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(57) ABSTRACT

A system and method of controlling the power factor for
providing either unity, leading or lagging results for the
sensorless control of synchronous machines. The system and
method provides an estimated angle of the phase current
Park vector and uses a floating synchronous reference frame
that is shifted from the estimated angle of the phase current
Park vector by an angle p to allow the active control and
change of the power factor during operation for applications
such as producing reluctance torque of a salient pole syn-
chronous machine during Main Engine Start (MES), and
field weakening for Environmental Control Systems (ECS)
and MES applications.
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TFD LCD PANEL

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] Related subject matter is disclosed in U.S. Pat. No.
6,301,136, issued on Oct. 9, 2001, entitled “Floating Frame
Controller”, in U.S. patent application Ser. No. 10/834,857
entitled “Decoupling Of Cross Coupling For Floating Ref-
erence Frame Controllers For Sensorless Control Of Syn-
chronous Machines”, filed Apr. 30, 2004, and in U.S. patent
application Ser. No. 11/174,550 entitled “Enhanced Floating
Reference Frame Controller For Sensorless Control Of
Synchronous Machines”, filed Jul. 6, 2005, wherein the
entire contents of each are incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates to a power factor (PF)
controller for the sensorless control of synchronous
machines. More particularly, the present invention relates to
a system and method for the active control of power factor
needed for various applications, such as achieving field
weakening of Permanent Magnet (PM) synchronous
machines or reluctance torque generation of salient pole
synchronous starter/generators for Turbine Engine Start sys-
tems such as auxiliary power units and main engines.

BACKGROUND OF THE INVENTION

[0003] A conventional synchronous motor typically uses
rotor position sensors to provide information regarding the
position of the motor’s rotor with respect to the motor’s
stator windings. Rotor position sensors, such as Hall effect
devices, are typically mounted in the stator, proximate to the
stator windings. The rotor position sensors provide rotor
position information which allows for the proper control for
the conversion of power that is supplied to the stator
windings of an electrical machine.

[0004] However, rotor position sensors can be unreliable
due to mechanical alignment problems (e.g., problems
caused by bearings) and temperature incompatibility prob-
lems between the stator windings and the electronic com-
ponents, such as the incorporated Hall effect devices. More-
ovet, the rotor position sensors can be difficult to mount to
the motor during motor assembly, especially for multi-pole
motors. In such multi-pole motor assemblies, the electrical
misalignment angle is equivalent to the angular mechanical
misalignment angle multiplied by the number of pairs of
poles. In response to these and other problems with rotor
sensors, several sensorless position control techniques have
been developed for controlling the speed of the synchronous
machines.

[0005] For example, U.S. Pat. No. 6,301,136 to Huggett et
al., which is incorporated herein by reference in its entirety,
discloses a floating reference frame controller which advan-
tageously provides a floating synchronous reference frame
for controlling an inverter to drive a synchronous motor.
FIG. 1 is a high level block diagram which is provided to
illustrate such a controller model in a floating frame con-
troller. Specifically, FIG. 1 illustrates a synchronous
machine drive system 10 including a three-phase synchro-
nous machine 12, and an inverter 14 to be coupled to a
power source for supplying dc power to the inverter 14.
During operation of the synchronous machine 12, the
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inverter 14 converts the dc power to three-phase ac power
and supplies currents to all three stator windings of the
machine 12. These currents flow through the windings and
create a rotating magnetic field.

[0006] The system 10 estimates the reference frame with-
out using position sensors, and further includes a set of
current sensors 20 for sensing current on the power line and
a floating frame controller 22 for controlling the inverter 14
to convert the dc power to suitable three-phase ac power.
Each current sensor 20 is synchronously and periodically
sampled. Thus, a set of current samples (i.sub.a, i.sub.b,
1.sub.c) is periodically produced.

[0007] However, due to the coupling impact of the motor
circuitry in the floating synchronous reference frame, delays
exist during transients, during which, the estimated angle of
the current Park vector differs from the actual angle of the
current Park vector. Also, the coupling impact of the motor
equivalent circuit in the floating synchronous reference
frame forces the gain of the regulator used for angle esti-
mation to be kept small, which slows the system response.

[0008] A further result of using a small gain is a significant
delay in reducing the error between the estimated angle of
the current Park vector and the actual angle of the current
Park vector during slow transients, such as acceleration and
deceleration, as well as fast transients, such as step changes.
Because undesirable imaginary axis current flows in the
machine during these delays, longer delays may require
substantial overrating of the inverter and electrical machine.
Ideally, only real-axis current in floating reference frame
flows in the machine, as the floating synchronous reference
frame is aligned with the real axis component of the current
Park vector.

[0009] In prior schemes for sensorless control, the current
vector is either in-phase with the terminal voltage vector as
illustrated by the disclosure of U.S. Pat. No. 6,301,136
referenced above, or not in-phase in an uncontrolled fashion
due to the application of the decoupling of crosscoupling
concept as illustrated by the disclosure of U.S. patent
application Ser. No. 10/834,857 referenced above. However,
in some applications, it is desirable to control or actively
change the power factor during the operation to achieve
desired system characteristics and requirements.

[0010] In yet another scheme for sensorless control, the
power factor control is achieved using both ac and dc current
sensors as illustrated by the disclosure of U.S. patent appli-
cation Ser. No. 11/174,550 referenced above. In this method,
at least two motor phase currents are measured and a floating
reference frame for the current Park vector is obtained. The
reference frame is adjusted based on an estimated rotor
speed, and the power converter is controlled via the floating
reference frame. However, this method requires both ac and
de current sensors.

[0011] Accordingly, there is a need to achieve power
factor control providing unity, leading or lagging results, for
the sensorless control of synchronous machines, whereby
the cost, size, and volume can be minimized and reliability
can be increased.

SUMMARY OF THE INVENTION

[0012] The above disadvantages are avoided and other
advantages are realized in embodiments of the present
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invention wherein, according to one object of the present
invention, a system and method is provided to process at
least one Park vector in floating reference frame to produce
an angular estimation of a current vector.

[0013] According to another object of the present inven-
tion, a system and method is provided to add an angle
command of a current Park vector in floating reference
frame to the negative of an estimated angular velocity signal.

[0014] These and other objects are substantially achieved
by providing a system and method for controlling the power
factor at either unity, leading or lagging, for the sensorless
control of synchronous machines. The system and method
commands a desired power factor (PF), either leading,
lagging or unity, using a positive, negative, or unity value,
respectively, and compares the desired power factor with the
actual power factor feedback ((PF)fdbk) at a first adder,
wherein the comparison produces a first error value. The
system further operates upon the first error value with a
Proportional Integrator (PI) regulator, wherein an output of
the regulator is an angle command of the current Park vector
in floating reference frame provided to a floating frame
controller. The system and method allows the active control
and change of the power factor during operation for appli-
cations such as producing the reluctance torque of a salient
pole synchronous machine during Main Engine or Auxiliary
Power Unit (APU) start, and field weakening of a PM
machine for Environmental Control Systems (ECS) and
Main Engine or APU start applications.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The invention will be more readily understood with
reference to the exemplary embodiments illustrated in the
attached drawing figures, in which:

[0016] FIG. 1 is a high level block diagram illustrating a
controller model in a floating frame controller;

[0017] FIG. 2 is a high level block diagram illustrating a
controller model in a floating frame controller wherein the
floating reference frame is shifted;

[0018] FIG. 3 is a block diagram illustrating a control
example for power factor control for a sensorless controller
in accordance with an embodiment of the present invention;

[0019] FIG. 4 is a detailed block diagram illustrating a
control example for the estimation of current Park vector
position and angular speed in accordance with an embodi-
ment of the present invention;

[0020] FIG. 5 is a vector diagram illustrating the floating
reference frame axes wherein the floating reference frame is
shifted in accordance with an embodiment of the present
invention; and

[0021] FIG. 6 is an equivalent circuit for a PM motor in
accordance with an embodiment of the present invention.

[0022] In the drawing figures, it will be understood that
like numerals refer to like features and structures.

DETAILED DESCRIPTION OF THE
EXEMPLARY EMBODIMENTS

[0023] In the exemplary embodiments of the present
invention described below, a power factor controller is
provided for a sensorless control technique for synchronous
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machines by using a floating frame controller. There are
various definitions of power factor depending upon the
characteristics of the electrical circuit. In sinusoidal electri-
cal systems, power factor can be defined as the angle
between the terminal voltage and phase current phasors or
vectors. In nonlinear systems where the applied voltage is
sinusoidal, power factor can be defined as the ratio of the
fundamental phase current to the RMS current.

[0024] As noted above, in prior techniques for sensorless
control, the current vector is typically either in-phase with
the terminal voltage vector, or not in-phase in an uncon-
trolled fashion due to the introduction of the decoupling of
crosscoupling concept. Therefore, the power factor is unity
or changes in an uncontrolled fashion due to the decoupling
of crosscoupling. In some applications, it is desirable to
operate with a constant power factor or alternatively,
actively change the power factor during the operation to
achieve other desired system characteristics and require-
ments. To achieve this, embodiments of the present inven-
tion are provided to control the power factor for providing
unity, leading or lagging results.

[0025] 1In a first application example described in greater
detail below, an embodiment of the present invention can be
used to produce the reluctance torque of a salient pole
synchronous machine or an internal PM synchronous
machine, wherein the current space vector is preferably
lagging the g-axis. In a second application example
described in greater detail below, an embodiment of the
present invention can be used to achieve field weakening for
surface mounted synchronous PM machines for ECS appli-
cations and salient pole synchronous machines (Starter/
Generator) or internal PM machines for Main Engine Start,
wherein the current space vector is preferably leading the
g-axis. The power factor control systems and methods for
sensorless drives described below can achieve these and
other system level requirements with robust sensorless con-
trol and performance.

[0026] In the embodiments of the present invention
described below, the sensorless systems and methods are
categorized into two groups based on the relationship of
electrical angle of the current and terminal voltage Park
vectors. A first category includes the original floating frame
controller (FFC). In this controller, the Park vector of the
phase current is in-phase with the Park vector of the terminal
voltage at steady state. This can be considered an optimized
solution for some drive applications from the perspective of
inverter sizing.

[0027] A second category includes the FFC with decou-
pling of crosscoupling terms. This controller improves the
transients and system response by achieving a higher accu-
racy in the estimation by using higher gains. However, this
system and method introduces a u-axis voltage, which
depends upon the inductance of the motor, the speed, and the
v-axis current. At steady state, there exists a significant
voltage for the u-axis and, therefore, the Park vector of the
phase current is no longer in-phase with the terminal volt-
age.

[0028] Power factor control is often required to achieve
unity power factor with the decoupling of crosscoupling
concept to utilize reluctance torque of machines where
reluctance torque is available, and to further achieve field
weakening in other applications. One method to achieve this
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goal is providing a floating synchronous reference frame that
1s shifted. FIG. 2 is a high level block diagram illustrating a
controller model in a floating frame controller wherein the
floating reference frame is shifted. FIG. 2 illustrates a
synchronous machine drive system 50 including a three-
phase synchronous machine 52, and an inverter 54 to be
coupled to a power source for supplying dc power to the
inverter 54. During operation of the synchronous machine
52, the inverter 54 converts the dc power to three-phase ac
power and supplies currents to all three stator windings of
the machine 52. These currents flow through the windings
and create a rotating magnetic field. The system 50 estimates
the reference frame without using position sensors, and
further includes a set of current sensors 60 for sensing
current on the power line and a floating frame controller 62
for controlling the inverter 54 to convert the d¢ power to
suitable three-phase ac power. Each current sensor 60 is
synchronously and periodically sampled. Thus, a set of
current samples (i.sub.a, i.sub.b, i.sub.c) is periodically
produced. However, in the system 50 of FIG. 2, the floating
synchronous reference frame is shifted by an angle . To
achieve this, a system and method for power factor control
in accordance with an embodiment of the present invention
is shown in FIG. 3. The current Park vector position and
angular speed estimation process of FIG. 3 is carried out by
the system and method shown in greater detail in FIG. 4, and
the shift from the estimated angle of the phase current Park
vector by an angle {3 is shown in FIG. 5 as performed by
blocks 182 and 184 of FIG. 3.

[0029] FIG. 3 is ablock diagram illustrating an example of
power factor control for a sensorless controller in accor-
dance with an embodiment of the present invention. The
block diagram of FIG. 3 includes a desired power factor
input command input to a floating frame controller 112
coupled to a motor model 110. The desired power factor
input command is input to the floating frame controller 112
via a PI regulator 102. The floating frame controller 112 then
provides an output to a motor model in stationary frame 110.
As shown in FIG. 2, the desired power factor (either unity,
leading or lagging created using a unity, positive or negative
values) is commanded as the input PF, and compared with
the actual power factor feedback ((PF)fdbk) at adder 100.
The error is operated upon by the PI regulator 102, and the
output of the regulator 102 is the angle command of the
current Park vector in floating reference frame provided to
the floating frame controller 112 and the motor model 110.

[0030] The commanded current Park vector is decom-
posed into v- and u-components, and compared with the
corresponding feedback in floating reference frame as
described in greater detail below. Each current error is
operated upon by a PI regulator 142 and 152, respectively,
and the output of each P regulator is a voltage value, which
is then summed with the decoupling of crosscoupling terms
for accurate estimation by adders 144 and 154.

[0031] The resultant values are the v- and u-component of
the commanded Park vector of the voltage in floating
reference frame. This quantity is transferred into the sta-
tionary reference frame using the e"®*“P term. A pulse
width modulation scheme, such as space vector control
scheme, can then be used to apply the three phase voltages
by using the commanded Park vector of the voltage in
stationary reference frame.
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[0032] In an exemplary embodiment of the system and
method of the present invention described below, only two
or three phase currents of the machine are used to determine
the rotation speed and position information of the current
Park vector. Tt can be assumed for the example below, that
an inverter is used to supply the three phase voltages to the
synchronous generator using space vector modulation. The
Park vector, also called the space vector of the phase current
in stationary reference frame, is obtained by using equation
(1) below,

[ =il =i =i %)

wherein the complex constants a and a” in this example are
provided as the following values:

a=e2"3=-0.5+/0.866
2?=e3=_(0.5-j0.866

[0033] The d-q components in this example, therefore, are
defined as,

Lo == 1,0.3 iyt ) 4708667, ]

resulting in equations (2) and (3) below.

1= 0,-0.5(H,) )
5=24(0.866(1~1)) ()
[0034] As shown in greater detail in FIG. 4, the Park

vector of the phase current i, in stationary reference frame
is vector-crossmultiplied by €' at multiplier 170 and
compared with a zero value atadder 172. FIG. 4 is a detailed
block diagram illustrating a control example for the estima-
tion of current Park vector angular position and speed in
accordance with an embodiment of the present invention.
The error between the product of (isqueje“t) and the zero
value of FIG. 4 is then fed into a PI regulator 174. The output
of the PI regulator 174 is the angular speed estimation of the
current vector. Finally, the angular position estimation is
obtained by integrating the angular speed at block 178, and
this position information can then be used for the coordinate
transformations for the controller of FIG. 3. FIG. 3 illus-
trates an implementation and visualization of the cross-
product in accordance with an embodiment of the present
invention.

[0035] In the embodiments of the present invention, the
estimated angular position 0, is added to the negative of the
angle B of the current Park vector in floating reference
frame. Park vectors inherently contain information on both
the instantaneous magnitudes and the phase relationship of
three phase rotating fields with respect to a reference coor-
dinate system. A Park vector, in general, is a mathematical
representation that describes the locus of an electrical quan-
tity in the complex space domain where time is a parameter.
A current Park vector is defined with the vector’s amplitude
and the vector’s direction in spatial relation to the three
phases. A general discussion of Park vectors is provided in
P. K. Kovacs, “Transient Phenomena in Electrical
Machines,” Elsevier Science Publishing Co. (1984), the
relevant text of which is incorporated herein by reference.

[0036] The v-u axis of FIG. 5 represents the floating
synchronous reference frame that is shifted from the esti-
mated angle of the phase current Park vector by angle f.
FIG. 5 is a vector diagram illustrating the floating reference
frame axes (v-u) with respect to the stationary reference
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frame axes (g-d). Based on the relationship between the two
sets of axis, the following transformation equation sets (4),
(5), (6) and (7) are derived:

iu=ty—jiy (Current Vector in Floating Synchronous
Reference Frame)

igq=ig~jiq (Current Vector in Stationary Reference
Tame) @

Current Transformation Equations

[0037]

s+ i@est—P) . _ss —j(Best—f)
e OF Lyy=I'qq €

1= SI0(Bcs=P)+1% c0s(Bc~B)
est—P)+%g sin{B-f)
%=ty Sin(0c,—P)+, cos(0o—P)

est

P q=ty €08(Ocs=B) 1y, sIBcsrP) &)

Vou=Yo—7¥, (Current Vector in Floating Synchronous
Reference Frame)

i,=1"q cos(©®

Lqd=Vq/vq (Current Vector in Stationary Reference
Frame (6)

Voltage Transformation Equations

[0038]

s j(Best- s ,=j(Best
Y qd=Yvu SO ory, =y qd € i@esth)

2= g SOy - P+ cos(Oey-B)
V=g €08(Bes =)+ sin(Bs— )
st~ Py c0s(O5—P)

Ve a=vy €08(B5=)-vy sin(Bs-) ™
[0039] For purposes of illustration, it can be assumed that
a surface mounted PM synchronous machine is represented
by phase resistance R, synchronous inductance 1, and back
emf €°_, in the stationary reference frame, as shown in FIG.
6. Thus, the voltage transformation equation (6) can be
rewritten as the following equation (8),

. .
Vig=Vy, sin(®

Yai=€ qa*L di o/ At+E 4R ®)

wherein v° 4 is the Park vector of the inverter voltage, €4
is the Park vector of the back emf, and i°_ ; is the Park vector
of the phase current, all in stationary reference frame. The
value L is the synchronous inductance, and R is the phase
resistance of the synchronous machine.

[0040] Returning to FIG. 3, the block diagram illustrates a
controller model and machine model according to an
embodiment of the present invention in Park vector format.
Controller 112 controls and regulates the machine current
Park vector by generating a voltage Park vector v° 4 which
is coupled to a machine model 110. Machine model 110,
which is represented in stationary reference frame, receives
and utilizes the voltage command. Adder 114 of the machine
model 110 receives the Voltage Park vector ¥v° 4 and com-
pares it to a back-emf ¢ 4 Park vector of 1 the machine,
wherein both values are in stationary reference frame. The
resultant signal drives a current Park vector in stationary
reference frame through the stator windings according to the
function [1/(Ls+R)] of block 118. The output of block 118 is
received by vector product block 120. Block 120 also
receives a flux Park vector in stationary reference frame ¢
generated by the back-emf Park vector multiplied by the
(-jK ) function of block 122.

[0041] The output of vector product block 120 is electrical
torque T produced by the machine, and is subtracted from
the load torque T; at adder 130. The output of adder 130 is
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operated upon by the function [1/Js] of block 126 which
outputs the angular velocity signal o (wherein J is inertia).
The angular velocity signal o is operated upon by the
integral function [1/s] of block 128 and K, of block 130. The
output of the integral function [1/s] of block 128 is an
angular position signal 6. The angular position signal 6 is
then received by block 132, which multiplies the angular
position signal 0 by &/°. The outputs of block 132 and block
130 are then received by multiplication block 134, which
generates the back emf Park vector ¢’ qa 10 stationary refer-
ence frame.

[0042] The floating synchronous frame controller 112 will
now be described in greater detail with reference to FIG. 3.
In the floating synchronous reference frame, current signal
Mag(i,, ™) is input with an angle command to the Complex
block 155. The reference i’ is then generated by the
Complex block 155 and is received by adder 140 and
compared to the measured v-axis current i,. Current error
signal Ai, is output from adder 140 to PI Regulator 142.
Similarly, the floating synchronous reference frame current
reference i,™* is also generated by the Complex block 155
and is received by adder 150 and compared to the measured
u-axis current i,. Current error signal Ai, is then output from
adder 150 to PI Regulator 152.

[0043] The decoupling feature of the floating synchronous
frame controller 112, which is described in U.S. patent
application Ser. No. 10/834,857 referenced above, will now
be described in greater detail with reference to FIG. 3. The
v-axis current command i ** is received at adder 140 and is
compared to the actual v-axis current i, to generate a current
error signal A, all in floating synchronous reference frame.
The Ai, is operated upon by PI regulator 142 to generate a
voltage command signal v,.. The v-axis voltage command is
decoupled at adder 144, which adds the output of multipli-
cation block 143 and inductance block 145 to the voltage
command signal v, to generate the decoupled voltage com-
mand signal v,  which is input to Complex block 162.
Multiplication block 143 multiplies the current i, with the
estimated rotor angular speed signal .. The output of
multiplication block 143 is then received by inductance
block 145 to generate the decoupling command term jw
Li, that is then provided to adder 144.

[0044] Similarly for the u-axis, multiplication block 147
multiplies the v-axis current i, with the estimated rotor
angular speed signal w,,,. The output of multiplication block
147 is then received by inductance block 149 which gener-
ates a decoupling command term +jm,,, Li, that is then
provided to the adder 154. The output of the adder 154 is the
generated voltage command v, . for the u-axis which is
also input to Complex block 162.

[0045] The decoupled v-axis and u-axis voltage terms
V_nand v, . are received by Complex block 162 to
generate a floating synchronous reference frame voltage
Park vector command. The floating reference frame voltage
Park vector command is then multiplied by e3©==P 4t
multiplication block 164 to generate the stator reference
frame voltage command v° 4 imposed to the motor model
110.

[0046] The feedback and decoupling portion of the float-
ing synchronous frame controller will now be described in
greater detail with reference to FIG. 3. The stator reference
frame current Park vector is constructed using at least two

est
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machine phase currents and is received by the multiplication
block 166, where it is converted into the floating synchro-
nous reference frame by multiplying the stator current vector
i g by €7CP) where 6, is the estimated angular position
of the current Park vector. The output of the multiplication
block 166 is the floating synchronous reference frame cur-
rent Park vector i,,.

[0047] The floating synchronous reference frame vector
current i, is then received by vector block 168 which
generates the v-axis and u-axis components of the vector
current i .. The v-axis current i, is then received by decou-
pling term multiplication block 147, and also by adder 140.
The u-axis current i, is received by decoupling term multi-
plication block 143, and also by adder 150.

[0048] The floating synchronous reference frame vector
current i, is also received by ANGLE block 106, and the
floating reference frame voltage Park vector v, is received
by ANGLE block 108, the output of each is then subtracted
at adder 104 to provide the actual power factor ((PF)fdbk)
input at adder 100. The ANGLE blocks 106 and 108
calculate the angle values of the current Park and voltage
Park vectors i, and v, respectively.

[0049] The stator current vector i° 4 output of block 118 is
also coupled with the vector cross-product block 170 which
multiplies the stator current vector i° 4 with the output gloest
of block 186. The stationary reference frame vector current
signal is then compared to zero at adder 172 after the
vector-cross multiplication block 170, and the output of
adder 172 is received by PI regulator 174. The output of PI
regulator 174 is added to an initial angular velocity w, at
adder 176 to generate an estimated angular velocity signal
0

est”

[0050] As shown in greater detail in FIG. 4, the Park
vector of the phase current in stationary reference frame i° 4
is crossmultiplied by ¢ at multiplier 170 and compared
with the zero value at adder 172. The resultant value of the
sum of the product (isqdﬁée“t) and the zero value is fed into
PI regulator 174. The output of PI regulator 174 is the
angular estimation of the current vector w__,. The position
estimation 0, is then obtained by integrating the angular
speed at block 178, and this position information can then be
used for the coordinate transformations for the controller.

[0051] Returning to FIG. 3, the estimated angular velocity
signal west is input to multiplication blocks 143 and 147 to
generate the decoupling terms. The estimated angular veloc-
ity signal w,, is also operated upon by the integration
function [1/s] of block 178 to generate the position estimate
0...- The position estimate 0__, is received by block 182 after
adder 180, which adds a —f value to the position estimate
0., to generate the term e*®"# which is input to multi-
plication block 164 with the floating reference frame voltage
Park vector command output of block 162 to convert from
the floating synchronous reference frame to the stationary
reference frame.

[0052] The 8_, is also received by block 184 after adder
180, which adds the —f value as noted above, to generate the
term e73©®) which is input to the multiplication block 166
with the stator current vector I’y output of block 118 to
convert from the stator reference frame to the floating
synchronous reference frame, wherein the floating synchro-
nous reference frame is shifted from the estimated angle of
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the phase current Park vector by angle f3. This can be done
using the (e3P or cos(0,~f)-j sin(6,,~P)) values, and
the current Park vector (* ,=i°,=ji’s). The result of the
multiplication is a current Park vector in a synchronous
frame that may be expressed as in equations (9) and (10):

L=l fiy=qq 7O ©)

=i, 008(8,~B)—4 SO ~B)~(I%y cos(6 P+
£, 5i0(0 ) (10)
wherein,

1,="q €088~ P)-1y sin(Bes—~P)
iy=i"q 00805~ P)+i%, sin(0—P)
[0053] In accordance with an exemplary system and
method as described above, the estimated angular position is
then added to the negative of the angle of the current Park
vector in floating reference frame. This modified angle is
used for transformations from stationary to floating refer-
ence frame or vice versa. In this example, the reference
frame is moved by the negative of the current angle to
achieve the desired power factor.
iOest

[0054] Initially an arbitrary floating reference frame e
is assumed and the control loop forces this initial arbitrary
&%=* position vector to be in-phase with the current vector
within a number of update cycles. When this is achieved, the
reference system e®*' is locked to the current vector and
consequently, the quadrature-axis of the current becomes
zero. The new floating reference frame is then used for other
control loops in the system, such as current control loops for
the transformation of variables from synchronous to station-
ary frame, or vice versa. Such implementations of the
controller described above can be achieved by either a
hardware or software based scheme.

[0055] In the various implementations of the present
invention, simulations can be performed using any number
of software packages. The decoupling of crosscoupling can
also be simulated, including the addition of decoupling of
crosscoupling terms, for illustrating the u-axis voltage
resulting in a finite angle between the current and voltage
vectors.

[0056] One of the desired results provided by the imple-
mentation of the embodiments of the present invention is the
capability to achieve unity power factor with the accurate
estimation achieved by the decoupling of crosscoupling
concept. Similarly, there are applications where the power
factor is preferred as being either lagging or leading.

[0057] In the exemplary embodiments of the present
invention described above, the sensorless technique success-
fully adjusts the power factor of the controlled motor drive
system which leads to accurate estimation and control. A
lagging current can be employed to achieve the use of a
reluctance torque component of a salient pole synchronous
machine or an internal PM synchronous machine. A leading
current can be used for field weakening purposes of a PM
machine. The unity power factor can be used in applications
where efficiency optimizations are performed. Therefore, the
proposed power factor control scheme for sensorless drives
achieves these system level requirements with robust posi-
tion estimation and performance.

[0058] The embodiments of the present invention are
further applicable for providing an estimation of rotor posi-
tion for sensorless control for synchronous machines, such
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as for Starter/Generator and ECS applications. Two potential
applications of this system and method include PM Syn-
chronous machines for ECS systems, and salient-pole syn-
chronous machines for main engine Starter/Generator and
APU applications. In still other applications, the embodi-
ments of the present invention can be provided with other
synchronous machines, such as internal PM machines or
synchronous reluctance machines.

[0059] While the invention disclosed herein has been
described by means of specific embodiments and applica-
tions thereof, numerous modifications and variations can be
made thereto by those skilled in the art without departing
from the scope of the invention as set forth in the following
claims.

1. A method for actively controlling and changing a power
factor during operation of a synchronous machine, the
method comprising the steps of:

generating a floating synchronous reference frame;

providing an estimated angle of a phase current Park
vector; and

shifting said floating synchronous reference frame from
the estimated angle of the phase current Park vector by
an angle beta () to provide coordinate transformation

for a controller to drive a synchronous machine.
2. A method for actively controlling and changing a power
factor as claimed in claim 1, further comprising the step of:

generating said estimated angle of the phase current Park

vector of the motor phase current from a Park vector of
motor phase current in stationary reference frame.

3. Amethod for actively controlling and changing a power

factor as claimed in claim 2, further comprising the step of:

multiplying said floating synchronous reference frame
voltage Park vector command by an exponential func-

tion of said estimated angle of the phase current Park
vector minus said beta angle () to shift said floating
reference frame from an estimated angle of a phase
current Park vector by said beta angle () to obtain the
voltage Park vector command in stator reference frame.

4. A method for actively controlling and changing a power
factor as claimed in claim 3, further comprising the step of:

multiplying said shifted floating reference frame voltage
Park vector command by %P (o generate a stator
reference frame voltage command imposed to a motor,
wherein 6, is the estimated angular position of the
current Park vector.

5. Amethod for actively controlling and changing a power
factor as claimed in claim 4, wherein said beta angle () is
the current Park vector in floating reference frame.

6. A method for actively controlling and changing a power
factor as claimed in claim 2, further comprising the step of:

multiplying said stationary reference frame current Park
vector feedback by an exponential function of said
estimated angle of the phase current Park vector minus
said beta angle (f}) to shift said stator reference frame
from an estimated angle of a phase current Park vector
by said beta angle (p) to obtain the current Park vector
feedback in floating reference frame.
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7. Amethod for actively controlling and changing a power
factor as claimed in claim 6, further comprising the step of:

multiplying said shifted stationary reference frame cur-
rent Park vector command by e7©**® to generate a
floating reference frame current feedback used in the
controller, wherein 6__, is the estimated angular position
of the current Park vector.
8. A method of controlling a power factor at either unity,
leading or lagging for the sensorless control of synchronous
machines, comprising the steps of:

commanding a desired power factor (PF) of either a
leading, lagging or unity value using a negative, posi-
tive, or unity command,

comparing said desired power factor (PF) with an actual
power factor ((PF)fdbk) at a first adder, said compari-
son producing a power factor (PF) error value;

operating upon said power factor (PF) error value by a
first PI regulator, wherein an output of said first PI
regulator is an angle command of a current Park vector
in floating reference frame provided to a floating frame
controller; and

operating upon said angle command of said current Park
vector in floating reference frame by said floating frame
controller to provide a stator reference frame voltage
command, wherein said stator reference frame voltage
command is provided using a position estimate and said
floating reference frame is shifted by an angle beta ().
9. A method of controlling a power factor for the sensor-
less control of synchronous machines as claimed in claim 8,
further comprising the steps of:

decomposing said command of said current Park vector
into v- and u-components of said Park vector in floating
reference frame;

comparing said v- and u-components of said Park vector
in floating reference frame at a second and third adder,
respectively, with a corresponding feedback in floating
reference frame to generate current errors;

operating upon said current errors by second and third PI
regulators, wherein an output of said second and third
PI regulators comprises a voltage value; and

summing said outputs of said second and third PI regu-

lators with decoupling of crosscoupling terms to gen-
erate decoupled v- and u-voltages.

10. A method of controlling a power factor for the

sensorless control of synchronous machines as claimed in
claim 9, further comprising the step of:

operating upon said decoupled v- and u-voltages to gen-
erate a floating synchronous reference frame voltage
Park vector command.

11. A method of controlling a power factor for the
sensorless control of synchronous machines as claimed in
claim 10, wherein the step of providing said stator reference
frame voltage command further comprises the step of:

multiplying said floating synchronous reference frame
voltage Park vector command by said angular position
estimate of the current vector minus said beta angle (f)
to shift said floating reference frame from an estimated
angle of a phase current Park vector by said beta angle

®).
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12. A method of controlling a power factor for the
sensotless control of synchronous machines as claimed in
claim 9, further comprising the steps of:

crossmultiplying the Park vector of motor phase current in
stationary reference frame by &/° and comparing the
product with a zero value at a fourth adder to produce
a cross product error value; and

operating upon said cross product error value by a fourth
PI regulator, wherein an output of said fourth PI regu-
lator is an angular velocity estimation of a current Park
vector.
13. A method of controlling a power factor for the
sensorless control of synchronous machines as claimed in
claim 12, further comprising the step of:

adding said angular velocity estimation to an initial angu-
lar velocity m, at a fifth adder to generate an estimated
angular velocity signal .
14. A method of controlling a power factor for the
sensorless control of synchronous machines as claimed in
claim 13, further comprising the step of:

integrating said estimated angular velocity signal w,,, for
generating said position estimate of the current Park
vector and establishing a floating reference frame by
shifting the estimated angle of the stationary reference
frame Park vector by the angle command of the current
Park vector in the floating reference frame.

15. A method of controlling a power factor for the
sensorless control of synchronous machines as claimed in
claim 8, wherein said step of generating said stator reference
voltage command using said position estimate further com-
prises the steps of:

measuring at least two motor phase currents;

determining a stationary reference frame current Park
vector based on said motor phase currents;

estimating an angular velocity of the stationary reference
frame current Park vector;

estimating an angle of the stationary reference frame
current Park vector;

establishing a floating reference frame by shifting the
estimated angle of the stationary reference frame Park
vector by the angle command of the current Park vector
in the floating reference frame, wherein the floating
reference frame is shifted from the estimated angle of
the phase current Park vector by the angle beta (});

transforming the stationary reference frame current Park
vector into a floating reference frame current Park
vector; and

generating a decoupled voltage command based on the
floating reference frame current Park vector and said
estimated angular velocity.

16. A method of controlling a power factor for the
sensorless control of synchronous machines as claimed in
claim 12, wherein said step of generating said stator refer-
ence frame voltage Park vector command using said position
estimate comprises the steps of:

delivering an initial voltage command to said motor;

measuring at least two phase currents in said motor;

Feb. 22,2007

constructing a stationary reference frame current Park
vector based on said phase currents;

transforming said stationary reference frame current Park
vector into a floating reference frame current Park
vector;

comparing a u-axis component of said floating reference
frame current Park vector to a predetermined value;

using a PI regulator to drive said u-axis current towards
said predetermined value;

forcing said output to be zero if an output of said fourth
PI regulator is negative;

adding an initial low frequency to said output of said
fourth PI regulator;

estimating the velocity and angle of the stationary refer-
ence frame current Park vector based on the output of
said fourth PI regulator; and

modifying the voltage command based on the output of

said fourth PI regulator.

17. A method of controlling a power factor for the
sensorless control of synchronous machines as claimed in
claim 16, wherein said predetermined value is zero.

18. An apparatus for controlling a power factor at either
unity, leading or lagging for the sensorless control of syn-
chronous machines, comprising:

a first adder for receiving a control command for a desired
power factor (PF) of either a leading, lagging or unity
value, said first adder further configured for comparing
said desired power factor (PF) with an actual power
factor ((PF)fdbk), said comparison producing a power
factor (PF) error value;

a first PI regulator for operating upon said power factor
(PF) error value, wherein an output of said first PI
regulator is an angle command of said current Park
vector in floating reference frame provided to a floating
frame controller; and

a floating frame controller for operating upon said angle
command of said current Park vector in floating refer-
ence frame to provide a stator reference frame voltage
command, wherein said stator reference frame voltage
command is provided using a position estimate and said
floating reference frame is shifted by an angle beta ().

19. An apparatus for controlling a power factor for the

sensorless control of synchronous machines as claimed in
claim 18, wherein said apparatus further comprises:

a second and third adder for comparing said current Park
vector in floating reference frame with a corresponding
feedback in floating reference frame to generate current
errors, wherein said current Park vector is decomposed
into v- and u-components of said Park vector in floating
reference frame;

second and third PI regulators for operating upon said
current errors, wherein an output of said second and
third PI regulators comprises a voltage value; and

a summer for summing said outputs of said second and
third PI regulators with decoupling of crosscoupling
terms to generate decoupled v- and u-voltages.
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20. An apparatus for controlling a power factor for the
sensotless control of synchronous machines as claimed in
claim 19, wherein said apparatus further comprises:

a function block for operating upon said decoupled v- and
u-voltages to generate a floating synchronous reference
frame voltage Park vector command,;

a multiplier for crossmultiplying said floating synchro-
nous reference frame voltage Park vector command by
said angular position estimate of the current vector
minus said beta angle () to shift said floating reference
frame from an estimated angle of a phase current Park
vector by said beta angle () to generate said stator
reference frame voltage command,;
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a multiplier for crossmultiplying at least one Park vector
of a motor phase current in stationary reference frame
by ejeest,

a fourth adder for comparing the product with a zero value

to produce a cross product error value;

a fourth PI regulator for operating upon said cross product
error value, wherein an output of said fourth PI regu-
lator is an angular estimation of a current vector; and

a fifth adder for adding said angular estimation to an
initial angular velocity w, to generate an estimated
angular velocity signal _.
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