(12) PATENT
(19) AUSTRALIAN PATENT OFFICE

(11) Application No.- AU 199675154 B2
(10) Patent No. 718877

flow

(33)

(54) Title
Apparatus and method for interline power
(51)6  International Patent Classification(s)
HO2J oo3/18
(21) Application No: 199575154
(87)  WIPONo:  wog7/20375
(30) Priority Data
(31) Number (32) Date
08/564535 1995 11 29
(43) Publication Date : 1997 06 .19
(43)  Publication Journal Date © 1997 08 14
(44) Accepted Journal Date : 2000 04 20
(71 Applicant(s)
Westinghouse Electric Corporation
(72) Inventor(s)
Laszlo Gyugyi
(74) Agent/Attorney
GRIFFITH HACK,GPO Box 1285K,MELBOURNE
(56) Related Art
US 5198746
DE 2940530

US 5343139

control

(22)  Application Date: 1996 10 09

Country
us

VIC 3001




(S1) International Patent Classification 6 : ~

{OPI DATE 19/06/97 APPLN. 1D
| AOJP DATE 14708/97 PCT NUMBER

INTERNA|

H02J 3/18

(43) International Publication Date:

pmusééii‘éli? I
AUSET75154
(1) Internations] Publication Number: WO 97/20375 |

5 June 1997 (05.06.97)

(21) International Application Number: PCT/USIG/ 16147

(22} International Fillng Date: 9 October 1996 (09.10.96)

(30) Priority Data:

(8/564,535 29 November 1995 (29.11.95) US

(71) Applicant: WESTINGHOUSE ELECTRIC CORPORATION
[US/US]; Westinghouse Building, Gateway Center, 11 Stan-
wix Street, Pittsburgh, PA 15222 (US).

(72) Inventor: GYUGYI, Laszlo; 333 Stoneledge Drive, Pittsburgh,
PA 15235 (US).

(74) Agents: LENART, Roben, P. et al, Westinghouse Electric
Corporation, Law Dept., 11 Stanwix Street, Pittsburgh, PA
15222-1384 (US).

(81) Designated States: AL, AM, AT, AU, AZ, B
BY, CA, CH, CN, CU, CZ, DE, DK, EE,
HU, IL, IS, JP, KE, KG, KP, KR, KZ,
LT, LU, LV, MD, MG, MK, MN, MWMX,
PT, RO, RU, 8D, SE, SG, SI, SK, TJ, T™,
UG, UZ, VN, ARIPO patent (KE, LS, MW
Eurasian patent (AM, AZ, BY, KG, KZ,
European patent (AT, BE, CH, DE, DK
GR, IE, IT, LU, MC, NL, PT, SE), OAP
CF, CG, CI, CM, GA, GN, ML, MR, NE,

gz
w
=
[-.-]
&3

Sa
8

ZEE
&k
SERRE

5‘ E
284
2R3

’:1

1, FR, GB,
nt (BF, BI,
SN, TD, TG).

3

T,a
a8

Published
Without international search report and to be republished
uponr receipt of that report,

(54) Title: APPARATUS AND METHOD FOR INTERLINE POGWER FLOW CONTROL

(57) Abstract

An apparatus (10) and method

are disclosed for controlling the power
flow in an electric transmission sys-
tem inchuding at least two transmis-
sion lines (12, 14), each transmission

line having two ends and carrying al-
ternating current at a selected trans-
mission line voltage and fundamental
frequency between the ends. At lcast

two alternating voltages at the funda-
mental frequency of the altemnating cur-
rents fowing in the transmission lines,
with variable magnitude and control-
labie phase angle relative to the trans-

mission line current, are generated and
coupled in series with the transmis-
sion lines. The magnitude and phase

of each generated voltage are con-

trolled selectively and individually to
adjust the effective reactive and real

impedance of each transmission line,
to control the real power transmitted
between the two ends of the transmis-
sion line and, concurrently, to con-
trol the amount of real power individ-
ually transferred between the transmis-
sion lines.
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BRPPARATUS AND METHOD FOR INTERLINE POWER FLOW CONTROL

BACKGROUND OF THE INVENTION

This invention relates to apparatus and methods for
controlling the flow of electric power on an ac transmission
line, and in particular, to a power flow centroller and control

5method which can provide series reactive power compensation for
individual transmission lines and, at the same time, can
transfer real power between these lines.

Electric power flow through an ac transmission line is
a function of the line impedance, the magnitude of the sending

10end and receiving end voltages, and the phase angle between
these voltages. The power flow in an individual transmission
line is traditionally controlled either by reactive series
compensation, using fixed or thyristor-controlled series
capacitors, or by phase shifting transformers. Recently, new
15power controllers using solid state switching converters, have
been propesed. U.s. Patent No. 5,198,746 entitled
"Transmission Line Dynamic Impedance Compensation System",
describes an apparatus that is able to inject a controlled
voltage in quadrature with the transmission line current and
20 thereby accomplish the control of reactive line impedance and
transmitted power. U.S. Patent No. 5,343,139 entitled
"Generalized Fast Flow Power Contreoller" describes an apparatus
that, by appropriate voltage injection, is able to control,
concurrently or selectively, the transmission line impedance,
25voltage and phase angle, and thereby the transmitted power.
Commonly assigned U.S. Patent  Application  Serial No.
38“/_}56,646 7 filed December 30, 1994, and entitled "Series

Compensator Inserting Real And Reactive Impedance Into Electric
Power System For Damping Power Oscillations" describes an im-
30 proved method of series compensation which controls reactive

line impedance by the injection of a voltage in gquadrature with
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the line current, in a manner gimilar to that described in
U.S. Patent No. 5,198,746, and in addition, by the use of
an external energy storage, it can alsc insert a voltage
component in phase with the line current to establigh

5 temporarily a wvirtual positive or negative real impedance
in geries with the line, for the purpose of aiding power
oscillaticn damping.

The common feature of all of theges power flow

controllers, independently of whether they employ

10 conventional or electronic deviceg, is that they can
directly control the power flow only in a single line to
which they are coupled. However, several transmission
lines are usually connected to a voltage bus. The other
end of the lines may be connected to another common voltage

15 bus, or to different busses, depending on the structure of
the transmission network. The lines may have gimilar or
different impedances. Thug, it is eagy to see that the
control of power flow in one line of a network may not
provide an optimal solution for the economic utilization of

20 the whole network. For example, in a multi-line

transmigsion line arrangement, if one line is overloaded

and another is under loaded, the ideal golution would be to
increasge the transmitted power in the under loaded line and
decrease it in the overloaded line, with ag little impact
25 as possible on the power flow of the other lines. As
astate-of-the-art power flow controller is able to increase

or decrease the power flow only in cne line and the change

in that line may impact the power flow in all other lines,

LR Thus, real power burden cannot be directly transferred from

30 one gpecific line to another but changed indirectly in each
line by individual power flow controllerg until the desired
flow levels are established,

SUMMARY COF THE INVENTION

Thig invention is embodied in a power flow
35 controller for contrelling the power flow in an electric
transmission system including at leaat two transmission
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lines, each transmission line having two ends and carrving
alternating current at a selected transmission line voltage
and fundamental frequency between said ends, said
controller characterized by:

a converter intercemnecting said transmission
lines for generating at least two alternating voltages at
said fundamental freguency of gaid alternating currents
flowing in said transmission lines with variable magnitude
and controllable phase angle relative to sald transmission
line current;

means for coupling individually each alternating
voltage generated by said converter in geries with one of
said transmission lines; and

meang for controlling the magnitude and phase of
each alternating voltage generated by said converter, to
adjust the effective reactive and real impedance of said
each of gaid transmission lines and to control the real
power transmitted between the two ends of gaid transﬁission
lines.

This invention also enccmpasses a method for
controlling the power flow in an electric¢ transmission
system including at least two transmission lines, each
transmission line having two ends and carrying alternating
current at a selected transmission line voltage and
fundamental frequency between said ends, said method
characterized by ateps of:

interconnecting said transmission lines through a
converter;

uging said converter to generate at least two
alternating voltages at said fundamental frequency of said
altermating c¢urrents flowing in said transmission lines
with variable magnitude and controllable phase angle
relative to said transmisaion line current;

coupling individually each alternating voltage
generated by said converter in series with one of said
transmisgsion lines; and

controlling the magnitude and phase of each

G:\MCoopeEr\Keep\SpecinTslsg. 96, .doc 21/02/00
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alternating voltage generated by sald converter, to adjust
the effective reactive and real impedance of said each of
gaid transmigsion lines and to control the real power
trangmitted between the two ends of said transmission

lines.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a simplified diagram of an interline
power flow controller constructed in accordance with one
embodiment of the invention;

Figure 2 ig a vector diagram illustrating the
operation of the interline power flow controller of Figure
1;

Figure 3 is a simplified diagram of an interline
power flow controller constructed in accordance with an
alternative embodiment of the invention:

Figure 4 is a simplified diagram of an interline
power flow controller constructed in accordance with
another alternative embodiment of the invention;

Figure 5 is a simplified diagram of an interline
power flow controller constructed in accordance with yet
another alternative embodiment of the invention;

Figure 6 is a simplified diagram of a control
circuit for an interline power flow contrcller constructed
in accordance with the invention; and

Figure 7 is a block diagram of a portion of the

control circuit of Figure 6.

DESCRIPTION OF THE FREFERRED EMBODIMENTS

Referring to the drawings, Figure 1 i3 a
simplified diagram of an interline power flow controller 10
for controlling the power flow in two parallel transmission
lines 12 and 14 of an electric power gystem. The power
system includes a sending end bus 16 with voltage v, and a
receiving bus 18 with a bus voltage v,. Sending end bug 16

is connected

G:\MCooper\Keep\Speciy?5154.56.do 23/02/00



WO 97/20375 PCT/USI6/16147

- 5 -

to a first power source 20 and receiving end bus 18 is
connected to a second power source 22, The two lines are
characterized by their series reactive impedances ¥ and X; and
they are assumed to conduct currents i; and i, respectively.
5 The power circuit of the Interline Power Flow Controller (IPFC)
includes a converter 24, which in this embodiment includes two
voltage sourced inverters 26 and 28, connected back-to~back
with a common DC link 30. The two inverters may employ gate
turn-off thyristors, or other suitable power semiconductors,
10 and they may use various well established techniques (e.q.
harmonic neutralization or pulse-width modulation) for output
waveform generation. The inverter structure of the IPFC,
excluding its coupling to the ac system, may actually be
identical to that described in U.S. Patent No. 5,343,139 for
15the Generalized Fast Flow Power Controller. However, the
circuit arrangement of the IPFC for coupling outputs of the two
inverters to the ac system fundamentally differs from that used
for the Generalized Fast Flow Power Controller., For the IPFC,
the ac outputs of both inverters are coupled in series with the
20 transmission lines. Specifically, the output of inverter 26 is
coupled in series with line 12 and the output of inverter 28 is
coupled in series with line 14 via insertion transformers Trl
and Tr2, respectively. In the circuit arrangement of the
Generalized Fast Flow Power Controller, as shown in U.S. Patent
25No. 5,343,139, both inverters are coupled to the same line,
Furthermore, whereas the output of one inverter is coupled to
the line in a series connection, the other is coupled to the
line in a parallel connection. Consequently, the Generalized
Fast Flow DPower Controcller disclosed in U.S5. patent No.
305,343,139 could not control directly the power flow in, and the
power transfer between twe {or more) lines of the power system,
which are the main objectives of the present invention.
The two inverters 26 and 28 of Figure 1 are operated
by a control 32 so as to vary the transmittable power in each
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line by individual series reactive compensation as commanded by
the two reactive éompensating 'impedance reference signals ¥Xo
and Xq, and the real power transfer between lines 12 and 14 as
commanded by real power reference signal ISP Signals
5 representative of measured system variables, such as
transmissicn line currents, are delivered to the contrsl on
lines mv,;, mvy; and mvs.
In Figure 1, each inverter produces a controllable ac
output voltage at the fundamental £frequency of the ac power
10 system. Each output voltage is coupled to an individual
transmission line via a series insertion transformer. The
output of each inverter is synchronized to the current of the
particular transmission line it controls. The phase position
of an inverter voltage with respect to the line current, as
15well as its magnitude, are adjusted so that the injected series
line voltage will have an appropriate component that is in
gquadrature and another one that is in phase with the 1line
current. The quadrature component will provide series reactive
compensation for the line and the in-phase component will
20 absorb from, or generate for, the line an amount of real power
that is desired to be absorbed from, or generated for, this
line. The real power (positive or negative depending on
whether power is absorbed from an overloaded line or provided
for an under loaded line) is transferred to the DC terminals of
25the inverter in question as power demand. The output voltage
of ancther selected inverter (or the combination of inverters)
controlling another line (or a number of lines) is adjusted so
that the resultant in-phase component (or the sum of the in-
phase components) results in an identical but opposite real
30 power exchange to that demanded by the inverter which exchanges
real power with the overloaded or under loaded 1line in
guestion. In this way real power transfer between selected
lines can be established via the inverters while each inverter

keeps providing an independently controlled reactive
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compensation for the individual lines.
In Figure 1, inverter 26 is synchronized to the
current i, (lower case letters for currents and voltages
indicate instantanecus values, whereas capital letters indicate
Sr.m.s. values and phasors) flowing in line 12. That is to say,
inverter 26 produces an alternating voltage v at the
fundamental power system freguency, the magnitude of which is
controllable between zero and a maximum value determined by the
rating of inverter 26, and the angular position of which, with
10 respect to that of line current i,, can be varied from zero to
360 degrees. This voltage, vVpq, is inserted in series with
line 12 via transformer Trl.
The line current i, flows through series transformer
Trl and interacts with the injected voltage vpq- The
15 interaction meéns, in general, the exchange of both real and
reactive power between line 12 and inverter 26. This power
exchange is illustrated in Figure 2 in the form of a phasor
diagram. As seen in Figure 2, the component of the voltage,
Vpqirr that is in phase with current i;, results in real power Py;
20= I;Vpqr, and the component of wvoltage, Vpge, that is in
quadrature with current I,, results in reactive power Qn =
I1Vpaig- It should ke noted that the form of these eguations
implies single phase quantities. It is to be understood
however, that although the IPFC concept could be applied to
25 single-phase power systems, it in practice would normally be
used in conjunction with three phase power systems. In spite
of this, the equations are kept in the previously used simple
form throughout this discussion with the understanding that
they can be made to be also valid for balanced three-phase
30systems by assuming that they represent related phase
quantities, e.g., line to neutral voltages and line currents,
and by simply multiplying them by three.
As 1is known from the theory of voltage-sourced
inverters, and as explained in the referenced U.S. patent No.
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5,343,139, inverter 26 (as well as inverter 28) is able to
generate or absorb the reactive power, Qci, aexchanged. However,
inverter 26 will convert real power Py, and transfer it to its
DC terminals, where it appears as a real power demand (positive
5or negative) to be provided in the form of VpIy, where Vpe is
the voltage of the common DC link and I is the current to be
supplied or absorbed by the link. '
The quantity (1/I,)Vpqe represents the virtual
reactive impedance that the inverter produces to compensate the
10 existing line impedance X;, and thereby to increase or decrease
the transmitted power. This compensating impedance may be
capacitive (to increase the transmitted power) or inductive (to
decrease the transmitted power), depending on whether the
injected voltage Vpqq lags or leads the line current by 90
15 degrees, If the compensating impedance is X¢, where ¥g =
(1/11)Vpqg),» then the power transmitted through line 12 will be
inversely proportional to the impedance difference given by X; -
Xe1- The Xe¢1 is a reference guantity provided for the IPFC
contrel to adjust the power flow in line 12. The desired
20 quadrature voltage to be injected by inverter 26 can be simply
derived from this with the knowledge of the line current I,
that is, Vpqqg = Xal:.
The quantity ({(1/I1)Vpqr represents the virtwual real
impedance R; that the inverter produces, This impedance may be
25 positive (in which case real power is absorbed from the 1line)
or negative, in which case real power is generated for the
line), depending on whether the injected voltage component Vpga
is in phase, or in phase opposition, with line current I,. In
the first case, real power Pi; = IVpus = (I1)°R;, is absorbed
30 from the line and transferred to the common DC terminals of
inverters 26 and 28. In the second case, Py; is absorbed by
inverter 26 from common DC terminals and delivered for line 12
at its ac terminals. This case, from the viewpoint of line 12,

is equivalent to that of an additional power generator with
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real power rating of P12 connected in series with the sending
end voltage source to increase the overall power input to line
12.
It is easy to see 1if inverter 28 of the IPFC is
5 operated so as to inject in series with line 14 a virtual real
impedance with an equivalent magnitude but with an opposite
sign to that injected in series with 1line 12 by inverter 26,
while also injecting an independently contrellable virtual
reactive impedance, then the real power P;; will be transferred
10 from either line 12 to line 14, or visa versa {depending on
which of the two virtual real impedances is positive and which
is negative), while beoth lines receive independently contrelled
series reactive compensation, In order to accomplish this,
inverter 28 is synchronized to the current i, flowing in line
1514. That is, inverter 28 produces an alternating voltage vpq
at the fundamental power system frequency, the magnitude of
which is controllable between zero and a maximum value
determined by the rating of inverter 28, and the angular
position of which, with respect to that of current i,, can be
20 varied from zero to 360 degrees. This voltage, vpqe, 1is
inserted in series with line 14 via transformer Tr2.
The line current iz flows through series transformer
Tr2 and interacts with the injected veltage vpe. The
interaction means, as explained above, the exchange of both
25 real and reactive power between line 14 and inverter 28.
Specifically, the component of the voltage, wppg, that is in
phase with current i;, defines the real power exchange, and
voltage component, Vpgpe, that is in quadrature with current i,
defines the reactive exchange between line 14 and inverter 30.
30 In order to satisfy the command to transfer real power between
lines 12 and 14, via the common DC link 30 of the back-to-back
connected inverters, the real power exchange between lines 14
and inverter 28 must be equal and opposite to that exchanged
between line 12 and inverter 26. That is, IjVgqg + IL2Vpgm = O.
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The reactive power exchanged between line 14 and inverter 28,
defined by Qcz = I:Vppe 15 independently controllable from that,
Qn = I,Vpqer exchanged between line 12 and inverter 26, The
quantity (1/I2)Vpqp represents the virtual reactive impedance
5that the inverter produces to compensate the existing line
impedance X, thereby increasing or decreasing the transmitted
real power in line 14. This compensating impedance, just like
the virtual compensating impedance produced by inverter 26, may
be capacitive to increase the transmitted power) or inductive
10 {(to decrease transmitted power), depending on whether the
injected voltage vpqq lags or leads the line current by 90

degrees. If the compensating impedance is Xg, where Xe =
(1/12)Vpgq, then the power transmitted through line 14 will be
inversely proportional to the impedance difference Xo - X¢z.

15The X is also a reference quantity provided for the IPEC
control 32 to adjust the power flow in line 14. The desired
quadrature voltage to be injected by inverter 28 can be simply
derived from this with the knowledge of the line current I,
that is, Vpgo = Xez2la.

20 It can be appreciated that the embodiment of the IPFC
shown above can be easily extended to multiple N (where N is an
integer) lines as illustrated in Figure 3. In Figure 3, a

plurality of N ac to DC inverters 34, 36 and 38 are ccupled in
series with transmission lines 40, 42 and 44, respectively, via
25 transformers Trl', Tr2' and Trn. A DC link 46 provides the
common DC input voltage for the inverters. The necessary
criterion for the operation of this system is that the sum of
the real power exchanged by all inverters must sum to zero,
IiVpgir + IaVpger + ... + InVpge = 0. Otherwise, the ac voltage
30 necessary for the operation of +the inverters cannot be
maintained. It should be understood, that the ac to DC
inverters of Figure 3 could be replaced by other types of power
converters, for example, by ac to ac converters coupled by an
ac link instead of a DC 1link, and still fall within this



WO 97/20378 PCT/USY96/16147

- 11 -

invention.
Another generalized arrangement for the IPFC is shown
in Figure 4. 1In this embodiment, N lines are compensated by N
series inverters 48, 50 and 52 which are all connected to the
5DC bus 56. An additional inverter in the form of a shunt
inverter 58 is also connected to the DC bus. The ac terminals
of the shunt inverter are connected to an appropriate bus of
the ac system by way of transformer Trs. Figure 4 also shows a
single ac bus 60 feeding two of the N transmission lines. O0f
10 course, the IPFC is not limited in any way by the bus
arrangement of the transmission system. The line fed via
series inverters could be fed individually or in groups from an
arbitrary number of related and unrelated buses. The purpose
of the shunt inverter is to remove the previcously stated
15 requirement that the real power exchanged by all series
inverters must sum to zero. In this case, the sum of the real
powers exchanged, that 1s, IiVpgr + I2Vpger + ... + InVpgme = Paige,
is recirculated to the common ac bus by the shunt inverter. In
other words, the shunt inverter is controlled to maintain the
20 desired DC terminal voltage, and in doing so, it exchanges Paiss
= Vpuslinv-reas power (positive or negative) with the ac bus. In
the expression ViusIinv-realr Veus 1S the line to neutral voltage of
the ac bus and Liny-rea1 15 the current component in phase with
Vpus drawn by the shunt inverter. The shunt inverter increases
25 the degree of freedom in the compensation and power transfer
control of individual lines, which makes this arrangement
particularly suitable to manage power transfer in a complex
transmission system involving several lines.
It should be evident to those skilled in the art that
30 other implementations and applications of the invention are
possible. For example, the IPFC could be implemented by the
use of ac to DC current-sourced inverters, or by inverters
operated with a resonant link, instead of the ac to DC veltage-
sourced inverters shown in the Figure 1 embodiment. Similarly,
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other types of power converters, such as ac to ac converters or
frequency changers, could be émployed to implement the IPFC.
If an ac link is used, a passive resonant circuit can be
coupled to the link. Also, the DC terminals of the TIPFC
5 inverters, used in the preferred embodiment could be coupled to
an energy source or storage device 62 such as a large storage
capacitor, battery bank, superconducting magnetic storage,
ete., as shown in Figure 5.  Voltage-sourced type inverters
would be used when the 1link has voltage-source type
10 characteristics (e.g. the link is connected to a battery or
capacitor bank), and current-sourced type inverters would be
used when the link has current-source type characteristics
{e.g. the link is connected to a rotating machine or inductive
energy storage devicej. In the embodiment of Figure 5, the
15 energy storage device is coupled to the DC link 56 by way of a
coupling circuit 64. This arrangement would allew short term
violation of the condition of maintaining the sum of the real
power exchanged by all inverters at zero, stipulated for the
basic IPFC arrangement shown in Figure 3. In this way, the
20 IPFC could be used to counteract transient disturbances, such
as voltage sags, power oscillation, subsynchronous
oscillations, etc., in any one of the lines to which it is
coupled, with the use of a single energy storage device rated
to handle the disturbance only in one (or a defined number)
25 line(s). One important application of the IPFC arrangement
with an energy storage device is the dynamic compensation, or
“restoration"”, of voltage sags occurring on electric power
distribution system feeder lines.
With specific embodiments of the power circuit of the
30 IPFC, and their various application features described above,
it will be appreciated by those skilled in the art that further
modifications and alterations, and additional applications to
those described, could be developed in 1light of the overall -
teachings set forth above. Consequently, the arrangements
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described are meant to be illustrative only and not limiting as
to the scope of the invention. For example, the energy source
in Figure S5 could be a rotating electrical machine.
The control system of the IPFC for the above example
5 involving two transmission lines (such as in Figure 1)} is shown
in Figure 6. There are twc essentially identical control units
controlling inverters 26 and 28. Each unit is operated with an
independent reactive impedance reference input (control unit 66
with Xo” and control unit 68 with Xc') to determine the degree
10 of series reactive compensation for lines 12 and 14. The real
power reference, Pi;, which determines the real power to be
transferred from one line te the other is commen to the two
control units, except for the polarity which is made opposite
for control unit 66. In this way, a positive reference wvalue
15 for P;;’ means that the real power transfer is from line 14 to
line 12, and a negative reference value means that it is from
line 12 to line 14,
The control units employ well established vector
control techniques and functional blocks, such as are well
20 explained in commonly owned Application Serial No. 08/366,646,
filed December 30, 1994.
Referring now to Figure 6, and in particular to
control unit 68, this unit operates inverter 28 to inject a
voltage vpgz in series with line 14. The magnitude and angle of
25vpgz must be such that the component, vpgw, in gquadrature with
transmission line current i, will represent a virtual reactive
impedance, Xez = Vpgo/I» defined by reference X', and the
component,  Vpgr, in phase with current i, will represent a
virtual real impedance, R; = Vpqs/I; which gives real power Pj; =
30 I°R; defined by reference Py .
As the block diagram of control unit 68 shows, the
instantaneous values of the three phase currents in line 14 are
represented by a current vector in a two axes, d and g, system

of coordinates. This current vector has an instantaneous
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magnitude 1, and an .instantaneous phase angle 0O, The
derivation of these gquantities are accomplished by three
control blocks: vector resolver 70, vector phase locked loop 72
and vector magnitude calculater 74. The details of these
5 conitrel blocks are shown in Figure 7 and their operation is
wall understood by those skilled in the art. Further
explanation can be found in commonly assigﬁed Bpplication

Serial No. 0B/366,646.
The operation of inverter 28 is essentially determined

10by four variables: Xe', P12, iz, and ©,. As seen in Figure 6,
the power reference is converted into an instantaneous real
reference: R, = Py, / i* From reference quantities Xe', Ra,
and from current magnitude i;, the magnitude e;,” and angle B{wpf
the desired series voltage vector with respect to the current

15 vector of line 14 are derived by simple mathematical
cperations. gince angle P, defines the relative angular
position of the desired series voltage vector, the total
instantanecus phase angle of this voltage vector, and thus that
of the voltage tc be generated by inverter 28, is given by: b2 =

200, + B;. The magnitude of- the output voltage produced by
inverter 28, is controlled by paramefer 1;, defined as e /Vx,
where e,  is the amplitude of the output voltage -and Vi is the
voltage of the DC link. Thus, the ratio of the DC voltage to
the magnitude of the desired series vecltage e, /Voc defines the

25 instantaneous value of T, needed to cperate inverter 28.

7 Therefore, the guantities ¢; and 1, can be used tc operate
inverter 28 via a look-up table of switch states that are
sequentially stored for a defined set of © values and can be
accessed as a function of ¢2;

30 As Figure 6 shows, control unit 66 has the same
structure and operates in the same way as contrel unit' 68,

deriving control variables ¢, and 7, to provide gating signals
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for the switches of inverter 26. Note, however, that the sign
of reference R;", where R,' = Pp,'/ii?, 1is reversed (multiplied by
-1) in order to ensure that the (positive) real power absorbed
by inverter 28 from line 14 is delivered by inverter 26 to line
512 via the DC link.

Since Ry represents the same power as Rg', and since
its sign is oppesite, theoretically, the two inverters should
accommodate smooth power flow with stable DC link voltage.
However, even small practical differences in the power circuit

10 losses or control accuracies of the two inverters cculd result
in small differences in the delicate real power balance,
causing the DC link voltage to fluctuate or even collapse. In
order to stabilize the DC 1link voltage a special power
egualization control 78, in a closed-loop circuit arrangement,

15is employed. Referring again to Figure 6, it is seen that
reference inputs R;” and -R, are modified by the addition of
error signals AR, to yield Ry  and ARy to yield Ry, used to
derive control angles Bl’ and Bz'. Error signals AR; and AR; are
derived through the process which starts by comparison of the

20 required magnitude signals e;," and e’ of the injected voltages
Vpqt and Vpq, respectively, and selection of the larger one,
€my . This is accomplished by the function block max{e;’ez ).
The signal emnx 1is then compared to the appropriately scaled
(kpe) value of the DC link voltage V. The voltage error

25 obtained is divided by i;cosp,” and iscesPy” (the components of
line currents i; and i, that are in phase with the injected
voltages vpn and Vg, respectively) to get a positive or
negative real impedance difference indicating the. need to
increase, or the possibility to decrease, the DC veoltage to

30 facilitate the desired maximum line reactive compensation and
real power transfer. The errors, after appropriate
amplification (k: and kz), are added to -R,’ and R; to produce

Riy and Ry’ to change Pi° and B2”. It is seen that positive
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errors will increase P, and decrease PB;’, to increase the DC
link voltage, whereas negative errors will do the opposite to
decrease it. '
While specific embediments of the invention have been
5 described in detail, it will be appreciated by those skilled in
the art that various modifications and alternatives to those
details could be developed in light of the overall teachings of
the invention. Accordingly, the particular arrangements
disclosed are meant to be illustrative conly and not limiting as
10to the scope of the invention which is te be given the full
breadth of the appended claims and any and all eguivalents
thereof.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A power flow controller for controlling the power
flow in an electric transmission system including at least
two transmiasion lines, each transmisgsion line having two
ends and carrving alternating current at a selected
transmission line voltage and fundamental frequency between
said endg, said controller characterized by:

a converter interconnecting sald tranasmisgion
lines for generating at least two alternating voltages at
paid fundamental frequency of said alternating currents
flowing in said transmission lines with variable magnitude
and controllable phase angle relative to said transmission
line current;

meansg for coupling individually each alternating
voltage generated by said converter in series with one of
gaid transmission lines; and

means for controlling the magnitude and phase of
each alternating voltage generated by said converter, to
adjust the effective reactive and real impedance of said
each of gaid trangmiggsion lines and to control the real
power transmitted between the two ends of said transmission

lines.

2. The power flow controller of claim 1, wherein
gaid means for controlling the magnitude and phase of each
alternating voltage generated by said converter
concurrently controls the amount of real power individually
transferred between said transmission lines through said
converter,

3. The power flow controller of claim 1, wherein
said converter comprises at least two DC to ac inverters
having DC terminals coupled through a DC link.

4. The power flow controller of claim 3, further

compriging a power source connected to the DC link.

Gi\HCooper \heep\Speni \75154. 96 doe 23/02/00
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5. The power flow controller of claim 3, further
comprising an energy storage means coupled to said DC link.

6. The power flow controller of claim 1, wherein
gaild converter compriseg at least two resonant inverter
means having input terminals coupled through a resonant
link means.

7. The power flow controller of claim 1, wherein

sald converter compriges at least one ac to ac converter.

8. The power flow controller of claim 1, wherein
gaid converter compriges at least two ac to ac converters,
each having a set of ac terminals coupled to an ac link.

9. The power flow contreller of claim 8, further
comprising an ac power source coupled to said ac link,

10. The power flow controller of claim 9, wherein
said ac power source is provided by one or more
transmigsgion linea of sald ac power system.

11, A method for controlling the power flow in an
electric transmisslon system including at least two
trangmiggion lines, each transmission line having twoc ends
and carrying alternating current at a selected transmission
line veoltage and fundamental frequency between said ends,
gaid method characterized by steps of:

interconnecting said transmission lines through a
converter;

uging said converter to generate at least two
alternating voltageg at gaid fundamental frequency of said
alternating currents flowing in said transmission lines
with variable magnitude and controllable phase angle
relative to said transmisgion line current;

coupling individually each alternating voltage

generated by said converter in series with one of said

Gi\MCeoper\Keep\speci\75154.96.doe 23/02/00
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tranamigsion lines; and
controlling the magnitude and phase of each
alternating voltage generated by said converter, to adjust
the effective reactive and real impedance of said each of
5 gaid trangmiggion lines and to control the real power
transmitted between the two ends of said transmission

lines,

1z, The method of claim 11, wherein the step of

10 controlling the magnitude and phase of each alternating
voltage generated by said converter includes the step of
controlling the amount of real power individually
trangferred hetween said transmissgion lineg through said

converter.
15
13. A power flow converter substantially as herein
described with reference to the accompanyving drawings.
14. A method for controlling the power flow in an
** 20 eleectric¢ trangmiggion system substantially as herein

described with reference to the accompanying drawings.

Dated this 24th day of February 2000
WESTINGHOUSE ELECTRIC CORPORATION
25 By their Patent Attorneys
GRIFFITH HACRK
Fellows Institute of Patent and
et Trade Mark Attorneys of Ausgtralia

G:\MCooper\Keep\Specil75154 .96 doc 24/02/0¢
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