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(57) Abstract: The invention relates to a power flow controller, comprising at least one first converter coupled with a power trans-
mission line, and at least one second converter coupled with a power source, wherein said power source operates at a predeter-mined
first frequency and connects to the power transmission line, said controller further comprising means for exchanging power between
the first converter and the second converter, wherein the transmission line forms part of the only means for exchanging power be-
tween the first converter and the second con- verter, wherein the first converter and the second converter each have a power storage
W) device, and wherein the second converter is arranged to continuously feed the power transmission line with power at a second fre-
: quency which is a higher harmonic of the power source’ s first frequency, for transferring power from the second converter to the
@O first converter.
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Power flow controller

The invention relates to a power flow controller com-
prising at least one first converter coupled with at least one
power transmission line, and at least one second converter cou-
pled with a power source, wherein said power source operates at
a predetermined first frequency and connects to the power trans-
mission line, said controller further comprising means for ex-
changing power between the first converter and the second con-
verter.

Such a power flow controller is known from US-A-
5,343,139.

The known power flow controller is shown in the simpli-
fied diagram that is provided in Fig. 1 hereof, and the opera-
tion of this known power flow controller can be clarified as
follows.

Fig. 1 shows a prior art unified power controller
(UPFC) comprising a converter 1 connected in series with the
transmission line 4 and a converter 2 connected in shunt with
the transmission line 4. Converter 1 is used to generate a volt-
age dv, on winding 3, of controllable amplitude and phase that is
added to the system voltage of the transmission line 4. The in-
jected voltage 6V is used for voltage control and power flow con-
trol by phase control of the transmission line 4. Converter 2
serves as power source for converter 1, and in addition it is
also used to inject reactive power Q in the transmission line 4.
The power balance between the two converters is achieved by
regulating the voltage on the dc bus capacitor 7. The current
ilg4c,a in line 5, that converter 1 draws is determined by the power
requirement for establishing 8V. The current ig4.,p in line 6, that
converter 2 feeds into the capacitor 7, is controlled to main-
tain the dc bus capacitor voltage at a preset level. This im-
plies that current ig.,s of converter 2 has the same average value
as current igc,a of converter 1.

The known power flow controller has had limited impact
because of the high cost and low reliability. The relative high
cost is mainly due to the high voltage insulation requirements
(up to 400kV), fault protection and the low production numbers.

The invention has as objective to resolve these pro-
blems of the prior art and to provide an alternative solution in

which the high voltage installation requirements can be relaxed.
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To this end the power flow controller of the invention
is characterized by one or more of the appended claims.

In a first aspect of the invention the transmission
line forms part of the only means for exchanging power between
the first converter and the second converter, that the first
converter and the second converter each have a power storage de-
vice, and that the second converter is arranged to continuously
feed the power transmission line with power at a second fre-
quency which is a higher harmonic of the power source’s first
frequency, for transferring power from the second converter to
the first converter.

In a second aspect a current loop for the power at the
second frequency is arranged.

By these measures the power flow controller of the in-
vention provides transmission of power from the second converter
to the first converter while the second converter can electri-
cally float at line potential. Due thereto provisions for high
voltage insulation can be dispensed with for the second con-
verter. The second converter can act as a generator of a rela-
tively small harmonic voltage causing a corresponding current in
the power transmission line that flows to the first converter
that in turn generates a corresponding harmonic voltage at its
terminals, in order to extract the required amount of power for
storage in its power storage device and conversion into the re-
quired power of the first frequency.

An effective and adequate manner of construing the
power flow controller of the invention is characterized in that
the first converter and the second converter each are of the
type AC/DC converter and that the power storage devices of said
converters are capacitors at the converter’s DC/sides.

In order to effect that effectively the first converter
and the second converter are operated at a balanced energy level
in respect of their respective power storage devices, it is
preferable that the first converter and the second converter are
connected to a dedicated first respectively second waveform-
controller so as to shape the power converted by said converters
depending on at least a desired predetermined level of energy in
the respective power storage devices of said converters.

In order to promote that the power flow controller of
the invention adequately operates at all circumstances, it is
further preferable that each waveform controller is connected to

and operates depending on a dedicated power-controller, the con-
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trol actions of which are derived from predetermined electrical
parameters, viz. for the power controller of the first con-
verter: the power consumption of a load connected to the power
transmission line, and for the power controller of the second
converter: the power provided at the exit side of said second
converter.

It is further desirable that a pass-filter for said
higher harmonic second frequency is connected to the power
transmission line, for instance at the side of the load. This
arranges for a suitable current loop for the harmonic frequency
power that the second converter induces into the power transmis-
sion line.

In still a further aspect of the invention it is pro-
posed that a number of first converters and/or a number of sec-—
ond converters are placed in series. In this manner it is possi-
ble to apply relatively small converters which is cost-
effective, and to simultaneously increase reliability because
the higher number of converters introduces redundancy.

Hereinafter the invention shall be further elucidated
with reference to a non-limiting example and with reference to
the drawing showing in:

- Fig. 1 a schematic diagram of a prior art power flow
controller;

- Fig. 2 a schematic diagram of a power flow controller
in accordance with a first embodiment according to the inven-
tion;

- Fig. 3 some exemplary time domain waveforms occurring
in the power flow controller of the invention;

- Fig. 4 a schematic diagram of a converter circuit to-
gether with its waveform controller and power controller;

- Fig. 5 a schematic diagram of a second embodiment of
a power flow controller according to the invention;

- Fig. 6 a schematic diagram of a third embodiment of a
power flow controller according to the invention;

- Fig. 7 shows a schematic diagram of a fourth embodi-
ment of a power flow controller according to the invention.

Fig. 1 shows the prior art power flow controller and
has been discussed hereinabove.

Fig. 2 shows a simplified circuit diagram wherein the
first converter 1 and the second converter 2 are shown to be
disconnected from each other. The first converter 1 is coupled

in series with the power transmission line 4, whereas the second
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converter 2 is coupled parallel with a power source 10. The cur-
rent balance to stabilize the voltage on the capacitors of said
converters 1,2 is achieved by generating two current components.
A first component, igci,a, and igqc1,p @t lines 8 and 9, respec-
tively, is generated by the power flowing through both convert-
ers 1,2 at a predetermined fundamental frequency of the power
source 33. The second component, igc3,a (line 8) and ige3,z (line 9)
relates to power at a harmonic frequency. In this embodiment it
concerns the 3™ harmonic, but the principle is also applicable
to other harmonic frequencies. The fundamental power flows
through the power transmission line 4 running from the sourcing
part of the grid 10 to the load part of the grid 11. The power
and the current at the harmonic frequency flow through a local
loop 12. A harmonic pass filter, 13, is added to the power
transmission line 4 to close the current loop for this third
harmonic current. In a three-phase system this third harmonic
voltages in each of the phases are generated with the same phase
to avoid circulating currents.

The first converter 1 and the second converter 2 each
are of the type AC/DC converter as Fig. 2 shows, and the figure
shows further that the power storage devices 14’, 14'’ are ca-
pacitors at the converters’ DC-sides.

Fig. 2 and Fig. 4 further show that the first converter
1 and the second converter 2 are connected to a dedicated first
(16’) respectively second (16’’) waveform controller so as to
shape the power converted by converters 1 and 2, depending on at
least a desired predetermined level of energy in the respective
power storage devices 147, 14'’ of said converters 1,2.

Also each waveform controller 167, 16’’ is connected to
and operates depending on a dedicated power controller 187/,
18’7, the control actions of which are derived from predeter-
mined electrical parameters viz. for the power controller 18’
for the first controller 1: by the power consumption of a load
11 connected to the power transmission line 4, and

for the power controller 18’’ of the second converter
2: by the power provided at the exit side of said second con-
verter 2. A further detailed explanation shall be offered here-
inafter in relation to Fig. 4.

Fig. 4 shows schematically the power electronic circuit
commonly devised for and separately applied to both converter 1
and converter 2. Switching devices in the form of insulated gate

bipolar transistors (IGBT) 15 or similar power semiconductors
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are switched with pulse width modulation control 167, 16’ to
generate a voltage, e, on transformer winding 177, 17’’. The
control reference is generated by an external power controller
187, 18’’. The measurements and references, 19, depend on the
configuration and parameters of the grid, and are as discussed
above with reference to Fig. 2. The voltage, e, is a pulse width
modulated square wave and is filtered by the inductance L, 20',
20"’ . The inductance L could be from an inductor or from the
leakage inductance of the transformer. The terminals, 21, 22 are
connected to the grid. Each converter 1,2 contains its own ca-
pacitor 14’, 14’’ to provide a stable dc voltage. The voltage is
stabilized by controlling the two current components, ige,1 and
lge,3 in lines 8 and 9 respectively, so that they have the same
average value.

For the purpose of illustration reference will now be
made to Fig. 3. Fig. 3 illustrates an example of the voltage and
current waveforms in the system of Fig. 2 with the active power
exchange between converter 1 and 2 at harmonic frequency accord-
ing to the invention. Assume that, for reasons of power control,
dVi is the voltage that converter 1 injects into grid at the fun-
damental frequency, and that I; is the current that is flowing at
the fundamental frequency (Fig. 3a). The voltage dV; is the fun-
damental component of the voltage 8V,3. The resulting power in-
jected to grid at the fundamental frequency is Pi;a (Fig. 3b). To
compensate the power Pj;a that is extracted from the capacitor 14’
a power which has the same mean value should be absorbed by con-
verter 1 at a different frequency, for instance the 3*@ harmonic.
For the case of a third harmonic Vs3z and Iz are the third har-
monic voltage and corresponding third harmonic current at the ac
terminals of converter 1 (Fig. 3c). Neglecting losses, the mean
value of power in the 3*¢ harmonic frequency Ps;x should be equal
to the power at the fundamental frequency Pi;a. The power Ps, that
is absorbed by converter 1 is generated by converter 2 acting as
a source of the third harmonic. The voltage generated by con-
verter 1 is the sum of 8V,; and Vi3, (Fig. 3d). The associated
combined power Pia + P3y has a zero mean value.

Turning now to Fig. 5 a very schematic diagram is shown
of a second embodiment of a power flow controller according to
the invention.

The power flow controller of Fig. 5 differentiates from
the power flow controller according to a first embodiment shown

in Fig. 2 in that the first converter 1 and the second converter
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2 are placed in series with the power transmission line 4.
Again, also in this embodiment there is provision for a current
loop 30 to transfer the power that the second converter 2 gener-
ates at the second frequency in order to allow same to arrive at
the first converter 1. Note in this connection that provision is
made for suitable pass filters 13 to close the current loop 30.

Reference is now made to Fig. 6 showing schematically a
third embodiment of the power flow controller of the invention
showing as an example that both a number of first converters 1,
17, 17’ can be placed in series and/or a number of second con-
verters 2, 2', 2’’ can be placed in series. In this manner for
both the first converters 1, 17, 1’’ and the second converters
2, 2", 2'’ the reliability of the system can be improved due to
the redundancy that is introduced into the system. When one of
the first converters or one of the second converters fails, then
the task of the failing converters is assumed by the remaining
converters.

Fig. 7 shows a fourth embodiment of the power flow con-
troller of the invention. In the schematic diagram shown it con-
cerns a three-phase system having at the side of the power sup-
ply 10 a delta-wye transformer 33 and at the side of the load 11
a wye-delta transformer 32.

As in the embodiment shown in Fig. 6 each line of the
three-phase system of Fig. 7 is provided with a series of first
converters 1, 1/ and 1'’.

The second converter 2 is connected to the starpoint of
the transformer 33 and provides power to the first converters 1,
1’ and 1’’ at the second frequency which is a higher harmonic of
the power source’s first frequency.

Differently from the other embodiments shown and dis-
cussed here above the second converter 2 of the embodiment shown
in Fig. 7 receives its power from a third converter 22 which
provides an intermediate connection to the power source 10.

Finally, it is remarked that neither of the Figs. 5, 6
and 7 show the waveform controller 16’, 16’’ and the power con-
troller 18’, 18’’ as shown in Fig. 2. Similar waveform control-
lers and power controllers are however to be applied in connec-
tion with the converters shown in the embodiments of Fig. 5, 6

and 7 consistent with the embodiment shown in Fig. 2.
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CLAIMS

1. Power flow controller, comprising at least one first
converter (1) coupled with a power transmission line (4), and at
least one second converter (2) coupled with a power source (10),
wherein said power source (10) operates at a predetermined first
frequency and connects to the power transmission line (4), said
controller further comprising means (4) for exchanging power be-
tween the first converter (1) and the second converter (2),
characterized in that the transmission line (4) forms part of
the only means for exchanging power between the first converter
(1) and the second converter (2), that the first converter (1)
and the second converter (2) each have a power storage device
(147, 14'7), and that the second converter (2) is arranged to
continuously feed the power transmission line (4) with power at
a second frequency which is a higher harmonic of the power
source’s first frequency, for transferring power from the second
converter (2) to the first converter (1).

2. Power flow controller according to claim 1, wherein
the first converter (1) and the second converter (2) each are of
the type AC/DC converter, and that the power storage devices
(147, 14’7) of said converters (1, 2) are capacitors at the con-
verter’s DC-sides.

3. Power flow controller according to claim 1 or 2,
wherein the first converter (1) and the second converter (2) are
connected to a dedicated first (16’) respectively second (16'7')
waveform controller so as to shape the power converted by said
converters (1,2) depending on at least a desired predetermined
level cof energy in the respective power storage devices
(147 ,14'") of said converters (1,2).

4. Power flow controller according to claim 3, wherein
each waveform controller (16’,16’’) is connected to and operates
depending on a dedicated power-controller (18’, 18’’), the con-
trol actions of which are derived from predetermined electrical
parameters, viz. for the power controller (18’) of the first
converter (1): the power consumption of a load (1) connected to
the power transmission line (4), and for the power controller
(18’7) of the second converter (2): the power provided at the
exit side of said second converter (2).

5. Power flow controller according to any one of claims

1-4, wherein at least one pass—-filter (13) for said higher har-
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monic second frequency is connected to the power transmission
line (4).

6. Power flow controller according to anyone of claims
1-5, wherein a number of first converters (1, 1’7, 1'’) and/or a
number of second converters (2, 2’, 2’’) are placed in series.

7. Power flow controller according to any one of claims
1-6, wherein the second converter (2) connects with the power

source (10) via a third converter (22).



WO 2008/153376 PCT/NL2007/050289

1/7
o
oY
Z®]
' |
= O
£ < e~
g
- (@)
~ § °
< | To]
gl/ 8
-_ >
/|
+ ]
mT AN
3||% ™~
©
A
- 2
2 2
o
cl o N
o) r
O <
O e —
fwvl._____—-w

Fig .1



PCT/NL2007/050289

WO 2008/153376

2/7

12}y ssed
ojuouwey




WO 2008/153376 PCT/NL2007/050289

3/7

Fig. 3



PCT/NL2007/050289

4/7

WO 2008/153376

:m* ,.w_‘/ :m¢ ~©w
BlL—, ~ OSoudigel | 49lojuod | Jojjonuoo
»| [EWSBIXS |gousigial o ! Wd
sjuswainsesi #
L ICTL P
Y OH ¥ OH ¥ e
] N | IW
- = | 1oy o
Y | " “ u -
+ ‘ _ : |
N " ﬂ M
o ¥ oy v mt
AN
Gl

Fig. 4



PCT/NL2007/050289

WO 2008/153376
57

6V1 +
Lo

V3

g

Fig. 5



PCT/NL2007/050289

WO 2008/153376

6/7

I

R

- 1+
<.ou>

v

od

9 “Si

o+

[
- I+

v'op A

v\\w!

ov

od

ad




PCT/NL2007/050289

WO 2008/153376

777

z
/.

2




INTERNATIONAL SEARCH REPORT

International appllcathn No

PCT/NL2007/050289

A CLASSIFICATION OF SUBJECT MATTEFI
INV. H02J3/18

ADD. -HO2M7/00

According to International Patent Classification (IPC) or to both national classification and IPC

8. FIELDS SEARCHED

Minimum documentation searched (classmcatlon system followed by classification symbols)

HOZJ HOZM

Documentation searched other than minimum documentation 1o the extent that such documents are included in the fields searched

Electronic data base consuited during the internalional search (name of data base and; where practical, search lerms used)

EPOfInternal»

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, -where appropriate, of the relevant passages Relevant to claim No.

A JIN WANG ET AL: "A novel configuration of 1
‘ unified power flow controller"” .
APEC 2003. 18TH. ANNUAL IEEE APPLIED POWER
ELECTRONICS CONFERENCE AND EXPOSITION.
MIAMI BEACH, FL, FEB. 9 - 13, 2003, ANNUAL
APPLIED POWER ELECTRONICS CONFERENCE, NEW -
‘YORK, NY : IEEE, US,

vol. VOL.. 1 OF 2. CONF. 18, :

9 February 2003 (2003-02- 09) pages
919-924, XP010631622

ISBN: 0-7803-7768-0

page 919 - page 920; figures 1,3

A ~US 5 751 138 A (VENKATA SUBRAHMANYAM S 1
' [US] ET AL) 12 May 1998 (1998-05-12)
column 6, 1ine 47 - column 8, line 24;
figures 3A,3B,4A,5 :

-/

m Further documents are fisted in the continuation of Box C. See patent family anriex.

* Special categories of cited documents :

*T* later document published after the international filing date
or priority date and not in conflict with the application but

"A" document deflnmg the general state of the -art which is not - e . ; ;
considered to be of particular relevance ’ gl‘:leec:‘:%#ndersland the principle or theory underlying the
E* ealrller gocumem but publlshec on or after the international *X* document of particular relevance; the claimed invention
filing date cannot be considered novel or cannot be considered to
‘L docqme.nt which may throw doubts on priority claim(s) or involve an inventive step when the document is taken alone
“({“?.h s cneg 10 eS‘ﬂP“f" the publlcatlonifqaée of another *Y* document of particular relevance; the claimed invention
citation or other special reason (as specified) cannot be considered to involve an invenlive step when the
*O* document referring to an oral disclosure, use, exhibition or document is combined with one or more other such docu-
other means ments, such combinalion being obvious to a person skified
*P* document published prior to the international filing date but in the art. .
later than the priority date claimed *&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the intemational search report
19 March 2008 1. 03/04/2008
Name and mailing address of the ISA/ T Authorized officer

European Patent Office, P.B. 5818 Patemlaan 2.
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040, Tx. 31 651 epo nl, '
Fax: (+31-70) 340-3016 P : Zeng, Wenyan

Form PCT/ISA/210 (second sheet) (April 2005)



INTERNATIONAL SEARCH REPORT

- International application No

PCT/NL2007/050289

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

1P,X ZHIHUI YUAN ET AL: "UPFC with Eliminated
Common DC Link Connection Between Shunt
and Series -Part" '
POWER ENGINEERING SOCIETY GENERAL MEETING,
. 2007. IEEE, IEEE, PI, June 2007 (2007-06),
pages 1-4, XP031118321
ISBN: 1-4244-1296-X :
page 1, left-hand column - page 2,
left-hand column; figures 1,2
A US 5 343 139 A (GYUGYI LASZLO [US] ET AL)
L 30 August 1994 (1994-08-30)
cited in the application
abstract; figure 1

1,2,5

Form PCT/ISA/210 (continuation of second sheet) {April 2005)




INTERNATIONAL SEARCH REPORT

.Information on patent tamily members

"I international application No

PCT/NL2007/050289
Patent document Publicafion Patent family Publication
cited in search report date member(s) date .
- US 5751138 A 12-05-1998  NONE
US 5343139 A -30-08—1994 AU 7561194 A 07403—1996

Wo 9605642 Al . 22-02-1996

Fom PCT/ISA/210 (patent family annex) {(April 2005)




	Bibliography
	Claims
	Drawings
	Description
	Abstract
	Search-Report

