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Abstract: This paper introduces a new nonlinear control
of flexible ac transmission systems (FACTS) controllers for
the purpose of damping interarea oscillations in power
systems. FACTS controllers consist of series, shunt, or a
combination of series-shunt devices which are interfaced
with the bulk power system through injection buses.
Controlling the angle of these buses can effectively damp
low frequency interarea oscillations in the system. The
proposed control method is based on finding an equivalent
reduced affine nonlinear system for the network from which
the dominant machines are extracted based on dynamic
coherency. It is shown that if properly selected,
measurements obtained from this subsystem of machines
are sufficient inputs to the FACTS controllers to stabilize
the power system. The effectiveness of the proposed method
on damping interarea oscillations is validated on the 68
bus, 16 generator system of the New England/New York
network.

IndexTerms: Coherent groups, dominant machines,
flexible ac transmission systems (FACTS), interarea
oscillation, nonlinear control, phasor measurement unit
(PMU), wide-area control.

I. INTRODUCTION

AS high voltage power electronics become less
expensive and have a wider-range of operation, flexible ac
transmission systems (FACTS) controllers will become
more prevalent in the transmission system to control active
power flow across congested corridors and ensure voltage
security. In addition, FACTS controllers can provide
promising solutions to many of the stability problems that
occur within the bulk power system. FACTS controllers can
be categorized into three major groups: shunt devices such
as the Static Synchronous Compensator (STATCOM),
series devices such as the static synchronous series
compensator (SSSC) and series shunt devices such as the
unified power flow controller (UPFC). In addition to
steady-state solutions such as power flow and voltage
control, an added benefit of FACTS controllers deployed in
the transmission system is that they can also effectively
Control active power oscillations that can damage
generators, increase line losses, and increase wear and tear
on network components.
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Therefore developing suitable control strategies is
a requirement before FACTS can be confidently utilized in
the power system. Several authors have investigated
utilizing FACTS, especially UPFCs to damp interarea
oscillations using a variety of control approaches [1]-[10].
Interarea oscillations can occur in a system because of
contingencies such as sudden load changes or faults. In [1]-
[5], oscillation damping is based on a linear control
approach to the UPFC and power system, whereas other
authors consider nonlinear control systems theory and
Lyapunov Energy Functions [6]-[10]. Typically, nonlinear
approaches are more effective for large perturbations or
when the power system state strays significantly from the
initial operating point.

The approach proposed in this paper provides
a general nonlinear method for using multiple FACTS
controllers in a power network for the purpose of damping
interarea oscillations. In this paper, it is shown that any
FACTS device capable of changing its interface bus
angle(s) with the network can be used to mitigate power
system oscillations. Using this method, it will be shown that
both shunt and series FACTS controllers can be used for
this purpose. The control method is based on finding a
reduced nonlinear affine state space system for the network
which can be controlled by feedback of selected
measurements of rotor frequencies. While frequency
measurements (such as from FNET [11]) have made wide
area control of the power networks feasible, it is still not
reasonable to expect that the full set of frequency
measurements is available for controller use. Therefore, an
approach is proposed to use a reduced set of measurements
from a subset of machines in the system.
1. UPFC MODEL

The UPFC is the most versatile FACTS device. It
consists of a combination of a shunt and series branches
connected through the DC capacitor as shown in Fig. 1.
Models for the STATCOM and SSSC can be easily
extracted from the UPFC model by considering the shunt
and series converters individually. The series connected
inverter injects a voltage with controllable magnitude and
phase angle in series with the transmission line, therefore
providing active and reactive power to the transmission
line. The shunt-connected inverter
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Fig.1. Unified power flow controller diagram.

Provides the active power drawn by the series branch plus
the losses and can independently provide reactive
compensation to the system. The UPFC model is given by
[12] as shown in (1)—(5) at the bottom of the next page,
where the parameters are as shown in Fig. 1. The currents
idl and igl are the 29 components of the shunt
current. The currents @2 and g2 are the dg
components of the series current. The voltages V1£61
and V2£62 gre the sending end and receiving end
voltage magnitudes and angles, respectively. The UPFC is
controlled by varying the phase angles (&1.@2 ) and (
k1, k2 ) magnitudes of the converter shunt and series
output voltages (¢1. €2 ), respectively.
The power balance equations at bus 1 are given by

0 = 11((d1 - 1d2)esc b1 + (g1 — 192)sinb1) - L’lZVjFlj cse(l — 8j — plj)

.................. (1) :

0 = V1((sd1 — id2)sin 61 — (ig — iq2Z)csc 61) — 1:12 Vivijsinl(61 - 8j — p1j1)

=

and at bus 2

0=V2(id2cscH2 + ig2sind2) — 1’22 Vi¥2jeseli62 — 8 — @2j1)

=

1. SYSTEM MODEL

For control development purposes, several
initial assumptions are made. The first assumption is that
the system loads are modeled as constant impedance loads
and can therefore be absorbed into the bus admittance
matrix. Second, the generators are modeled as the classical
“transient reactance behind constant voltage” model. Note
that these assumptions are for control development only—
the proposed control is validated with the full nonlinear 10-
th order power system model given in the Appendix [13].
In addition, the proposed control is developed for the
UPFC; control development for the STATCOM and SSSC
follows a similar procedure and is therefore not explicitly
detailed.
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Fig. 2. Equivalent power system from the controller
viewpoint.

Using the load impedance model, the only points of current
injection into the network are the generator internal buses
and the UPFC sending and receiving end buses. Using
Kron reduction, the transmission network can be reduced
to an admittance matrix of size (¥ + nX N + n ) whereN
is the number of generator buses and is the number FACTS
current injections in the system. Fig. 2 illustrates the
reduced system showing the points of current injection.
Each UPFC has two current injections 1 and i2 | at the
sending and receiving ends, respectively; a STATCOM
and SSSC have only one current. The generator current
injections are given by iG .

The classical model for the reduced network
including the UPFCs.
Mechanical power, inertia constant and angular speed,
respectively, of machine; and is synchronous speed. The
summation represents the active power injected at each
current injection point, including FACTS buses.

IV. CONTROLLER DESIGN

The controller design consists of three stages.
A. Stage |

The objective of the first design stage is to find
the desired changes in mechanical powers required to
stabilize the system. To obtain the amount of mechanical
power required, it is initially assumed that the mechanical
powers FMj are inputs into the system model. Note that
this is only for controller development; in the final control,
it is not required that the generator mechanical powers
actually vary.

Under this assumption, the system models are

i=F(x}+ GU
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where as shown in (13)—(15) at the bottom of the page and
x = [flwld2ew? ... ... EN;N]

Since it is only required that the system frequencies return
to steady-state rapidly, a subset of (12) is
a=fl+gu (6)
where x1 = [6162... ...46N] andx2 = [colw? ... wiN]
B :zjzl By Yk cos (51 — B — i)
fle) =

N4n ’
LF ELY; s (B — b — D)
where TN Az::]_ &Y vg cos (B 5 i)
1
M1
g=1:i "~ il ®)

0o .. —
M1

u =[PmlPm2..Pmn |
Letting x1s ,x2s , and us denote the steady-state values
ofx1l ,x2 and u, respectively, then the error in generator
rotor frequencies becomes
€=X2-X2S........uuu.n. C)
and

(7

¢ = f(x)-f(x1s)-gus+gud............... (10)
Equation (21) can be stabilized with input udso that

ug= gt [-fox,)+f(x15)-gus+Kel........... (11)

where K is a positive definite matrix and
e=—Ke............. (12)
B. Stage 11

In Stage I, the required changes in the generator’s
mechanical powers were found that stablize the system. In
Stage 11, these changes are translated into control signals to
the FACTS controllers. As noted previously, the generator
mechanical powers do not actually change as a
consequence of the proposed control. Therefore, using the
desired active power changes, a new control signal is
introduced
Au = Ugesired — Uactual +=+-v+v+-+ (13)

Where Ugogireq @Nd Uy are the desired and
actual values for the generator mechanical powers. This
mismatch is translated into the desired changes in the
FACTS’ bus voltage angles, as shown in (25) at the bottom
of the page, where

A= [ASy, .....AS,]T

The nonlinear system is solved numerically for A.
Note that if N # n, then the system of equations is not
square and an exact solution is not possible. In this case,
the equations are solved to find the best fit toA which
minimizes the error. These values are then used to
calculate the desired current injections i =,y i *gq ,i %42
L %4, from the power balance (1)—(4).

C. Stage 111

In Stage I, the desired current injections are
translated into actual control values for the FACTS
controllers. As before, this approach is developed for the
UPFC only, noting that similar approaches can be
developed for the SSSC and STATCOM. To find the
actual control inputs, a predictive control based on [14] is
used. The basic methodology of predictive control is to
design an asymptotically stable controller such that in an

WWW.ijmer.com

Vol.2, Issue.6, Nov-Dec. 2012 pp-4266-4272

ISSN: 2249-6645

affine nonlinear system, the output y(t) tracks a prescribed
reference value w(t)in terms of a given performance:

x=fx@®))+gx@®)u®) .......... (14)
y:(t) = h;(x(t)) i=l,....m ............. (15)

Where m is the number of outputs equal to the number of
inputs in u(t) . The receding horizon performance index is
given by

J =30, @t +1) =@t +1)drx Gt +7) —@(t +
(D)1 S (16)
whereT is the predictive period. The actual control
inputu(t) is given by the initial value of the optimal
control input @i(t +t) for 0 <t <T andu(t + ) when
T =0.

The optimal predictive control law is given by

u(t) = —(Ly l;_lh(x))—l(KMp + L/@ h(x) — w®(t)

wherep is the relative degree for the system outputs
(assuming that all outputs have the same relative degree)
and L is the Lie derivative defined by

Lov=p (18)

The matrix K is given by
hz)—w ﬁff
Lih(z) —wH(t)
M=| 7
Ly h(z) — wle=Tz)

The matrix K is the first rows of the matrix 1"y}, where

w(p+1,p+1) 1/)(p+1,p+‘r+1)
Wy = ) Pl L (20)
w(p,p+1) 1/)(p+‘r+1,p+‘r+1)
W, = [1/’(1,p+1) 1/)(1,p+r+1)] @
o Vipp+1)" Pioptr+1)
Where
Fitj—1 o
ll)i‘]— = m, I,J—l,....,p +r+1 (22)

And

T =diag{T,.....,T} e R™*™
Returning to (1)-(5), the relative degree for all of the
outputs is p =1 and assuming the control order to be
r = 0, then the control law for the UPFC becomes

—3L1 ( L )+ Rl . Ll P+
u = la; — lg1 7l T gt
v 0 Z’JsvtliicT ! Vdc Vdc 1
1 cos 61 1 d .
7R il FTRR 23)
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-3L1 . . Ry . Ly . V1 sin 61
U; = —(lql - l;l) +_lq1 __ldl +—t
L ﬁsvdcT Vac Vac
L (24)
wsVye dt q
-3L1 . Ry . Ly . V7 cos 67
Uz (ldz —i3,) + vtz Tyl + -
“’sgvdcT p Ve Vac
Vicos 81 Ly .
- - d_ldz -(25)
de  wsVgc dt
—3Ly . . Ry . Ly . V2 sin 6
u4= (lqz_l;2)+_lq2__ld2 +——
gwsvdc T p Ve Ve Vac
V1 sin L .
=i ...(26)
Vace wsVge dt

These inputs are then translated into the control inputs for
the UPFC

ky = Ju? +ul

/T T NT T T T T ==

615

Flg 4, The 68 bus, 16 generator test system

V. SELECTIVEFEEDBACKMEASUREMENTS
BASEDON DOMINANT MACHINES

The control method proposed in the previous
section requires generator rotor frequencies to be
implemented. Although with recent advances in wide area
frequency measurement (FNET) it may be possible to
provide synchronized global measurements, it is still not
feasible to assume that all generator rotor frequencies are
simultaneously available. However, it is reasonable to
assume that a subset of the measurements are available for
feedback and the remainder of the states can be estimated
based on the available measurements. The most probable
machines to obtain measurements from are those machines
which dominate coherent groups.

There are numerous methods for calculating
coherent groups in the literature [15]-[18]. In [18], the
coherency identification method is based on modal
analysis and Gaussian elimination with full pivoting on the
selected eigenvectors of the system to find the reference
generators and their group members.

The selected eigenvectors are chosen based on the
lowest oscillatory modes of the system. Once the dominant
machines are found, a reduced order system is computed
which captures the “slow” dynamics of the original system.
In this process, the remaining unmeasured states of the
system can be estimated based on the states which are
measured via singular perturbation [13]. Let the dominant
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Fig. 3. Three stage control process.

a; = tan~! Z—j ......... (28)
ky=us+ui ... (29)
a, = tan™? z—“ ............. (30)

The three stage control process and outcomes of each
stage are summarized in Fig.3

machines be ordered from 1 to Q and the rest of the
machines be numbered from Q+1 to N, then the changes in
the non-dominant machines can be approximated using a
zero-th order model by

-XQ+1,Q+1 XQ+1,N IA5Q+1l
| Xno+1 0 Xuw Ady
Zg=1XQ+1,kA6k_ N1 Xo+1, ASK
...(31)
| 2P Xn A8, — X2 Xy e AS
Where
Hij
Xi; = ﬂili ............... (32)
And
Hyj =—E 51n(6 (plj) i;tj .....(33%)
= — YN EEY; sin(6; — 6 — @) i=j.......... (34)

Note than when only the dominant machines are
selected for the control action, only the rows corresponding
to the dominant machines will be used thereby reducing
the order of the system. This is advantageous since the
pseudo-inverse required to solve the set of equations is
more nearly square providing better convergence.

VI. EXAMPLE AND RESULTS

Although the control has been developed
using the classical generator model, the control approach
will be validated using the full 10th order model which
includes an exciter/AVR, turbine, and governor dynamics.
The model is given in the Appendix. The proposed control
is validated on the 68 bus, 16 generator New England/New
York test system shown in Fig. 4. The coherent groupings
corresponding to the five slowest modes are indicated by
the dashed lines in Fig. 4. The network data and coherent
groupings are the same as in [19]. The transmission tie
lines are shown with bold lines. The reference generators
for the five areas are G5, G13, G14, G15, and G16.
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TABLE | FACTS PARAMETERS
Ry [ 2 Iz [ Ry | C©
UPFC 0.01 | 0.15 | 0.001 | 0.015 | 25 | 1400
STATCOMs | 0.01 | 010 | n/a wa | 25 | 1200

Choosing the appropriate number of FACTS
controllers in the network is based on the number of
coherent areas. As a rule of thumb, it is best to match the
number of current injections with the number of modes.
For example, five current injections can be used to control
the interarea oscillations between five areas. In the 68 bus
example, four current injections are used: one UPFC (two
injections) and two STATCOMS (one injection each). In
this paper, the UPFC is placed on line 1-2 with the shunt
converter on bus 2 and the STATCOMS have been placed
on buses 47 and 49. The placements of the FACTS
controllers were heuristically chosen to be at buses at the
edge of the areas as might occur in practice. Several
researchers have addressed the problem of optimal
placement of FACTS controllers. In [20], the authors
utilize modal sensitivity to determine placement of TCSCs.
Eigenvalue shift is used as a placement strategy for SVCs
in [21]. [22] focuses on the determination of the best bus
placement for SVCs to damp interarea oscillations.
Another recent work addresses the use of modal
controllability indices specifically for FACTS placement
for oscillation damping [23].

The parameters of the FACTS controllers are
given in Table I. The per unit approach is the same as in
[24] on a 100 MW, 100 kV base.\

In the simulations, a solid three-phase fault is
applied to bus 30 at 0.2 seconds and cleared at 0.3 seconds.
The dynamic responses to this fault are shown for the
following cases:

Case 1) proposed control, all measurements available;

Case 2) proposed control, only dominant machine
measurements available;

Case 3) linear control (taken from [25]).

Note that in Case 2), the estimation approach
proposed in Section V is used to obtain approximations to
the non-measured states.

Fig.5shows a subset of the generator speeds with
no FACTS controllers in the system compared to Case 1).
Not all responses are shown for the sake of brevity. The
selected generators are taken from four of the five coherent
areas (generator 15 is by itself in an area and is not shown).
Note that the generators go unstable as a result of the fault,
but the proposed control is able to stablize the system and
rapidly mitigate the oscillations.

Fig. 6 shows the active power injections of the
UPFC. The series injection is shown in the top figure and
the shunt injection is shown in the bottom figure. In this
figure, Case 2 (bold) is compared to Case 3 (thin). These
series active power injection for the proposed control is
very modest; therefore the rating ofthe series transformer
and converter do not need to be overly large. The shunt
active power is related to the series active power

Vie
= Puaries — s ereeeee (35)

Therefore Pg,,,, Will be opposite in polarity
to Py,,.s and will differ in magnitude by the losses in the
converter. Furthermore, during transients the dc link
capacitor will charge or discharge active power. Also note

_Pshunt
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that by definition, the shunt active power absorbed is
positive, thus during steady-state the STATCOM will
absorb active power and the figures indicate a positive
value. The shunt converter injects active power into the
system during the fault. Similar behavior is displayed by
the STATCOMSs as shown in Fig. 8. Fig. 9 shows the dc
link capacitor voltages. The UPFC and one of the
STATCOMSs experience a drop of approximately 5%
whereas the second STATCOM experiences a slight
increase in voltage. This is reasonable, since to damp
oscillations, it may be necessary to inject active power in
some areas and absorb active power in other areas.

VII.CONCLUSIONS

A three stage nonlinear control scheme
has been proposed for damping interarea oscillations using
multiple FACTS controllers. Any FACTS device that can
control its interface bu angle(s) with the power network
can utilize this control approach. The method uses the
generators’ frequencies as the feedback data for the
control. Using measurements from the dominant generators
and estimating the rest of the states based on equivalent
reduced systems is shown to considerably reduce the
number of needed global measurements for control. Based
on the simulation results, the proposed method shows
promising results for wide-area control of power systems.
There are several issues which need to be considered
however.

There is a considerable computational burden for
the controller which requires fast processors for real-time
performance. However, good coherent groupings will
lower the computation time by improving the estimation
process. Future work will also consider the effect of time
delays and communication noise in the measured states on
the control effectiveness. Sensitivity of the proposed
method to system uncertainties and topology changes will
also be studied.
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Fig. 5. Generator speeds for no FACTS controllers (bold)
and Case 1 (thin).
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