



WO 2007/015889 PCT/US2006/027942

-
>/
H
]
{
6

4 —————
||
|| mil"
zZl =2 QJ
= == RN
o ’ TR

=

v — ~ 4 & = 52
| : S

610

- M/
il
| W FE)
Wir,

1f
1
I
A
W
W

n ~ D [- ~ © B g
o~ - o W - A S
- Lo A . e
A Al CA

10/12



PCT/US2006/027942

WO 2007/015889

11/12



PCT/US2006/027942

WO 2007/015889

O e e o e e e e e oo .

[ TR T

12/12



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings

