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(57) ABSTRACT

A system, method and apparatus for controlling boost and
buck-boost converters using input-output linearization and
leading-edge modulation is provided. The controller includes
a summing circuit connected to the converter to create a third
voltage representing a difference between the first voltage
and the second voltage. A gain circuit is connected to the
summing circuit to adjust the third voltage by an appropriate
gain. A modulating circuit is connected to the gain circuit, the
converter, the first voltage, the second voltage and the second
current to create a control signal based on the first voltage, the
second voltage, the adjusted third voltage, the fourth voltage
and the first current. The control signal is used to control the
converter. Typically, the first voltage is a converter output
voltage, the second voltage is a reference voltage, the fourth
voltage is a converter input voltage, and first current is a
converter inductor current.
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300
302 N 4

'Receive a First Voltage (y) from an Output of a Boost Converter, a
Second Voltage (yo) from a Reference Voltage Source, a Fourth
Voltage (uo) from a Voltage Source providing an Input Voltage to the
Boost Converter, and a First Current (x4) from an Inductor within the
Boost Converter at a PWM Modulator/Controller

304 ~ !

Create a Third Voltage (Ay) Representing a Difference Between the
First Voltage (y) and the Second Voltage (yo)

306 ~ v

Adjust the Third Voltage (Ay) by a Proportional Gain (k)

308 \
Create a Control Signal (d) that provides Leading-Edge Modulation
with Input-Output Linearization based on the First Voltage (y), the
Second Voltage (yo), Adjusted Third Voltage (kAy), Fourth Voltage
(uo), and First Current (x¢), wherein the Control Signal (d) has a Duty
Cycle defined by

(RRC+L)y—-(L-RRC)Rx,—RR Cu, +(R +R, )LCk( 3, - 7)

d=
R|RCy— LR X
*7 R+R

310 N A

Control the Boost Converter Using the Control Signal (d) created by
the PWM Modulator/Controller

Control the Boost Converter Using a Proportional Controller
or Other Suitable Type of Controller
(e.g., Proportional, Integral or Derivative Controller, etc.)
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Controller
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Create a Third Voltage (Ay) Representing a Difference Between the
First Voltage (y) and the Second Voltage (yo)
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Create a Control Signal (d) that provides Leading-Edge Modulation
with Input-Output Linearization based on the First Voltage (y),
Second Voltage (yo), Adjusted Third Voltage (kAy), Fourth Voltage
(ug), and First Current (x4), wherein the Control Signal (d) has a Duty
Cycle defined by

(RRC+L) y+(L-RRC)Rx, +(R+R )LCk( 3, —7)

IR
RIRCy+—x,—RCu,
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356 N \ 4

Control the Buck-Boost Converter Using the Control Signal (d)
created by the PWM Modulator/Controller

_ i
358 (optional) \ v

Control the Buck-Boost Converter Using a Proportional
Controller or Other Suitable Type of Controller
(e.g., Proportional, Integral or Derivative Controller, etc.)
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SYSTEM, METHOD AND APPARATUS FOR
CONTROLLING CONVERTERS USING
INPUT-OUTPUT LINEARIZATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of application Ser. No.
12/487,242, filed Jun. 18, 2009. The patent application iden-
tified above is incorporated herein by reference in its entirety
to provide continuity of disclosure.

FIELD OF THE INVENTION

The present invention relates generally to providing modu-
lation signals to electrical circuits and, more particularly, to a
system, method and apparatus for controlling converters
using input-output linearization and leading-edge modula-
tion.

BACKGROUND OF THE INVENTION

Power converters are used to convert one form of energy to
another (e.g., ACto AC, AC to DC, DC to AC, and DC to DC)
thereby making it usable to the end equipment, such as com-
puters, automobiles, electronics, telecommunications, space
systems and satellites, and motors. Every application of
power electronics involves some aspect of control. Convert-
ers are typically identified by their capability and/or configu-
rations, such as, buck converters, boost converters, buck-
boost converters, boost-buck converters (Cuk), etc. For
example, DC-DC converters belong to a family of converters
known as “switching converters” or “switching regulators.”
This family of converters is the most efficient because the
conversion elements switch from one state to another, rather
than needlessly dissipating power during the conversion pro-
cess. Essentially there is a circuit with switches and two
configurations (each can be modeled as linear systems) in
which the converter resides according to the switch positions.
The duty ratio (d) is the ratio indicating the time in which a
chosen switch is in the “on” position while the other switch is
in the “off” position, and this d is considered to be the control
input. Input d is usually driven by pulse-width-modulation
(PWM) techniques.

Switching from one state to another and the accompanying
nonlinearity of the system causes problems. State space aver-
aging reduces the switching problems to make the system, in
general, a nonlinear averaged system for a boost converter or
abuck-boost converter. But, control of the system under these
nonlinear effects becomes difficult when certain performance
objectives must be met. For the most part linearization is done
through a Taylor series expansion. Nonlinear terms of higher
orders are thrown away and a linear approximation replaces
the nonlinear system. This linearization method has proven
effective for stabilizing control loops at a specific operating
point. However, use of this method requires making several
assumptions, one of them being so-called “small signal
operation.” This works well for asymptotic stability in the
neighborhood of the operating point, but ignores large signal
effects which can result in nonlinear operation of the control
loop when, for example, an amplifier saturates during startup,
or during transient modes, such as load or input voltage
changes. Once nonlinear operation sets in, the control loop
can have equilibrium points unaccounted for in the lineariza-
tion.

One of the most widely used methods of pulse-width
modulation is trailing-edge modulation (TEM), wherein the
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on-time pulse begins on the clock and terminates in accor-
dance with a control law. Unstable zero dynamics associated
with TEM in the continuous conduction mode (CCM) prevent
the use of an input-output feedback linearization because it
would result in an unstable operating point. The other control
method is leading-edge modulation (LEM), wherein the on-
time pulse begins in accordance with a control law and ter-
minates on the clock. The difference between LEM and TEM
is that in TEM the pulse-width is determined by the instanta-
neous control voltage v, prior to switch turn-off, whereas in
LEM the pulse-width is determined by v, prior to switch
turn-on.

There is, therefore, a need for a system, method and appa-
ratus for controlling converters using input-output lineariza-
tion that does not constrain stability to one operating point,
but rather to a set of operating points spanning the expected
range of operation during startup and transient modes of
operation

SUMMARY OF INVENTION

The present invention provides a system, method and appa-
ratus for controlling converters using input-output lineariza-
tion that does not constrain stability to one operating point,
but rather to a set of operating points spanning the expected
range of operation during startup and transient modes of
operation. In particular, the present invention uses leading
edge modulation and input output linearization to compute
the duty ratio of a boost converter or a buck-boost converter.
The present invention can also be applied to other converter
types. Moreover, the parameters in this control system are
programmable, and hence the algorithm can be easily imple-
mented on a DSP or in silicon, such as an ASIC.

Notably, the present invention provides at least four advan-
tages compared to the dominant techniques currently in use
for power converters. The combination of leading-edge
modulation and input-output linearization provides a linear
system instead of a nonlinear system. In addition, the “zero
dynamics” becomes stable because the zeros of the linear part
of the system are in the open left half plane. The present
invention is also independent of stabilizing gain, as well as
desired output voltage or desired output trajectory.

More specifically, the present invention provides a system
that includes a boost or buck-boost converter having a first
voltage at an output of the converter and a first current at an
inductor within the converter, a reference voltage source hav-
ing a second voltage, a fourth voltage from a voltage source
providing an input voltage to the converter, and a PWM
modulator/controller. The PWM modulator/controller
includes a summing circuit connected to the converter and the
reference voltage source to create a third voltage representing
a difference between the first voltage from the output of the
converter and the second voltage from the reference voltage
source. A gain circuit is connected to the summing circuit to
adjust the third voltage by a proportional gain or by any
suitable type of controller, such as proportional (P), integral
(D) or derivative (D) (or any combination of these three) con-
troller. A modulating circuit is connected to the gain circuit,
the converter to create a control signal that provides leading-
edge modulation with input-output linearization based on the
first voltage, the second voltage from the reference voltage
source, the adjusted third voltage from the gain circuit, the
fourth voltage from the voltage source or the input of the
converter, and the first current from the inductor within the
converter. The control signal is then used to control the con-
verter. Whenever the converter is a boost converter, the con-
trol signal has a duty cycle defined by
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(RR.C + L)y — (L— R{R:C)Rx —
_ RRcCuo + (R+ R)LCK(yo = y)

R(RCCy— %R&xl)

Whenever the converter is a buck-boost converter, the control
signal has a duty cycle defined by

de (RR:C+ L)y+ (L—R.R;C)Rx; + (R + R:)LCk(yo — y)

R(RCCy+ LR —RCCMO)
R+ R,

Note that the second voltage source can be integrated into the
PWM modulator/controller. In addition, the PWM modula-
tor/controller can be implemented using a digital signal pro-
cessor, a field programmable gate array (FPGA) or conven-
tional electrical circuitry. Moreover, the converter can be
controlled with a proportional controller, or any suitable type
of controller, such as a proportional (P), integral (I) or deriva-
tive (D) (or any combination of these three) controller, by
replacing k(y,—y) in the equation defining the duty cycle d
with

ki
(65 + 2 + ka0 -9

wherek,,, k,, and k, are the gains of the proportional, integral,
and derivative terms of the controller.

The present invention also provides an apparatus that
includes one or more electrical circuits that provide a control
signal to a boost converter such that a duty cycle of the control
signal is defined as

(RR.C + L)y — (L— RyR,C)Rx; —
RR.Cug + (R + R)LCK(yo — ¥)

R(RCCy— %RRCXI)

Similarly, the present invention provides an apparatus that
includes one or more electrical circuits that provide a control
signal to a buck-boost converter such that a duty cycle of the
control signal is defined as

de (RR:C + L)y + (L— RRsC)Rx1 + (R + R)LCk(yo — y)

R(RCCy + - RCCuo)

LR
R+R."
In either case, the apparatus may include a summing circuit,
a gain circuit, a modulating circuit and various connections.
The connections include a first connection to receive a first
voltage from an output of the converter, a second connection
to receive a second voltage from a reference voltage source, a
third connection to receive a first current from an inductor
within the converter, a fourth connection to receive an input
voltage from a voltage source providing an input to converter
and a fifth connection to output a control signal to the con-
verter. The summing circuit is connected to the first connec-
tion and the second connection to create a third voltage rep-
resenting a difference between the first voltage from the
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output of the converter and the second voltage from the ref-
erence voltage source. The gain circuit is connected to the
summing circuit to adjust the third voltage by a proportional
gain or by any suitable type of controller, such as proportional
(P), integral (I) or derivative (D) (or any combination of these
three) controller. The modulating circuit is connected to the
gain circuit, the second connection, the third connection, the
fourth connection and the fifth connection. The modulation
circuit creates a control signal that provides leading-edge
modulation with input-output linearization based on the first
voltage from the output of the converter, the second voltage
from the reference voltage source, the adjusted third voltage
from the gain circuit, the fourth voltage from the voltage
source or the input of the converter, and the first current from
the inductor within the converter.

Moreover, the present invention can be sold as a kit for
engineers to design and implement a PWM modulated con-
verter (boost or buck-boost). The kit may include a digital
signal processor, or field programmable gate array (FPGA),
and a computer program embodied on a computer readable
medium for programming the digital signal processor, or
FPGA, to control the PWM modulated converter. The com-
puter program may also include one or more design tools. The
digital signal processor, or FPGA, includes a summing cir-
cuit, a gain circuit, a modulating circuit and various connec-
tions. The various connections include a first connection to
receive a first voltage from an output of the converter, a
second connection to receive a second voltage from a refer-
ence voltage source, a third connection to receive a first
current from an inductor within the converter, a fourth con-
nection to receive the input voltage from a voltage source
providing an input to converter, and a fifth connection to
output a control signal to the converter. The summing circuit
is connected to the first connection and the second connection
to create a third voltage representing a difference between the
first voltage from the output of the converter and the second
voltage from the reference voltage source. The gain circuit is
connected to the summing circuit to adjust the third voltage
by a proportional gain or by any suitable type of controller,
such as proportional (P), integral (I) or derivative (D) (or any
combination of these three) controller. The modulating circuit
is connected to the gain circuit, the second connection, the
third connection, the fourth connection and the fifth connec-
tion. The modulation circuit creates a control signal that pro-
vides leading-edge modulation with input-output lineariza-
tion based on the first voltage from the output of the converter,
the second voltage from the reference voltage source, the
adjusted third voltage from the gain circuit, fourth voltage
from the voltage source or the input of the converter, and a
first current from the inductor within the converter. Whenever
the converter is a boost converter, the control signal has a duty
cycle defined by

(RR.C+ L)y — (L— RR,C)Rx; —
_ RRcCuo + (R + R)LCK(yo = y)

R(RCCy - %R&xl)

Whenever the converter is a buck-boost converter, the control
signal has a duty cycle defined by

de (RR:C+ L)y + (L— R.R;C)Rx; + (R + R)LCk(yo — y)

IR
R(RCCy o

TR X — RCCuo)
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Furthermore, the present invention provides a method for
controlling a boost or buck-boost converter using a PWM
modulator/controller by receiving a first voltage from an out-
put of the converter, a second voltage from a reference voltage
source, a first current from an inductor within the converter,
and creating a third voltage representing a difference between
the first voltage from the output of the converter and the
second voltage from the reference voltage source and a fourth
voltage from a voltage source or the input of the converter.
The third voltage is then adjusted by a proportional gain or by
any suitable type of controller, such as proportional (P), inte-
gral (1) or derivative (D) (or any combination of these three)
controller. The control signal is created that provides leading-
edge modulation with input-output linearization based on the
first voltage from the output of the converter, the second
voltage from the reference voltage source, the adjusted third
voltage, the fourth voltage from the voltage source or the
input of the converter, and the first current from the inductor
within the converter. The converter is then controlled using
the control signal created by the PWM modulator/controller.
Whenever the converter is a boost converter, the control sig-
nal has a duty cycle defined by

(RR.C + L)y — (L— RyR,C)Rx; —
_ RRcCuo + (R+ R)LCK(yo = y)

R(RCCy— %R&xl)

Whenever the converter is a buck-boost converter, the control
signal has a duty cycle defined by

de (RR:C+ L)y+ (L—R.R;C)Rx; + (R + R:)LCk(yo — y)

IR
R(RCCy o

" chl - RCCuo)

Note that the converter can be controlled with a propor-
tional controller, or any suitable type of controller, such as
proportional (P), integral (I) or derivative (D) (or any combi-
nation of these three) controller, by replacing k(y,~y) in the
equation defining the duty cycle d with

ki
(5 + 5 +kas)ivo =)

wherek,,, k,, and k, are the gains of the proportional, integral,
and derivative terms of the controller. Moreover, the control
signal can be created using a first order system, or can be
independent of a stabilizing gain, a desired output voltage or
a desired output trajectory. Likewise, the present invention
may include a computer program embodied within a digital
signal processor, or FPGA, wherein the steps are imple-
mented as one or more code segments.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and further advantages of the invention may be
better understood by referring to the following description in
conjunction with the accompanying drawings.

FIG. 1 is a block diagram of a system in accordance with
the present invention.

FIG. 2 is a block diagram of a modulator/controller in
accordance with the present invention.
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FIG. 3A is a flow chart of a method for controlling a boost
converter using a PWM modulator/controller in accordance
with the present invention.

FIG. 3B is a flow chart of a method for controlling a
buck-boost converter using a PWM modulator/controller in
accordance with the present invention.

FIGS. 4A and 4B are graphs of trailing-edge modulation of
a PWM signal and leading-edge modulation of a PWM

FIG. 5 is circuit diagram of a boost converter and a modu-
lator/controller in accordance with the present invention.

FIGS. 6A and 6B are linear circuit diagrams of a boost
converter during time DTs and D'Ts, respectively in accor-
dance with the present invention.

FIG. 7 is a graph of typical waveforms for the boost con-
verter for the two switched intervals DTs and D'Ts in accor-
dance with the present invention.

FIG. 8 is circuit diagram of a buck-boost converter and a
modulator/controller in accordance with the present inven-
tion.

FIGS. 9A and 9B are linear circuit diagrams of a buck-
boost converter during time DTs and D'Ts, respectively in
accordance with the present invention.

FIG. 10 is a graph of typical waveforms for the buck-boost
converter for the two switched intervals DTs and D'Ts in
accordance with the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

In the description that follows, like parts are marked
throughout the specification and figures with the same numer-
als, respectively. The figures are not necessarily drawn to
scale and may be shown in exaggerated or generalized form in
the interest of clarity and conciseness.

While the making and using of various embodiments ofthe
present invention are discussed in detail below, it should be
appreciated that the present invention provides many appli-
cable inventive concepts that can be embodied in a wide
variety of specific contexts. The specific embodiments dis-
cussed herein are merely illustrative of specific ways to make
and use the invention and do not delimit the scope of the
invention.

The present invention provides a system, method and appa-
ratus for controlling converters using input-output lineariza-
tion that does not constrain stability to one operating point,
but rather to a set of operating points spanning the expected
range of operation during startup and transient modes of
operation. In particular, the present invention uses leading-
edge modulation and input-output linearization to compute
the duty ratio of a boost converter or a buck-boost converter.
The present invention can also be applied to other converter
types. Moreover, the parameters in this control system are
programmable, and hence the algorithm can be easily imple-
mented on a DSP or in silicon, such as an ASIC.

Notably, the present invention provides at least four advan-
tages compared to the dominant techniques currently in use
for power converters. The combination of leading-edge
modulation and input-output linearization provides a linear
system instead of a nonlinear system. In addition, the “zero
dynamics” becomes stable because the zeros of the linear part
of the system are in the open left half plane. The present
invention is also independent of stabilizing gain, as well as
desired output voltage or desired output trajectory.

As previously described, trailing-edge modulation for
boost and buck-boost converters operating in the continuous
conduction mode gives rise to unstable zero dynamics where
the linear part of the system about an operating point has a
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right half plane zero. In contrast, the present invention
employs leading-edge modulation, along with some very
simple design constraints, that change the zero dynamics so
that the linear part of the system has only open left half plane
zeros. Since the nonlinear system now possesses stable zero
dynamics, input-output feedback linearization can be used.
To apply this method, the actual output y is chosen as output
function h(x), and y is repeatedly differentiated until the input
u appears. The number of differentiations, r, is called the
relative degree of the system. The present invention has a
relative degree r=1. The linearizing transformation for d is
solved and used for the control input. This transformation is
local in nature, but it can be applied in a neighborhood of any
state space operating point in DC-DC conversion.

It is desirable to choose any operating point for the nonlin-
ear system. This operating point can be made locally asymp-
totically stable by the above process if a gain k is chosen to be
positive. The gain k does not have to be adjusted for each
operating point, i.e., no gain scheduling is required. However,
the reference input will have to be walked up, which is typical
of'soil-start operation, to insure convergence to the operating
point. Note that Proportional (P), Integral (1), Derivative (D),
Proportional-Integral (PI), and Proportional-Integral-Deriva-
tive (PID) control loops can be added for robustness.

Now referring to FIG. 1, a block diagram of a system 100
in accordance with the present invention is shown. The sys-
tem includes a power source (voltage) 102 connected to a
converter 104 that provides power to a load 106. The con-
verter 104 is either a boost converter or a buck-boost con-
verter. The converter 104 is also connected to the PWM
modulator/controller 108. The PWM modulator/controller
108 receives a first voltage 110 from an output of the con-
verter 104, a second voltage (reference voltage) 112 from a
voltage reference source (not shown), a first current 114 from
an inductor within the converter, and a fourth voltage 116
from the voltage source 102 (i.e., the input voltage to the
converter 104). A summing circuit within the PWM modula-
tor and controller 108 creates a third voltage representing the
difference between the first voltage 110 from the output of the
converter 104 and the second voltage 112 from the reference
voltage source. Note that the source of the second voltage 112
(voltage reference source) can be integrated within or exter-
nal to the PWM modulator/controller 108. The PWM modu-
lator/controller 108 uses the first voltage 110, the second
voltage 112, the first current 114 and the fourth voltage 116 to
generate a control signal 118 that is used to control the con-
verter 104. The details of how the PWM modulator/controller
108 generates the control signal 118 will be described in more
detail below. In addition, the PWM modulator/controller 108
can be implemented using a digital signal processor, an
FPGA, or conventional electrical circuitry.

Referring now to FIGS. 1 and 2, a block diagram of a
modulator/controller 108 in accordance with the present
invention is shown. The modulator/controller 108 includes a
summing circuit 200, a gain circuit 204, a modulating circuit
208 and various connections. The connections include a first
connection to receive a first voltage (output voltage (y)) 110
from the converter 104, a second connection to receive a
second voltage (reference voltage (y,)) 112 from a reference
voltage source (not shown), a third connection to receive a
first current (inductor current (x,)) 114 from the converter
104, a fourth connection to receive an input voltage (u,) 116
from the voltage source 102 (i.e., the input voltage to the
converter 104), and a fifth connection to output a control
signal (d) 118 to the converter 104. The summing circuit 200
is connected to the first connection and the second connection
to create a third voltage (Ay) 202 representing a difference
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between the first voltage (y) 110 and the second voltage (y,)
112. The gain circuit 204 is connected to the summing circuit
200 to adjust the third voltage (Ay) 202 by a proportional gain
(k), or by any suitable controller, such as proportional (P),
integral (I) or derivative (D) (or any combination of these
three) controller. The modulating circuit 208 is connected to
the gain circuit 204, the second connection, the third connec-
tion, the fourth connection and the fifth connection. The
modulation circuit 208 creates a control signal (d) 118 that
provides leading-edge modulation with input-output linear-
ization based on the first voltage (y) 110, the second voltage
(vo) 112, the adjusted third voltage (kAy) 206, the first current
(x,) 114 and the fourth voltage (u,) 116. Whenever the con-
verter 104 is a boost converter, the control signal (d) 118 has
a duty cycle defined by

(RR.C+ L)y — (L— R:R.C)Rx; —
RR:Cuio + (R + R)LCK(y0 — ¥)

R(RCCy - %R&xl)

Whenever the converter 104 is a buck-boost converter, the
control signal (d) 118 has a duty cycle defined by

de (RR:C+ L)y + (L— R.R;C)Rx; + (R + R)LCk(yo — y)

il X — RCCuo)

17
R(RCCy r
2

The present invention also provides an apparatus having
one or more electrical circuits that provide a control signal
118 to a boost converter such that a duty cycle of the control
signal is defined as

(RR.C+ L)y — (L— RR,C)Rx; —
RR.Cug + (R + R)LCK(yo — ¥)

R(RCCy - RIJ:RRC xl)

Similarly, the present invention provides an apparatus having
one or more electrical circuits that provide a control signal
118 to a buck-boost converter such that a duty cycle of the
control signal is defined as

d (RR:C+ L)y + (L— R.R;C)Rx; + (R + R)LCk(yo — y)

LR

R(RCCy CRTR RCCuo)

In either case, the apparatus may include a summing circuit,
a gain circuit, a modulating circuit and various connections.
The connections include a first connection to receive a first
voltage (y) 110 from the converter 104, a second connection
to receive a second voltage (y,) 112 from a reference voltage
source, a third connection to receive a first current (x;) 114
from the converter 104, a fourth connection to receive a fourth
voltage (u,) 116 from the voltage source 102 (i.e., the input
voltage to the converter 104), and a fifth connection to output
a control signal (d) 118 to the converter 104. The summing
circuit 200 is connected to the first connection and the second
connection to create a third voltage (Ay) 202 representing a
difference between the first voltage (y) 110 and the second
voltage (y,) 112. The gain circuit 204 is connected to the
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summing circuit 200 to adjust the third voltage (Ay) 202 by a
proportional gain (k), or by any suitable controller, such as
proportional (P), integral (I) or derivative (D) (or any combi-
nation of these three) controller. The modulating circuit 208 is
connected to the gain circuit 204, the second connection, the
third connection, the fourth connection and the fifth connec-
tion. The modulation circuit 208 creates a control signal (d)
that provides leading-edge modulation with input-output lin-
earization based on the first voltage (y) 110 from the output of
the converter 104, the second voltage (y,) 112 from the ref-
erence voltage source, the adjusted third voltage (kAy) 206
from the gain circuit 204, the first current (x,) 114 from the
inductor within the converter 104 and the fourth voltage (u,)
116 from the voltage source 102 (i.e., the input voltage to the
converter 104).

The present invention can be sold as a kit for engineers to
design and implement a PWM modulated converter (boost or
buck-boost). The kit may include a digital signal processor, or
FPGA, and a computer program embodied on a computer
readable medium for programming the digital signal proces-
sor, or FPGA, to control the PWM modulated converter. The
computer program may also include one or more design tools.
The digital signal processor, or FPGA, includes a summing
circuit 200, a gain circuit 204, a modulating circuit 208 and
various connections. The connections include a first connec-
tion to receive a first voltage 110, a second connection to
receive a second voltage 112, a third connection to receive a
first current 114, a fourth connection to receive an input
voltage 116, and a fifth connection to output a control signal
118. The summing circuit 200 is connected to the first con-
nection and the second connection to create a third voltage
(Ay) 202 representing a difference between the first voltage
and the second voltage. The gain circuit 204 is connected to
the summing circuit 200 to adjust the third voltage (Ay) 202
by a proportional gain (k) or by any suitable controller, such
as proportional (P), integral (I) or derivative (D) (or any
combination of these three) controller. The modulating circuit
208 is connected to the gain circuit 204, the second connec-
tion, the third connection, the fourth connection and the fifth
connection. The modulation circuit 208 creates a control sig-
nal 118 that provides leading-edge modulation with input-
output linearization based on the first voltage (y) 110, the
second voltage (y,) 112, the adjusted third voltage (kAy) 206,
the first current (x,) 114 and the input voltage (u,) 116.
Whenever the converter 104 is a boost converter, the control
signal (d) 118 has a duty cycle defined by

(RR.C + L)y — (L— RyR,C)Rx; —
_ RRCuo + (R+ R)LCK(yo = y)

R(RCCy— %RRCXI)

Whenever the converter 104 is a buck-boost converter, the
control signal (d) 118 has a duty cycle defined by

d (RR:C+ L)y+ (L—R.R;C)Rx; + (R + R:)LCk(yo — y)

LR R.C
R+ch1_ c ’40)

R(RC Cy+
As implemented in the system of FIG. 1, the first voltage 110
is an output voltage from the converter 104, the second volt-

age 112 is a reference voltage, the first current 114 is an
inductor current from the converter 104 and the fourth voltage
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116 is the voltage provided by the voltage source 102 as the
input voltage of the converter 104.

Now referring to FIG. 3A, a flow chart 300 of a control
method for a boost converter in accordance with the present
invention is shown. The boost converter is controlled by
receiving a first voltage (y) from an output of a boost con-
verter, a second voltage (y,) from a reference voltage source,
afirst current (x, ) from an inductor within the boost converter
and a fourth voltage (u,) from the input of the converter at a
PWM modulator/controller in block 302. A third voltage (Ay)
is created representing a difference between the first voltage
(v) and the second voltage (y,) in block 304. The third voltage
(vo) s adjusted by a proportional gain (k) or any suitable type
of controller, such as proportional (P), integral (I) or deriva-
tive (D) (or any combination of these three) by replacing
k(y,—y) in the equation defining the duty cycle d with

k;
(kp v +kds](yo -y

wherek . k,, and k ;are the gains of the proportional, integral,
and dertvative terms of the controller in block 306. Ifk, and k,
are both zero, then the controller reduces to a proportional
controller. If only k, is zero, then the controller reduces to a
proportional-integral (PI) controller. The control signal (d) is
created in block 308 that provides leading-edge modulation
with input-output linearization based on the first voltage (y),
the second voltage (y,), the adjusted third voltage (kAy), the
first current (x,) and the fourth voltage (u,), wherein the
control signal (d) has a duty cycle defined by

(RR.C+ L)y — (L— R:R.C)Rx; —
RR.Cug + (R + R)LCK(yo — ¥)

R(RCCy - %R&xl)

Theboost converter is then controlled using the control signal
(d) created by the PWM modulator/controller in block 310. In
an optional embodiment, the boost converter is controlled in
block 312 using a proportional controller, or any suitable type
of controller, such as proportional (P), integral (I) or deriva-
tive (D) (or any combination of these three) by replacing
k(yo-y) in the equation defining the duty cycle d with

ki
(o + % + ka0 =)

wherek,,, k,, and k, are the gains of the proportional, integral,
and derivative terms of the controller. If k, and k, are both
zero, then the controller reduces to a proportional controller.
Ifonly k,is zero, then the controller reduces to a proportional-
integral (PI) controller. Note that the control signal can be
created using a first order system, or can be independent of a
stabilizing gain, a desired output voltage or a desired output
trajectory. Likewise, the present invention may include a
computer program embodied within a digital signal proces-
sor, or FPGA, wherein the steps are implemented as one or
more code segments.

Now referring to FIG. 3B, a flow chart 350 of a control
method for a buck-boost converter in accordance with the
present invention is shown. The buck-boost converter is con-
trolled by receiving a first voltage (y) from an output of a
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buck-boost converter, a second voltage (y,) from a reference
voltage source, a first current (x, ) from an inductor within the
buck-boost converter and a fourth voltage (u,) from voltage
source providing an input to the buck-boost converter at a
PWM modulator/controller in block 352. A third voltage (Ay)
is created representing a difference between the first voltage
(y) and the second voltage (y,) in block 304. The third voltage
(¥,) is adjusted by a proportional gain (k), or any suitable type
of controller, such as a proportional (P), integral (I) or deriva-
tive (D) (or any combination of these three) controller, by
replacing k(y,-y) in the equation defining the duty cycle d
with

ki
(5 + 5 +kas)ivo =)

wherek,,, k,, and k, are the gains of the proportional, integral,
and derivative terms of the controller in block 306. Ifk, and k,
are both zero, then the controller reduces to a proportional
controller. If only k, is zero, then the controller reduces to a
proportional-integral (PI) controller. The control signal (d) is
created in block 354 that provides leading-edge modulation
with input-output linearization based on the first voltage (y),
the second voltage (y,), the adjusted third voltage (kAy), the
first current (x,) and the fourth voltage (u,), wherein the
control signal (d) has a duty cycle defined by

_ (RR.C+ L)y + (L= ReR.O)Rx + (R + R)LCk(yo - y)
) R(R cy+ =K R.C ) .
cLy R+ch1 — LUy

The buck-boost converter is then controlled using the control
signal (d) created by the PWM modulator/controller in block
356. In an optional embodiment, the buck-boost converter is
controlled in block 358 using a proportional controller, or any
suitable type of controller, such as a proportional (P), integral
(D or derivative (D) (or any combination of these three) con-
troller, by replacing k(y,—y) in the equation defining the duty
cycle d with

k;
(kp v +kds](yo -y

wherek . k,, and k ;are the gains of the proportional, integral,
and derivative terms of the controller. If k; and k, are both
zero, then the controller reduces to a proportional controller.
Ifonly k, is zero, then the controller reduces to a proportional-
integral (PI) controller. Note that the control signal can be
created using a first order system, or can be independent of a
stabilizing gain, a desired output voltage or a desired output
trajectory. Likewise, the present invention may include a
computer program embodied within a digital signal proces-
sor, or FPGA, wherein the steps are implemented as one or
more code segments.

A more detailed description of the models used in the
present invention will now be described. State space averag-
ing allows the adding together of the contributions for each
linear circuit during its respective time interval. This is done
by using the duty ratio as a weighting factor on each interval.
As shown below, this weighting process leads to a single set
of'equations for the states and the output. But first, the system
will be described by its state space equations.
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Assume that a linear system (A, b) is described by

H(O)=Ax(0)+bu(t) (6]

where AeR™" is an ‘nxn’ matrix, and beR” is an ‘nx1’
column vector.

As previously mentioned, the duty ratio d is the ratio indi-
cating the time in which a chosen switch is in the “on” posi-
tion while the other switch is in the “off” position. Ts is the
switching period. The “on” time is then denoted as dTs. The
general state equations for any type of converter consisting of
two linear switched networks are as follows:

For O=t=dTs,

X()=A x()+bu(t) (2a)
dTs=t<Ts,

HO)=Ax(0)+byu(t) (2b)

The equations in (2a) can be combined with the equations

in (2b) using the duty ratio, d, as a weighting factor. Thus,

¥(0)=(dA +d A X (O)+Hdb+d"bp)u(t) 3)
which can be written in the form of equation (1) as

H(O)=Ax(0)+bu(t) (©)]

with
A=dA+d'4g
and

b=db +d'by

where d'=1-d.

The buck cell is linear after state-space averaging and is
therefore the easiest topology to control. On the other hand,
the boost and buck-boost cells are nonlinear and have non-
minimum phase characteristics. These nonlinear cells will be
described.

Beginning with a vector field f(x) and a scalar function
h(x), the Lie derivative of h with respect to Tis denoted by L h.
The derivative is a scalar function and can be understood as
the directional derivative of h in the direction of the vector
field f.

Definition: For a smooth scalar function b: B”"—R and a
smooth vector field f: R”"—=R ", the Lie derivative of h with
respect to fis

Lbh=Vbf. )]

or

Lp=<Vb,f> (6)

where V represents the gradient and bold type represents a
vector field, Vbfis matrix multiplication, and <Vb,f> is stan-
dard dot product on R".

Lie derivatives of any order can be defined as

LPb=b Q)

L/b=N(L D)=L L} ™D, (8)

Also if g is another smooth vector field g R"—=R ", then
LLb=V(LAg. ©)
Now, add an outputy to the nonlinear system x=f(x)+g(x)u,
where f(x) and g(x) are C™ vector fields on R”. Unlike input-

state linearization where a transformation is first found to
generate a new state vector and a new control input, here the
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output y is repeatedly differentiated until the input u appears,
thereby showing a relationship between y and u.
For the nonlinear system

F=flxyrgxu

y=bx) 10)

and a point x,, we differentiate y once to get
P=EVIE=VHx)+Vbg(x)u=Lh(x)+L b(x)u.

This is differentiated repeatedly until the coefficient of u is
non-zero. This procedure continues until for some integer r=n

LgLfb(x)ZO for all x near x, and O=i<r-2
and

L L7 'b(xg)=0
Then

(L7b(x) +v) an

L L b(x)

and, for v=0, results in a multiple integrator system with
transfer function

1 12
H) = < 12)

State feedback can be added for pole placement with
v:cob(x)+clL/b(x)+chf2b(x)+ Ce. +c,71Lf”1b(x),

where ¢y, ¢, . . ., C,_;, are constants to be chosen, and the
integer r is the relative degree of the system (2-10). It is the
number of differentiations required before u appears.

The first r new coordinates are found as above by differen-
tiating the output h(x)

4= Loba() = 22 13

L =Lb) =5

21 =L b)) = 2,

2 = Lyb(x(0)) + Ly L7 blx(e)u(o)

Since x(0)=0~* (z(1)), let
a(z):LgLf’lb(QD’l(z))
b (2)

which is recognized from (11) that a(z) is the denominator
term and b(z) is the numerator. Now

2,=b(z(D)+az)u(®)

where a(z(t)) is nonzero for all z in a neighborhood of z°.
To find the remaining n-r coordinates, let

21
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-continued
and
Zrrl
el
Zn
Herez,,,,...,7,areaddedtoz,, ..., 7, to provide a legitimate

coordinate system. With this notation we can write the new
coordinates in normal form as

i1=2 (14)

D=2

i1 =2
2= b, m +alé, mu
f1=q(&, m) + p(&, nu

y=21

The equation for v represents the n—r equations for which
no special form exists. The general equation, however, if the
following condition holds

L,D(x)=0
is reduced to

ngEn)

and the input u does not appear.
In general, the new nonlinear system is described by

£=4E+By
N=gEMHpEN

y=C§

with the matrices A, B, and C in normal form, and

(15a,b,c)

v=bEm)+aEnu

If r=n, input-output linearization leads to input-state lin-
earization. If r<n, then there are n-r equations describing the
internal dynamics ofthe system. The zero dynamics, obtained
by setting £=0 in equation (15b) and solving for 1), are very
important in determining the possible stabilization of the
system (10). If these zero dynamics are non-minimum phase
then the input-output linearization in (11) cannot be used. If,
however, the zero dynamics are minimum phase it means that
pole placement can be done on the linear part of (15a) using
(11) and the system will be stable.

In the sequel, the bold letter used to indicate vector fields
will only be used when the context is ambiguous as to what is
meant. Otherwise, non-bold letters will be used. For a boost
converter the driving voltage u(t), the current x, through the
inductor, and the voltage X, across the capacitor are restricted
to be positive, nonnegative, and positive, respectively. Only
the continuous conduction mode (CCM) is considered. The
duty ratio d is taken to be the control input and is constrained
by O=d<1. The Cuk-Middlebrook averaged nonlinear state
equations are used to find a feedback transformation that
maps these state equations to a controllable linear system.
This transformation is one-to-one with the restrictions on u(t),
x; and X, just mentioned and with additional restrictions
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involving u. These additional restrictions are not needed if
u(t) is a constant, as in DC-DC conversion. It is interesting to
note that restrictions on u are unnecessary for the boost con-
verter even if u(t) changes with time. The nonlinear system is
said to be feedback linearizable or feedback linearized.
Through the feedback transformation, the same second order
linear system for every operating point can be seen.

The new switching model of the present invention will now
be described in more detail. The physical component parasit-
ics R, the DC series resistance of the filter inductor L, and R ,
the equivalent series resistance of the filter capacitor C, now
need to be included since R especially plays a central role in
the analysis to follow.

The system in accordance with the present invention is of
the form

F=flx)+gd

y=b) (16)

With this in mind, the state equations are derived to include
parasitics R, and R..

There are four basic cells for fixed frequency PWM con-
verters. They are the buck, boost, buck-boost, and boost-buck
(Cuk) topologies. Many derivations extend the basic cells in
applications where isolation can be added between input and
output via transformers, however, the operation can be under-
stood through the basic cell. Each cell contains two switches.
Proper operation of the switches results in a two-switch-state
topology. In this regime, there is a controlling switch and a
passive switch that are either on or off resulting in two “on”
states. In contrast, a three state converter would consist of
three switches, two controlling switches and one passive
switch, resulting in three “on” states.

The control philosophy used to control the switching
sequence is pulse-width-modulation (PWM). A control volt-
age v, is compared with a ramp signal (“sawtooth”), v,,,, and
the output pulse width is the result of v _>v,,. This is shown in
FIG. 4A. A new cycle is initiated on the negative slope of the
ramp. The pulse ends when v_<v, which causes modulation
to occur on the trailing edge. This gives it the name “trailing-
edge modulation.”

The difference between leading-edge modulation (LEM)
and the conventionally used trailing-edge modulation (TEM)
is thatin TEM (FIG. 4A) the pulse-width is determined by the
instantaneous control voltage v, prior to switch turn-off,
whereas in LEM (FIG. 4B) the pulse-width is determined by
v, prior to switch turn-on. The reason that sampling is “just
prior” to switch commutation is that the intersection of v_and
v,, determines the new state of the switch. Notice thatin FIG.
4B the sawtooth ramp v,, has a negative slope.

Now referring to FIG. 5, a circuit diagram 500 of a boost
converter and a modulator/controller 502 in accordance with
the present invention is shown. The specifics of the boost
converter are well known. In this case, S2 is implemented
with a diode and S1 is implemented with an N-channel MOS-
FET. FIGS. 6A and 6B are linear circuit diagrams 600 and
650 of the boost converter in FIG. 5 during time DTs and
D'Ts, respectively. The converter 500 operates as follows: u,
provides power to the circuit during S1 conduction time (FIG.
6A) storing energy in inductor L. During this time S2 is biased
off. When S1 turns off, the energy in L causes the voltage
across L to reverse polarity. Since one end is connected to the
input source, U,, it remains clamped while the other end
forward biases diode S2 and clamps to the output. Current
continues to flow through L. during this time (FIG. 6B). When
S1 turns back on, the cycle repeats. FIG. 7 illustrates the
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typical waveforms for the boost converter for the two
switched intervals DTs and D'Ts.

The DC transfer function needs to be determined in order to
know how the output, y, across the load R is related to the
input u, at zero frequency. In steady state, the volt-second
integral across L is equal to zero. Thus,

JoBvdr=0 17

where Ts is the switching period.

Therefore, the volt-seconds during the on-time must equal the

volt-seconds during the off-time. Using this volt-second bal-

ance constraint one can derive an equation for volt-seconds

during the on-time of S1 (DTs) and another equation for

volt-seconds during the off-time of S1 (D'Ts).

The parasitics are eliminated by setting R =0 and R _=0.

During time DTs:
DTy, =DTu, (18)

During time D'Ts:

D'T,v, =D'T5%,-D'T,uy (19)

Since by equation (17)

DIv,=D'Ty;

the RHS of equation (18) is set equal to the RHS of equation
(19) resulting in

X 1
w D

20

Equation (20) is the ideal duty ratio equation for the boost
cell. If R, and R_ are both non-zero then

y 1 @n
uy —x Ry D
The output y is
oy RR R 22)
T RE R TR R

Now the state space averaged equations are derived during
dTs:

1R
Y= qu—Tn

_ 1

N ETCRIR) 2

And during (1-d)Ts:

RR. R
+ )xl - =X+ uo]
R+ R, R+ R,

R 1

TR+ RO TR RO
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Combining, the averaged equations are:

1R RR. L R L 23ab,c)
xl—zuo—le—mxl( - )—mxz( -d
_ R L 1
2= crrry D R R
S S L
YRR T Rery D

where R is the dc resistance of L. and R, is the equivalent
series resistance of C.
In standard form:

. 7 R (24a,b,c)
=——-——X—
VST T LRYR)
Ry RR. RR. R y
(T * LR+ RC))’“ + (L(R TR T TR Rc)xz)
1 R R
= — X + x; - xid
CR+R) 2T CR+R) ' CR+R)
RR, R
y

=Xt X
(R+Rc) (R+R)

Here it is assumed that leading-edge modulation is used so
that sampling of the output y only takes place during the
interval (1-d)T,. Therefore, the weighting factor (1-d) in
equation (23c) for y has been removed because when the
sample is taken the data represents both terms as shown in
equation (24c¢). In the present analysis the effects of sampling
(complex positive zero pair at one-half the sampling fre-
quency) have been ignored.

The input-output linearization for the boost converter will
now be discussed. The output, y, only needs to be differenti-
ated once before the control d appears.

R ek 25)
= X X
y R+R. 2 X1
. R . (26a)
y= m(xz + Rekp)
X _( R )( 1 ( R R d)+RC( R (26b)
Y\ RIRNACR+ Ry TR T I T taa) T e — i

RliR;ec i+ (RliR;ec Tt R f R. xz)d)]

(RS +

Substituting for x, from (25), setting ¥ equal to k(y,-y),
k>0, and solving for d we get,

(RR.C + L)y — (L— RyR,C)Rx; —
_ RRcCuo + (R+ R)LCK(yo = y)

@n

R(R C X )
oty R+ R, !
where

IR
R(RCCy - mxl) > 0.

Here y, is the desired output corresponding to X;, and X,
through equation (25). The notation has changed and k=c, in
equation (11), and the control input is now d instead of u. Here
(X10s X50) 18 an equilibrium point of the boost converter. The

10

15

20

25

30

35

40

45

50

55

60

18

proportional term k(y,—-y) can be replaced by any suitable
controller, such as a proportional (P), integral (I) or derivative
(D) (or any combination of these three) by replacing k(y,-y)
in the equation defining the duty cycle d with

(ko + k? +kas)(vo - )

wherek . k,, and k ;are the gains of the proportional, integral,
and derivative terms of the controller. If k, and k, are both
zero, then the controller reduces to a proportional controller.
Ifonly ks zero, then the controller reduces to a proportional-
integral (PI) controller.

The control is part of the transformation as shown in equa-
tion (27) where it is seen that k(y-y,) is in the numerator, and
k is the proportional gain. The proportional term k(y,—y) can
be replaced by any suitable controller, such as a proportional
(P), integral (I) or derivative (D) (or any combination of these
three) by replacing k(y,—y) in the equation defining the duty
cycle d with

(kp + 5+ kas)o -

wherek,,, k,, and k, are the gains of the proportional, integral,
and derivative terms of the controller. If k, and k, are both
zero, then the controller reduces to a proportional controller.
Ifonly k,is zero, then the controller reduces to a proportional-
integral (PI) controller. The control implementation is shown
in FIG. 2.

Local linearization of the boost converter will now be
discussed to obtain a transfer function. A Taylor Series lin-
earization is used on the nonlinear system (24abc) to linearize
about an operating point, X, o, X,q, ) and obtain the transfer
function. We let

£1=%,X 10, £=X%30, $=y-Yo, d=d-D.

which gives

X1 =

l[_(l—D)RA _ (L-D)RR,

% X —R& +( <
LI R+R. 2 " R+R VYT RAR.
1

= C(R+RC)[

X2 —562 + (1 - D)chl - Rxloa]

In matrix form

_ RRA(L-D) Rsy (l-DR RRox10 + Ruzg
% _( LR+R.) +T) TLR+ R |[% LR+R) |,
= + .
i R(1-D) 1 2  Rao
CR+R.) CR+ R CR+R.)

Making the following substitutions, which can be derived by
letting X, =0, X,=0, X, =X, 4, X,=X»q, R,=0, and R =01in (24ab):

o

and

o

wETD
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results in
_ RR.(1-D) (1-D)R ©28)
B _( LR+R) ] TLR+R) [561 }+
i R1I-D) 1 i
C(R + Ro) C(R+R.)
Uup RC
LR+ R —D)((l ot R) 5
Uy :
TCR+R)1-D)
_ r RR. R 1, 29)
Y= IRTR, R+Rc]x
Now a linear system is provided
RA%+Bd
$=Ctc 30)

where A is an nxn matrix, B is an n-column vector, and C is an
n-row vector.

To find the control-to-output transfer function, solve the
matrix equation

G(s)=C[sI-4]'B.

and obtain

1 (1-D)R

oo L[ RR_ R S*CR+R) LR+R)
)= 25| R+ R, R+RC] R(1-D) RR.(1-D)
C(R+ R ( LR+R, )

Uy R.
TR a-5 )
Uo
TC(R+R)1-Dp

If we let powers greater than one of R equal zero, further
evaluation results in

G(s) = (31

1 Uup

30| TR D7 [RR,C(1 = D)= L)s +2R.(1 —= D)+ R(1 - D)*]

where A(s) is the determinant of is [sI-A] which is

L+RR.C(1 - D)
LC(R+R,)

R(1 — D)(R. + R(1 — D))
LC(R + R.)?

(B2

As) = 2+

Taking the term in (31) associated with s, the zero of the linear
system needs to be in the left-half plane, so this term needs to
remain positive. Solving for R_C we have

L (33)

Rcc>m

Note that the inequality (33) can also be derived from the
denominator of (27) by setting (R+R_)=R, i.e., R>>R_ and
with the following substitution for x,,
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y

At this point, the transfer function has been shown to be the
linear approximation of the nonlinear system having a left-
halfplane zero under constraint (33). The zeros of the transfer
function of the linear approximation of the nonlinear system
atx=0 coincide with the eigenvalues of the linear approxima-
tion of the zero dynamics of the nonlinear system at n=0.
Therefore, the original nonlinear system (24) has asymptoti-
cally stable zero dynamics. Furthermore, the following
proposition is associated with the system (14).

Proposition. Suppose the equilibrium n=0 of the zero
dynamics of the system is locally asymptotically stable and
all the roots of the polynomial p(s) have negative real part.
Then the feedback law

! (34
u=——0=bl&n)—coz1 —c1za—... —Cr12)

a€, n)

locally asymptotically stabilizes the equilibrium (&, 1)=(0,
0).
The polynomial
P)=s+c, 1L +eyste, (35)

is the characteristic polynomial of the matrix A associated
with the closed loop system (see equations (14) and (34) and
recall that z=€)

£=4E+By

n=gEmn) (36)

where E=AE+Bv are the linear part of the system and 1=q(0,
M) are the zero dynamics. The matrix A is given by

0 1 0 0
0 0 1 0
A= :
0 0 0 1
—¢o —C1 —C2 —Cr1

and the vector B is given by
B=p,...0,11%

The feedback law in equation (34) can be expressed in the
original coordinates as

u= ——(=L:b(x) — c,b(x) —c  Lib(x) — ... — ¢, L7 B(x)) S
T L ° e T ey

As shown in equation (26), the input d appears after only
one differentiation so the relative degree is one. This means
that the present invention is a single order linear system
containing only one root, thus the present invention can be
expressed in the new coordinates as

E=—fE+y
n=gEm)

y=g



US 9,413,235 B2

21

The polynomial p(s) is simply p(s)=s+k, with k>0, so that
the denominator is now a real pole in the open left half plane.

In accordance with the Proposition, the root of the polyno-
mial p(s) has a negative real part, and as shown above, the
present invention has asymptotically stable zero dynamics.
Therefore, it can be concluded that, given a control law of the
form (37), the original nonlinear system (24) is locally
asymptotically stable.

The following theorem has been proven.

Theorem 1: For a boost converter with asymptotically
stable zero dynamics (using leading-edge modulation),
with constraint

L (38)

RC> ———
R(1-D)

and control law

! ey — v ) 39
d—LgL—},ly(—Lfy k(y = yo));
the nonlinear system
E=—fE+y
ngEm),
=€ (40)

with v=0, is asymptotically stable at each equilibrium point
(the characteristic polynomial p(s) has a root with negative
real part) which means that the original nonlinear system

F=flx)+gd

y=bx)

is locally asymptotically stable at each equilibrium point (x,,
X50) in the set

@D

S:{(xlxxz)ﬂﬁm".'xlzo,x2>0}

with O=d=<1.

Recall that (x,,, X,) corresponds to y, through equation
(25). Theorem 1 indicates local asymptotic stability. In prac-
tice, the reference input y,, is ramped up in a so-called “soft-
start” mode of operation. This theorem also guarantees local
asymptotic stability at each operating point passed through by
the system on its way up to the desired operating point.

Now referring to FIG. 8, a circuit diagram 800 of a buck-
boost converter and a modulator/controller 802 in accordance
with the present invention are shown. The details of buck-
boost converters are well known. In this case, S2 is imple-
mented with a diode and S1 is implemented with an N-chan-
nel MOSFET. FIGS. 9A and 9B are linear circuit diagrams
900 and 950 of a buck-boost converter during time DTs and
D'Ts. The operation of the converter is as follows: u,, provides
power to the circuit during S1 conduction time (FIG. 9A)
storing energy in inductor L. During this time S2 is biased off.
When S1 turns off, the energy in L causes the voltage across
L to reverse polarity. Since one end is connected to circuit
return, it remains clamped while the other end forward biases
diode S2 and clamps to the output. Current continues to flow
through L during this time (FIG. 9B). When S1 turns back on,
the cycle repeats. It should be noted that the output voltage is
inverted, i.e., negative. FIG. 10 is a graph of typical wave-
forms for the buck-boost converter for the two switched inter-
vals DTs and D'Ts. A typical embodiment of the buck-boost
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converter where the output voltage is positive is the “flyback”
converter where a transformer with phase reversal is used
instead of an inductor.

Itis again desirable to find the DC transfer function to know
how the output, y, across the load R is related to the input u,,
at zero frequency. In steady state, the volt-second integral
across L is again equal to zero. Thus,

JoBv,,dt=0 (42)

where Ts is the switching period.

Therefore, the volt-seconds during the on-time must equal
the volt-seconds during the off-time. Using this volt-second
balance constraint one can derive an equation for volt-sec-
onds during the on-time of S1 (DTs) and another equation for
volt-seconds during the off-time of S1 (D'Ts).

The parasitics are eliminated by setting R =0 and R _=0.
During time DTs:

DTy, =DTu, (43)
During time D'Ts:
DTy, =DTx, (44)
Since by equation (42)

DIv,=D'Ty;

The RHS of equation (43) is set equal to the RHS of equation
(44) to provide

x D 45)
u D
y=-x2

Equation (45) is the ideal duty ratio equation for the buck-
boost cell. If R, and R, are both non-zero then

y xR D (46)
w Dug D
The outputy is
- p RR. R 47N
P RIR T RAR Y

Once again it is seen in equation (46) that parasitic R, should
be minimized. For example if R =0 and R _=0, then equation
(46) reduces to the ideal equation (45).

Now the state space averaged equations are derived during
dTs:

T CRIRY

And during (1-d)Ts:

RR. R
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-continued Here y, is the desired output corresponding to x,, and x5,
_ R 1 through equation (51). The notation has changed and k=c, in
2R+ R T CR+ R equation (11), and the control input is now d instead of u. Here

(X, 0y X50) 18 an equilibrium point of our buck-boost converter.

o ) 5 Implementation of the control is the same as shown in FIG. 2.

Combining, the averaged equations are: The same definitions are used, so the local linearization will
be discussed.

To obtain the transfer function, a Taylor Series lineariza-

i = %uod - %xl - %xl(l —d)— %(1 —d) (482) tion is again used on the nonlinear system (50) to linearize
(R+Re) (R+Re) 10 about an operating point, X, o, X,q, D to provide
= l (49b.c) £1=X1X 100 $5=Xo—X20, $=V—Yo, d=d-D.
Xz—mxl(l—d)—mh . .1 17¥10 %27 %2 X20 V7V Vo
R. L This gives
YEwrr DT RyR™
15
o (R RR
In standard form: M= _(f * LR+ Rc)( - ))xl -
" RR. R 4o\
IR+ Ry~ D+ (L(R TR O TRy RO I)
) R (RS L _RR )x . (S0a,b,0) X
=X+ 55— . N
VT TIRE R\ YR ROM [ S P S S S
C(R+R;) CR+R.)" CR+R.)
RR. R 4\,
(L(R TR T TRy R I)
1 R R In matrix form
k= — X + X — xd
CR+R)"" CR+R)" ™ CR+R.) 25
RR R
Y=o 1, R, RRC(I—D)) R(1-D)
R+Re) ™ (R+Ro) _(I " IR+R) ) TLER+R) [
_ R(1—D) 1 ot
Here it is assumed that leading-edge modulation is used so 5, Bl CR+Re) CR+Re)
that sampling of the output y only takes place during the 3, RRcx10 Rxz0 jad
interval (1-d)T,. Therefore, the weighting factor (1-d) in LR+R)  LR+R) L,
equation (49c) for y has been removed in equation (50c) _%
+Re

because when the sample is taken the data represents both
terms. In the present analysis the effects of sampling (com- 35
plex positive zero pair at one-half the sampling frequency)
have been ignored.

The output, y, only needs to be differentiated once before

Making the following substitutions, which can be derived by
letting X, =0, X,=0, X, =X, 4, X,=X»q, R,=0, and R =01in (50ab):

the control d appears. Thus, __ Du 64
40 M= T-DyR
and
_ R (51 Dugy

y= m(—chl —X2) Xa0 = D

._ R L (52a) to get

y= m(—chl —x2) 45

Ry  RR(1-D) R(1-D)
.__R R Rs RR (52b) _(T LR+ R.) ) TLR+R) [2
y= R+Rc(_RC(_L(R+RC)x2_(I+L(R+RC))’“+ Rl -D) ) L +
3 _ 2
(&xl . S @)d)_ B CR+R) CR+R)
LR+R)™ " LIR+R.) L 50 1T Du R. R o
2 + + —
(_ L oe R R xld]] (1—D)L((R+RC)(1—D) (R+RC)) .
C(R+R.) C(R+R.) C(R+R;) oD d
C(R + R)(1 - D)?
Substituting for x, from (51), setting y equal to k(y,-y), k>0, 5 RR. R (55)
and solving for d provides, Y| "R¥R. "R+R ]x
Now the linear system
(RR.C+ L)y + (L— R.R,C)Rx + (53) . .
R+ ROLCK(yo — k=A2+Bd
d (R+ R)LCk(yo - y) 0
R(RCCy CRTR RCCuo) $=Cx (56)
where is provided where A is an nxn matrix, B is an n-column vector,
IR and C is an n-row vector.
R(RC Cy+ gt = RCCuo) > 0. 6 To find the control-to-output transfer function the matrix

equation is solved

G(s)=C/[sI-4]'B.
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After some algebra, letting powers greater than one of R,
equal zero provides

1 o (57
Gls) = m{‘ LCR( - D)’
([RR,C(1 = D) - LD]s + (1 + DX)R. + R(1 — D)z)}
where A(s) is the determinant of [sI-A] which is
Ay =st+ (L+ RR.C(1 - D)) RU-D)R.+R1-D)] (58
LC(R + R.) LC(R + R.)?

Taking the term in (57) associated with s, the zero of the
linear approximation of the system should be in the left-half
plane, so this term needs to remain positive. Solving for R .C
results in

D
Z ROA=D)’

R.C 59

Note that the inequality (59) can also be derived from the
denominator of (53) by setting (R+R_)=R, i.e., R>>R_ and
with the following substitutions for x; and u,,

y

and

(1-D)
up=—y——.

D

At this point, it has been shown that the transfer function of
the linear approximation of the nonlinear system has a left-
half plane zero under constraint (59). As before, it is known
that the zeros of the transfer function of the linear approxi-
mation of the nonlinear system at x=0 coincide with the
eigenvalues of the linear approximation of the zero dynamics
of the nonlinear system at n=0. Therefore, the original non-
linear system (50) has asymptotically stable zero dynamics.

The Proposition is again used, with p(s) as above in equa-
tion (35) and the closed loop system as in equation (36). As
shown in equation (52), the input d appears after only one
differentiation so the relative degree is again one. This means
that the present invention is a single order linear system
containing only one root, thus the present invention can be
expressed in the new coordinates as

E=—fE+y
n=g(Em)

=€

The polynomial p(s) is simply p(s)=s+k, with k>0, so that the
denominator is now a real pole in the open left half plane.

In accordance with the Proposition, the root of the polyno-
mial p(s) has a negative real part, and as shown above, the
present invention has asymptotically stable zero dynamics.
Therefore, given a control law of the form (37), it can be
concluded that the original nonlinear system (50) is locally
asymptotically stable.
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The following theorem has been proven.

Theorem 2: For a buck-boost converter with asymptoti-
cally stable zero dynamics (using leading-edge modulation),
with constraint

LD

(60)
RC> ——
R(1-D)

and control law

d= — k-0 ©h
= g =Ly =Ky = Yo))
LgL}ly f

the nonlinear system

E=—kE+y
ngE&m),

=€
with v=0, is asymptotically stable at each equilibrium point

(the characteristic polynomial p(s) has a root with negative
real part) which means that the original nonlinear system

(62)

X=flx)+gx)d

y=b(x)

is locally asymptotically stable at each equilibrium point (X,
X,0) in the set

(63)

S={ (xl,xz)xtsiR 7:x,20,%,>0}

with 0=d<1.

Recall that (x,,, X,,) corresponds to y, through equation
(SD.

Theorem 2 indicates local asymptotic stability. In practice,
the reference input y, is ramped up in a so-called “soft-start”
mode of operation. This theorem also guarantees local
asymptotic stability at each operating point passed through by
the system on its way up to the desired operating point.

Although preferred embodiments of the present invention
have been described in detail, it will be understood by those
skilled in the art that various modifications can be made
therein without departing from the spirit and scope of the
invention as set forth in the appended claims.

The invention claimed is:

1. A system for converting an input voltage to an output

voltage, comprising:

a voltage converter circuit comprising an inductor, pow-
ered by the input voltage and producing an inductor
current through the inductor;

a controller connected to the voltage converter circuit, the
output voltage, and the input voltage;

a reference voltage connected to the controller;

a control signal generated by the controller for the voltage
converter circuit, comprising a duty cycle based on the
input voltage, the output voltage, the reference voltage,
and the inductor current;

whereby the voltage converter circuit generates the output
voltage based on the duty ratio;
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wherein the duty cycle is given by

de (RR:C + L)y — (L = ReRsC)Rx1 — RRcCuig + (R + Rc)LCk(yo — y)

IR
R(RCCy + mxl)

wherein C is a capacitance value of a capacitor of the
voltage converter circuit, R . is a series capacitive resis-
tance of the capacitor, R is a load resistance, L. is an
inductance value of an inductor of the voltage converter
circuit, R is a series resistance of the inductor, and v, is
the input voltage; and,

wherein y,, is the reference voltage, y is the output voltage,

k is a proportional gain factor, and x; is the inductor
current.

2. The system of claim 1, wherein the controller is config-
ured to generate the control signal based on input-output
feedback linearization of a set of state variables with stable
zero dynamics.

5

15

28

the inductor switchably connected in series with the load
resistance and the input voltage; and,
the capacitor connected in parallel with the load resistance.
8. In a system comprising a voltage converter circuit com-
prising an inductor, and a controller connected to the voltage
converter circuit, a method for converting an input voltage to
an output voltage comprising the steps of:
receiving a reference voltage;
receiving the input voltage;
receiving an inductor current;
generating a feedback output voltage;
receiving the feedback output voltage;
generating a control signal from the input voltage, the
feedback output voltage, the reference voltage, and the
inductor current;
applying the control signal to the voltage converter circuit;
and,
generating the output voltage based on the control signal;
wherein the step of generating a control signal comprises
the steps of calculating a duty cycle and solving

d ((RR.C+ L)y - (L— R,R.C)Rx; — RR:Cug + (R + R;)LCk(yo — y))

3. The system of claim 1, wherein the controller further

comprises:

a summing circuit connected to the output voltage and the
reference voltage;

a gain circuit connected to the summing circuit; and,

a modulating circuit connected to the gain circuit and the
output voltage, the reference voltage, the input voltage,
and the inductor current, to generate the control signal.

4. The system of claim 3, further comprising:

a difference voltage generated by the summing circuit;

an adjusted voltage generated by the gain circuit from the
difference voltage and the proportional gain factor; and,

wherein the difference voltage is the difference between
the reference voltage and the output voltage.

5. The system of claim 4, wherein the gain circuit further

comprises:

a gain controller connected to the summing circuit;

wherein the gain controller is selected from the group
consisting of a proportional controller, an integral con-
troller, a derivative controller, and a combination con-
troller comprising any combination of the proportional
controller, the integral controller, and the derivative con-
troller; and,

wherein the proportional gain factor is

k.
(lﬂp+?‘ +A’ds](_)’0—y),

where k , k, and k, are the gains of the proportional, inte-
gral, and derivative terms of the gain controller, s is a
complex variable, y,, is the reference voltage, and y is the
output voltage.
6. The system of claim 5, wherein the voltage converter
circuit is a boost converter.
7. The system of claim 6, wherein the boost converter
further comprises:
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R(RCCy - RIJ:RRC xl)

where C is a capacitance value of a capacitor, R .. is a series
capacitive resistance of the capacitor, R is a load resis-
tance, L is an inductance value of an inductor, R is a
series resistance of the inductor, and u, is the input
voltage, and

where y,, is the reference voltage, y is the output voltage, k
is a proportional gain factor, and x, is the inductor cur-
rent, for the duty cycle.

9. The method of claim 8, further comprising the steps of:

creating a difference voltage from the feedback output
voltage and the reference voltage; and,

adjusting the difference voltage by the proportional gain
factor to create an adjusted voltage.

10. The method of claim 9, wherein the step of calculating

a duty cycle further comprises the step of implementing
input-output linearization.

11. The method of claim 9, wherein the step of generating
a control signal further comprises the step of creating the
control signal based on the output voltage, the reference volt-
age, the adjusted voltage, the input voltage, and the duty
cycle.

12. The method of claim 9, further comprising the step of
providing a boost converter for the voltage converter circuit,
wherein the boost converter further comprises:

the inductor switchably connected in series with the load
resistance and the input voltage; and,

the capacitor connected in parallel with the load resistance.

13. A system for converting an input voltage to an output
voltage, comprising:

a voltage converter circuit comprising an inductor, pow-
ered by the input voltage and producing an inductor
current through the inductor;

a controller connected to the voltage converter circuit, the
output voltage, and the input voltage;

a reference voltage connected to the controller;

a control signal generated by the controller for the voltage
converter circuit, comprising a duty cycle based on the
input voltage, the output voltage, the reference voltage,
and the inductor current;
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whereby the voltage converter circuit generates the output the inductor switchably connected in series with a load
voltage based on the duty ratio; resistance;
wherein the duty cycle is given by the input voltage switchably connected in parallel with the

inductor; and,
the capacitor connected in parallel with the load resistance.

w

(RRC+1)Y +(L=-RRORX | + 20. In a system comprising a voltage converter circuit

(R+RILCE(Y = )) comprising an inductor, and a controller connected to the

= R ; voltage converter circuit, a method for converting an input
R(RCC)/ + X —RCCMO) L ;
R+R. 1 voltage to an output voltage comprising the steps of:

receiving a reference voltage;

receiving the input voltage;

receiving an inductor current;

generating a feedback output voltage;

receiving the feedback output voltage;

generating a control signal from the input voltage, the
feedback output voltage, the reference voltage, and the
inductor current;

applying the control signal to the voltage converter circuit;
and,

generating the output voltage based on the control signal;

wherein the step of generating a control signal comprises
the steps of calculating a duty cycle and solving

wherein C is a capacitance value of a capacitor of the
voltage converter circuit, R is a series capacitive resis-
tance of the capacitor, R is the load resistance, L is an
inductance value of an inductor of the voltage converter 15
circuit, R is a series resistance of the inductor, and u, is
the input voltage; and,
wherein y,, is the reference voltage, y is the output voltage,
k is a proportional gain factor, and x; is the inductor
current. 20
14. The system of claim 13, wherein the controller is con-
figured to generate the control signal based on input-output
feedback linearization of a set of state variables with stable
zero dynamics.

15. The system of claim 13, wherein the controller further 25 (RR.C+ 1)) +(L- RRCRX |+

comprises:
a summing circuit connected to the output voltage and the ge (R+RILCED =)
re.fere?nce.voltage; . o R( R.CY + R X, -k, Cuo)
a gain circuit connected to the summing circuit; and, R+ R

a modulating circuit connected to the gain circuit and the 30
output voltage, the reference voltage, the input voltage,
and the inductor current, to generate the control signal.

16. The system of claim 15, further comprising:

a difference voltage generated by the summing circuit;

an adjusted voltage generated by the gain circuit from the 35
difference voltage and the proportional gain factor; and,

wherein the difference voltage is the difference between
the reference voltage and the output voltage. rent, for the duty cycle.

17. The system of claim 16, wherein the gain circuit further 21 Th,e method of claim 20, further comprising the steps

comprises: 40 f

a gain controller connected to the summing circuit;

wherein the gain controller is selected from the group
consisting of a proportional controller, an integral con-
troller, a derivative controller, and a combination con-
troller comprising any combination of the proportional 45
controller, the integral controller, and the derivative con-
troller; and,

wherein the proportional gain factor is

where C is a capacitance value of a capacitor, R~ is a series
capacitive resistance of the capacitor, R is the load resis-
tance, L is an inductance value of an inductor, R is a
series resistance of the inductor, and u, is the input
voltage, and

where y,, is the reference voltage, y is the output voltage, k
is a proportional gain factor, and x, is the inductor cur-

creating a difference voltage from the feedback output

voltage and the reference voltage; and,

adjusting the difference voltage by the proportional gain

factor to create an adjusted voltage.

22. The method of claim 21, wherein the step of calculating
a duty cycle further comprises the step of implementing
input-output linearization.

23. The method of claim 21, wherein the step of generating
a control signal further comprises the step of creating the
control signal based on the output voltage, the reference volt-
("p + % + /Cds](yo_ ¥V, agei the adjusted voltage, the input voltage, and the duty

cycle.

24. The method of claim 21, further comprising the step of
providing a buck-boost converter for the voltage converter
circuit, wherein the buck-boost converter further comprises:

the inductor switchably connected in series with the load

resistance;

the input voltage switchably connected in parallel with the

inductor; and,

the capacitor connected in parallel with the load resistance.

50

where k, k; and k, are the gains of the proportional, inte- 55
gral, and derivative terms of the gain controller, s is a
complex variable, y,, is the reference voltage, and y is the
output voltage.

18. The system of claim 17, wherein the voltage converter
circuit is a buck-boost converter. 60
19. The system of claim 18, wherein the buck-boost con-
verter further comprises: L



