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Abstract - This aper describes a novel a roach in which solid-state 
vciuonous vo&ge sources are employet$!or the dynamic compensa- 
tion and real time control of power flow in transmission systems. 
The synchronous voltage source is implemented by a multi-pulse 
inverter using ate turn-off (GTO) thyristors. It is capable of generat- 
ing internat  &e reactive power necessary for network compensation, 
and is also a le to interface with an appropriate energy stora e device 
to negotiate real power exchange wth  the ac system. de paper 
develops a comprehensive treatment of power flow control usmg 
solid-state synchronous voltage sources for shunt compensation, series 
compensation, and phase angle control. It also describes the unique 
unified power flow controller that is able to control concurrently or 
selective all three network parameters (voltage, impedance, 
sion an&) determining power transmission. Comparison of= 
chronousvolta e source approachwith themore conventionalcom- 
pensation mettod of employing thyristor-switched capacitors and 
reactors shows its superior performance including the unmatched 

counteract dyoamic disturbances), uoifonn applicability, smaller physi- 
cal size, and potentially lower overall cost. 

Keywords - AC transmission, FACTS, line compensation, static var 
compensator, synchronous condenser, series compensator, phase-angle 
regulator, energy storage, thyristor, GTO. 

INTRODUCTION 

capability of using both reactive and rea C power compensation to 

It is a well established practice to use reactive power compensation 
to increase the transmittable power in ac power systems. Fixed or 
mechanically-switched capacitors and reactors have long been em- 
ployed to increase the stead state power transmission by controlling 
the voltage profile alon d k  lines. 

During the last decaL it has been convincing1 demonstrated’.’ 
that both the transient and dynamic stabilities (i.e., &t swing stability 
and damping of the power T t e m  can also be improved, and voltage 

mission lines is made rapidly variable by solid-state, thyristor switches 
and electronic control. 

In recent years, the need for fast reactive compensation in power 

collapse can b e prevented, i the reactive compensation of the trans- 

quires the interconnection of (previous independent) power systems 

may play no other part but to “wheel“ the power from the exporting 
system to the importing one. However, the existing traditional trans- 
mission facilities were not designed to handle the control reqyirements 
of an intercoonected power system. The power flow in the mdividual 
lines of the transmission grid is determined by their impedance and 
it often cannot be restricted to the desired power corridors. As a 
consequence, power flow loops develop and certain lines become 
overloaded, w t h  the overall effect of deteriorating voltage profiles 
and decreased system stability. Furthennore, while the power trans- 
mission requirements have been rapidly growing, the increasing public 
concern about the health effect of transmission lines and the dlfficul- 
ties and escalating cost of right-of-ways have stymied the construction 
of new lines. 

This overall situation demands the review of traditional power 
transmission theory and practice, and the creation of new cogcepts 
that allow the full utilization of existing power generation and trans- 
mission facilities without decreasing system availability and security. 

The Electric Power Research Institute (EPRI) has initiated the 
development of Flexible AC Transmission Systems (FACTS) in which 
power flow is dynamically controlled by various power electronic 
devices. The two main objectives of FACTS are to increase the 
transmission capacity of lines and control power flow over designated 
transmission routes. 

This paper descnies a novel approach in which controllable solid- 
state synchronous voltage sources are employed for the dynamic com- 

ensation and real-time control of power flow in transmission systems. 
flus approach, when com ared to conventional compensation methods 
employmg thyristor-switcied capacitors and thyristor-controlled reac- 
tors, provldesvastly superior perfonnance characteristics and uniform 
apphcability for transmissionvolta e, impedance, and angle control. 
It also offers the uniqueaotentiaf to directly exchange real power 
with the ac system, in a dition to the independently controllable 
reactive power compensation, thereby giving a powerful new option 
for the counteraction of dynamic disturbances. 

POWER FLOW CONTROL BY SOLID-STATE SYNCHRONOUS 
VOLTAGE SOURCES 

into an ever growing grid, in which in 2 &dual transmission systems 

transmission systems has become increasingly ivident. Theitility 
industry is facing unprecedented problems related to energy cost, 
environmental, social, and replatory issues, as well as to the rofound 
changes in the U.S. industrial structure and the geograpgic shifts Most of the resently used, or proposed,powerflow controllers’ [this 
of highly populated areas. The present situation may be briefly sum- term is used% this aper to make a common reference tostatic var 

compemators‘,2 (SV&), controllable series compmators6q phase-shr - 
The power demand has shown a steady but geographically uneven em’, and equivalent devices applied in the transmission system or 

marized as follows. 

growth. The available power generation is often not close to the dynamic reactive compensation and power flow control] employ con- 
frowing load centers. The locations of new power generation are ventional thyristors (i.e., those having no intrinsic turn-off ability) in 
ar ely determined by regulatory policies, environmental acceptability, circuit arrangements which are similar to breaker-switched ca acitors 

a n i  the cost of available energy. In order to meet the power demand andreactors, andmechanically operated tap-changingtrans$rmers, 
under these often contradictoryrequirements, theutilitm increasingly but have much faster response and are operated by sophisticated 
rely on the utilization of existing generation facilities via power h- controls. All of these have a common characteristic in that the neces- 
port/export arrangements. Power exportation and importation re- sary reactive power re uired for the compensation is generated or 

absorbed by traditiona?ca acitor or reactor banks, and the thyristor 
switches are used only for t i e  control of the combined reactive imped- 
ante these banks present to the System during successive periods 
ofthe ap lied voltage. (Phase shifters based on tap-changing trans- 
formers f k e  no var eneration or absorption capability.) Conse- 
quently, conventionaf thyristor-controlled compensators present a 
variable reactive admittance to the transmission network and therefore 
generally chan$e the system impedance. 

The conventional thyristor-controlled power flow controllers are 
not described in this paper, but are used as benchmarks to evaluate 
the operating and performance characteristics of the proposed solid- 
state synchronous compensators. 

~ O n v e n t h - ”  Thflstor-Contmlled Power 
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General Concept of Synchronous Voltage Source 

The predecessor of modern solid-state synchronous compensators, 
the rotating synchronous condenser has been used extensively in the 
last for reactive shunt compensation both in transmission and distri- 

ution systems. Althou h the rotatingcondenser exhibits a number 
of desirable functional ckiracteristics (high capacitive output current 
at low system voltage levels and an essentially inductive source im- 
pedance that cannot cause harmonic resonance with the transmission 
network), it suffers from a number of operating shortcomings (slow 
response, potential for rotational instabdity, low short circuit imped- 
ance, and high maintenance) and lacks the application flexibility 
needed to meet the power control requirements of modern transmis- 
sion systems. 

The solid-state synchronous voltage source (hereafter referred 
to just as synchronous voltage source or SVS) considered in this paper 
is analo ous to an ideal synchronous machine which generates a 
balancefi set of (three) sinusoidal voltages, at the fundamental fre- 
quency, with controllable amplitude and phase angle. This ideal 
machine has no inertia, its response is practically instantaneous, it 
does not significantly alter the existing system im edance, and it can 
internally generate reactive (both capacitive anfinductive power. 

system if it is coupled to an appropriate ener source that can supply 
or absorb the power it su plies to or absogs from, the ac system. 

A functional model of &e solid-tstate synchronousvoltage source 
is shown in Figure 1. Reference signals Q, and P , ~  define the am- 

Furthermore, it can dynamically exchange realpower wit b the ac 

a 'de 

ENERGY 

Fig. 1. - Generalized synchronous voltage source. 

amplitude Vand phase angle @of the generated output voltage and 
thereby the reactive and real power exchange between the solid-state 
voltage source and the ac system. If the function of dynamic real 
power exchange is not requlred P,4 = 0), the SVS becomes a self- 

and the external energy storage device can be disposed of. 

Implementation of Synchronous Voltage Source 

The solid-state synchronousvoltage source can be implemented by 
various switchingpower converters. However, the switching converter 
considered here is the voltage-sourced inverter. This articular dc 
toac switchingpower converter, usin gate tum off (GJO) thyristors 
in appropriate multi-pulse circuit con!iguration$ is presently consid- 
ered the most practical for hi hpower utility applications. The de- 
tailed delineation of multi-pufse, voltaEe-sourced inverters is out of 
the scope of this paper, and the reader is referred to two publications 
which describe their basic operatin principles' for reactive ower 
generation and the development of a 2 100 Mvar system' f& the 
dynamic com ensation of power transmission lines. However, the 
functional anfoperating characteristics of this type of inverters, which 
provide the basic functional building block for the comprehensive 
compensation and power flow control approach proposed in this 
paper, are summarlzed below. 

An elementary, six-pulse, voltage-sourced inverter is shown in 
Figure 2a. It consists of six self-commutated semiconductor (GTO) 
switches, each of which is shunted by a reverse-parallel connected 
diode. (It should be noted that in a high power inverter, each solid- 
state mtch consists of a number of seriesconnected GTO thyristor/di- 
ode pairs.) With a dc voltage source (which may be a charged capac- 
itor), the inverter can produce a balanced set of three quasi-square 
voltage waveforms of a given frequency, as illustrated in Figure 2b, 
by connecting the dc source sequentially to the three output terminals 

sufficient reactwe power source, li 'k e an ideal synchronous condenser, 

via the appropriate inverter switches. 

output 
''0.0 

n 

"0.c va& ? 
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\nda, Coupling 
Transformer 

Multi-pulsd inverter 1 
+"dc I< 

Fig. 3a. - A P=6n-pulse inverter using six-pulse inverter modules. 

P.U. T-UNE VOLTAGE OUTPUT  CURRENT>^ 

0 2 4 6 8 i o  12 14 16 msec. 

Fig. 3b. - Output voltage and current waveforms of a 48-pulse inverter 
generating reactive (capacitive) power. 

of the inverter. The key to this explanation resides in the physical 
fact that the process of energy transfer throu the inverter consisting 

thus it is inherent that the net instantaneous power at t i e  ac output 
terminals must always be e ual to the net instantaneous power at 
the dc input terminals (neJecting losses). 

reactive output 

as to be zero. Furthermore, since reactive power at zero frequency 
by definition is zero, the dc source supplies no in ut power and there- 
fore it clearly plays no part in the generation orthe reactive output 
power. In other words, the inverter simply interconnects the three 
output terminals in such a way that the reactive output currents can 
flow freely between them. Viewing this from the terminals of the 
ac system, one could say that the inverter establishes a circulating 
power exchange among the phases. 

Although reactive power is internally generated by the action of 
the solid-state switches, it is still necessary to have a relatively small 
dc capacitor connected across the input terminals of the inverter. 
The need for the dc capacitor is primarily required to satisfy the 
above-stipulated equality of the instantaneous output and input pow- 
ers. The ou ut voltage waveform of the inverter is not a perfect 
sine-wave. (% shown in Fi re 3b, it is a staircase approximation 
of a sine-wave.) However, t g  multi-pulse inverter draws a smooth, 
almost sinusoidal current from the ac system through the tie reac- 
tance. As a result, the net three-phase instantaneous power ( V A )  
at the output terminals of the inverter slightly fluctuates. Thus, in 
order not to violate the equali of the instantaneous output and 

from l e  dc storage capacitor that provides a constant terminal voltage 
at the input. 

The presence of the input ripple current components is thus entire- 
ly due to the ripple components of the output voltage, which are 
a function of the output waveform fabrication technique used. In 
a high power inverter, using a sufficiently high pulse number, the 
output voltage distortion and, thereby, capacitor ripple current can 
be theoretically reduced to any desired degree. Thus, a perfect in- 
verter would generate sinusoidal ou ut voltage and draw pure dc 
input current without harmonics. (Zvidently, for purely reactive 
output, the input current of the perfect inverter is zero.) In practice, 
due to system unbalance and other imperfections, as well as to eco- 
nomic considerations, these ideal conditions are not achieved, but 
approximated satisfactorily by inverters of sufficiently high pulse 
numbers (24 or higher). 

of nothing but arrays of solid-state switches$s absolute1 6 irect, and 

Assume that the inverter 1s operated to supply o 
gower. In this case, the real input power provlded T y the dc source 

input owers, the inverter must K raw a fluctuating ("ripple") current 

Shunt Compensation by Synchronous Voltage Source 

General Comvensation Scheme 

A shunt-connected solid-state synchronous voltage source, composed 
of a multi-pulse, voltage-sourced inverter and a dc energy stora e 
device, is shown schematically in Figure 4a. A s  explained in t%e 

*c MSTEU v,, AT AC TERMINAL 
I 

MULTI-PULSE 

k l c t + ~ & ~ -  OC TERMINAL 
AT DC TERMINAL YI [Idc 1 Idc: +? 

STORAGE ABSORBS 'P SUPPUES 'P 

(0) (b) 

Fig. 4. - Shunt-connected synchronous voltage source (a) and its possi- 
ble operating modes @) for real and reactive power generation. 

previous section, it can be considered as a perfect sinusoidal 
nous volta e source behind a coupling reactance providex;?E 
leakage infuctance of the cou ling transformer. the energy storage 
is of suitable rating, the S d c a n  exchange both reactive and real 
power with the ac system. The reactive and real power, generated 
or absorbed by the SVS, can be controlled independently of each 
other, and any combination of real ower generatiodabso tion with 
var generatiodabsor tion is posslble, as illustrated in 8gure  4b. 
The real power that %e SVS exchanges at its ac terminals with the 
ac system must, of course, be sup lied to, or absorbed from, its dc 
terminals by the energy storage levice. By contrast, the reactive 
power exchanged is internally generated by the SVS, without the 
dc energy storage device playing any significant part in it. 

When compared to the conventional thyristor-controlled static 
var compensator, which can negotiate only reactive ower exchange 
with the ac system, the synchronous voltage source ctarly has si ifi 
cant operating and ap lication advantages. The bi-directionarei 
power exchan e capafility of the SVS; that is, the ability to absorb 
energy from t i e  ac system and deliver it to the dc energy storage 
device (large storage capacitor, battery, superconducting magnet) 
and to reverse this recess and deliver power for the ac system from 
the energy stora e levice, makes complete, temporary system support 
possible. Specikcally, this capability may be used to improve system 
efficiency and prevent power outaFes. Also, in combination with 
fast reactive power control, dynamic real power exchange provides 
an extremely effective tool for transient and dynamic stability Improve- 
ment. 

Reactive Power ComDensation Scheme 

If the SVS is used only for reactive shunt compensation, like a conven- 
tional static var com ensator, then the dc energy storage device can 
be replaced by a rekkvely small dc capacitor, as shown in Fi 
Sa. In this case, the stead state power exchange between the r;E 
and the ac system can on& be reactive, as illustrated in Figure 5b. 

ACMSTEU V r  AT AC TERMINAL 

SUPPLIES "Q" 
l q l ~ l C O U P L I N G  TRANSFORMER v i  >v, 

AT DC TERMINAL 

Idc'o I +"dc 

0 
I 

Fig. 5 .  - Synchronous voltage source operated as a static condenser. 
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When the SVS is used for reactive ower generation, the inverter 
itself can keep the capacitor char e l t o  the required voltaee level. 
This is accomplished by making t i e  output voltages of the inverter 
lag the system voltages by a small angle. In this way the inverter 
absorbs a small amount of real power from the ac system to replenish 
its internal losses and keep the capacitor voltage at the desired level. 
The same control mechanism can be used to increase or decrease 
the capacitor voltage, and thereby the amplitude of the output voltage 
of the inverter, for the purpose of controlling the var generation or 
absorption. 

The SVS, o erated as a reactive shunt compensator, exhibits oper- 
ating and pe2ormance characteristics similar to those of an ideal 
rotating synchronouscondenser and for this reason thisspecific SVS 
arrangement is called static condenser or STATCON''. (The term 
advanced static var compensator or ASVC is also frequently used in 
the literature'". The characteristics of the STATCON are su erior 

var compensator (SVC). 
The V-I characteristic of the STATCON is shown in Figure 6a 

and that of the staticvar compensator in Figure 6b. As can be seen, 
the STATCON can provide both capacitive and inductive compensa- 
tion and it is able to control its output current overthe rated madmum 
capacitive or inductive range independently of the ac system voltage. 
That is, the STATCON can provide full capacitive output current 
at any system volta e, practically down to zero. By contrast, the SVC, 
bein composed of(thyrist or-switched) capacitors and reactors, can 
suppk only diminishing output current with decreasin8 system voltage 
as determined by its "mum equivalent ca acitive admittance. 
n e  STATCON is, therefore, su rior to the S V ~  in roviding voltage 
support. Indeed, studies" i n g a t e  that a S T A T A N  in a variety 
of a plications can erform the same dynamic compensation as an 
SV! of considerabt higher rating. 

to those attaina 2 le with the conventional thyristor-controlle&tatic 

(4 STATCON TRANS,ENT (b) svc TRANSIENT 
RATING VT f RATING 

Cmox 0 L max 

Fig. 6. - V-I characteristic of the static condenser (a) and of the static 
var compensator (b). 

As Figure 6 illustrates, the STATCON has an increased transient 
rating in both the inductive and capacitive operating regions. (The 
conventional SVC has no means to increase transiently the var gen- 
eration since the maximum capacitive current it can draw is strictly 
determined by the size of the capacitor and the magnitude of the 
system voltage The inherently available transient rating of the 
STATCON is iependent on the characteristics of the power semi- 
conductors used and the junction temperature at which the devices 
are operated. 

The ability of the STATCON to roduce full capacitive output 
current at low system voltage also maEs it highly effective in improv- 
ing the transient (first swing) stability. This is illustrated in Figure 
7a, where the transmitted powerP is shown against the transmission 
angle 6 for the usual two-machine system' compensated at the mid- 
point by a STATCON with differentvar ratings, defined by its maxi- 
mum capacitive output current I,, For comparison, an equivalent 
P versus 6 relationship is shown G r  the static var com ensator in 
Figure 7b. It can be observed that the STATCON, just d e  the SVC, 
behaves like an ideal mid-point shunt compensator with a power 
transmission relationship defined by equation' P = (2P/X) sin(6/2) 
until the maximum capacitive output current I,,, is reached. From 
this point on, the STATCON keeps providing this maximum capacitive 
output current instead of a fixed capacitive admittance like the SVC), 

of the mid-point voltage. As a result, the sharp decrease of transmit- 
ted power P in the 7rJ2 < S < T region, characterizin the power 
transmission of an SVC supported system, is avoided anithe obtain- 
able [& area representing the improvement in stability margin is 
signi icantly increased. 

independent o ! the further increasing S and the consequent variation 

D (a) STATCON D (b) SVC 

Fig. 7. - Transmitted power (P) versus transmission angle (3) with a mid- 
point static condenser (a), and a mid-point static var compensator (b), of 

different rating. 

The increase in stability margin obtainable with a STATCON over 
a conventional thyristor-controlled static var compensator of identical 
rating is clearly illustrated with the use of the equal-area criterium 
in Figure 8. The same simple two-machine model considered above 
is compensated at the mid-point by a static condenser and a static 
var compensator of the same var rating. For the sake of succinctness, 
it is assumed that the system transmitting steady-state electric power 

(a) STATCON (b) SVC 

0 n/2 6+ A nr2 6 4  A 0 

Fig. 8. - Transient stability improvement provided by a mid-point static 
condenser and a static var compensator of the same rating. 

Pa at angle 6, is subjected to a fault for a period of time during which 
Po becomes zero. During the fault the sending-end machine acceler- 
ates (due to the constant mechanical in ut power PM), absorbing 
the lnet ic  ener y correspondin to the sgaded area below the con- 
stant Po line, andgmcreasing So to f, (6, > So). Thus, when the original 
system is restored after fault clearing, the transmitted power becomes 
much higher than Po due to the increased transmission angle 6, . 
As a result, the sending-end machine starts to decelerate, but 6 in- 
creases further until the machine loses all the kinetic energy it gained 
during the fault. The recovered kinetic energy is represented by the 
shaded area between the P versus 6 curve and the constant power 
line P,. The remaining dotted area below the P versus 6 curve and 
above the constant power line Po provides the transient stability mar- 
gin. As can be observed, the transient stability margin obtained with 
the STATCON is significant1 greater than that attainable with the 
SVC of identical var rating. d s  of course means that the transmitta- 
ble power can be increased if the shunt compensation is provided 
by a STATCON rather than by an SVC, or, for the same stability 
margin, the rating of the STATCON can be decreased below that 
of the SVC. 

Control of Synchronous Shunt ComDensator 

A functional scheme to control a synchronous voltage source used 
as a shunt compensator is shown in Figure 9, together with the Theve- 
nin equivalent of the ac power system. The terminal voltage vT of 
the ac system is assumed to be subjected to dynamic amplitude and 
frequency variations due to load and system changes, as well as distur- 
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bances causing angular machine excursions. 

r-----7 I. 

I"Q I 
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Fig. 9. - Functional control scheme for a synchronous voltage source 
operated as a (reactive and real power) shunt compensator. 

If the SVS is equipped with an energy stora e device, then it can 
exchange reactive as well as real power with 8 e  ac system. In this 
case, the in teml  inverter control that derives the gating signals for 
the GTO thyristors acce ts a reference signal (c, ) for the desired 
reactive output current Prepresentin6 the var demand of the ac sys- 
tem), and an independent reference signal (c , ) for the desired real 
output current (representing the requued real power exchange with 
the ac system), From these reference signals the internal control" 
computes and sets the amplitude and phase an e of the (three-phase) 

current of the SVS is composed of the desired reactive and real 
components. If the SVS is not e uipped with an ener storage 
device, then the reference signal f, is kept at zero and #e SVS is 
operated as a static condenser. 

The function of the shunt-connected SVS is to minimize the mapi-  
tude and duration of system disturbances by regulatin (supportmg 

this, an external control is employed that derives the necessary refer- 
ence signals for the internal control of the SVS to produce the desired 
reactive and, if the SVS has energy storage capability, real power 
ou ut for the ac system to counteract the disturbances. 

%e basic control loop of the external control is set up to regulate 
the terminal voltage by means of controlling the reactive component 
of the ou ut current. To this end, as shown in Fi re 9, the ampli- 
tude V, otpthe terminal voltage is measured by thep&g Measurzh 
&Processing Circuits. This measured voltage amplitude is compare! 
with the reference voltage V,. Note that for the single function 

the error signal AV, is ampdie and processed b the Eror I3;ocessor 
and Amplifer to provide the reference signal t, for the reactive 
out ut current. 

!mer oscillation damping (and the minimization of the first rota- 
tional swing) can be accomplished by the modulation of the reactive 
component of output current, o r b  the modulation of therealcom- 
ponent of output current, or by t i e  modulation of both. 

Consider first power oscillation damping by the modulation of 
the reactive output current. With reference to Figure 9, it is seen 
that it is accomplished by the modification of the volta e reference 
signal V,. That is, a signal representing the power oscibation is de- 
rived by either direct frequency measurement (yielding A 0  or by the 

summed to V,. (Both Af and JPdt are proporbonal to t %"" e rate and of 
measurement of the real power transmitted (yielding 

change of the machine angle, dsldt, involved.) The added si nal 
causes the output current of the SVS to vary (oscillate) arounrfthe 
operating point defined by the fixed voltage reference V,. This in 
turn forces the terminal voltage to increase when, for example, the 
frequency deviation Af - dsldt) is positive (in order to increase the 

tors), and to decrease when Af is negative (to reduce the transmitted 
power and thereby oppose the deceleration of the generators). 

The signal representing the rate of change of generator angle, 
derived b the Frequency Variation or Power Flow Meusurhg Circuits, 
can also l e  used to control the real power exchange between the 
SVS and the ac system. This can be done by modulating the real 

voltage source with respect to the ac system vo H' tage so that the output 

the terminal voltage and damping power oscillations. 40 accomplis 2 

of voltage regulation, V, = v',;1) $3 e difference between these two, 

transmitted power an 6 thereby oppose the acceleration of the genera- 

component of the output current around zero (or around a fixed 
real mer reference if the STATCON is set to absorb from, or supply 
to, i e  ac system real power at the time when the disturbance oc- 
curred) so as to force the SVS to absorb real power when the genera- 
tors are accelerating and supply real power when the generators are 
decelerating. 

Series Compensation by Synchronous Voltage Source 

General Commwation Scheme 

A solid-state synchronous voltage source, consisting of a multi-pulse, 
voltage-sourced inverter and a dc ener stora e device, is shown 
in series with the transmission line in & w e  l%a and its possible 
operating modes are illustrated in F i r r e  lob. In general, the real 
and reactive power exchange is mntro ed by the phase displacement 
of the injected voltage with respect to the line current. For example, 
if the inlected volta e is inphase with the line current, then only real 
power is exchange$ and if it is in quadrature with the line current 
then only reactive power is exchanged. 

AT THE AC TERMINAL 

SUPPUES P 
ABSORBS Q 

ABSORBS P 
ABSORBS Q 

1 ENERGY I 
STORAGE T z  ABsmEsP SUPPUESP 

(POSITNE RESISTNCE (NEWTNE RESISTANCE 
FOR THE AC m) mR THE AC m) 

(a )  (b) 

Fig. 10. - Seriescoonected synchronous voltage source (a) and its 
possible operating modes (b) for reactive and real power exchange. 

chronousvoltage source is an extremely 
powerful too1,for power E w  control and, as is shown in subse uent 
sections, it is able to control both the transmission line impelance 
and angle. Its capabili to exchange real power with the ac system 
makes it much more eiective than the conventional thyristor-con- 
trolled series capacitive compensator in providing power oscillation 
damping. This is because it is not only able to change the series 
reactive im edance of the line but also to alternate insert a virtual 

thy with the angular acceyeration and deceleration of the disturbed 
generators. 

Reactive Series Co"mation 

The concept of using the solid-state synchronous voltage source for 
series reactive com ensation is based on the fact that the impedance 
versus frequency cgaracteristic of the conventionally emplqved series 
capacitor, in contrast to filter applications, plays no part in accom- 
plishing the desired line compensation. The function of the series 
capacitor is simply to produce an appropriate voltage at thefunda- 
mental (60 Hz) ac system frequency m series with the line to partially 
cancel the voltage drop developed across the inductive line impedance 
by thefindamental component of the line current so that the resulting 
total volta e drop of the compensated line becomes electrically equiv- 
alent to tfat  of a shorter line. Therefore, if an ac voltage source 
of fundamental 6e uency, which is locked with a quadrature (lagging) 
relationshi to the?ine current and whose amplitude is made ro or 
tional to t Ia t  of the line current is injected in series with tge L, 
a series compensation equivalent to that provided by a series ca acitor 
at the fundamental fre uency is obtained". Mathematical&, this 
voltage source can be Iefined as follows: 

The series-connected 

positive anlnegative dam ing resistor in series with 2 e line in sympa- 

V, = -jkXI 

where V, is the injected compensating voltage phasor, Z is the line 
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If the SVS does have a dc energy storage device (as indicated in the 
figure) then its capability for transient stability improvement and 
oscillation damping can be significantly enhanced. 

The SVS with its internal controls can be considered a perfect 
ac voltage source; it is s rh ron ized  to the ac system and its output 
voltage can be controlle with respect to the line current by two voltage 
reference inputs, v', and GR. 

Signal vR controk the output voltage component that is in quadra- 
ture with t i e  line current and therefore it determines the reactive 
(capacitive or inductive) series compensation. It is derived as the 
product of the reference impedance input (Z, and the r.m.s. ampli- 

Processing Circuits. Transient stability improvement and oscillation 
damping can be achieved by modulating the reference 2, (which 
may be set to zero in steady-state) with Af or /Pdt (obtained at the 
output of the Frequency Variation or Power Flow Measurin Circuits), 
which represent the variation of the generator angle, hid(.  The 
objective is, of course, to increase the series Capacitive compensation 
when dsldt > 0 (i.e., to reduce the line impedance and thereby in- 
crease the transmitted power when the generators are accelerating) 
and conversely to reduce it or, for greater effect, to provide a series 
inductive com ensation when dsldt < 0 (i.e., to increase the line 
impedance an$ thereby reduce the transmitted power when the gen- 
erators are decelerating). 

The modulating signal re resenting dsldt can also be used as the 
modulation component of tge voltage reference input, R ,  to the 
internal control when the SVS is eqipped with an energy storage 
device. Signal 5, controls the ou ut voltage component of the 
inverter that is in-phase or in anti-pxse) with the line current and 

Thus the modulation signal re resentingdsldt commands the solid- 
state series compensator to agsorb realpower when the generators 
are accelerating (ds/dt > O), andsuppty realpower when the generators 
are decelerating (dsldt < 0). The timely injection and absorption 
of real power is equivalent to the insertion of a negative and, respec- 
tively, positive resistive impedance in series with the line, which can 
be extremely effective for achieving system stabilization. 

The SVS-based series compensator can also be used to equalize 
the currents in parallel lines. A simple control loop can be added 
to provide an error signal for changing the reference Z, so as to 
achieve the desired current in each of the lines compensated. 

Phase Shifting and Multiple Compensating Functions by Synchmnous 
Voltage Sources 

Conventional thyristor-controlled ta changing transformer provides 
the phase shifting by injecting a voLge in quadrature with the line 
to neutral system voltage. The magnitude of the injected voltage 
can be varied in a step-like manner by the tap changing switch ar- 
ran ement7. Since the phase relationshi between the injected voltage 
anfthe line current is arbitrary, the piase shifter must, in general, 
be able to exchange (supply or absorb) both real power and vars. 
Since the tap changing transformer phase shifter has no internal 
capability to generate or absorb e i t E ,  it follows that both the real 
power and vars it supplies to, or absorbs from, the line when it injects 
uadrature voltage must be absorbed from it, or supplied to it, by i e ac system. To avoid the voltage variation associated with the 

reactive power flow, this type of phase shifters often require the voltage 
support of a controllable varsource, such as a static var compensator. 

The solid-state synchronous voltage source represents a fundamen- 
tally different ap roach to transmission angle control. The basic 
rinciples of angL control by this method are discussed within the 

froader concept of the uniJied powerflow controller (UPFC)3,L3 which, 
within its comprehensive functional capabilities, can be operated as 
an ideal phase shifter. 

Basic Princivles 

Refer back the generalized series compensator shown in Figure 10. 
Assume that the injected voltage (V,) in series with the line can be 
controlled without restrictions (i.e., the dc energy stora e has an 
infinite capacity . That is, the phase angle of phasor V cante chosen 
indepndent& of)the line current between 0 and 2?r, a a  its magnitude 
is variable between zero and a defined maximum value, Vpu. This 
implies that voltage source V,, must be able to generate and absorb 
both real and reactive power. 

Multiple power flow control functions can be achieved by adding 
an appropriate voltage phasor 5, to the terminal voltage phasor V, 

tude of the line current (r) obtained via the 2 urrent Measuring and 

therefore it determines t 6 e real power exchange with the ac system. 

current phasor, Xis  the series reactive line impedance, k is the de ee 
of series compensation for conventional series compensation f is 
defined asX X, where& is the impedance of the series capacitor), 
and j = &. A series reactive compensation scheme based on 
this rinciple is shown in Figure 11. The effect of this compensation 
on t!e transmittable power can be seen from the expression, P = 
(V'iX(1-k)} sins, iven' for a simple two machine system with a k 
that is continuo& variable (0 < k I ) .  

Transmission 

6 = - i k X , i  
~ - -  

xL = x,(o) tine reactance 

,, = Xc - VC Degree of xL I xL series 
compensation 

Virtual 60 Hz (capacitive) 
compensating impedance xc = 

Fig. 11. - Synchronous voltage source operated as a series capacitive 
compensator. 

For normal ca acitive compensation, the outputvoltage must lag 
the line current f y  90 degrees, as illustrated in Figure 11, in order 
to directly oppose the inductive voltage drop of the line im edance. 
However, the output voltage of the inverter can be reversed !y simple 
control action to make it lead the line current by 90 de rees. In 
this case, the injected voltage is in phase with the voltage feveloped 
across the inductive line impedance and thus the series compensation 
has the same effect as if the reactive line impedance was increased. 
This capability can be e loited to increase the effectiveness of power 
oscillation damping an? with sufficient inverter rating, it can also 
be used for fault current limitation. 

Series compensation by a synchronous voltage source that can 
be restricted to the fundamental frequenTis superior to that obtained 
with series capacitive com ensation in t a t  it is, with proper imple- 
mentation, unable to pro&ce undesired electrical resonances with 
the transmission network, and for this reason it cannot cause sub- 
synchronous resonance. However, by suitable controls it can damp 
sub-synchronous oscillations (due to existing series capacitive compen- 
sation) by injecting non-fundamental voltage components with appro- 

amplitudes, frequencies, and phase an les, in addition to the 
ndamental component, in series with the fine. 

Control of Series Synchronous Comoensator 

A simple control scheme for the synchronous voltage source o erated 
as a generalized series compensator is shown in Figure 18. The 
control scheme has two major functions. One function is to establish 
the desired series reactive (capacitive or inductive compensation 
as defined by an externally provided reference, 2,. A e second func- 
tion is to modulate the series reactive compensation so as to improve 
transient system stability and provide power oscillation damping. 

r-------7 i + m 

' 'CT 
m 

A A  
Auxiliary Inputs ZU 

Fig. 12. - Basic control scheme for the solid-state series compensator to 
control (reactive and real) line impedance and improve system stability. 
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as shown in Figure 13a. Specifically, by the appropriate definition 

Fig. 13. - Phasor diagram illustrating the general concept of seriesvoltage 
injection (a), and attainablepower flow control functions: terminalvoltage 
regulation (b), terminal voltage and line impedance regulation (c), and 

terminal voltage and phase angle regulation (d). 

control) of phasor %e i.e, by synthesizing Ver from phasors AV, 
representing volta e magnitude), V, represenlm series impedance 

flow control L l  nctions can be accom lished? 
kl) Dedicated terminal voltage reguyation or control, as illustrated 

in igure 13b. 
(2) Combined series line COmpeIlsation and terminal voltage control, 

as illustrated in Figure 13c. 
(3) Combinedphase angle regulation and terminal voltage control, 

as illustrated in Figure 13d. 
(4) Combined terminal voltage regulation and series line com 

sation and phase angle regulation, as illustrated in Fi re 1p- 
The concept of unrestricted series voltage injection g a  the use 

of a solid-state synchronous voltage 
source) opens up new possibilities for 
power flow control. This approach 
allows not only the combined applica- 

lable series reactive compensations and 
voltage regulation, but also the real-time 
transition from one selected compensa- 
tion mode into another one to handle 
particular system contingencies more 
effectively. (For example, series reac- 
tive compensation could be replaced 
by phase-angle control or vice versa.) 
Thls may become especially important 
when relatively large numbers of FACTS 
devices will be used in interconnected 
p e r  systems, and control compatibility 
and coordination may have to be main- 
tained in face of e uipment failures and 
system changes. he approach would 
also provide considerable operating flexibility by its inherent adapt- 
ability to power system expansions and changes without any hardware 
alterations. 

Implementation of Multi-Function Compensator 

The im lementation problem of the unrestricted series com ensation 
is simpfy that of supplying or absorbing the real power t iat  it ex- 
changes with the ac system at its ac terminals, to or from the dc input 
terminals of the inverter employed in the solid-state synchronous 
volta e source The implementation in the roposed configuration 
callefi unifed power flow controller ((IPFC): employs two voltage- 
sourced inverters operated from a common dc link capacitor; it is 
shown schematically in Figure 15. 

Inverter 2 in the arrangement shown is used to generate voltage 
v (t) = V sin(& - CYJ at the fundamental frequency (U)  with variable 
a"mplitug(0 5 Vp4 5 Vm,J and phase angle (0 I a 5 2 ~ ) ,  which 
is added to the ac system terminal voltage vo(t) by%e series con- 
nected coupling (or insertion) transformer. 

The inverter output voltage injected in series with the line acts 
essentially as an ac voltage source. The current flowing through the 
in'ected voltage source is the transmission line current; it is a function 
oithe transmitted electric power and the impedance of the transmis- 
sion line. The VA rating of the injected voltage source (i.e., that 

compensation , andv, (representing p 6 ase shift), t i e  following power 

tion of phase angle control with control- _,. 

T 
Fig. 14. - Phasor diagram 
illustrating the simulta- 
nmus regulation of termi- 
nal voltage, tine imped- 
ance, and phase angle. 

Transmission Line L "pq 
supp~y Transformer Vo 

lnverler 2 
,DC Link 1-1 

__--- Inverter I 

Measured Variables '??'Ref c o n "  

Parameter k ' 
Seitings QRef 

Fig. 15. - Implementation of the unified power flow controller using two "back 
to back" voltage-sourced inverters with a common dc terminal capacitor. 

of Inverter 2) is determined by the product of the maximum injected 
volta e and the maximum line current at which power flow control 
is stif provided. 

Inverter 1 (connected in shuntwith the ac power system via a cou- 
pling transformer) is used primarily to provide the real power demand 
of Inverter 2 at the common dc link terminal from the ac power sys- 
tem. (Inverter 2 itself generates the reactive power demand corre- 
sponding to the series line compensation). Since Inverter I can also 
generate or absorb reactive power at its ac terminal, independently 
of the real power it transfers to (or from) the dc terminal, it follows 
that, with proper controls, it can also fulfill the function of an inde- 
pendentstatic condenser providing reactive power compensation for 
the transmission line and thus executing an indirect voltage regulation 
at the input terminal of the unified power flow controller. 

It follows from the previously discussed operating principles that, 
for generalized series compensation, Inverter I could be omitted if 
a sufficient dc energy storage device was coupled to Inverter 2, and 
the hase shiftin function of the unified power flow controller was 
uselonly to hanile transient disturbances. That is, Inverter2 would 
normally provide series reactive compensation and absorb real power 
at some pre-determined rate to kee the energy storage device 
charged. During and following system &turbances, the UPFC would 
be controlled to rovide phase angle control and/or direct real power 
exchange to staflize the ac system. 

The internal control of the solid-state power flow controller is 
structured so as to accept externally derived reference signals, in 
an order of selected prionty, for the desired reactive shunt compensa- 
tion, series compensation, transmission angle, and output voltage. 
These reference signals are used in closed control-loops to force the 
inverters to produce the ac voltages at the input (shunt-connected) 
terminals and output (series-connected) terminals of the power flow 
controller, and thereby establish the transmission parameters desired 
(QRqat the input and VR+ ZR+ and cu,,at the output). The control 
also maintains the necessary dc link voltage and ensures smooth real 
power transfer between the two inverters. 

It is evident that if the unified power flow controller is operated 
only with the phase angle reference input, it automatically becomes 
a perfect phase shifer. 

SUMMARY 

There are clear indications that solid-state synchronous voltage 
sources represent the next technolo for ac transmission system 
compensation and power flow contropThis technology offers oper- 
ating features, functional performance, and application flexibility 
unattainable by the presently used thyristor-controlled shunt and 
series compensators. 

Thyristor-controlled compensators employ capacitor and reactor 
banks with fast solid-state switches in tradibonal shunt or series circuit 
arrangements. The thyristor switches control the on and offperiods 
of the fixed capacitor and reactor banks and thereby vary thecapaci- 
tive and inductive var output. 

Solid-state synchronousvoltage sources employ self-commutated 
dc to ac inverters, using ate turn-off th ristors (or other similar 
power semiconductors), wkch can internady generate capacitive and 
inductive reactive power for transmission line compensahon, without 
the use of ac capacitor or reactor banks. The inverter can interface 
with a dc energy storage device, such as a dc storage capacitor, bat- 
tery, or superconductive reactor, and in this way can negotiate real 
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power with the ac system, in addition to the independently controllable 
reactive power exchange. 

The synchronous voltage source can be considered as an ideal 
60 Hz generator that has no inertia and produces an almost sinusoi- 
dal outputvolta e with independentlyvariable amplitude and phase 
angle, thus facihating rapid, decoupled controls for reactive and 
real power exchange. It can be used uniformly to control transmission 
line voltage, impedance, and angle by providing reactive shunt com- 
pensation, series compensation, and phase shiftin . 

When used for reactive shunt compensation, t i e  s chronous 
voltage source acts like an ideal static condenrer, being a g  tomain- 
tain the maximum capacitive output current at any system voltage 
down to zero. This V-I characteristic is superior to that obtainable 
with the thyristor-controlled static var com ensator whose maximum 
capacitive output current decreases linearb with the system voltage. 
Because of this V-I Characteristic, the VA ratine; of the static condens 
er, used for voltage sup ort and transient stability improvement, can 
be reduced significantlytelow that required for a staticvar compensa- 
tor. If the static condenser is equipped with a suitable energ storage 
device, it can also be used for load levelling and the minunization 
of power outages. 

Asa reactive series compensator, the synchronousvoltage source 
can provide controllable series capacitive compensation without the 
inherent danger of sub-synchronous resonance. Furthermore, because 
of its fast response, it can be effective in the mitigation of sub-syn- 
chronous resonance caused by conventional series capacitive compen- 
sation. Its capability to provide capacitive as well as inductive com- 
pensation makes it highly effective in power oscillation damping and, 
with sufficient ratin it may also be used for fault current limitation. 
When equipped witkan energy storage device, it can insert a virtual 
positive and negative resistive impedance in series with the line, and 
thereby dramatically improve the dynamic stability (damping) of the 
power system. 

The special arrangement of two synchronous voltage sources, one 
in shunt connection and the other in series-connection, results in 
the novel unified power flow controller. This arrangement can pro- 
vide concurrent or selectable volta e, impedance, and angle regulation. 
The parameters selected for regufation can be changed without hard- 
ware alteration, e.g., series reactive compensation can be changed 
for phase angle regulation or vice versa, to adapt to particular short 
term contin encies or future system modifications. 

The all soid-state implementation of power flow controllers results 
in a significant reduction in equi ment size and installation labor. 
Furthermore, the uniform all sodstate approach can greatly reduce 
manufacturin cost and lead time by allowing the use of standard, 
pre- fabricatef power inverter modules for different applications. 

Recent advances in high power semiconductor technology resulted 
in gate turn-off (GTO) thyristors of sufficient rating to realize high 
power inverters. Other, more advanced devices, such as the MOS- 
Controlled Thyristor ( M O  are under development. These devices, 
combined with recent developments in power circuit topolo 
control techniques, make the solid-state ower flow controlg;: 
proach practical. The recent1 reported ego* in the U.S.A., aiming 
the installation of a -+ 100 d v a r  static condenser in 19949 and the 
development of the unified power flow controller", as well as the 
on-going work on superconductive energy storage, high energy density 
batteries, and other energy storage devices, indicate that the utility 
applications of the new power flow controller technology is becoming 
a practical reality. 

ACKNOWLEDGEMENTS 

The author wishes to acknowledge that the presented synchronous 
voltage source approach for the compensation and control of ac 
transmission systems has been inspired b the FACTS initiative of 
the Electric Power Research Institute (EIkI) and that the ractical 
developments of the Static Condenser and Unified Power &w Con- 
troller projects are being carried out under EPRI's sponsorship for 
the Tennessee Valley Authority (TVA and the Western Area Power 

REFERENCES 

[l]  Gyugyi, L., "Power Electronics in Electric Utilities: Static Var Compensa- 
tors," Proceedings of the IEEE, Vol. 76, No. 4, April 1988. 

[2] Erinmez, LA., Ed., "Static Var Compensators," Working Group 38-01, 
Task Force No. 2 on SVC, CIGRE, 1986. 

Administration (WAPA), respective 1 y. 

Laszlo Gyugyi received his basic technical 
education at the University Technology, 
Budapest, further studied mathematics at 
the University of London, and electrical 
engineering both at the University of Pitts- 
burgh, where he received an M.S.E.E. in 
1%7, and at the University of Salford, Eng- 
land, where he received a Ph.D. in 1970. 

Dr. Gyugyi joined the Westinghouse Re- 
search and Development Center (now Sci- 
ence & Technology Center) in 1963, where 

he became Manager of the Power Electronics Department'in 1979. During 
his career he has carried out research and development in different fields 
ofpower electronics, ranging from sophisticated aerospace power converters 
to multi-MVA utility compensators and power flow controllers. In his 
current position, Dr. Gyua is directing the technology and product develop 
ment efforts in the area of power electronics at the Westinghouse Science 
and Technology Center. 

Dr. Gyugyi holds 64 patents and is co-author of the book "Static Power 
Frequency Changers" (Wiley, 1976 and Energoatomizdat, 1983). He has 
numerous societal publications and won the prize Paper Award, IEEE Power 
Engineering Society, 1982, for the paper "Characteristics of Static, Thyristor- 
Controlled Shunt Compensators for Power System Applications." He also 
wrote several invited papers, including "Power Electronics in Electric Utili- 
ties: Static Var Compensators" (Proceedingof IEEE, Special Issue on Power 
electronics, April 1988). He received a Recognition Award from the U.S. 
National Committee of CIGRE in 1990 for the paper "Advanced Static 
Var Compensator Using Gate Turn-off Thyristors for Utility Applications." 

In 1992, Dr. Gyugyi received the Westinghouse Order of Merit (the 
Corporation's highest honor) for his creativity and achievements in power 
electronics, and for his efforts in developing advanced power electronic 
compensation and control techniques for utility power systems. 

Dr. Gyugyi is a Fellow of the Institution of Electrical Engineers, and 
member of the IEEE Working Groups on Static Var Compensators and 
and Flexible AC Transmission Systems (FACTS). 


