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(57) ABSTRACT

A methods and systems for generating rectified signals are
disclosed. For example, a system performing the methods
includes a current source rectifier which has a plurality of
switches configured to receive an input current from an AC
voltage source and to receive a plurality of control signals.
The switches are configured to produce a rectified output
current based on the input current and the control signals.
The system also includes a rectifier controller configured to
receive a current sense signal indicative of the rectified
output current and to generate the control signals based at
least in part on the current sense signal, where the control
signals cause the current source rectifier to attenuate at least
one of a plurality of harmonic frequencies in the rectified
output current.
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HARMONIC REGULATOR FOR CURRENT
SOURCE RECTIFICATION AND INVERSION

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 16/029,479, titled “HARMONIC REGULA-
TOR FOR CURRENT SOURCE RECTIFICATION AND
INVERSION,” filed Jul. 6, 2018, which is a continuation of
U.S. application Ser. No. 14/934,036, titled “HARMONIC
REGULATOR FOR CURRENT SOURCE RECTIFICA-
TION AND INVERSION,” filed Nov. 5, 2015, which is a
continuation of U.S. application Ser. No. 13/900,321, titled
HARMONIC REGULATOR FOR CURRENT SOURCE
RECTIFICATION AND INVERSION,” filed May 22, 2013,
which claims the benefit of U.S. Provisional Patent Appli-
cation No. 61/650,469, titled “HARMONIC REGULATOR
FOR CURRENT SOURCE RECTIFICATION AND
INVERSION,” filed May 22, 2012, which are hereby incor-
porated in their entirety and for all purposes.

FIELD OF THE INVENTION

[0002] The disclosure herein relates generally to three-
phase voltage rectifiers, and more particularly to three-phase
voltage rectifiers with low harmonic load presented to the
driving power supply.

BACKGROUND OF THE INVENTION

[0003] AC to DC converters are frequently used to provide
power from an AC power supply to one or more devices
which require DC power. In some applications, AC to DC
converters are used to provide DC power to a DC to AC
converter. In such applications, the AC to DC converter and
the DC to AC converter collectively form an AC to AC
inverter. FIG. 1 illustrates a system 100 including an AC to
DC converter 120 providing power from AC service 115 to
an AC motor 180 via the DC to AC converter 130.

[0004] In some cases, the AC service 115 can have power
quality requirements, such as those specified by Mil-Std-
1399 Sec. 300B, or other power quality standards. In such
cases, harmonics generated by the AC to DC converter 120
should be minimized, as they may cause the voltage of the
AC service 115 to deviate from a pure sinusoid. These
deviations may cause poor performance in other devices
connected to the AC service 115. In addition, these devia-
tions may cause the AC service 115 to fail the power quality
requirements.

[0005] AC to DC Converters may utilize pulse-width
modulated current source rectifiers, such as that shown in
FIG. 2, as opposed to passive rectifiers, thyristor-based
phase controlled rectifiers and voltage source rectifiers. The
current source rectifier is an attractive alternative to these
other types of rectifiers more widely used by industry
because it can achieve AC-to-DC voltage conversion with
nearly sinusoidal input currents with less input filter com-
ponents, no in-rush limiting circuitry and no step-down
transformer in cases where the desired output voltage is
lower than the input. All of this results in smaller size and
lower parts count.

[0006] The current source rectifier 110 shown in FIG. 2 is
an active AC-10-DC rectifier that converts three-phase AC
input power to a controlled DC voltage through an active
rectification process and drives a constant power load 104.
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In the illustration, the three-phase AC input power is shown
coming off of an AC power grid 102 and is provided to the
current source rectifier 110 through input lines a, b, and c.
The controller 101 receives the input voltages via signal
drivers 106 and 108. The controller 101 also receives output
voltage v, as well as the DC link current i, through the
inductor L, from the current source rectifier 110. Controller
101 then provides control signals U,,-U,s to control the
switches S,;-S,, of the current source rectifier 110, respec-
tively.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a simplified block diagram of a system
providing power to a motor.

[0008] FIG. 2 is a simplified block diagram of a conven-
tional controller and current source rectifier.

[0009] FIG. 3 is a simplified block diagram of a driver
having a current source rectifier with a rectifier control
circuit, according to an embodiment of the present inven-
tion.

[0010] FIG. 4 is a phasor diagram for use with certain
embodiments.
[0011] FIG. 5 is a simplified schematic diagram of an

example of a current source rectifier in a first switch state
according to one embodiment.

[0012] FIG. 6 is a simplified schematic diagram of an
example of a current source rectifier in a second switch state
according to one embodiment.

[0013] FIG. 7 is a simplified schematic diagram of an
example of a current source rectifier in a third switch state
according to one embodiment.

[0014] FIG. 8 is a simplified graph of input-to-output
voltage ratios of a current source rectifier according to one
embodiment.

[0015] FIG. 9 is a simplified block diagram of a rectifier
control circuit for a current source rectifier, according to an
embodiment of the present invention.

[0016] FIG. 10 is a simplified block diagram of a DC
offset removal circuit for a harmonic regulator, according to
an embodiment of the present invention.

[0017] FIG. 11 is a simplified block diagram ot a harmonic
regulator, according to an embodiment of the present inven-
tion.

[0018] FIG. 12 illustrates the current, voltage, and har-
monic performance with and without harmonic regulation.
[0019] FIG. 13 illustrates input current and DC link cur-
rent with and without harmonic regulation. is graph showing
harmonic content of input current without harmonic regu-
lation of the DC Link current according to an embodiment
of the invention.

[0020] FIG. 14 illustrates harmonic components of input
current and DC link current with and without harmonic
regulation.

SUMMARY OF THE INVENTION

[0021] One inventive aspect is a system, which includes a
current source rectifier having a plurality of switches con-
figured to receive an input current from an alternating
current (AC) voltage source and to receive a plurality of
control signals. The switches are configured to produce a
rectified output current based on the input current and the
control signals. The system also includes a rectifier control-
ler configured to receive a current sense signal indicative of
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the rectified output current and to generate the control
signals based at least in part on the current sense signal,
where the control signals cause the current source rectifier to
attenuate at least one of a plurality of harmonic frequencies
in the rectified output current.

[0022] Another inventive aspect is a rectifier control cir-
cuit, configured to control a current source rectifier config-
ured to generate a rectified output current. The rectifier
control circuit is further configured to receive a current sense
signal indicative of the rectified output current and to
generate a plurality of control signals based at least in part
on the current sense signal, where the control signals cause
the current source rectifier to attenuate at least one of a
plurality of harmonic frequencies in the rectified output
current. The rectifier control circuit includes a DC offset
circuit configured to remove a DC component from the
current sense signal to generate an AC sense signal, a
harmonic angle generator configured to generate a plurality
of harmonic frequency signals, and one or more harmonic
regulator circuits, each configured to receive the AC sense
signal and one of the harmonic frequency signals, and to
generate a harmonic compensation signal based on the
received harmonic frequency signal and the AC sense signal.
The rectifier control circuit also includes a combiner con-
figured to generate a feedback signal based on the harmonic
compensation signals of the harmonic regulator circuits, and
a power switch state selection circuit configured to receive
the feedback signal and to generate the control signals based
on the feedback signal.

[0023] Another inventive aspect is a variable speed drive,
including a current source rectifier having a plurality of
switches configured to receive an input current from an
alternating current (AC) voltage source and to receive a
plurality of control signals, where the switches are config-
ured to produce a rectified output current based on the input
current and the control signals. The variable speed drive also
includes a rectifier controller configured to receive a current
sense signal indicative of the rectified output current and to
generate the control signals based at least in part on the
current sense signal, where the control signals cause the
current source rectifier to attenuate at least one of a plurality
of harmonic frequencies in the rectified output current. The
variable speed drive also includes an inverter configured to
receive the rectified output voltage and to generate and AC
voltage output based on the rectified output voltage.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[0024] Typically, current source converters do not exhibit
many of the undesirable side-effects of power conversion
that can be found in voltage source converters (used in many
variable speed drives and power converters) because they do
not impose voltage pulses on the source or load. As such,
current source converters do not typically require large input
filter inductors and capacitors that may be necessary for
voltage source converters (VSC) to reduce electro-magnetic
interference (EMI) or transmission line effects caused by
high voltage changes with respect to time (dV/dt). Current
source converters may also present nearly sinusoidal volt-
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ages to the system, so that filter size requirements for
meeting low input current harmonic distortion can be less
burdensome than those for voltage source converters.
[0025] The Harmonic Regulation System described herein
enables the implementation of a control that targets specific
harmonics. By reducing the magnitude of these harmonics,
the magnitude of the harmonic content presented to the
power distribution system at the input of the converter can
be maintained below system limits. In addition, headroom
can be allocated to allow for higher ripple current in the DC
link inductor.

[0026] The harmonic regulation system discussed below
can achieve the same performance as a very high sample rate
system but with more reasonable control update execution
rates for the calculation of U, ;-U, to control the switches
S,1-S,¢ of the current source rectifier for microprocessor or
digital signal processor controlled systems. Therefore, the
harmonic regulation system discussed below enables the use
of low cost processing hardware.

[0027] Certain embodiments of the invention provide for
control of harmonic currents at the inputs of a variable speed
drive through control of a single quantity representing DC
Link Current. This may require less sensing hardware than
other conventional techniques that monitor the three-phase
input voltages and currents and use the monitored param-
eters to reduce harmonics or to implement an active damp-
ing approach. The result can be significantly lower cost and
greater simplicity.

[0028] In some embodiments, it is also possible to enable
harmonic regulators to remove voltage harmonics that
would otherwise be imposed upon the power distribution
system.

[0029] FIG. 3 illustrates a variable speed drive 200,
according to an embodiment of the invention. The variable
speed drive 200 may, for example, be used in the system
100. The variable speed drive 200 is connected to a three-
phase voltage source 210, and is configured to provide
power from the voltage source 210 to a motor 270. Variable
speed drive 200 includes power switches 220, a DC link
component, inductor 230, a rectifier controller 240, a voltage
inverter 250, and inverter controller 260. Embodiments of
the invention provide for the implementation of a power
efficient current source rectifier, having a physically smaller
DC link inductor, using low cost, practically implementable
control hardware.

[0030] The voltage source can be a 60 Hz three-phase
alternating current (AC) source, or the like. The power
switches 220 may, for example, be insulated gate bipolar
transistors (IGBTs), Metal Oxide Field Effect Transistors
(MOSFETS), or the like. Some embodiments include addi-
tional filtering means to help reduce harmonic currents. For
example, additional capacitors, resistors, or combinations
thereof, can be additionally used to filter unwanted frequen-
cies.

[0031] Three-phase voltage source 210 provides current to
the power switches 220 on three input lines. Each of the
input lines provides one phase of current to a pair of power
switches 220. The power switches 220, as part of a current
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source rectifier, provide current to the motor 270 through DC
link inductor 230 and voltage inverter 250.

[0032] The voltage inverter 250 receives a substantially
DC voltage through the filtering action of the DC link
inductor 230 and the DC link capacitor 270. The motor
receives a three-phase voltage having a frequency based on
the operation of the voltage inverter 250, which is config-
ured to selectively turn on and off the switches of the voltage
inverter 250. The switches of the voltage inverter 250 are
turned on and off with signals from the inverter controller
260 which are determined according to a pulse width
modulation scheme. The timing and duration of the signals
are selected to provide a substantially sinusoidal three-phase
voltage to motor 270. As shown in FIG. 3, voltage inverter
250 is a voltage source inverter. In other embodiments, a
current source inverter may alternatively be used.

[0033] The operation of the power switches 220 is con-
trolled by the rectifier controller 240. Using a pulse width
modulation scheme, the rectifier controller 240 provides
signals to the power switches 220 to selectively turn on and
off the power switches 220 according to the phases of the
three input voltages. The timing and duration of the signals
are selected to provide a rectified current to DC link inductor
230 and a rectified DC voltage to the voltage inverter 250.

[0034] In this embodiment, the rectifier controller 240
receives a signal (Vb) representing the voltage at the voltage
inverter 250. As discussed further below, the rectifier con-
troller is configured to control the timing and duration of the
signals controlling the power switches based, at least in part,
on the signal representing the signal Vb. For example, the
rectifier controller 240 is at least configured to control the
timing induration signals such that Vb is substantially fixed
and is approximately equal to a reference voltage.

[0035] The rectifier controller 240 also receives a signal
(Ib) representing the current of the DC link inductor 230.
Other signals may be used in other embodiments such as the
AC voltage feedbacks Vabc which are fed into a harmonic
angle generator in order to lock the timing of the selection
of gate signals to the fundamental frequency of the periodic
change in the input voltages.

[0036] As discussed further below, the rectifier controller
240 is configured to control the timing and duration of the
signals controlling the power switches based, at least in part,
on the AC voltage signals and the signal Ib. For example, the
rectifier controller 240 is at least configured to control the
timing and duration of the signals such that certain harmon-
ics in the current of the DC link inductor 230 are attenuated.

[0037] FIGS. 4-8 illustrate examples of aspects of the
functionality of the rectifier controller 240 and the power
switches 220, which operate with the DC link inductor 230
and the DC link capacitor 270 to generate a substantially DC
voltage. The functionality of the rectifier controller 240 may
alternatively operate according to different aspects and prin-
ciples. FIGS. 9-11 illustrate examples of aspects of the
rectifier controller 240 and the power switches 220, which
work with DC link inductor 230 and the DC link capacitor
270 to attenuate harmonics in the current of the DC link
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inductor 230. The functionality of the rectifier controller 240
may alternatively operate according to different aspects and
principles.

[0038] FIG. 4 illustrates a phasor diagram which divides
the electrical cycle of the periodically changing incoming
three-phase voltages and currents 0, into six equal 60 degree
sectors. As can be seen, the current source rectifier switch
states have been superimposed on the abc phase plane of the
phasor diagram. Three (or four) active switches of the
current source rectifier and the two applied line-to-line
voltages or three applied line-to-neutral voltages change
every 60 degree sector. S, and S,, denote the two PWM-
controlled switches, S denotes the switch that is held on,
and S, denotes the switch for the zero state (if used). One
embodiment of the current source rectifier control, synthe-
sizes sinusoidal three-phase input currents and controls DC
output voltage by controlling the amount of time PWM-
controlled switches S, and S,, are turned on over a switching
frequency period according to equations 1-3 below, where
the duty cycles are given by equations 4-6.

L ACARE 1

Ty =dnlei) - Tsi 2

T, = [1 - dilg) — duln)] T 3
where

di(¢1) = Ueq 'Sin(g -1 4

(1) = Ugq -sing;) 5

1 6

T, = —
Yk

The angle ¢, is related to 8, by the following relationship:

0 Fie
pi(D) = i+

Where 6, is produced by the harmonic angle generator and
@, resets to zero at

0_7r 7 57 7T 3.7 1l-xm 8
t5 5 6 2 6

[0039] and each of the above values of 0, represents entry
into a subsequent 60 degree sector and exit from a previous
60 degree sector.

[0040] One way to generate the gate control signals U, -
U, 1s to compare the duty cycles of equations 4 and 5 to
symmetrical triangle waves that vary with the switching
frequency f,; and are 180 degrees out of phase with each
other in order to produce the gating signals for the PWM-
controlled switches S, and S,,. Table 1 below shows how the
switches of FIG. 3 are assigned in each sector. Those switch
states that are generated through comparison with 180
degree phase-shifted triangles are designated by the shaded
cells with * marks under the S, and S, headings for each
sector.
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TABLE 1
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Pole voltages and currents in each sector

PWM
Electrical Sector Controlled
Angle Switches Switches Pole Voltages Pole Currents
@) Sector S, S, S S, Vi v, Vio Vo i i,
330° 7 S; Su S S Var Vea VY. iy -,
30° 2 Sp Sis Sii *85 Ve Voe  Va Vp i, i,
90° 3 Si S * S, S Vee Vap Ve Vg -l g
150° 4 Su Sy Sz *Si5 Va Ve Vp Ve i i,
210° 5 Sis Sp * S8y Si6 Vea Vi “Va Vb iy iy
270 6 Sis S Sis *8i “Vee  Vap Ve Va i i
[0041] As discussed above, a current source with a free- the DC link inductor L, is v,, and the current i,=i, flows

wheeling diode does not require the switching of S, in order
to create the zero state. Instead, the freewheeling diode
automatically creates the zero state by providing a path
through which DC link inductor current can flow when the
devices are switched off.

[0042] PWM operation of the current source rectifier can
be understood by restricting the analysis to a single 60°
sector. FIGS. 5-7 show the current source rectifier circuit
110 of FIG. 3 during its three commutation stages for a
single sector (Sector 2) with its two active switch states
(FIGS. 5 and 6) and the zero or null state (FIG. 7). The zero
state can also be produced with a freewheeling diode in
which case the two active switches are in the off state. The
two active switch states are named for the active switch,
denoted as either the switch or the ‘n’ switch. The sector is
named for the switch that is held on, the q' switch. The zero
state is produced by switching on the ‘z’ switch. This
‘k-n-g-z’ convention is followed from this point forward in
the discussion herein. The ‘k-n-q-z’ switches change every
sector, as do the input pole voltages (the line-to-line voltage
across the associated input capacitor) designated as v, and v,
and the pole currents (the currents that flow through the
active switch when it is on) designated as v, and v,,. Table
1 above shows the pole voltages and currents that are
assigned to v,, v, i, and i, for each sector.

[0043] FIGS. 5-7 depict example block diagrams of a
current source rectifier operating in different switch states
according to one embodiment. The assignment of the
applied line-to-line voltages v, and v,,, input currents i, and
i,, and equivalent line-to-neutral voltages v,, and v, for
each sector is shown in Table 1 above. In a given sector, the
current source rectifier PWM-controlled switches (S, and
S,,) and full on switch (8,) connect two AC input voltages to
the DC link inductor L,, and synthesize a DC voltage
through PWM control that is lower than the peak line-to-line
voltage of the two voltages.

[0044] FIG. 5 depicts an example of a current source
rectifier in a first switch state according to one embodiment.
In the illustrated embodiment, this active switch state is
referred to as the ‘k’ switch state. In this state, the input
voltage across the DC link inductor L, is v, and the current
1,1, flows through L. In order to reach this state, switches
Sy (e.g., S, from FIG. 3) and S, are turned on while the other
switches in the current source rectifier remain turned off.
FIG. 6 depicts an example of a current source rectifier in a
second switch state according to one embodiment. In the
illustrated embodiment, this active switch state is referred to
as the ‘n’ switch state. In this state, the input voltage across

through I, In order to reach this state, switches S, (e.g., S5
from FIG. 3) and S, are turned on while the active switches
in the current source rectifier remain turned off. FIG. 7
depicts an example of a current source rectifier in a third
switch state according to one embodiment. In the illustrated
embodiment, this switch state is referred to as the ‘z” or
‘zero’ switch state. In this state, there is no input voltage
applied across the DC link inductor [, and thus current i,
flows to ground and dissipates in the load. In order to reach
this state, switches S, (e.g., S;5 from FIG. 3) and S, are
turned on while the other active switches in the current
source rectifier remain turned off.

[0045] FIG. 9 illustrates a rectifier control circuit 300
according to an embodiment of the invention. The rectifier
control circuit 300 can be used, for example, in the rectifier
control circuit 240 of variable speed drive 200 of FIG. 2 to
generate the signals discussed above with reference to FIGS.
4-8 such that certain harmonics in the current of the DC link
inductor 230 are attenuated.

[0046] The rectifier control circuit 300 includes a phase
locked loop (PLL) 370 as a harmonic angle generator, a DC
offset removal block 360, a 2" harmonic regulator 350, a 37
harmonic regulator 340, a 67 harmonic regulator 330, a
power switch state selection circuit 320, and a proportional
plus integral regulator (PI regulator) 310. The specific
implementation for each of the phase locked loop (PLL)
370, the DC offset removal block 360, the harmonic regu-
lators 330, 340, and 350, the power switch state selection
circuit 320, and the PI regulator 310 is not limited. Some
embodiments include more or fewer harmonic regulators
and some embodiments regulate other harmonics (e.g., 1%,
4% and 8" harmonics).

[0047] In operation, the DC link current signal (Ib) is
provided to the DC offset removal block configured to
remove a DC component from the current sense signal to
generate an AC sense signal representing the unwanted
harmonic content in the DC link current. Accordingly, the
output of the DC offset removal block 360 is the AC
component of Ib, which is provided to each of the harmonic
regulators 330, 340, and 350.

[0048] The harmonic regulators 330, 340, and 350 respec-
tively generate a harmonic compensation signal based on the
frequency component of the Ib signal matching the har-
monic which each of the regulators 330, 340, and 350 are
configured to respond to. The respective harmonic compen-
sation signals are combined with a unity signal at summing
circuit 380 to generate a harmonic compensation signal,
which is used as discussed below.
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[0049] PI regulator 310 receives a DC error voltage based
on a difference between reference voltage Vb* and signal Vb
representing the voltage at voltage inverter 250. Based on
the error voltage, PI regulator 310 generates a difference
signal Ud.

[0050] Multiplier 390 combines the difference signal Ud
with the harmonic compensation signal to generate a feed-
back control signal. Because the difference signal Ud is
based on the DC error voltage, and the harmonic compen-
sation signal is based on the harmonics in the DC link
current signal Ib to be attenuated, the feedback control signal
is based on both the DC error voltage and the harmonics to
be attenuated. The feedback control signal is provided to
power switch state selection circuit 320.

[0051] The power switch state selection circuit 320 gen-
erates power switch state signals based on the feedback
control signal to generate the signals for the power switches
220. Accordingly, the power switch state selection circuit
320 generates power switch state signals which result in a
substantially DC voltage as discussed above with reference
to FIGS. 4-8, and which result in attenuation of harmonics
as discussed above with reference to FIG. 9.

[0052] As a result, the states of the power switches are
controlled such that a substantially fixed DC voltage which
is substantially equal to the reference voltage is provided
across bypass capacitor 270, and such that the current
through DC link inductor 230 has low harmonic distortion.
[0053] FIG. 10 illustrates a DC offset removal circuit 400
according to an embodiment of the invention. The DC offset
removal circuit 400 is configured to generate and output
signal which has substantially only the AC components of
the input signal. The DC offset removal circuit 400 can be
used, for example, in the rectifier control circuit 300 of FIG.
3 to remove the DC component of the DC link current signal
Ib. Other circuits may alternatively be used for the DC offset
removal circuit 360 of FIG. 3.

[0054] The DC offset removal circuit 400 includes a
forward difference filter 410 and a summer 420. The input
signal Ib is provided to a positive input of summer 420. In
addition the input signal Ib is provided to the forward
difference filter 410. The forward difference filter 410 gen-
erates an output voltage Ibdc, which is provided to a
negative input of summer 420. The summer 420 combines
the Ib and Ibdc signals and generates an output Ibh. Ibh
contains the AC components of the input signal Ib.

[0055] FIG. 11 illustrates a harmonic regulator circuit 500
according to an embodiment of the invention. The harmonic
regulator circuit 500 is configured to The harmonic regulator
circuit 500 can be used, for example, in the rectifier control
circuit 300 of FIG. 3. Other circuits may alternatively be
used for the rectifier control circuit 300 of FIG. 3.

[0056] Harmonic regulator circuit 500 receives the AC
sense signal representing the unwanted harmonic content in
the DC link current, and a frequency signal from the PLL
370. Harmonic regulator circuit 500 is configured to extract
the amplitudes of two quadrature DC link current harmonics
of the input fundamental frequency, and to generate two
harmonic compensation signals with two PI regulators,
which are summed. The feedback reduces the harmonic
component of the AC sense signal.

[0057] FIGS. 12-15 illustrate the impact of the harmonic
regulation on the harmonic content of the DC link current
and on the harmonic content of the input current, according
to some embodiments.
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[0058] FIG. 12 illustrates the amplitudes of the second,
third, and sixth harmonics components in the DC link
current before and after harmonic regulation is turned on. In
this embodiment, when the current source rectifier starts up,
the harmonic regulation is not active. Consequently, the
amplitudes of the second, third, and sixth harmonics in the
DC link current are significant. After the harmonic regula-
tion is engaged and the system has settled, the amplitudes of
the second, third, and sixth harmonics are attenuated. As
shown, the harmonic content of the DC link current is better
regulated and is significantly attenuated after the harmonic
regulator for is engaged.

[0059] As understood by those of skill in the art, the
reduction in harmonic content of the DC link current reduces
the harmonic content of the input current. Specifically,
reduction of the second harmonic in the DC link current
results in a reduction of the third harmonic of the input
current. In addition, reduction of the third harmonic in the
DC link current results in a reduction of the second and
fourth harmonics in the input current. Furthermore, reduc-
tion of the sixth harmonic in the DC link current results in
a reduction of the fifth and seventh harmonics in the input
current.

[0060] FIG. 12 also illustrates the values of the DC link
voltage, the input current, and the DC link current before and
after the harmonic regulation is turned on, according to one
embodiment.

[0061] FIG. 13 illustrates the input current and the DC link
current (Ipn) without harmonic regulation on the left and
with harmonic regulation on the right, according to one
embodiment. As shown on the left, the DC link current has
significant harmonic content. The input current is visibly
distorted from sinusoidal. In addition, the DC link current
has amplitude peaks which are significantly different from
one another. As shown on the right, the input current is
clearly more sinusoidal. In addition, the peaks of the DC link
current do not vary as much as the peaks of the DC link
current shown on the left.

[0062] FIG. 14 illustrates harmonic components of the
input current and the DC link current (Ipn) without harmonic
regulation on the left and with harmonic regulation on the
right, according to one embodiment.

[0063] As shown, the harmonic content of the input cur-
rent has been significantly reduced by the harmonic regu-
lation. In this example, the 2" harmonic has been reduced
from -25 dB to =37 dB, the 3”7 harmonic has been reduced
from -60 dB to —63 dB, the 4” harmonic has been reduced
from =25 dB to -31 dB, the 57 harmonic has been reduced
from -32 dB to -48 dB, and the 7% harmonic has been
reduced from -31 dB to -48 dB.

[0064] Throughout the foregoing description, for the pur-
poses of explanation, numerous specific features were set
forth in order to provide an understanding of the invention.
It will be apparent, however, to persons skilled in the art that
the discussed and other embodiments may be practiced
without some of presented features. Likewise, it will be
apparent to persons skilled in the art that the discussed and
other embodiments may be practiced with other features not
discussed.

What is claimed is:

1. A method of rectifying an input signal, the method
comprising:
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with a current source rectifier comprising a plurality of
switches, receiving an alternating current (AC) input
current and an AC input voltage from an AC voltage
source;

with the current source rectifier, receiving a plurality of
control signals, wherein the control signals cause the
switches to generate a rectified output current based on
the input current and the control signals, and wherein
the control signals additionally cause the switches to
attenuate one or more harmonic frequencies of the AC
input voltage in the rectified output current;

with a rectifier controller comprising a harmonic angle
generator circuit and a power switch state selection
circuit, receiving an input frequency signal indicative
of the AC input voltage;

with the harmonic angle generator circuit, generating one
or more harmonic frequency signals based on the input
frequency signal, wherein each of the harmonic fre-
quency signals has a frequency corresponding with one
of the harmonic frequencies of the AC input voltage
attenuated in the rectified output current; and

with the power switch state selection circuit, generating
the control signals based in part on the harmonic
frequency signals.

2. The method of claim 1, wherein the AC input voltage

is a three-phase AC voltage.

3. The method of claim 1, wherein the plurality of

switches are metal-oxide field effect transistors (MOSFETs).

4. The method of claim 1, further comprising:
with a DC offset circuit, removing a DC component from

a current sense signal to generate an AC sense signal,

wherein the current sense signal is indicative of the

rectified output current of the current source rectifier.

5. The method of claim 4, further comprising:

with one or more harmonic regulator circuits, receiving
the AC sense signal and one of the harmonic frequency
signals; and

with the one or more harmonic regulator circuits, gener-
ating a harmonic compensation signal based on the
received harmonic frequency signal and the AC sense
signal, wherein the one or more harmonic regulator
circuits includes one or more of:

a first harmonic regulator circuit configured to receive
the AC sense signal and a first harmonic frequency
signal, and to generate a first harmonic compensation
signal based on the first harmonic frequency signal
and the AC sense signal;

a second harmonic regulator circuit configured to
receive the AC sense signal and a second harmonic
frequency signal, and to generate a second harmonic
compensation signal based on the second harmonic
frequency signal and the AC sense signal;

a third harmonic regulator circuit configured to receive
the AC sense signal and a third harmonic frequency
signal, and to generate a third harmonic compensa-
tion signal based on the third harmonic frequency
signal and the AC sense signal;

a fourth harmonic regulator circuit configured to
receive the AC sense signal and a fourth harmonic
frequency signal, and to generate a fourth harmonic
compensation signal based on the fourth harmonic
frequency signal and the AC sense signal;

a fifth harmonic regulator circuit configured to receive
the AC sense signal and a fifth harmonic frequency
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signal, and to generate a fifth harmonic compensa-
tion signal based on the fifth harmonic frequency
signal and the AC sense signal;

a sixth harmonic regulator circuit configured to receive
the AC sense signal and a sixth harmonic frequency
signal, and to generate a sixth harmonic compensa-
tion signal based on the sixth harmonic frequency
signal and the AC sense signal;

a seventh harmonic regulator circuit configured to
receive the AC sense signal and a seventh harmonic
frequency signal, and to generate a seventh harmonic
compensation signal based on the seventh harmonic
frequency signal and the AC sense signal; and

an eighth harmonic regulator circuit configured to
receive the AC sense signal and an eighth harmonic
frequency signal, and to generate an eighth harmonic
compensation signal based on the eighth harmonic
frequency signal and the AC sense signal.

6. The method of claim 1, further comprising:

with the current source rectifier, generating a controlled
output voltage;

with the rectifier controller, receiving configured to
receive a reference voltage; and

with the rectifier controller generating the control signals
based at least in part on the reference voltage,

wherein the control signals cause the current source
rectifier to generate the rectified output current such
that the controlled output voltage is substantially equal
to the reference voltage.

7. The method of claim 6, further comprising:

with a voltage regulator circuit of the rectifier controller,
generating a difference signal based on a difference
between the reference voltage and the controlled output
voltage; and

with the power switch state selection circuit, generating
the control signals based on the difference signal.

8. The method of claim 7, further comprising:

with a DC offset circuit of the rectifier controller further,
removing a DC component from a current sense signal
to generate an AC sense signal, wherein the current
sense signal is indicative of the rectified output current
of the current source rectifier,

wherein the one or more harmonic regulator circuits
includes one or more of:

a first harmonic regulator circuit configured to receive the
AC sense signal and a first harmonic frequency signal,
and to generate a first harmonic compensation signal
based on the first harmonic frequency signal and the
AC sense signal;

a second harmonic regulator circuit configured to receive
the AC sense signal and a second harmonic frequency
signal, and to generate a second harmonic compensa-
tion signal based on the second harmonic frequency
signal and the AC sense signal;

a third harmonic regulator circuit configured to receive
the AC sense signal and a third harmonic frequency
signal, and to generate a third harmonic compensation
signal based on the third harmonic frequency signal and
the AC sense signal;

a fourth harmonic regulator circuit configured to receive
the AC sense signal and a fourth harmonic frequency
signal, and to generate a fourth harmonic compensation
signal based on the fourth harmonic frequency signal
and the AC sense signal;
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a fifth harmonic regulator circuit configured to receive the
AC sense signal and a fifth harmonic frequency signal,
and to generate a fifth harmonic compensation signal
based on the fifth harmonic frequency signal and the
AC sense signal;

a sixth harmonic regulator circuit configured to receive
the AC sense signal and a sixth harmonic frequency
signal, and to generate a sixth harmonic compensation
signal based on the sixth harmonic frequency signal
and the AC sense signal;

a seventh harmonic regulator circuit configured to receive
the AC sense signal and a seventh harmonic frequency
signal, and to generate a seventh harmonic compensa-
tion signal based on the seventh harmonic frequency
signal and the AC sense signal; and

an eighth harmonic regulator circuit configured to receive
the AC sense signal and an eighth harmonic frequency
signal, and to generate an eighth harmonic compensa-
tion signal based on the eighth harmonic frequency
signal and the AC sense signal.

9. The method of claim 6, further comprising, with an
inverter receiving the controlled output voltage and gener-
ating an AC voltage output based on the controlled output
voltage.

10. The method of claim 9, wherein the inverter is a
current source inverter.

11. The method of claim 9, wherein the inverter is a
voltage source inverter.

12. A method of operating a variable speed drive, the
method comprising:

with a current source rectifier comprising a plurality of
switches, receiving an alternating current (AC) input
current and an AC input voltage from an AC voltage
source;

with the current source rectifier, receiving a plurality of
control signals, wherein the control signals cause the
switches to generate a rectified output current based on
the input current and the control signals, and wherein
the control signals additionally cause the switches to
attenuate a harmonic frequency of the input current in
the rectified output current;

with a rectifier controller, receiving an input frequency
signal indicative of a frequency of the input current;

with a harmonic angle generator circuit of the rectifier
controller, generating a harmonic frequency signal hav-
ing a frequency corresponding with the harmonic fre-
quency of the input current attenuated in the rectified
output current, and

with a power switch state selection circuit of the rectifier
controller, generating the control signals based in part
on the harmonic frequency signal; and

with an inverter, receiving the rectified output current and
to generate an AC voltage output based on the rectified
output current.

13. The method of claim 12, wherein the AC input voltage

is a three-phase AC voltage.

14. The method of claim 12, wherein the plurality of
switches are metal-oxide field effect transistors (MOSFETs).

15. The method of claim 12, further comprising:

with a DC offset circuit, removing a DC component from
a current sense signal to generate an AC sense signal,
wherein the current sense signal is received by the
rectifier controller and is indicative of the rectified
output current of the current source rectifier; and
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at least one of:
with a first harmonic regulator circuit receiving the AC
sense signal and a first harmonic frequency signal,
and generating a first harmonic compensation signal
based on the first harmonic frequency signal and the
AC sense signal;
with a second harmonic regulator circuit, receiving the
AC sense signal and a second harmonic frequency
signal, and generating a second harmonic compen-
sation signal based on the second harmonic fre-
quency signal and the AC sense signal;
with a third harmonic regulator circuit, receiving the
AC sense signal and a third harmonic frequency
signal, and generating a third harmonic compensa-
tion signal based on the third harmonic frequency
signal and the AC sense signal;
with a fourth harmonic regulator circuit, receiving the
AC sense signal and a fourth harmonic frequency
signal, and generating a fourth harmonic compensa-
tion signal based on the fourth harmonic frequency
signal and the AC sense signal;
with a fifth harmonic regulator circuit, receiving the AC
sense signal and a fifth harmonic frequency signal,
and generating a fifth harmonic compensation signal
based on the fifth harmonic frequency signal and the
AC sense signal;
with a sixth harmonic regulator circuit, receiving the
AC sense signal and a sixth harmonic frequency
signal, and generating a sixth harmonic compensa-
tion signal based on the sixth harmonic frequency
signal and the AC sense signal;
with a seventh harmonic regulator circuit, receiving the
AC sense signal and a seventh harmonic frequency
signal, and generating a seventh harmonic compen-
sation signal based on the seventh harmonic fre-
quency signal and the AC sense signal; and
with an eighth harmonic regulator circuit configured to
receive the AC sense signal and an eighth harmonic
frequency signal, and generating an eighth harmonic
compensation signal based on the eighth harmonic
frequency signal and the AC sense signal.
16. The method of claim 12, further comprising:
with the current source rectifier, generating a controlled
output voltage;
with the rectifier controller, receiving a reference voltage;
and
with the rectifier controller, generating the control signals
based at least in part on the reference voltage, wherein
the control signals cause the current source rectifier to
generate the controlled output voltage such that the
controlled output voltage is substantially equal to the
reference voltage.
17. The method of claim 16, further comprising:
with a voltage regulator circuit of the rectifier controller,
generating a difference signal based on a difference
between the reference voltage and the controlled output
voltage; and
with the power switch state selection circuit, generating
the control signals based on the difference signal.
18. The method of claim 17,
with a DC offset circuit of the rectifier controller, remov-
ing a DC component from a current sense signal to
generate an AC sense signal, wherein the current sense
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signal is indicative of the rectified output current of the and generating a fifth harmonic compensation signal
current source rectifier; and based on the fifth harmonic frequency signal and the
at least one of: AC sense signal;
with a first harmonic regulator circuit receiving the AC with a sixth harmonic regulator circuit, receiving the
sense signal and a first harmonic frequency signal, AC sense signal and a sixth harmonic frequency
and generating a first harrpomc compensation signal signal, and generating a sixth harmonic compensa-
Zacsed on the fir Slt harmonic frequency signal and the tion signal based on the sixth harmonic frequency
sense signal, signal and the AC sense signal;
with a second harmonic regulator circuit, receiving the . & . &n .. .
AC sense signal and a second harmonic frequency with a seventhharmonlc regulator circuit, receiving the
signal, and generating a second harmonic compen- AC sense signal agd a seventh harmonlg frequency
sation signal based on the second harmonic fre- signal, and generating a seventh harmonic compen-
quency signal and the AC sense signal; sation signal based on the seventh harmonic fre-
with a third harmonic regulator circuit, receiving the quency signal and the AC sense signal; and
AC sense signal and a third harmonic frequency with an eighth harmonic regulator circuit configured to
signal, and generating a third harmonic compensa- receive the AC sense signal and an eighth harmonic
tion signal based on the third harmonic frequency frequency signal, and generating an eighth harmonic
signal and the AC sense signal; compensation signal based on the eighth harmonic
with a fourth harmonic regulator circuit, receiving the frequency signal and the AC sense signal.
AC sense signal an a fourth harmon.lc frequency 19. The method of claim 18, wherein the inverter is a
signal, and generating a fourth harmonic compensa- current source inverter.

tion signal based on the fourth harmonic frequency
signal and the AC sense signal;

with a fifth harmonic regulator circuit, receiving the AC
sense signal and a fifth harmonic frequency signal, L

20. The method of claim 18, wherein the inverter is a
voltage source inverter.



