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AC LINE CONNECTOR WITH
INTERMEDIATE DC LINK

RELATED APPLICATIONS

This application claims priority to and the benefit of the
filing date of U.S. provisional application Ser. No. 61/911,
461 filed Dec. 3, 2013 and incorporated herein for all
purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH & DEVELOPMENT

This work was supported by GR-11-03 and GR-13-06
with funding by NSF GRAPES I/UCR.

INCORPORATION BY REFERENCE OF
MATERIAL SUBMITTED ON A COMPACT
DISC

Not applicable.

BACKGROUND OF THE INVENTION

Power transmission using a high-voltage direct current
link (HVdc) has been considered for decades to interconnect
two points located at a significant distance where this
approach becomes more cost effective than alternating cur-
rent (ac) transmission. Currently, dc transmission is being
considered for applications such as connecting two sepa-
rated ac systems and renewable resources like wind farms to
the load centers, particularly, off-shore wind farms. With the
development of efficient and faster power electronic com-
ponents and the reduction in the production cost, the use of
dc transmission will increase in the future.

Conventionally, there are two HVdc topologies: thyristor-
based line commutated converters (LCCs), and voltage
source conveners (VSC), which currently use silicon (Si)
isolated gate bipolar transistors (IGBTs). Within the VSC,
the modular multilevel converter (MMC), which in general
has a half-bridge in each module, has recently become the
preferable solution for VSC-HVdc due to its multiple advan-
tages when compared to the other VSC topologies. Regard-
less of the type of HVdc topology, a three-phase fundamen-
tal-frequency transformer is usually used at the ac side to
match the ac system.

In the last few decades, high-frequency transformers
(HF-XFMR) and medium-frequency transformers (MF-
XFMR) have been proposed to replace the fundamental-
frequency transformer for utility scale applications. Advan-
tages such as volume and weight reduction make these types
of transformers attractive for particular applications when
compared with the fundamental-frequency transformer.
When these transformers are used, an ac-to-ac converter is
required to reduce the HF or MF to utility levels (i.e., 50/60
Hz).

Matrix converters (MC) have been extensively analyzed
as an alternative to convert ac-to-ac power without using
large energy storage components in the dc link as in the
conventional back-to-back converter (BBC). Advantages for
these devices are unity of input/output power factor, bidi-
rectional power flow, sinusoidal input current and output
voltage, and the lack of a bulky and lifetime-limited elec-
trolytic capacitor in the dc link, which results not only in a
substantial converter size reduction, but potentially, in a
more reliable system.
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2

There are two types or MCs: conventional matrix con-
verters (CMCs) and indirect matrix converters (IMCs). The
CMC uses nine bidirectional switching positions, normally
realized as two unidirectional switching devices in either a
common-source or common-emitter configuration, to allow
a direct connection between the input and the output. The
IMC, also called the dual-bridge topology, separates the
ac-ac conversion into rectifier and inverter power stages, and
thus, allows independent control of the two stages, over-
coming the complex MC control requirements. The IMC
presented in FIG. 1 has two main stages: an input filter 100
connected to rectifier stage 102 which uses 12 unidirectional
devices 103 for applications that require bidirectional capa-
bility, such as motor drives or certain distributed generators
(e.g., microturbines), and the inverter stage 104 connected to
output filter 106 which is a conventional two-level three-
phase voltage source converter (VSC) requiring 6 unidirec-
tional switches 108.

Distributed generation systems inject power into the util-
ity system, so the electrolytic capacitors do not play the
same role as in the case of a motor drive. Hence, the IMC
advantages make it a viable alternative to be considered as
a standard power electronic interface (PEI) for distributed
generation systems. In general, conventional Si IGBTs and
diodes are used to build MCs. Recently, reverse blocking
IGBTs (RB-IGBTs), which are considered to be a bidirec-
tional switch, are being used for further size reduction. New
wide bandgap power semiconductor devices, such as SiC
JFETs and SiC MOSFETs are becoming more competitive
for industrial applications that require high power densities
and operate in extreme environments. Advantages such as
low on-resistance, high temperature capability, reduced
cooling requirements, and high breakdown voltages make
them the preferable switching devices. The use of SiC
devices allows for the increase in converter switching fre-
quency, f,,,, which helps to reduce size and weight of the
overall converter.

BRIEF SUMMARY OF THE INVENTION

In one embodiment, the present invention provides a
control technique that does not require sensing the and
voltage to regulate the active and reactive power injected
into the grid. In another embodiment, the present invention
presents an ac-ac topology using the IMC as one of the PEIs
but any other converter topology like the conventional BBC
may be used. The topology is used to connect two medium-
voltage (MV) ac systems through a HV dc-link.

In another embodiment, the present invention provides for
a connection of a medium- or high-voltage dc system to a
three-phase ac system, and uses two high-voltage dc-link
converters based on the MMC, two IMCs and two MF-
XFMRs. At the sending-end, the IMC is used to increase the
utility frequency to MF (higher frequencies could be also
possible). The MF-XFMR is used to step-up the voltage to
required levels. Then, the MMC is used as an ac to dc
converter. At the receiving-end, the topology is used in
reverse order to connect with another ac system.

In another embodiment, same or different frequency grids
are connected together through the sending-end and receiv-
ing-end of a dc voltage link. At the receiving-end of the link,
the MMC is a dc-ac converter that consists of a series of
connected sub-modules. The sub-module contains, but is not
limited to, a half-bridge topology. Three medium-frequency
transformers may be connected in series to step down the
voltage in another embodiment of the invention. The IMC
then converts the medium-frequency voltage to grid fre-



US 9,685,878 B2

3

quency. The IMC is comprised of a bi-directional rectifier
stage (for bi-directional power flow) and an inverter stage to
match the output voltage level and frequency of the grid. The
sending-end topology is the same as the receiving-end
except in the reverse order.

The embodiments of the present invention have applica-
tions where size, reliability and weight are design param-
eters. One application for the topology of the invention is to
deliver power for offshore oil and gas subsea facilities from
either inland power substations or offshore wind farms. The
embodiments of the present invention have use in connec-
tion with floating platforms, which may require a deep-sea
electric distribution power system (DSEDS) for operation.
An advantage of the present invention is that there are less
passive components. The MMC current and voltage output
waveforms are nearly sinusoidal which mean that filters at
the input of the MF-XFMR are not required. Furthermore,
the IMC eliminates the use of the bulky electrolytic capaci-
tor.

Another advantage of the present invention is volume and
weight reduction. The implementation of a MF-XFMR
allows for a compact design since the volume of the trans-
former is inversely proportional to the fundamental fre-
quency. There is also a potential size reduction for the
capacitor in each sub-module of the MMC because its size
is inversely proportional to the frequency of the connected
ac system.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

In the drawings, which are not necessarily drawn to scale,
like numerals may describe substantially similar compo-
nents throughout the several views. Like numerals having
different letter suffixes may represent different instances of
substantially similar components. The drawings illustrate
generally, by way of example, but not by way of limitation,
a detailed description of certain embodiments discussed in
the present document.

FIG. 1 is a schematic of an IMC topology with a diode and
a capacitor in the middle representing a clamp circuit.

FIG. 2 is a schematic of a control schematic of the IMC
for injecting power into the grid.

FIG. 3 illustrates how current and voltage measurements
are used to regulate the power injected into the grid.

FIG. 4 illustrates a proposed controller for injecting active
and reactive power.

FIG. 5 illustrates active and reactive power variations for
changes in the reference.

FIG. 6 illustrates an embodiment of the present invention
using a Si-based IMC prototype.

FIG. 7A shows the dc-link voltage and generator output
voltage for one embodiment of the invention.

FIG. 7B shows filtered output current injected into the
grid and output voltage for one embodiment of the inven-
tion.

FIG. 8 shows a fundamental-frequency transformer that is
used at the ac side to match the grid voltage.

FIG. 9A shows a topology of an embodiment of the
present invention used to connect electrical grids.

FIG. 9B shows a proposed MMC that may be used with
some embodiments of the present invention.

FIG. 9C shows a proposed MF-XFMR used with some
embodiments of the present invention

FIG. 10A illustrates a medium-frequency ac link.

FIG. 10B illustrates a high-voltage ac link.

10

15

20

25

30

35

40

45

50

55

60

65

4

FIG. 10C shows a topology for use as a medium-voltage
dc transmission link to bring power to the subsea substation.

FIGS. 11A and 11B show the MF-XFMR primary and
secondary voltages of the topology shown in FIG. 9A.

FIG. 11C shows the output voltage of the IMC shown in
FIG. 9A.

DETAILED DESCRIPTION OF THE
INVENTION

Detailed embodiments of the present invention are dis-
closed herein; however, it is to be understood that the
disclosed embodiments are merely exemplary of the inven-
tion, which may be embodied in various forms. Therefore,
specific structural and functional details disclosed herein are
not to be interpreted as limiting, but merely as a represen-
tative basis for teaching one skilled in the art to variously
employ the present invention in virtually any appropriately
detailed method, structure or system. Further, the terms and
phrases used herein are not intended to be limiting, but
rather to provide an understandable description of the inven-
tion.

For the controller of the present invention, sinusoidal
input/output waveforms were obtained. In the case of a
BBC, the dc-link capacitor decouples the rectifier and
inverter stages allowing the implementation of independent
controllers. For the IMC, the input and output powermust be
balanced due to the lack of an electrolytic capacitor resulting
in the ability to use one converter to control and regulate
power flow. Applying Kirchhoff’s voltage law between the
inverter of the IMC and the grid as shown in FIG. 2, the
voltages in the d-q frame can be written as:

. m

d 1
dT[(lg) = 70w = V) + wolf

d 1
9= —(vI 9 i
230D = 700 =D + 0ok,

where o, is the grid angular frequency, L=, +L, is the
equivalent IMC-grid inductance (i.e., output filter induc-
tance and grid equivalent inductance) and the vectors i %, 1.7,
v v,,2 and v,, 7 represent the injected current, the grid
voltage and the inverter output voltage respectively in the
d-q frame. The current is dependent on the cross-coupling
terms i and i Eliminating this cross coupling
through the control algorithm will improve system response.

A voltage oriented control technique (VOC) may be used
to regulate the active and reactive currents injected. In the
case of MCs, several techniques have been proposed to
regulate the active and reactive powers injected by the
generator using the MC as PEIL. As shown in FIG. 3, grid
voltages may be sensed to determine the required inverter
output voltage. As a result, active and reactive powers
injected into the grid may be regulated by varying the
magnitude and the angle of the inverter output voltage with
respect to the grid.

To avoid sensing the grid voltages and decoupling the
dynamics of the d-q axes, the following control technique is
proposed:

@

Viny =

As+1
_Bs+gdlx - oLl
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-continued

As+1
- 9 id
Vi = i1+ w, L,
R Bs+g7* oS

where B represents the forward indirect gain, A the forward
direct gain, and g? and g7 are the conductance gains used to
determine the current injected into the grid at the desired
power factor. The feed-forward terms w,Li,? and w_Li,7 are
used to decouple the cross-coupling term in equation (1),
and thus, to improve the dynamic response of the system.
The terms v, and v,,? are used to determine the PWM
signals controlling the inverter-side power converter. Sub-
stituting equation (2) into equation (1) yields,

©)

d
Ao__ B 4
* LBs® +(Lgd +A)s +1 °

Bs+g9
R TSy it
LBs? +(Lgd + A)s + 1

If the transfer function in equation (3) is stable, then, under
steady-state conditions (s—0):

cd—_,d,d :q_ q
=g, i I=-gh A

*

From equation (4), it is possible to conclude that the sign
of g7 and g7 determines the power flow direction whereas
their magnitude determines the amount of active and reac-
tive powers injected. Space vector pulse-width modulation
(SVM-PWM) may be used to modulate both stages. In the
rectifier stage, the modulation keeps the dc-link voltage
commutating between the largest and the second largest
positive line-to-line input voltage. In the inverter stage, the
desired inverter output voltage is calculated according to the
proposed control block diagram shown in FIG. 4. Section
400 of the diagram concerns reactive power while section
402 concerns active or real powers. The conductance of g
and g7 are calculated from the output of PI controllers whose
inputs correspond to the active and reactive powers deliv-
ered by the generator and the reference active and reactive
powers.

Simulations in Matlab®/Simulink™ were performed to
test the controller shown in FIG. 4. The variations in the
active and reactive powers are illustrated in FIG. 5. As
shown in FIG. 5, reactive power 500 remains unchanged
when active power 502 changes at t=40 ms and 80 ms. At
t=100 ms the reference for reactive power 500 changes in
order to get a power factor equals to 90% lagging. Small
fluctuations in active power 502 occur while reactive power
changes 500, however, they are relatively small in magni-
tude and do not affect the desired power factor. The settling
time is under 10 ms with an 8% overshoot for the worst case.

After the simulations, experimental results were carried
out using prototype 600 as shown FIG. 6. Device 600
includes DSP based controllers 602 and 604, inverter power
module 606, current sensor 608, ac grid 610, voltage sensor
612, rectifier power module 614 and input filter 616.

An ac source is connected to the VSC of the IMC whereas
the bidirectional current source converter is connected to the
grid side. This topology places the zero voltage vector in the
VSC in order to boost the input voltage, which is called
boost. Only variations in the current reference i,? were made
during the experimental test (g7=0).

An ac source generating 50-Vrms at 60-Hz is connected
to the IMC input through a 1.5 mH filter. The IMC is then
connected to the 208-V grid using an isolation transformer
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6

with a 208V/70V voltage ratio. A LC filter (C~10 uF and
L,=1 mH) is used at the output of the IMC for filtering
purposes. FIG. 7A shows the dc-link voltage 700, and the
line-to-line IMC input voltages 702-704. FIG. 713 shows the
measured three-phase current 700-702 injected into the grid
and the output voltages of the IMC 706-708. As shown, the
input voltage is boosted by a factor of 1.4, and the control
technique of the present invention allows the injection of the
desired currents. The switching frequency f,,, is set to 25
kHz allowing for filter size reductions.

Another aspect of the present invention concerns using
high and medium-voltage direct current (HVdc and MVdc)
electric power transmission for transmitting power across
long distances. Advantages for using dc transmission
include lower conduction losses, lower capital cost, and
flexibility. Conventionally, there are two HVdc topologies:
thyristor-based line commutated converters (LLCCs) and
voltage source converters (VSCs), which use Silicon (Si)
IGBTs. Within the VSC, the modular multilevel converter
(MMC), which in general has a half-bridge in each module,
as shown in FIG. 9B, has recently become the preferable
solution for VSC-HVdc due to its multiple advantages when
compared to the other VSC topologies. Regardless the type
of HVdc terminal, a fundamental-frequency transformer is
used at the ac side to match the grid voltage as shown in FIG.
8.

High-frequency transformers (HF-XFMR) and medium-
frequency transformers (MF-XFMR) have been proposed to
replace the fundamental-frequency transformer for utility
scale applications. Advantages such as volume and weight
reduction make these transformers more attractive for par-
ticular applications when compared with a fundamental-
frequency transformer.

In some embodiments, the present invention provides an
ac-ac power electronic interface (PEI) or system as shown
FIG. 9A, which uses two high-voltage (HV) dc-link con-
verters 900 and 910 each having an IMC 902 and 912, an
MMC 904 and 914 and an MF-XFMR 906 and 916. FIG. 9B
shows a proposed MMC used with some embodiments of
the present invention having a plurality of sub-modules 950
comprised of half bridge topology 952. Half-bridge sub-
module 952 consists of two valves, switches or semicon-
ductor devices 956 and 958 and a capacitor 960. FIG. 9C
shows a proposed MF-XFMR used with some embodiments
of the present invention. FIG. 1 shows a proposed IMC used
with some embodiments of the present invention. In an
alternate embodiment, any back-to-back converter known to
those of skill in the art may be substituted for one or both
IMCs 902 and 912.

At sending-end 920 identified as ac Grid A, IMC 902 is
used to increase the received grid frequency from utility
levels (i.e., 50/60 Hz) to MF, which may be around 3 kHz.
MF-XFMR 906 is used to step-up the voltage to required
levels, which may be from 13.8 kV to around 45 kV. MMC
906 is used as an ac to dc converter and is connected to
high-voltage direct current link 930. At receiving-end 922,
the topology is used in reverse order to connect with another
ac system or link which is shown as Grid B 922. An
advantage of this embodiment of the invention is that it
limits the number of passive components used since the
MMC current and voltage output waveforms are nearly
sinusoidal. This eliminates the need to use filters at the input
of MF-XFMRs 906 and 916. Using IMCs 902 and 912 also
eliminate the use of the bulky electrolytic capacitors. Imple-
menting MF-XFMRs 906 and 916 also provides for a
compact design since the volume of the transformer is
inversely proportional to the fundamental frequency. There
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is also a potential size reduction for the capacitor in each
sub-module of the MMC because its size is inversely
proportional to the frequency of the connected ac system.

In some embodiments using a half-bridge based MMC,
the IMC in the sending-end and the receiving-end operates
as a solid-state circuit breaker controlling and/or blocking dc
fault currents. In the case of a Si IGBT-based IMC, 3.3 kV
devices can withstand 2 to 4x the nominal current for 5-10
us whereas lower voltage IGBTs can withstand 4 to 10x the
nominal current during the same time.

For these reasons the PEI of the present invention may be
implemented in applications where size, reliability and
weight are design parameters. One possible scenario is to
deliver power for future offshore oil and gas subsea facilities
from either inland power substations or offshore wind farms.
The oil and gas industry has shown interest in developing
facilities on the seabed due to advantages such as lower
operating costs, low-risk operation, and a reduction of harsh
weather as compared to floating platforms. These underwa-
ter facilities may be located hundreds of kilometers from the
shore and will require a deep-sea electric distribution power
system (DSEDS) for operation. Deep in the sea, perfor-
mance and reliability will be a challenge in order to keep the
system running at all times. Typical inland substation
schemes such as double bus-double breaker, breaker-and-a-
half and others will be desirable in future DSEDS to increase
flexibility and reliability indices.

However, due to high pressure and humidity, equipment
like step-up/down transformers, protective devices and
power converters, will require special housings and heavy-
seals. Different topologies have been proposed to bring
power to these facilities. FIG. 10A provides a medium-
frequency ac link. FIG. 10B provides an HVac link. FIG.
10C shows a topology for use as a medium-voltage dc
transmission link to bring power to the subsea substation.

Simulations in Matlab®/Simulink™ have been per-
formed to test the PEI shown in FIG. 9A. For the simula-
tions, it is considered that the output voltage of the IMC is
6.6 kV+5% with a fundamental-frequency of 60-Hz. The
MF-XFMR voltage ratio is 23 kV/8.5 kV and a fundamen-
tal-frequency of 800-Hz. The voltage at the secondary side
of the MF-XFMR, which is the input of the IMC, considers
a 10% voltage drop in the series components and the IMC
86% voltage ratio. The MF-XFMR and secondary voltages
are shown in FIGS. 11A and FIG. 11B respectively. The
output voltage of the IMC is shown in FIG. 11C.

While the foregoing written description enables one of
ordinary skill to make and use what is considered presently
to be the best mode thereof, those of ordinary skill will
understand and appreciate the existence of variations, com-
binations, and equivalents of the specific embodiment,
method, and examples herein. The disclosure should there-
fore not be limited by the above described embodiments,
methods, and examples, but by all embodiments and meth-
ods within the scope and spirit of the disclosure.

What is claimed is:

1. A power electronic interface system for connecting a
plurality of alternating current transmission lines by one or
more direct current transmission lines comprising:

a first dc-link converter adapted to be connected to an
alternating current transmission line, said converter
increases the frequency of the alternating current
received from an alternating current transmission line;

a frequency transformer connected to said converter, said
frequency transformer increases the voltage of the
alternating current received from said converter;
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a modular multilevel converter that receives alternating
current from said frequency transformer, said modular
multilevel converter converts the alternating current
received from said frequency transformer to direct
current for transmission on a direct current transmis-
sion line;

a second dc-link converter comprising a modular multi-
level inverter adapted to receive direct current from a
direct current transmission line, said modular multi-
level converter converts the direct current received
from a direct current transmission line to alternating
current;

a frequency transformer connected to said modular mul-
tilevel converter, said frequency transformer decreases
the voltage of the alternating current received from said
modular multilevel converter; and

a converter connected to said frequency transformer, said
converter decrease the frequency of the alternating
current received from said frequency transformer for
transmission to an alternating current transmission line.

2. The system of claim 1 wherein said converter is an
indirect matrix converter.

3. The system of claim 1 wherein said converter is a
back-to-back to converter.

4. The system of claim 1 wherein the current and voltage
output waveforms of said modular multilevel converter are
sinusoidal.

5. The system of claim 2 the input of said frequency
transformer is unfiltered.

6. The system of claim 1 wherein said modular multilevel
converter includes a plurality of sub-modules each having a
capacitor, the size of said capacitor is inversely proportional
to the frequency of a connected alternating current trans-
mission line.

7. The system of claim 1 wherein said frequency trans-
former has a volume that is inversely proportional to the
frequency of said frequency transformer.

8. The system of claim 2 wherein the input and output
power of said indirect matrix converter are balanced.

9. The system of claim 2 wherein either the rectifier or the
inverter of said indirect matrix converter is used to regulate
power flow.

10. The system of claim 2 wherein active and reactive
power injected into the grid is regulated by varying the
magnitude and the angle of the indirect matrix converter.

11. The system of claim 1 wherein space vector pulse-
width modulation is used to modulate the current.

12. The system of claim 2 wherein the input voltage is
boosted beyond the limitation of said indirect matrix con-
verter.

13. The system of claim 1 wherein said modular multi-
level converter functions as a solid-state circuit breaker.

14. The system of claim 1 wherein said modular multi-
level converter functions as a solid-state circuit breaker to
control and/or block dc fault currents.

15. The system of claim 1 wherein said frequency con-
verter is a high frequency converter.

16. The system of claim 1 wherein said frequency con-
verter is a medium frequency converter.

17. A power distribution system comprising:

a first alternating current transmission line connected to a
second alternating current transmission line by a direct
current transmission line;

said first alternating current transmission line connected
to a first dc-link converter;

said first de-link converter comprising an indirect matrix
converter adapted to be connected to said first alternat-
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ing current transmission line, said indirect matrix con-
verter increases the frequency of the alternating current
received from said first alternating current transmission
line;

a frequency transformer connected to said indirect matrix
converter, said frequency transformer increases the
voltage of the alternating current received from said
indirect matrix converter;

a modular multilevel converter that receives alternating
current from said frequency transformer, said modular
multilevel converter converts the alternating current
received from said frequency transformer to direct
current;

said direct current transmission line connected to said first
dc-link converter and a second dc-link converter for
transmitting direct current to said de-link converters;

said second dc-link converter comprising a modular mul-
tilevel converter adapted to receive direct current from
said direct current transmission line, said modular
multilevel converter converts the direct current
received from said direct current transmission line to
alternating current;
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a frequency transformer connected to said modular mul-
tilevel converter, said frequency transformer decreases
the voltage of the alternating current received from said
modular multilevel converter; and

an indirect matrix converter connected to said frequency
transformer, said indirect matrix converter decrease the
frequency of the alternating current received from said
frequency transformer for transmission to said second
alternating current line.

18. The system of claim 17 wherein said modular multi-
level converter includes a plurality of sub-modules each
having a capacitor, the size of said capacitor is inversely
proportional to the frequency of a connected alternating
current transmission line.

19. The system of claim 17 wherein said frequency
transformer has a volume that is inversely proportional to
the frequency of said frequency transformer.

20. The system of claim 17 wherein either the rectifier or
the inverter of said indirect matrix converter is used to
regulate power flow.
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