wo 2018/047044 A1 | 0E 000 T O OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
15 March 2018 (15.03.2018)

(10) International Publication Number

WO 2018/047044 A1

WIPO I PCT

(51) International Patent Classification:
HO02M 5/257 (2006.01)

(21) International Application Number:

(74) Agent: IDEA INTELLECTUAL LIMITED; Suite 1203,
12/F, Bonham Trade Centre, 50 Bonham Strand, Sheung
Wan, Hong Kong (CN).

PCT/IB2017/055260 (81) Designated States (unless otherwise indicated, for every
. 1o kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, AJ"IF, AU, AZIZ] BA, BB, BG, BIL ])3N, BR, BW, BY, BZ,
01 September 2017 (01.09.2017) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
(25) Filing Language: English DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
oo . HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
(26) Publication Language: English KR.KW,KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,
(30) Priority Data: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
62/385,249 09 September 2016 (09.09.2016) US OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
. SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,

71) Apphcant: EDGE ELECTRONS LIMITED [CN/CN]; TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Suite 3, 1st Floor, Shun Kwong Commercial Building, 8 Des

Voeux Road West, Sheung Wan, Hong Kong (CN). (84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

(72) Imventor: STEWART, Neal George; Suite 3, 1st Floor,
Shun Kwong Commercial Building, 8 Des Voeux Road
West, Sheung Wan, Hong Kong (CN).

(54) Title: SERIES AC VOLTAGE REGULATOR

100 Transformer » T
IR 103 - . . 07
\ Secsrdany }*
PYYY
Primavy
¢ 106
101 _ o N ~ 104
e (n )
AC k* e
i 102 &
Vin Vprimary
High Frequency Series b3
ACVoltage Regulator
ol
i
FIG. 1

(57) Abstract: A system for controlling and regulating the AC voltage level delivered to a load regardless of the varying input AC
voltage is provided, the system comprises a high frequency AC series voltage regulator (102) coupled with a low frequency operating
mains transformer(103). The low frequency operating mains transformer(103) operates at electrical mains frequency, which is typically
50Hz or 60Hz. The magnetic core of the low frequency operating mains transformer(103) may be made of industry standard low
frequency core material selected from a material group including silicon steel and amorphous core such as 'Metglass'. The AC series
voltage regulator (102) is connected to the primary of the low frequency operating mains transformer(103), and the secondary of the
low frequency operating mains transtormer(103) is connected in series between the mains input which receives the unregulated input
and its output which outputs the regulated AC voltage to the loads.

[Continued on next page]



WO 2018/047044 A1 { ML) 00T 0O

EE, ES, FL, FR, GB, GR, HR, HU, IF, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
— as to the identity of the inventor (Rule 4.17(i))

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



WO 2018/047044 PCT/IB2017/055260

10

15

20

25

30

SERIES AC VOLTAGE REGULATOR
Inventor: Neal George STEWART

Cross-reference of Related Patents and Patent Applications:

[0001] This application claims priority under the Paris Convention to the
United States Provisional Patent Application No. 62/385,249, filed September 9,

2016, the disclosures of which are incorporated herein by reference in their entirety.

Field of the Invention:

[0002] The present invention generally relates to power electronics.
Particularly, the present invention relates to methods and power electronics for
regulating alternating current (AC) voltage, and more particularly regulating an
output AC voltage to a desired level regardless of the variation in an input AC

voltage.

Background:
[0003] AC voltage regulators are used to closely control and regulate the

AC voltage level being delivered to a load connected to the output of the AC
voltage regulator, regardless of the AC voltage variation at the input of the AC
voltage regulator.

[0004] This has been traditionally done by various low-frequency (LF),
typically at 50 or 60Hz, or other frequencies, electrical mains magnetic structures.
These structures are typically tapped at specific discrete transformer voltage taps in
various transformers or transformer configurations. Nonetheless, all these
structures rely on traditional AC switching devices such as relays or semiconductor
devices such as silicon-controlled rectifiers (SCR)’s or gate turn off thyristor
(GTO)’s connected as anti-parallel AC switches, TRIAC’s, AC switches such as
insulated-gate bipolar transistors (IGBT)’s, MOSFET transistors, and SCR’s
configured as AC switches, e.g. connected between rectifiers. These AC switches

are selected and activated by the electronic control circuit to automatically switch
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the selected magnetic transformer structure tap, in turn adjusting the transformer or
transformer configuration turns ratio to control the AC output voltage as close as
possible to the desired level.

[0005] Another traditional method to regulate an output AC voltage is to
use an electro-mechanically-adjusted auto-transformer that is driven by electrical
mechanical means, such as a controlled electrical motor. The electronic control in
this case senses the input voltage and then drives the electro-mechanical means to
move the output contact to adjust the turns of the auto-transformer, in turn sets the
correct turns ratio to fix the output AC voltage to the desired level. These electro-
mechanically-adjusted auto-transformer devices are also LF magnetic structures,
typically at 50Hz or 60Hz, or other frequencies, and generally use carbon brushes
to make the moving electrical contact to the auto-transformer windings. These
brushes, however, undergo mechanical wear as such they need frequent

maintenance and replacement.

Summary:
[0006] A system for controlling and regulating the AC voltage level

delivered to a load regardless of the varying input AC voltage comprises at least
one of the AC series voltage regulators disclosed and claimed in PCT Application
No. PCT/CN2014/093475 and PCT Application No. PCT/CN2014/089721,
coupled with a LF operating mains transformer. In one embodiment, the LF
operating mains transformer operates at electrical mains frequency, which is
typically 50Hz or 60 Hz. The magnetic core of the LF operating mains transformer
may be made of industry standard low frequency core material selected from a
material group including silicon steel and amorphous core such as ‘Metglass’. In
an embodiment, the AC series voltage regulator is connected to the primary of the
LF operating mains transformer, and the secondary of the LF operating mains
transformer is connected in series between the mains input (which receives the
unregulated input AC voltage to be regulated) and its output (which outputs the

regulated AC voltage to the loads).
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Brief Description of the Drawings:

[0007] Embodiments of the invention are described in more detail
hereinafter with reference to the drawings, in which

[0008] FIG. 1 depicts a system diagram of a voltage regulating system
comprising a HF AC series voltage regulator and a LF transformer in accordance
to an embodiment of the present invention;

[0009] FIG. 2 depicts a circuit diagram of an embodiment of the HF AC
series voltage regulator disclosed and claimed in PCT/CN2014/093475;

[0010] FIG. 3 depicts a circuit diagram of another embodiment of the HF
AC series voltage regulator disclosed and claimed in PCT/CN2014/093475; and
[0011] FIG. 4 depicts a circuit diagram of an embodiment of the HF AC

series voltage regulator disclosed and claimed in PCT/CN2014/089721.

Detailed Description:

[0012] In the following description, methods, systems, and apparatuses for
regulating an output AC voltage to a desired level regardless of the variation in an
input AC voltage and the like are set forth as preferred examples. It will be
apparent to those skilled in the art that modifications, including additions and/or
substitutions may be made without departing from the scope and spirit of the
invention. Specific details may be omitted so as not to obscure the invention;
however, the disclosure is written to enable one skilled in the art to practice the
teachings herein without undue experimentation.

[0013] In accordance to an embodiment of the present invention, provided
is a voltage regulating system for regulating the AC voltage level delivered to a
load regardless of the fluctuating input AC voltage. The voltage regulating system
comprises at least one of the AC series voltage regulators disclosed and claimed in
PCT Application No. PCT/CN2014/093475 and PCT Application No.
PCT/CN2014/089721, coupled with a LF transformer. In one embodiment, the LF

transformer operates at the electrical mains frequency, which is typically SO0Hz or
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low frequency core material selected from a material group including silicon steel
and amorphous core such as ‘Metglass’. In an embodiment, the AC series voltage
regulator is connected to the primary of the LF transformer, and the secondary of
the LF transformer is connected in series between the mains input (which receives
the unregulated input AC voltage to be regulated) and its output (which outputs the
regulated AC voltage to the loads).

[0014] Referring to FIG. 1. A HF series AC voltage regulator 102 is
connected to an unregulated input AC voltage (Vin) source 101 on the mains and
the primary of a transformer 103 such that the input of the HF series AC voltage
regulator 102 is connected in parallel (across the mains hot and neutral lines) with
the unregulated input AC voltage (Vin) source 101. The output of the HF series
AC voltage regulator 102 is connected in parallel (across the mains hot and neutral
lines) with the primary of the transformer 103. As the unregulated input AC
voltage (Vin) level fluctuates, the control electronics within the HF series AC
voltage regulator 102 senses the input AC voltage (Vin) level and the output AC
voltage (Vou) level and output current (Iout) level, controls and sets up an in-phase
positive or an in-phase negative differential AC voltage (Vprimary) output by the HF
series AC voltage regulator 101 to the primary of the transformer 103. The output
AC voltage (Vou) is taken on the hot line at the output of the voltage regulating
system 100, and the output current (Iow) is taken from the output of the current
transformer 107 on the hot line at the output of the voltage regulating system 100.
The secondary of the transformer 103 is connected in series on the mains hot line
between the unregulated input AC voltage (Vin) source and the regulated AC
voltage (Vou) output 104 of the voltage regulating system 100.

[0015] With the in-phase positive or an in-phase negative differential AC
voltage (Vprimary) output by the HF series AC voltage regulator 102 and feeding the
primary of the transformer 103, it regulates the varying input AC voltage (Viy) by

voltage level additions or subtractions produced across the secondary of the
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transformer 103 and consequently producing the regulated output AC voltage (Vou)
at a desired voltage level.

[0016] The voltage regulating system 100 further comprises a
semiconductor relay device 105 and optionally an electromechanical bypass device
106, both connected across in parallel with the primary of the transformer 103.
The semiconductor relay device 105 and the electromechanical bypass device 106
protect the voltage regulating system 100 from overvoltage and/or overcurrent i.e.
in the event of loads short circuit, faulty power electronics, or system overheating.
The semiconductor relay device 105 may comprise one or more of TRIACS, SCRs,
and similarly functional semiconductor devices. The electromechanical bypass
device 106 can be one or more of electromechanical relays and contactors. Both
the semiconductor relay device 105 and the electromechanical bypass device 106
are triggered and controlled by the control electronics of the HF series AC voltage
regulator 102.

[0017] In an alternative embodiment, both the semiconductor relay device
104 and the optional electromechanical bypass device 105 are connected across in
parallel with the secondary, instead of the primary, of the transformer 103.
However, connection with the primary is preferred as the bypass current is lower in
the primary circuit than in the secondary circuit of the transformer 103.

[0018] An ordinarily skilled person in the art should appreciate that
aforesaid system design can utilize LF transformers, various forms of single or
polyphaser isolated or non-isolated, or auto-transformer magnetic structures,
typically for SOHz or 60Hz mains frequency, coupled with one of the HF series AC
voltage regulators disclosed and claimed in PCT Application No.
PCT/CN2014/093475 and PCT Application No. PCT/CN2014/089721 to achieve
the regulation of AC voltage. In this case, the HF series AC voltage regulator is
modified to have its control electronics taking the output AC voltage (Vou) and
output current (Iou) of the voltage regulating system instead of the voltage

regulator.
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[0019] In one embodiment, the secondary of a transformer is connected in
series between the unregulated input AC voltage (Vin) source and the regulated AC
voltage (Vou) output. The primary of the transformer is connected in parallel to a
HF pulse width modulation (PWM) voltage generator, such as one of the HF series
AC voltage regulators disclosed and claimed in PCT Application No.
PCT/CN2014/093475 and PCT Application No. PCT/CN2014/089721. The HF
PWM voltage is applied to the primary of the transformer, which in turn generates
the in-phase or out-of-phase voltage corrections across the secondary of the
transform to produce the desired regulated AC voltage (Vour) from the unregulated
input AC voltage (Vin).

[0020] The advantages of employing one of the HF series AC voltage
regulators disclosed and claimed in PCT Application No. PCT/CN2014/093475
and PCT Application No. PCT/CN2014/089721 coupled with a LF transformer or
magnetic structure is that only a fraction of the total power being regulated is used
in correcting the mains voltage variation. It is because the power electronics of the
HF series AC voltage regulator are connected to the primary of the LF transformer
or magnetic structure instead of directly to the mains, and only require to generate
the differential AC voltage (Vpimary) for the voltage corrections needed across the
secondary of the LF transformer or magnetic structure. For example, in the case
where a voltage correction of +/- 10% is needed, the HF series AC voltage
regulator only needs to process approximately 20% of the total power.

[0021] Furthermore, in the event of abnormal current load demand surges,
for example such as motor starts, or even a short circuit at the loads, since the
power electronics of the HF series AC voltage regulators are connected to the
primary of the LF transformer or magnetic structure, the power electronics are
largely protected as the primary current is much lower than the load current or the
surge current through the secondary winding of the LF transformer or magnetic
structure.

[0022] Although the foregoing description and the drawings describe only
a single phase AC system, any ordinarily skilled person in the art can apply the
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inventive principles described herein to any poly-phase AC systems, such as three-
phase clectrical systems, without departing from the scope and spirit of the
invention.

[0023] The embodiments disclosed herein may be implemented using
general purpose or specialized computing devices, computer processors,
microcontrollers, or electronic circuitries including but not limited to digital signal
processors (DSP), application specific integrated circuits (ASIC), field
programmable gate arrays (FPGA), and other programmable logic devices
configured or programmed according to the teachings of the present disclosure.
Computer instructions or software codes running in the general purpose or
specialized computing devices, computer processors, or programmable logic
devices can readily be prepared by practitioners skilled in the software or
clectronic art based on the teachings of the present disclosure.

[0024] The foregoing description of the present invention has been
provided for the purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise forms disclosed. Many
modifications and variations will be apparent to the practitioner skilled in the art.
[0025] The embodiments were chosen and described in order to best
explain the principles of the invention and its practical application, thereby
cnabling others skilled in the art to understand the invention for various
embodiments and with various modifications that are suited to the particular use
contemplated. It is intended that the scope of the invention be defined by the
following claims and their equivalence.

[0026] The disclosures of PCT Application No. PCT/CN2014/093475 and
PCT Application No. PCT/CN2014/089721 are incorporated herein by reference in
their entirety. The HF series AC voltage regulators disclosed and claimed in PCT
Application  No. PCT/CN2014/093475 and PCT  Application No.
PCT/CN2014/089721 are also described below.

[0027] HF series AC voltage regulator disclosed and claimed in
PCT/CN2014/093475
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[0028] FIG. 2 shows the basic operating principles of a complete HF series
AC voltage regulator disclosed and claimed in PCT/CN2014/093475 that can buck
or boost the AC input voltage at each HF point. For example, if the operating
frequency of the AC voltage regulator is selected to be 25KHz, then the input
voltage is sensed by the electronic analogue or digital control and compared to an
internal reference, and then the AC bidirectional switches are driven under control
to buck (reduce) or boost (increase) the AC input voltage. The voltage is adjusted
at each 40 microsecond point through each LF mains voltage cycle, typically at
50Hz or 60Hz, or other frequencies, under analogue or digital electronic control
with reference to an internal voltage level is able to regulate the AC output voltage
to the desired set level. This is shown in FIG. 2 with the waveforms showing the
HF PWM bucking or boosting the input AC voltage, and the output AC voltage
being filtered by the filter components to eliminate the HF switching pulses.

[0029] Still referring to FIG. 2. This HF buck-boost AC voltage regulator
utilizes HF power inductors (e.g. 1KHz — 1,000KHz) L3 and L4, in combination
with AC bidirectional semiconductor switches Q1, Q2, Q3, and Q4, that are driven
by an electronic control circuit to create a unique topology that can increase or
decrease the input AC voltage to regulate the AC output voltage to a set desired
level. So at each HF PWM interval (for example 40 microsecond PWM intervals
at 25KHz) the input voltage in bucked (reduced) or a boosted (increased) under HF
switch control that generates the correct PWM drive signal to the AC switches at
each HF point on the mains low frequency, typically at 50Hz or 60Hz, or other
frequencies, to buck or boost and correct the input AC voltage level, against a
desired set output AC voltage in the control electronics. Also, this HF series buck-
boost AC voltage regulator only has to process the differential power across the
buck and boost inductors, L3 and L4, to regulate the input to out AC voltage, so
this is much less power than the total output power because of the configuration.
The buck and boost inductance only has to handle the power required to adjust the
differential input AC voltages to regulate the output AC voltage to the desired set

level.
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[0030] Referring to FIG. 3. Shown in FIG. 3 is an improved voltage
regulator topology over the topology shown in FIG. 2. Instead of using unipolar
switches connected as AC switches, the AC inductor current path in the buck and
boost sections is split into two unipolar paths. In the buck section, the two
unipolar paths are represented by two diode connected as half-bridge branches,
each responsible for the conduction of unipolar current. In the topology shown in
FIG. 3, Q1/D1, Q2/D2, and L3 conducts current from left to right; and at the same
time, Q3/D3, Q4/D4, and L4 conducts current from right to left. Inductor L3 and
L4 are coupled inductors having identical number of turns for symmetry reason.
The total output current, having the waveform of a typical buck converter is the
sum of currents of L3 and L4 branches. The voltage regulation, again take the
buck section as example, is controlled by conventional PWM method. The AC
output voltage is linearly proportional to the duty cycle of the forward switches
Q1/D1 and Q3/D3. The two distinct switching states are the same as those of a
conventional buck converter: (1) Forward state: Q1/D1 and Q3/D3 switch on,
Q2/D2 and Q4/D4 switch off; (2) Freewheel state: Q1/D1 and Q3/D3 switch off,
Q2/D2 and Q4/D4 switch on. A small turn-on timing overlay is provided during
switching state transition from Forward to Freewheel and Freewheel to Forward to
provide current continuity for the two inductor paths L3 and L4.

[0031] The AC output current is split into two unipolar paths as determined
by the topology switch and diode directions. There is a small circulation current
build-up in L3 and L4 paths, which is a small fraction of the full-load current and
does not increase as the load current increases. The instantaneous ripple current
direction reversal near output current zero-crossing is the sum of the circulation
current ripple which is automatically handled by the topology. The amount of
circulation current at specific operating voltage is a function of the PWM
overlapping period and leakage inductance of the coupled inductors L3 and L4.
[0032] The AC current output current can be in any phase relationship
relative to the input and output voltage. For this reason this AC regulator topology

is capable of operating in all four possible quadrants of the AC voltage and current
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cycle. The topology can handle any power factor and bi-directional power flow
without the need of an intermediate DC link.

[0033] Due to the inherent unipolar nature of individual switching branches.
The diode series connected half-bridge branches are shoot-through proof. This
topology does not require accurate voltage and current polarity sensing to operate,
the simple PWM relationship makes this topology very robust to power line
voltage and current perturbation. The use of current sensing points along L3, L4,
L5, and L6 are for protection and housekeeping purpose.

[0034] The improved AC buck-boost voltage regulator employs lower loss
unipolar switches in series with one rectifier. The power inductors, however, need
to be treated separately. So in reference to FIG. 3, by making the unipolar
semiconductor switching devices: Q1, Q2, Q3, Q4, Q5, Q6, Q7, and Q8 with series
diodes: D1, D2, D3, D4, D5, D6, D7, and D8 respectively, the power inductors L3
and L4 in FIG. 2 can now be separated into power inductors L3 and L4 in the buck
section, and L5 and L6 in the boost section as shown in FIG. 3.

[0035] For the input AC voltage, if the AC voltage input level is above the
desired set AC reference level in the electronic control circuitry, then the buck
section will reduce the voltage at each 40 microsecond point (25KHz frequency as
an example) on the LF frequency mains AC input voltage, typically at 50hz or
60Hz, or other frequencies, with Q1 and D1, and Q2 and D2 with HF power
inductor L3 processing the positive AC half cycle; and Q3 and D3, and Q4 and D4
with power inductor L4 processing the negative AC half cycle.

[0036] Similarly, if the AC voltage input level is below the desired set AC
reference level in the electronic control circuitry, then the boost section will
increase the voltage at each 40microsecond point (25KHz frequency as an example)
on the LF frequency mains AC input voltage, typically at S0Hz or 60 Hz, or other
frequencies, with Q5 and D5, and Q6 and D6 with HF power inductor L5
processing the positive AC half cycle, and Q7 and D7; and Q8 and D& with
inductor L6 processing the negative AC half cycle.

10
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[0037] With the positive and negative half cycles processed separately in
the buck or boost input AC voltage processing, the positive and negative half
cycles are processed independently. Hence, there is also no destructive shoot-
through by any of the unipolar low loss semiconductor switches, as each
semiconductor switch is now a single unipolar semiconductor device in series with
only one rectifier. Furthermore, this unipolar switch topology is able to accept a
wide coupling coefficient variation of the coupled inductor pairs L3/L4 and L5/L6,
ranging from close to unity to zero (uncoupled). With this flexibility, one can
either wound two windings on the same inductor core to save space or separate the
coupled inductor pairs into two individual inductors to minimize circulating
current.

[0038] In the AC switch topology shown in FIG. 2, these bipolar AC
semiconductor switches are typically created from a combination of unipolar
semiconductor devices such as using an SCR, GTO, IGBT, or MOSFET inserted
into a full rectifier bridge that adds additional rectifier power loss; or from using
high loss AC bipolar devices such as TRIACS, back-to-back SCR’s, or GTO’s.
[0039] The present invention, on the other hand, has a number of
advantages: a very robust buck-boost HF AC voltage regulator as there is no
possibility of shoot-through, minimum and non-critical switching overlap timing
for reducing peak currents, and the use of low loss unipolar semiconductor
switches in series with one rectifier that reduces losses compared to a traditional
single AC semiconductor switch. The analogue control circuitry, or preferably
digital electronic control circuitry using DSP or microprocessor, is configured to
handle all of the voltage sensing and control of the semiconductor switch timing.
Since the destructive possibility of the semiconductor devices shoot-though is
climinated, the control circuitry is easier to implement with non-critical reference
switch overlap timing. Therefore, the present invention presents a very robust
improved HF AC voltage regulator.

[0040] The circuitries described in this document are simplified for

demonstrating the basic principles of the present invention which utilizes unipolar
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semiconductor switches in series with one rectifier, and that the positive and
negative cycles of the input AC voltage are processed separately with its own
power inductor, either in a buck configuration for voltage decreasing, or boost
configuration for a AC voltage increase. It should be obvious to any ordinarily
skilled person in the art to be able to substitute the unipolar semiconductor
switches in series with one rectifier, as shown in FIG. 3, with IGBT, FET, SCR,
GTO’s and any of such devices in any configuration to achieve the same unipolar
switching performance. Some configurations of the unipolar switching devices can
be changed to facilitate the drive connections from the electronic control circuitry.

[0041] For example in FIG. 3, in reference to the unipolar semiconductor
switching devices Q1 and Q2 each coupled with series rectifiers D1 and D2, the
two unipolar switching semiconductor devices Q1 and Q2 can be connected to a
common point at power inductor L3, with rectifiers D1 and D2 connected to the
line, and ground, respectively. This or other similar configurations can be applied
to each of the switching elements, but basically achieving the same effect, which is
that of a unipolar switching semiconductor device in series with a rectifier.
Additional rectifiers in series can be used, though the losses can be higher. Also,
the buck AC voltage regulator section as shown in FIG. 3 can be used as a
standalone series AC buck voltage regulator; and the boost AC voltage regulator as
shown in FIG. 3 can be used as a standalone series AC boost voltage regulator.
Any ordinarily skilled person in the art can apply the inventive principles described
herein to any poly-phase AC systems, such as three-phase electrical systems,

without departing from the scope and spirit of the invention.

[0042] HF series AC voltage regulator disclosed and claimed in
PCT/CN2014/089721
[0043] FIG. 4 shows the basic operating principles of a complete HF series

AC voltage regulator disclosed and claimed in PCT/CN2014/089721 that can buck
or boost the AC input voltage at each HF point. For example, if the operating
frequency of the HF series AC voltage regulator is configured to be 25 kHz, then

the input voltage is sensed by the electronic analogue or mix of digital and
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analogue circuitry and compared to a voltage reference, and then the AC
bidirectional semiconductor switches S1, S2, S3, and S4 in combination with the
power inductors L3 and L4 are driven under PWM control to buck (reduce) or
boost (increase) the AC input voltage at the AVR HF AC series voltage regulator
output. The voltage is adjusted at each 40 microsecond interval point through each
LF mains voltage cycle, typically, but not limited to, SOHz or 60Hz. Therefore,
under an analogue or digital electronic PWM control with reference to a fixed
reference voltage level, the full HF AC series voltage regulator is able to fully
regulate the AC output voltage to the desired set level.

[0044] FIG. 4 also shows the waveforms of the HF PWM bucking or
boosting the input AC voltage at the HF AC series voltage regulator output, and
the input filter components C1, C2, L1, and L2 in combination are used to
eliminate the HF switching energy from passing back into the input AC source;
and the output filter components C3, C4, L5, and L6 in combination are used to
climinate the output HF PWM switching pulses and to average the HF voltage
PWM ripple to an average DC level, creating a smooth regulated AC output
voltage.

[0045] The circuitries and description thereof disclosed herein are
simplified for clarity and various other circuit configurations and devices can be
used in applying the principles of the present invention. For instance, the
bidirectional AC switches are semiconductor devices and can comprise of various
circuit configurations, but these switches are still acting as AC bidirectional
semiconductor switches as used commonly in the industry. Such Bidirectional AC
semiconductor switches, for example, but not limited to, can be a rectifier bridge
comprising of four rectifiers with a unipolar semiconductor device configuration
inserted in the bridge such as SCR, GTO, IGBT, MOSFET, or any other
semiconductor device used for the same effect with PWM drive control that can
create a controlled bidirectional AC semiconductor switch device. Also, other
semiconductor AC switch configurations and devices used in the industry with or

without rectifiers such as back-to-back or anti-parallel-SCR’s, GTO, IGBT, RB-

13
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IGBT, MOSFET, any other back-to-back or anti-parallel bidirectional AC
semiconductor devices or configurations, or any other similar new semiconductor
devices in the future, such as, but not limited to, GaN, SiC are some of the
alternative embodiments of the present invention.

[0046] Although only single phase electrical systems are described herein,
the principles of the present invention can be applied to other AC frequency and
poly-phase AC systems, for example, common 3-phase electrical systems, by
utilizing and interconnecting a number of the HF AC series buck topology, HF
series boost topology, or combined HF series buck-boost topology for full HF AC
automatic voltage control sections or units to create poly-phase voltage regulators.
Since these HF series voltage sections can be independently controlled, they can
also be designed for voltage balancing configurations to rebalance out of balance
poly-phase voltages.

[0047] The HF buck-boost AC series voltage regulator shown in FIG. 4
utilizes the HF (e.g. 1KHz — 1,000KHz) power inductor L3 in combination with
the AC bidirectional semiconductor switches S1 and S2 to bucks the AC input
voltage, and HF power inductor L4 in combination with the AC bidirectional
semiconductor switches S3 and S4 to boosts the AC input voltage. The AC
bidirectional semiconductor switches, S1, S2, S3, and S4, are driven individually
by PWM outputs from the electronic control circuit to create an automatic voltage
control topology that can decrease (buck) or increase (boost) the input AC voltage
to regulate the AC output voltage to a set desired level. This design is power-flow
bidirectional, direct single stage, and has no internal DC link capacitor, which is
typically an unreliable electrolytic capacitor.

[0048] In other embodiments, the buck topology and the boost topology
can operate separately. Along with the combined HF buck-boost AC series voltage
regulator topology shown in FIG. 4, anyone of these topologies needs only to
process a portion of the total output power depending on the level of AC input

voltage range and variation.
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[0049] At each HF PWM interval, for example 40 microsecond PWM
intervals at 25 kHz, the input voltage in bucked (reduced) or boosted (increased)
under HF switch PWM control that generates the correct PWM drive signal to the
bidirectional AC semiconductor switches at each HF point on the mains low
frequency, typically 50 or 60 Hz, to buck or boost and correct the output AC
voltage level to a desired set output AC voltage reference fed to the control
electronics.

[0050] Other embodiments include various filter configurations that can
create the desired effect as described above, with an input filter configuration to
eliminate the high frequency switching pulses from entering the input AC mains
source, and an output filter configuration eliminating the high frequency switching
pulses from the output AC voltage. Still other embodiments include an AC output
voltage feedback loop and control electronics to regulate the output voltage to meet
the AC output voltage specification of a root-mean-square (RMS), the preferred
embodiment, an average voltage, or peak voltage levels of the AC output voltage.
[0051] Also, the HF AC series buck-boost AC voltage regulator, and the
independent buck or boost sections if used separately, only have to process the
differential power across the buck and boost inductors, L3 and L4 respectively, to
regulate the varying input AC voltage to a fixed and regulated output AC voltage;
thus, this is much less power than the total output power because of the
configuration. The buck and boost inductors, L3 and L4 respectively only have to
handle the proportion of the total output power required to adjust the differential

input AC voltages to regulate the output AC voltage to the desired set level.
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Claims:

‘What is claimed is:

5 1.

An alternating current (AC) series voltage regulating system for regulating

an AC voltage on a mains, comprising:
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a high frequency (HF) AC series voltage regulator; and

a low frequency (LF) transformer or magnetic structure having a
primary and a secondary configured for bidirectional power flow;

wherein the HF series AC voltage regulator is connected to an
unregulated input AC voltage source on the mains and the primary of the
transformer or magnetic structure such that the HF series AC voltage
regulator input is connected in parallel, across the mains hot and neutral
lines, with the unregulated input AC voltage source;

wherein the HF series AC voltage regulator output is connected in
parallel, across the mains hot and neutral lines, with the primary of the
transformer or magnetic structure;

wherein the secondary of the transformer or magnetic structure is
connected in series on the mains hot line between the unregulated input AC
voltage source and the voltage regulating system output;

wherein the HF series AC voltage regulator comprises control
electronics; and

wherein the control electronics are configured to:

receive the unregulated input AC voltage level, the AC
series voltage regulating system output AC voltage level, and the
AC series voltage regulating system output current level; and
causes the HF series AC voltage regulator to generate a
positive or negative differential AC voltage output to the primary of
the transformer or magnetic structure, and in turn regulate the AC

voltage on the mains by voltage level additions or subtractions
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produced across the secondary of the transformer or magnetic

structure.

2. The AC series voltage regulating system of claim 1, wherein the HF AC
series voltage regulator comprising:
a HF AC series voltage buck power regulator topology for bucking
an AC input voltage of an AC input power source, comprising:
a first unipolar paths, comprising:

a first half-bridge, comprising a first and a second
rectifiers connected in series with a first and a second
independently controllable unipolar switches respectively,
and

a first power inductor;

a second unipolar paths, comprising:

a second half-bridge, comprising a third and a forth
rectifiers connected in series with a third and a forth
independently controllable unipolar switches respectively,
and

a second power inductor; and

a HF AC series voltage boost power regulator topology for boosting
the AC input voltage, comprising:
a third unipolar paths, comprising:

a third half-bridge, comprising a fifth and a sixth
rectifiers connected in series with a fifth and a sixth
independently controllable unipolar switches respectively,
and

a third power inductor;

a forth unipolar paths, comprising:
a forth half-bridge, comprising a seventh and a

eighth rectifiers connected in series with a seventh and a
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eighth independently controllable unipolar switches
respectively, and
a forth power inductor; and
a control circuitry for receiving the AC input voltage, an AC
reference voltage, and the AC output voltage, and generating switch driving
signals for the unipolar switches;
wherein positive and negative half cycles of AC input voltage being
processed separately and independently in either the AC HF series voltage
boost power regulator topology or the AC HF series voltage buck power

regulator topology at any one time eliminating any power ‘“‘shoot-through”.

3. The AC series voltage regulating system of claim 2, wherein either the HF
AC series voltage boost power regulator topology or the HF AC series voltage

bucking power regulator topology being inactivated.

4. The AC series voltage regulating system of claim 1, wherein the HF AC
series voltage regulator comprising:
a HF AC series voltage buck power regulator topology for bucking
an AC input voltage of an AC input power source, comprising:
a first unipolar paths, comprising:
a first half-bridge, comprising a first and a second
unipolar switching devices, and
a first power inductor;
a second unipolar paths, comprising:
a second half-bridge, comprising a third and a forth
unipolar switching devices, and
a second power inductor; and
a HF AC series voltage boost power regulator topology for boosting
the AC input voltage, comprising:

a third unipolar paths, comprising:
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a third half-bridge, comprising a fifth and a sixth
unipolar switching devices, and
a third power inductor;
a forth unipolar paths, comprising:
5 a forth half-bridge, comprising a seventh and a
eighth unipolar switching devices, and
a forth power inductor; and
a control circuitry for receiving the AC input voltage, an AC
reference voltage, and the AC output voltage, and generating switch driving
10 signals for the unipolar switching devices;
wherein positive and negative half cycles of AC input voltage being
processed separately and independently in either the HF AC series voltage
boost power regulator topology or the HF AC series voltage buck power

regulator topology at any one time eliminating any power ‘“‘shoot-through”.

15
5. The AC series voltage regulating system of claim 4, wherein either the HF
AC series voltage boost power regulator topology or the HF AC series voltage
bucking power regulator topology being inactivated.
20 6. The AC series voltage regulating system of claim 1, wherein the HF AC
series voltage regulator comprising:
a HF AC series voltage buck power regulator topology for bucking
an AC input voltage of an AC input power source, comprising:
a first and a second independently controllable AC
25 bidirectional switches,

a first power inductor, and
a first current transformer for generating a first power
inductor current direction data signal indicating the first power

inductor current direction;
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a HF AC series voltage boost power regulator topology for boosting
the AC input voltage, comprising:

a third and a forth independently controllable AC
bidirectional switches,

a second power inductor, and

a second current transformer for generating a second power
inductor current direction data signal indicating the second power
inductor current direction; and

a control circuitry for receiving the AC input voltage, an AC
reference voltage, the AC output voltage, the first power inductor
current direction data signal, and the second power inductor current
direction data signal, and generating switch driving signals for the

AC bidirectional switches.

7. The AC series voltage regulating system of claim 6, wherein either the HF
AC series voltage boost power regulator topology or the HF AC series voltage

bucking power regulator topology being inactivated.

8. The AC series voltage regulating system of claim 1, further comprises a
semiconductor relay device and an electromechanical bypass device, both
connected across in parallel with the primary of the transformer or magnetic
structure;

wherein the semiconductor relay device and the electromechanical bypass
device are triggered and controlled by the control electronics of the HF series AC
voltage regulator to bypass current to the primary of the transformer or magnetic

structure for protection against overvoltage and overcurrent.
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