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Abstract—A Static Compensator (StatCom) is a device that can
provide reactive support to a bus. It consists of voltage sourced con-
verters connected to an energy storage device on one side and to the
power system on the other. In this paper, the conventional method
of PI control is compared and contrasted with various feedback
control strategies. A linear optimal control based on LQR control is
shown to be superior in terms of response profile and control effort
required. These methodologies are applied to an example power
system.

Index Terms—Controller design, StatCom, voltage regulation.

I. INTRODUCTION

T HE USE OF FACTS (flexible AC transmission system)
devices in a power system can potentially overcome

limitations of the present mechanically controlled transmission
systems. By facilitating bulk power transfers, these intercon-
nected networks help minimize the need to enlarge power
plants and enable neighboring utilities and regions to exchange
power. The stature of FACTS devices within the bulk power
system will continually increase as the industry moves toward
a more competitive posture in which power is bought and sold
as a commodity. As power wheeling becomes increasingly
prevalent, power electronic devices will be utilized more fre-
quently to insure system reliability and stability and to increase
maximum power transmission along various transmission
corridors.

The static synchronous compensator, or StatCom, is a shunt
connected FACTS device. It generates a balanced set of three-
phase sinusoidal voltages at the fundamental frequency, with
rapidly controllable amplitude and phase angle. This type of
controller can be implemented using various topologies. How-
ever, the voltage-sourced inverter, using GTO thyristors in ap-
propriate multi-phase circuit configurations, is presently con-
sidered the most practical for high power utility applications
[1]–[3]. A typical application of this type of controller is voltage
support.

Fig. 1 shows the StatCom connection to a utility bus. The
GTO inverter shown in the figure consists of several six step
voltage sourced inverters. These inverters are connected by
means of a multi-winding transformer to a bus. The use of
several inverters reduces the harmonic distortion of the output
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Fig. 1. Connection of a StatCom to a bus.

Fig. 2. Equivalent circuit of StatCom.

voltage. The inverters are connected to a capacitor which
carries the DC voltage.

In practice, conventional proportional-integral (PI) control is
typically used to achieve automatic voltage regulation. The stan-
dard response time is typically chosen to be on the order of a
hundred microseconds ( s) [2]. In this paper, several state
feedback control methods are developed and shown to have su-
perior performance to the PI controller in terms of response dy-
namics and control effort required.

II. M ODELING OF THESTATCOM

The equivalent circuit of the StatCom is shown in Fig. 2. In
this circuit, the resistance in series with the inverter repre-
sents the sum of the transformer winding resistance losses and
the inverter conduction losses. The inductancerepresents the
leakage inductance of the transformer. The resistancein shunt
with the capacitor represents the sum of the switching losses
of the inverter and the power loss in the capacitor. The inverter
block represents a lossless transformer. The voltages and

are the inverter AC side phase voltages suitably stepped up.
The loop equations for the circuit may be written in vector form
as [4]:

(1)
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The a phase bus voltage is given by

(2)

where is the rms value of the phase voltage at the bus and
is the phase angle.

The output of the StatCom (neglecting harmonics) may be
expressed as

(3)

where
is the DC-side voltage,
is the phase angle of the voltage and
is a factor that relates the DC voltage to the peak
voltage on the AC side.

Transforming the system to a synchronous reference frame and
scaling the equations (where the primed quantities indicate per
unit) results in the following model:

(4)

where

(5)

and

(6)

Note that although (4) appears to be linear, it is actually non-
linear. The nonlinearity of the StatCom is manifested by the in-
clusion of the state equation for the control angle. Changes
in the control angle will results in nonlinear responses in the
StatCom states and .

The injected active and reactive power at the StatCom bus are
given by

(7)

(8)

The characteristic equation of the linearized system of (4) is
given by

(9)

Note that (9) indicates that the eigenvalues [roots of (9)] are
independent of the control angle,. This means that the sta-

Fig. 3. Steady-state operating points.

bility of the StatCom itself is independent of the control strategy
applied.

The StatCom parameters (in pu) used in the following discus-
sions are given in [4] and are repeated here:

These StatCom parameters yield the following eigenvalues of
the linearized system:

Note that these eigenvalues indicate that the StatCom is a highly
damped and stable system at this operating point. The set of
complex eigenvalues indicate the existance of a high frequency
oscillation in the dynamic response of the StatCom.

A plot of the steady-state operating condition of the StatCom
as a function of the control angleusing the parameters given
previously is shown in Fig. 3. Note that although this is a plot of
the nonlinear state relationships, the current componentvaries
almost linearly with . Since the reactive power supplied by the
StatCom depends almost solely on( simply supplies the ac-
tive power losses), the reactive power supplied by the StatCom
also varies nearly linearly with . This leads to the voltage at
the StatCom bus being nearly linearly dependent on the control
angle as well. Thus, linear methods of control will yield sat-
isfactory results for a wide range of disturbances, even though
the StatCom and power system are inherently nonlinear.

The nonlinear power system may be modeled as:

(10)

(11)

(12)

where represents the generator states of the system (such as
generator rotor angle and speed, axis voltages, excitation
system states, etc.) and (10) represents thesets of dynamic
models corresponding to the generators. The statesrepresent
the StatCom states and (11) represents the StatCom dynamic
model given in (4). The statesrepresent the bus voltage mag-
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nitude and angle of the system buses. Equation (12) represents
the network constraints governing the active and reactive power
flow through the system. Note that the generator and StatCom
states are coupled only through the algebraic network equations.

This system can be linearized about an operating point to
yield:

(13)

where for each StatCom is given by:

(14)

Assuming that the network equations are solvable and invert-
ible, then a reduced order linear system can be found:

(15)

where

III. STATCOM CONTROL

The linearization given in (15) can be used to design and com-
pare various state feedback controllers of the form:

(16)

which yields the following controlled system:

(17)

State feedback control is used infrequently in power system
control since many of the power system dynamics states are
unavailable as control inputs due to the dispersed geographic
nature of the power system. In this case however, state feedback
control is possible, since the only states that are required for
feedback are the local StatCom states, which are available. Thus,
due to the near-linear nature of the StatCom response and the
requirement that only locally measurable states are necessary,
numerous controllers based on state feedback control may be
developed for StatCom voltage response control.

A. Proportional–Integral (PI) Control

In practice, conventional proportional–integral (PI) control is
typically used to control the voltage response of the StatCom
[5], [2]. The first controller presented in this paper involves a
PI control scheme. The block diagram of the control system is
shown in Fig. 4.

The gains and are the proportional and integral parts of
the controller respectively. The angles and are limits
imposed on the value of the control angle by consideration of the
maximum reactive power generation capability of the StatCom
as well as the maximum value of capacitor voltage allowable.

Fig. 4. PI control scheme.

PI control may be represented in state feedback form. For
example, define the integral of the error signal as the state:

(18)

then the control becomes:

(19)

From (13), the StatCom bus voltageis

(20)

where is a vector of zeros, except for a 1 at the position
corresponding to the StatCom bus voltage magnitude. By ap-
pending the StatCom state vectorwith , the state feedback
control vector for PI control becomes

(21)

where is a vector of zeros, with a 1 at the position of the
integrator state .

B. Pole-Placement Methods

The dynamic response of a linear system is governed by the
magnitude and location of its eigenvalues, or poles. The re-
sponse of a system may be affected by relocating some, or all,
of the system poles. Common usages of pole placement con-
trol is to stabilize an unstable system by moving one or more
poles from the right-half complex plane to the left, increasing
damping of system response by increasing the magnitude of cer-
tain poles, or changing oscillatory frequency by manipulating
the complex part of poles. In many cases, it is not desirable, or
feasible, to adjust the placement of the majority of the system
poles. Therefore, it is desirable to move only those eigenvalues
which significantly impact the dynamics of interest.

Since the linearized system matrix given in (15) may be quite
large, depending on the number of generators in the system, it is
preferable to work with just the StatCom portion of the system,

. The generator and StatCom portions of the system are cou-
pled only through the network variables, thus the eigenvalues
of are close representations of the eigenvalues of the full
system associated with the StatCom. One exception to this is
if there is tight coupling between a StatCom and generator. In
practice this would seldom occur since a StatCom is not likely
to be placed in close proximaty with a generator, because of the
voltage regulation capabilities of the generator.

For each StatCom, this will involve choosing the placement
of four eigenvalues, one each for , and the integrator
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state . The uncontrolled StatCom system eigenvalues will typ-
ically contain one real negative eigenvalue, corresponding most
closely to and the reactive power output of the StatCom, a
complex pair of eigenvalues with negative real parts and large
imaginary parts (reflecting the high frequency response of the
StatCom), and a zero eigenvalue corresponding to the integrator
state . The eigenvalues may be chosen to shape the dynamic re-
sponse of the StatCom. The choice of large negative eigenvalues
will result in a highly-damped response. The magnitude of the
eigenvalues will govern the settling time of the bus voltage mag-
nitude. After the placement of the eigenvalues have been chosen,
the state feedback gain matrix may be found using any of
the methods given in [6], such as Ackermann’s method.

C. Linear Quadratic Regulator (LQR)

The linear quadratic regulator, or LQR, approach is also a
pole-placement method. However, in this method, the poles of
the system are placed indirectly by minimizing a given perfor-
mance index. A quadratic performance index may be defined as:

(22)

where is a positive semi-definite matrix and is a positive
definite matrix [7]. The given performance index can be opti-
mized to yield the state feedback gain matrix . In the LQR
control problem, the effectiveness of the control depends on the
choice of the and matrices, thus these must be chosen with
care. The proposed method for the appropriate selection of
is detailed below. In this work the matrix is chosen to be a
diagonal matrix, thus the elements ofact as a “weighting” of
the StatCom states in the performance index.

The elements corresponding to the StatCom states ,
and are chosen according to their respective impact on the
StatCom voltage magnitude. From (20), one measure of this is
the vector

which relates the StatCom bus voltage magnitude to the system
state variables. An appropriate choice is to choose the diagonal
elements of as the absolute values of the elements of the
vector corresponding to the StatCom states.

The element corresponding tomust be chosen to be much
larger than any other element in the matrix. The aim is to con-
strain the integral of the error in voltage at the StatCom bus

thereby, indirectly, constraining the error
.

The matrix is also chosen to be a diagonal matrix. The
elements of must be chosen carefully. Very small values result
in excessive control force demand while very large values result
in sluggish system performance. The best range of values to be
used varies depending on the system under consideration and
the operating point.

The pole-placement and LQR controller design strategies are
based on consideration of the matrix decoupled from the
full system. This procedure yields a small discrepancy between
the behavior of the full system design and the decoupled system
design. In most practical instances however, this discrepancy is
small and may be safely neglected.

IV. STATCOM PLACEMENT

The primary function of a StatCom is to provide voltage reg-
ulation within the power system. To provide the best perfor-
mance, a StatCom should be placed at those buses which pro-
vide high voltage response for incremental changes in reac-
tive power injection. One means of quantifying the sensitivity
in voltage magnitude to changes in reactive power is to use a
voltage security indicator such as the singular value decompo-
sition of the system Jacobian:

(23)

where and are the columns of the orthonormal ma-
trices and , and is a diagonal matrix of positive real sin-
gular values , such that [8]. The
smallest singular value is an indicator of the proximity to the
static voltage limit, the right singular vector corresponding
to indicates the sensitive voltage magnitudes and angles, and
the left singular vector corresponding to indicates the
most sensitive direction for changes of active and reactive power
injections.

This approach can be used to determine the placement of a
StatCom by increasing the system loading pattern until the min-
imum singular value is sufficiently small. This may be accom-
plished using the continuation power flow or similar method [9].
At this critical loading point, the relatively large elements of left
singular vector will correspond to those system buses which are
highly sensitive to reactive power injections. StatComs placed
at these buses will provide the most effective voltage regulation.

V. POWER SYSTEM STUDIES

The controllers described previously were applied to the
IEEE 118 bus system shown in Fig. 5. Using the placement
method described in Section IV, three voltage-weak areas were
identified. The most severe area was concentrated about bus 86.
From Fig. 5, this area is heavily loaded and remote, thus making
it susceptible to voltage problems. The two other identified
areas were concentrated around buses 20 and 33, which are
similarly remote from generation and voltage support. For the
initial control studies, a StatCom was placed at bus 86, which
was then subjected to sudden increases in load.

Each generator in the system is fully modeled with excita-
tion system, voltage-regulator, and turbine/governor dynamics.
All simulation results are based on full nonlinear modeling and
simulation of the IEEE 118 bus test system.

Fig. 6 shows the voltage response at bus 86 to a 0.175 pu
(0.9 power factor lagging) step increase in load. The steady-state
voltage magnitude drops by almost 3%.

A. PI Control

The PI control system was designed for a desired settling time
of 0.1 seconds. The desired voltage setpoint is the initial voltage
value of 0.9445 pu. The PI controller gains were chosen to be

and . The voltage response of this con-
troller is shown as the solid line in Fig. 7. The response of the bus
voltage magnitude shows the highly damped, oscillatory contri-
bution of the StatCom, with a settling time of 0.1 seconds to
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Fig. 5. IEEE 118 bus test system.

Fig. 6. Uncontrolled voltage response at bus 86.

the voltage reference setpoint. The PI control angle is shown in
Fig. 8. Note that the control angle requires a change of approxi-
mately 0.5 degrees. From Fig. 3, this corresponds to a change of
nearly 0.14 pu in and a proportional change in reactive power
injection.

B. Pole Placement Control

The pole placement control system was also designed for a
desired settling time of 0.1 seconds, with a reference voltage
setpoint of 0.9445 pu. In this control scheme the StatCom eigen-
values were moved from their original placements to new posi-
tions which yielded the desired response. These eigenvalues are
summarized in Table I. The zero initial eigenvalue corresponds
to the integrator state .

The response of bus 86 voltage magnitude is shown as the
dashed line in Fig. 7. Note that to obtain the same settling time
response as with PI control, a greater voltage excursion oc-
curred. However, the high-frequency oscillations in the voltage

Fig. 7. Controlled voltage response at bus 86.

Fig. 8. PI control—control angle�.
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TABLE I
INITIAL AND PLACED EIGENVALUES OF THESTATCOM

Fig. 9. Pole placement—control angle�.

magnitude are more highly damped than with PI control. The
pole placement control angle is shown in Fig. 9. To achieve the
same basic voltage response as with PI control, a much larger
control effort in is required. This also results in a much greater
excursion in and subsequently, the injected reactive power.

C. LQR Control

The control system was designed as described in Sec-
tion III-C, with the weighting element corresponding to
being chosen as 50 000 to insure a settling time of 0.1 seconds.
A value of 40 for the weighting element was found to yield
satisfactory performance. The voltage magnitude response
for the LQR control is shown as the dash-dot line in Fig. 7.
The LQR control angle is shown in Fig. 10. Note that the
required control effort with this controller is the least of the
three controllers, and is a very smooth waveform.

A comparison of the various control efforts is informative.
Firstly, recall that is the commandedcontrol angle. The
StatCom power electronics will be programmed to fire in a
manner to produce the commanded control angle trajectory.
The smoother trajectory of the LQR controller will result in
better performance from the power electronics, as opposed to
the highly oscillatory response of the pole placement controller
or PI controller. The reduction in the control angle and subse-
quent current may also lead to lower rated devices which are
less costly and have lower conduction losses.

D. Controller Robustness

The LQR and PI controller were subjected to a situation
in which the bus 86 voltage magnitude exhibited instability

Fig. 10. LQR—control angle�.

Fig. 11. PI vs. LQR control in an extreme loading case.

without a StatCom present (i.e. the voltage “collapsed”).
Typically, the PI and LQR controller exhibited comparable
responses. At extreme loading cases, however, the LQR con-
troller had superior robustness. Fig. 11 shows such a case. In
this example, an extreme loading was applied to the system.
Without control, the bus voltage magnitude collapses. Simi-
larly, with PI control of the StatCom (the solid line), the bus
voltage magnitude also decreases to an unrecoverable level.
The LQR controller (dashed line), however, is able to maintain
the bus voltage magnitude and return it to the voltage reference
setpoint by the desired settling time of 0.1 seconds.

E. StatCom Interaction

The control methodologies proposed in this paper can be ex-
tended to a system with more than one StatCom by consid-
ering each device individually. As noted previously, there is very
little coupling between the StatCom dynamic states and the re-
maining power system states, thus control design is effected
only negligibly by the presence of other StatComs in the system.
The only deleterious interaction noted between StatComs in



RAO et al.: STATCOM CONTROL FOR POWER SYSTEM VOLTAGE CONTROL APPLICATIONS 1317

a system is when two or more StatComs are placed in close
proximity. In practice, this would seldom occur. If the place-
ment scheme described in Section IV were used, then StatComs
would not likely be placed in close proximity. It is far more cost
effective to use a single StatCom per weak area with shunt ca-
pacitor banks. One difficulty with using capacitor banks alone in
a weak voltage area, is that as the voltage profile decreases, the
amount of injected reactive power from the capacitor bank will
also decrease, thus exascerbating the voltage problem. How-
ever, if capacitor banks are used in conjunction with a StatCom,
the StatCom will hold the local voltage profile at the refer-
ence voltage setpoint, thus maintaining the effectiveness of the
capacitor banks. The interaction between StatComs and other
power-electronic-based systems, such as HVDC lines, was not
studied.

Unless outfitted with a DC power source, such as a battery
or SMES across the DC capacitor, StatComs may only inject
reactive power into the power system. Reactive power injec-
tion has only localized effects on power flow and power system
dynamics, thus StatComs are not effective in control of active
power problems, such as transient stability, interarea oscilla-
tions, and subsynchronous resonance.

VI. CONCLUSION

The modeling of a StatCom for power system applications
is presented in this paper. Three types of state feedback con-
trollers are developed and compared. One of the main advan-
tages of these approaches is that the nearly linear behavior of
the StatCom response enables linear control methods to be ef-
fectively employed. This allows a wide range of design strate-
gies to be explored with linear tools, while a nonlinear simu-
lation need only be applied during the final stages of design to
substantiate the control.

REFERENCES

[1] L. Gyugyi, “Dynamic compensation of ac transmission lines by soild-
state synchronous voltage sources,”IEEE Trans. on Power Delivery, vol.
9, no. 2, Apr. 1994.

[2] S. Mori et al., “Development of a large static var generator using
self-commutated inverters for improving power system stability,”IEEE
Trans. on Power Systems, vol. 8, no. 1, Feb. 1993.

[3] S. Arabi and P. Kundur, “A versatile facts device model for powerflow
and stability simulations,”IEEE Trans. on Power Systems, vol. 11, no.
4, Nov. 1996.

[4] C. Schauder and H. Mehta, “Vector analysis and control of advanced
static VAR compensators,”IEE Proceedings—C, vol. 140, no. 4, July
1993.

[5] K. R. Padiyar and A. L. Devi, “Control and simulation of static con-
denser,” inProceedings of 1994 IEEE Power Electronics Conference
and Exposition—ASPEC ’94, 1994.

[6] W. Brogan,Modern Control Theory: Prentice Hall, 1991.
[7] F. Lewis,Applied Optimal Control and Estimation: Prentice Hall, 1992.
[8] P.-A. Lof, T. Smed, G. Anderssson, and D. J. Hill, “Fast calculation of

a voltage stability index,”IEEE Trans. on Power Systems, vol. 7, no. 1,
Feb. 1992.

[9] V. Ajjarapu and C. Christy, “The continuation power flow: A tool for
steady state voltage stability analysis,”IEEE Trans. on Power Systems,
vol. 7, no. 1, Feb. 1992.

Pranesh Raoreceived his B.E. degree from the B.M.S. College of Engineering,
Bangalore University, after which he was employed by Larsen and Toubro Lim-
ited, Bombay, India. He completed his M.S. in electrical engineering from the
University of Missouri-Rolla and is currently employed by Sprint, Kansas City,
MO.

M. L. Crow received her B.S.E. degree from the University of Michigan in
1985, and her M.S. (1986) and Ph.D. (1989) degrees from the Univ. of Illinois,
Urbana/Champaign. She is presently an Associate Professor of Electrical Engi-
neering at the University of Missouri-Rolla. Dr. Crow’s area of research interests
has concentrated on developing computational methods for dynamic security
assessment. Dr. Crow received the National Science Foundation Young Inves-
tigator Award in 1992, the University of Missouri Faculty Excellence Award
in 1994, 1995, and 1996, the ASEE Dow Outstanding New Faculty Award in
1997, and the IEEE Power Engineering Society Walter Fee Outstanding Young
Engineer Award in 1997.

Zhiping Yang received his B.S. and M.S. degrees from Tsinghua University,
P.R.C. He is currently a Ph.D. Candidate at the University of Missouri-Rolla.


