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Abstract—Control strategies for power swing damping which
use wide-area feedback signals need to be robust to par-
tial/complete loss of communication and changes in operating
points and topology. In addition, they should have a positive effect
on all controllable swing modes and ensure adequate stability
margins to avoid destabilization of untargeted modes. This paper
proposes a control strategy for multiple embedded dc links
(multi-terminal or multi-infeed) which has all these attributes
and which is inherently able to provide wideband damping. The
strategy uses only a limited set of non-local signals. These signals
may be directly communicated to the dc links without having
to be centrally collated with other system-wide measurements,
thereby reducing communication delays. The strategy can easily
be adapted during power system operation to achieve targeted
damping of the critical swing modes.

Index Terms—Dynamic Stability, Power Swing Damping Con-
trollers, Wide-Area Measurement Systems, HVDC systems

I. I NTRODUCTION

T HE advent of Wide-Area measurement Systems [1] has
spurred interest in the use of non-local feedback signals

for power swing damping control. Wide-area measurements
may also be used for online estimation of the critical modes
[2], and this information may be used to adapt the gains of
these controllers. Damping may be effected through generator
excitation systems, dc links and other grid connected power
electronic converters. The full potential of wide-area measure-
ments can be realized by coordinating the strategies used for
multiple controllable devices in a grid. These strategies also
need to be robust to partial/complete loss of communication,
changes in operating points, topology and equipment outages,
have a wholesome effect on all controllable swing modes,
and have adequate stability margins to avoid destabilization
of untargeted modes.

The use of wide-area measurements for power swing damp-
ing control has attracted the attention of many researchers,
with several control strategies and design methods being
proposed. These include classical modal analysis techniques
[3]- [6], robust damping controller synthesis utilizingH2 or
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H∞ indices [7]- [10], and adaptation of controller gains based
on operating conditions [11]- [14]. Black-box or numerical-
optimization based approaches to choose feedback signals and
to design robust controllers encounter the following problems:
(a) it is difficult to incorporate all robustness and other
practical constraints in the formulation, (b) it is difficult to
ensure a simple low-order controller with few parameters (c)
the number of optimization variables becomes large if several
wide-area signals are used and (d) it is difficult to have an
intuitive understanding of the effect of various parameters
in the controller. Therefore, an approach which exploits the
special dynamic characteristics of swing modes, inferred using
simple models, to first choose ‘good’ feedback signals [15]
is preferable. It is also preferable that the feedback signals
be synthesized from a small set of measurements so that the
number of weighting parameters is small.

Research work reported earlier [16], [17] has found that for
shunt-connected real power controllers, ac bus frequency is a
signal which delivers similar transfer function residue angles
for all controllable swing modes, which facilitates wideband
damping and simplified controller design. This property is
robust in the face of operating point and/or network topology
changes and equipment outages. For two terminal dc links,
modulation of power flow using the difference of bus fre-
quency at the two ends is found to have the same property.
The main drawback of this signal is the possible limitation on
the maximum damping influence [15] due to the nearby-zeros
and the gain margin needed to avoid destabilization of local
non-swing modes.

This paper investigates a control strategy for multi-infeed
and multi-terminal (also referred to as multiple embedded dc
links in this paper) dc links using local frequency difference
signals as well as the frequency difference signals obtained
from other dc links. This strategy combines the advantages
of the local frequency difference signal with the additional
degrees of freedom provided by the use of non-local frequency
difference signals, to achieve targeted and enhanced swing
mode damping. Since the strategy uses only a limited set of
non-local signals, the signals may be directly communicated
to the dc links without having to be centrally collated with
other system-wide measurements.

We describe this strategy in detail in the next section.
Eigenvalue sensitivity analysis using a simplified model is
presented in Section III followed by a detailed discussion of
the strategy. Case studies using a 16 machine system with
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two dc links are presented in Section V to demonstrate the
key attributes and the effectiveness of this strategy.

II. T HE PROPOSEDCONTROL STRATEGY

Fig. 1. Multi-infeed with two dc links, exchanging frequencydifference
signals

The main motivation of using non-local frequency differ-
ence signals in addition to the local frequency difference signal
is to enhance the damping influence and to achieve targeted
damping of poorly damped modes. The non-local frequency
difference signals are obtained from the ac terminals of the
other dc links. This is depicted in Fig.1 for a system with two
dc links. The coordinated strategy is based on both local and
non-local frequency difference signals as given below.
[

∆p1
∆p2

]

= Kd

[

∆fd1

∆fd2

]

=

[

κ11 κ12

κ21 κ22

] [

∆fd1

∆fd2

]

(1)

∆fdi
is the measured frequency difference at the ac terminals

of the ith dc link. The signal∆pi is used to modulate the
power flow of theith dc link. The signals may be used with a
simple controller structure consisting of a filter, lead/lag and
washout blocks. Phase lag compensation may be provided to
give some synchronizing effect along with the damping effect.

The key aspect of the proposed strategy is that the matrix
Kd in (1) is chosen to be symmetric positive definite. It is
shown in the next section that this results in increased damping
for all controllable swing modes. Further, if there is a loss of
communication from or to a particular dc link or loss of a dc
link, then by simply setting all the off-diagonal elements in
the gain matrix corresponding to that link to zero, we can still
preserve the symmetric positive definiteness.

An additional advantage is that the off-diagonal gains can
be “switched” to selected pre-determined values, so as to
selectively enhance damping of those modes which happen to
be poorly damped. These modes can be identified by WAMS
based online swing-mode estimators [2]. The changes are
made to the off-diagonal elements (i.e. gains of the non-local
channel), which is unlikely to destabilize any untargeted local
modes. Although the strategy is illustrated for two links it may
be extended to any number of dc links.

III. A SSESSMENT OF THEPROPOSEDCONTROL STRATEGY

USING EIGENVALUE SENSITIVITY ANALYSIS

In this section, we present eigenvalue sensitivity expressions
to evaluate the proposed control strategy.

List of the Main Symbols used in this Section
δ Generator rotor angle
ω Generator rotor speed
ωB Machine base speed
φ Bus voltage phase angle
ζ Line current phase angle
φd Voltage phase angular difference between the buses

to which a two terminal dc link is connected
H Generator inertia constant
I Line current magnitude
IR Shunt injected reactive current
Pe Power injected by generators
Psh Shunt injected real power
Pser Series injected real power
Pdc Two terminal dc link power flow
V Bus voltage magnitude
VR Series injected reactive voltage (voltage in quadra-

ture with current)
Bold Characters denote vectors.

We use the classical model of the electro-mechanical system
with constant real power loads to obtain the expressions.
Losses in the electrical network are neglected. The strategy
is numerically evaluated for detailed models in later sections.

The linearized state space equations for the classical model
of a power system may be written as follows:

[

∆δ̇

∆ω̇

]

= A

[

∆δ

∆ω

]

+Bu (2)

y = C

[

∆δ

∆ω

]

+Du (3)

where the vector of controllable inputs due to HVDC and
FACTS devices is,

u = [∆Psh
T ∆IR

T ∆Pser
T ∆VR

T ]T

The vector of measured variables is as follows.

y = [∆φT ∆VT ∆ζT ∆IT ]T

The matrices in (3) have the following structure [16].

A =

[

[0] I

−M−1Ar [0]

]

(4)

Ar =A11 − [A12 A13 A14 A15] Jr









A21

A31

A41

A51









(5)

B =−

[

[0]
M−1Bω

]

= −

[

[0] [0] [0] [0]
M−1[A12 A13 A14 A15]

]

Jr

(6)

C =−
[

Cδ [0]
]

= −Jr









A21 [0]
A31 [0]
A41 [0]
A51 [0]









(7)

Jr =









A22 A23 A24 A25

A32 A33 A34 A35

A42 A43 A44 A45

A52 A53 A54 A55









−1

= D (8)

The matrix M is a diagonal matrix with2Hi

ωB
as its ith

diagonal element, wherei denotes the machine number.
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The sub-matricesAij relate the five sets of variables,
[∆Pe

T ∆Psh
T ∆IR

T ∆Pser
T ∆VR

T ]T to
the variables[∆δT ∆φT ∆VT ∆ζT ∆IT ]T .
These matrices are obtained from the linearized real and re-
active power balance equations for shunt and series connected
devices [16]. For example,A23 denotes the Jacobian matrix
[∂Psh

∂V
] which is evaluated at the equilibrium point, and which

is obtained from the real power balance equations at every
node of the network.

It has been shown in [16] that,
(1) For a lossless transmission system, the matricesAij , Ar

andD are symmetric, whileCδ = BT
ω .

(2) For an machine system, the matrixA has(n−1) pairs
of purely imaginary eigenvalues (the swing modes).

(3) Let the ith eigenvalue be denoted byλi. The right
eigenvectorsei and left eigen-vectorsfi corresponding to
the eigenvalueλi are related to each other by the following
equation.

fi =

[

fδi
fωi

]

= hi

[

λiMeδi
Meδi

]

= hi

[

Meωi

M
eω

i

λi

]

(9)

whereeωi
and eδi , and fωi

and fδi denote the right and left
eigenvector components corresponding to the rotor speeds and
angles respectively.hi is an arbitrary scalar constant.

(4) Due to the symmetry ofAr and diagonal nature ofM ,
eδi may be chosen to be real.

The change in an eigenvalue due to a small perturbation in
theA matrix, ∆A, is given by [18]

∆λi =
fi
T∆A ei

fi
Tei

(10)

Using this equation, let us evaluate the eigenvalue change due
to power flow modulation in the dc links.

Consider a system in which there arel two terminal dc
links. Other controllable elements (e.g, FACTS) are assumed
to be absent. Additionally, if the variations in the reactive
power drawn by the dc links due to power modulation are
neglected1, then we have a reduced number of controllable
inputs consisting of only shunt power injections at the buses
to which the dc links are connected. If dc transmission losses
are neglected, then we can relateu to the dc power flows (Pdc)
as follows.

u =









∆Psh

∆IR
∆Pser

∆VR









=









∆Psh

0

0

0









=









−R

[0]
[0]
[0]















∆Pdc1
...

∆Pdcl







(11)
R is an× l matrix, wheren denotes the number of buses in
the network. Note that this matrix relates the controllable shunt
active power injections at the ac buses to the dc power flows.
R(i, q) = +1 andR(j, q) = −1 if the qth link is connected
to bus i and j, and the dc power flow direction is fromi to
j. All the other terms ofR are zero.

1In Line Commutated Converter(LCC) based links, reactive power drawn
at the converter ac terminals is dependent on the active power flow, while in
Voltage Source Converter(VSC) based links it can be regulated independently.
Active power usually has greater controllability over a swing mode than the
reactive power and it is expected to predominate.

Let us use only the voltage phase angular differences
between the ac terminals to which the two terminal dc links
are connected, as feedback signals. If theqth link is connected
to busi andj, then the phase angular differenceφdq

= φi−φj .
Therefore, this set of signals for thel dc links can be related
to y as follows.







∆φd1

...
∆φdl






= RT∆φ =

[

RT [0]T [0]T [0]T
]

y (12)

If we use the following control law,






∆Pdc1
...

∆Pdcl






= αKs







∆φd1

...
∆φdl






(13)

whereKs is a matrix gain andα is a scalar multiplying factor,
then

u = −αSKsS
Ty (14)

whereST =
[

RT [0]T [0]T [0]T
]

.
For small values ofα, the perturbation in the state matrix

is as follows (see Appendix).

∆A = −αBSKsS
T
C = α

[

[0] [0]
−M−1(BωSKsS

TBT
ω ) [0]

]

(15)
Therefore,

∆λi = −α
fi

TBSKsS
TCei

fi
T
ei

(16)

= −α

[

λieδi

TM eδi

TM
]

[

[0]
−M−1Bω

]

SKsS
T
[

−Cδ [0]
]

[

eδi

eωi

]

[

λieδi

TM eδi

TM
]

[

eδi

eωi

]

(17)

Sinceλieδi = eωi
andCδ = BT

ω ,

∆λi = −α
eδi

TBωSKsS
TBT

ω eδi
2λieδi

TMeδi
(18)

For a swing mode,λi = jΩi. Therefore,

∆λi =
jα

2Ωi

(

eδi
TBωSKsS

TBT
ω eδi

eδi
TMeδi

)

=
jα

2Ωi

zi
T Ks zi

eδi
TMeδi

(19)

Note thatM is a diagonal matrix with positive values on the
diagonal. Ifα > 0 and the matrixKs is positive definite2,
then quantity in the round brackets in this equation is greater
than zero ifzi is non-zero. Therefore, this control law leads
to an increase in thefrequency of the swing modes which
are controllable by the dc links. This is is a manifestation of
increased synchronizing effects.

On the other hand, if we use the control law,






∆Pdc1
...

∆Pdcl






= αKd

d
dt







∆φd1

...
∆φdl






= αKd







∆fd1

...
∆fdl







(20)

2In other words,rTKsr > 0 for all non-zero real vectorsr.
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then

∆λi = −
α

2

eδi
TBωSKdS

TBT
ω eδi

eδi
TMeδi

= −
α

2

zi
T Kd zi

eδi
TMeδi

(21)

which implies increased damping for all swing modes, ifKd

is positive definite andα > 0. The introduction of damping
and synchronizing effects due to these control laws can also be
intuitively understood using a circuit analogy of the electro-
mechanical system [19].

IV. D ISCUSSION

The analysis of the previous section provides us with a
simple strategy to increase the damping for every controllable
swing mode using multiple embedded links. If we wish to
improve both synchronizing and damping effects, then the sum
of the right hand side of equations (13) and (20), may be used
to modulate the dc power flows. Alternatively in equation (20),
a small phase lag may be given to the frequency signals in
order to have a component in phase with the phase angular
difference signals.
Note that:

(1) It is advantageous if the matricesKs andKd are chosen
to be symmetric positive definite (spd). IfKs andKd are spd
and have the following form,









× × × ×
× × × ×
× × × ×
× × × ×









where ‘×’ denotes an element of the matrix, then the following
modified matrix (obtained by setting the off-diagonal elements
corresponding to the second rowand second column to zero),
is also spd.









× 0 × ×
0 × 0 0
× 0 × ×
× 0 × ×









This follows from the properties of spd matrices that every
diagonal element is positive and every principal submatrix is
also spd [20]. In this example, a 4×4 matrix is used and the
off-diagonal elements of the second row and column are set to
zero, but the property holds true for spd matrices of arbitrary
size and for any row (and the corresponding column).

This property implies that if we use a spd gain matrix and if
thejth dc link is unexpectedly shut-down or if communication
from any dc link to thejth link is down, then the positive
definite character of the gain matrix which is important to
achieve the desired effects, can be retained by setting the non-
local channel gains in thejth link to zero and multiplying with
zero, the frequency difference signal from this link which is
sent out to the other links. This decision can be taken and
implemented locally at thejth link. Thus we can seamlessly
revert to local control in case of problems.

Any modification in the gain matrix, as long as it does not
alter its spd character is acceptable in the sense that it will
contribute to positive damping and/or synchronizing effects of
all modes (although it may not be optimal). Similarly, changes
in the network topology or operating conditions will alterBω,

Ωi and eδi , but as long as the gain matrix is spd, the sign
of ∆λi is not altered - see (21). Therefore, this strategy is
robust to loss of remote signals as well as changes in network
topology and operating conditions.

(2) While spd gain matrices ensure improved damping
and/or synchronizing effects, the actual choice of the elements
of the matrices determine the relative effect on various swing
modes. A possibility for future research is to investigate the
switching of new gains when the network structure changes.
As proposed in [12], this could be triggered by the changes in
statuses of key circuit breakers, and a pre-calculated lookup
table could be consulted for the new gains.

(3) The implementation of the strategy is well within
the capabilities of present day technology. Measurement of
frequency at a location and communication of this signal is
a part of PMU/WAMS functionality. The implementation of
the control law will require augmentation in the controller
software, but it does not require a change in the equipment.

(4) As this control strategy requires a limited set of non-
local signals, the use of the phasor data concentrator at
a central control center for collation of system-wide data
is neither necessary nor recommended, as this could add
additional delays and possibly reduce reliability. Instead, a
direct communication link can be used to exchange signals,
as is the commonly the case with most HVDC links.

(5) The strategy can be directly extended to multi-terminal
dc links. This can be easily understood by considering the
three terminal system shown in Fig. 2. The control law for

Fig. 2. Multi-terminal dc link

obtaining damping effects is derived by treating the three
terminal system as three separate two terminal links between
the three ac terminals, as follows.





∆p1
∆p2
∆p3



 = Kd





∆fd1

∆fd2

∆fd3



 (22)

where,fd1
= f8 − f6, fd2

= f6 − f4 andfd3
= f4 − f8. The

modulated powers injected at the converter ac terminals are
∆Psh8

= −(∆p1 −∆p3) and∆Psh6
= −(∆p2 −∆p1). The

modulated injection at the third bus∆Psh4
, is not indepen-

dently specified, but it is implicitly equal to−(∆p3 −∆p2),
if the dc link losses are negligible.

(6) Only a subset of control variables (corresponding to
the dc links) has been considered here. The derivation in
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the previous section indicates that coordinated control of
dissimilar devices, say a dc link and a Thyristor controlled
Series Compensator is also conceivable. In such a case, the
control variables arePdc and VR, and the feedback signals
are φd and I. This aspect is worth exploring, but is beyond
the scope of the present paper.

(7) The diagonal elements ofKd (local gains) can be
selected in the conventional manner based on local damping
controller design principles [15]. This ensures that if there
is a loss of communication, the system behavior would be
the same as that of individually tuned HVDC systems. The
off-diagonal elements can then be selected using root loci
studies to achieve additional damping of the poorly damped
modes, with the constraint thatKd remain spd. In a practical
implementation, in addition to the gain matrix, blocks like
limiters, filters and washout blocks will be used to limit the
output, restrict the bandwidth and remove steady state offsets.
A small amount of phase compensation may also be used for
enhancing synchronizing effects, and to compensate the phase
introduced by filters and washout blocks. The overall design
is finalized based on eigen-value analysis and time-domain
simulations.

In the following section, we demonstrate the strategy using a
16 machine system with two dc links. Although the analysis of
the previous section was based on a simplified system model,
the studies of the following section consider a detailed model
of the system.

V. CASE STUDIES: 16 MACHINE SYSTEM

Fig. 3. 16 machine 58 bus NETS-NYPS test system.

The 16 machine system which is used to test the control
strategy is shown in Fig. 3. Two VSC dc links are introduced
in the system at bus 41-36 and 52-37, as shown in the figure.
These are rated at 1000 MW and 1500 MW respectively.
The reactive power injections at the dc link terminals are
maintained at zero. The base-case powerflow, generator and
network data are adapted from [18]. The generators are
modeled in detail along with their excitation systems. The
small-signal and transient stability analysis programs used in
this section model the dc links as controlled power injections

Fig. 4. Damping Controllers for the dc links across buses 41-36and 52-37

at the converter stations. The damping controller for the dc
links is shown in Fig 4 withα = 1, Tw = 20 s, while the
compensator is disabled by settingT1 = T2.

A. Eigenvalue Analysis and Gain Matrix Selection

The low frequency swing modes that are controllable by
power modulation in the dc links are shown in Table I. The

TABLE I
LOW FREQUENCYSWING MODESCONTROLLABLE BY THE TWO DC

LINKS : BASE CASE (NO CONTROL)

Mode Description/Generators with high participation Eigenvalues
Swing Mode I: Generators 13 and 15 swing against 14 and 16-0.009± j 4.692
Swing Mode II: Generators 12 swings against 13 -0.113± j 4.248
Swing Mode III: Generator 14 swings against 16 -0.003± j 3.364
Swing Mode IV: Generators 9 and 13 swing against 14 and 15-0.080± j 2.497

elements of the2 × 2 gain matrix (κ11, κ22, and κm =
κ12 = κ21), are selected using an exhaustive search where
the objective function is to find a spd gain matrix which gives
the best damping for the swing mode of interest for the normal
operating point.

This was achieved by varying the three gain parameters
κ11, κ22, andκ12 within a given range, calculating the system
eigenvalues and seeing which combination ofκ11, κ22, and
κ12 gave the highest damping of the targeted eigenvalue. Gains
κ11, κ22 were varied in the range(0, 5) expressed in pu/(rad/s),
on a 100 MVA base. The sufficient conditions for SPD for
the 2 × 2 matrix can be shown to beκ11 > 0, κ22 > 0 and
κ11 × κ22 − κ2

12
>= 0. Henceκ12 = κ21 was varied in the

range(−
√
κ11 × κ22,

√
κ11 × κ22) during the search for each

combination ofκ11 andκ22, to assure positive definiteness.
In this analysis, the normal operating point is considered

as one where all dc converters are operating at the rated
condition. The gains obtained from this analysis are given
below

Case NC: No Control, i.e, the gain matrix is a zero matrix
Case I:κ11 = 3.45, κ22 = 1.32, κm = 2
Case II:κ11 = 3.35, κ22 = 3.96, κm = −2
Case III:κ11 = 3.35, κ22 = 3.96, κm = 0

Gains in Case I of Table II are selected to preferentially
damp Swing Mode IV, i.e., make the negative real part most
negative. As can be seen, this increases the damping of
Swing Mode IV from−0.08 to −0.925. Incidentally, it was
observed from modal analysis that Modes II and IV have
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TABLE II
EIGENVALUES (BASE NETWORK CONDITION)

Case Swing Mode I Swing Mode II Swing Mode III Swing Mode IV
NC -0.009± j 4.692 -0.113± j 4.248 -0.002± j 3.365 -0.080± j 2.497
I -0.104± j 4.430 -1.125± j 4.136 -0.102±j 3.379 -0.925± j 2.975
II -0.212± j 4.590 -0.288± j 4.343 -1.246± j 3.461 -0.343± j 2.526
III -0.117± j 4.451 -0.892± j 4.466 -0.689± j 3.402 -0.656± j 2.646

residue angles in a close range, therefore with an increase in
damping of Swing Mode IV, damping of Swing Mode II also
increases from−0.113 to −1.125. Gains in Case II of Table
II are selected to preferentially damp Swing Mode III where
damping increases from−0.002 to −1.246. Here κm has a
negative value. Thus,κm can be chosen to achieve targeted
damping of modes depending on which of them are found to be
critically damped during actual operation. Case III is a special
case where the system is originally as in Case II, but there is
an interruption in communication between the two links. This
is represented by settingκm to zero. As can be seen in Table
II, with the loss of communication, damping of Swing Mode
III is still better compared to the uncontrolled case (−0.689
in Case III as compared to−0.002 in NC) . This shows that
the proposed control shown in the paper is robust to the loss
of communication.

B. Robustness of the Proposed Approach

We now test the proposed control strategy for different net-
work conditions. The eigenvalues when line 39-45 is removed
and when line 8-9 is removed are shown in Table III and IV.
Although the gain matrices in Case I and II are optimized
for the normal operating point to damp Mode III and IV
respectively with the lines in service, the damping remains
high and relatively unchanged. For example, the real part of
the Swing Mode III is−1.246 (see Case II in Table II) and
with the line 39 − 45 removed it is−1.255 (see Case II in
Table III). With the loss of communication, the real part of
the Swing Mode III is−0.689 (see Case III in Table II) and
with the line 39 − 45 removed it is−0.694 (see Case III in
Table III).

Therefore, the proposed control strategy is also robust with
the change in the operating point.

TABLE III
EIGENVALUES: L INE 39-45 REMOVED

Case Swing Mode I Swing Mode II Swing Mode III Swing Mode IV
NC -0.008± j 4.687 -0.114± j 4.242 -0.002± j 3.356 -0.079± j 2.493
I -0.104± j 4.432 -1.137± j 4.111 -0.099± j 3.369 -0.931± j 2.978
II -0.203± j 4.586 -0.297± j 4.335 -1.255± j 3.454 -0.342± j 2.519
III -0.117± j 4.453 -0.899± j 4.448 -0.694± j 3.398 -0.658 + j 2.641

TABLE IV
EIGENVALUES: L INE 8-9 REMOVED

Case Swing Mode I Swing Mode II Swing Mode III Swing Mode IV
NC -0.007± j 4.689 -0.077± j 3.803 -0.012± j 3.310 -0.110± j 2.294
I -0.223± j 4.380 -1.643± j 3.800 -0.104± j 3.507 -0.903± j 2.566
II -0.188± j 4.639 -0.431± j 3.803 -1.225± j 3.457 -0.265± j 2.317
III -0.245± j 4.424 -1.017± j 4.131 -0.739± j 3.282 -0.413± j 2.436

C. Validation by Time-Domain Simulation

We now validate the small signal analysis results shown
in the previous section by time-domain simulations to assess
the performance of the damping controller for different sets of
selected gains. A three-phase fault is applied on line 39-45 near
bus 45, which is cleared in 4 cycles by tripping that line. The
response of rotor angle difference between generators 14 and
16 is shown in Fig. 5 along with the power flow in the dc links.
Without the damping controller, we observe poor damping of
the Mode III. As seen from Fig.5, that with the controller of
Case II in place, damping of Mode III remains high and agrees
with the conclusion based on eigenvalue analysis earlier in this
section. Similarly, if communication is lost, as in Case III, the
damping though less than that with the gains in Case II, is
nevertheless better than that for the uncontrolled case.
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Fig. 5. Response for a fault near bus 45, followed by tripping of line 39-45.

Fig. 6 shows the response for a fault near bus 8 which
is cleared by tripping line 8-9. The lowest frequency Swing
Mode IV is excited by this disturbance, which is observable in
the rotor angle difference between generators 9 and 15. Since
Case I gains are selected to provide best damping effect for the
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lowest Swing Mode IV, the time-domain simulation validates
the result predicted by the eigen-analysis.
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Fig. 6. Response for a fault near bus 8, followed by the tripping of line 8-9.

D. Effect of Communication Delay

Delays in communicating the remote frequency difference
signals will result in phase delays in these signals at the swing
mode frequencies. These delays may be variable, but delays
below a certain value can be converted to fixed delays by
buffering the signals. The phase lag at a swing mode frequency
caused due to a transport delayTd is given byΩTd, whereΩ
is the radian frequency of the swing mode. For example, a 50
ms delay will cause a phase lag of about 11.5o at 4 rad/s.

Small and equal phase lags in the local and the remote chan-
nels of a damping controller will contribute to synchronizing
effects. However, since the transport delays are not present
in the local signal, the phase compensation parameters for
the remote and the local channels may have to be different,
unlike in Fig. 4. For small transport delays, one may be
able to achieve an acceptable overall performance with minor
adjustments in the design, but it is pragmatic to revert to the
purely local strategy if delays are large.

We now consider the effect of a 100 ms delay in the non-
local channel for the controller shown in Fig. 4. The gains
corresponding to Case I are used. No phase compensation is
used. The response of all rotor angles with reference to the
centre-of-inertia angle (δCOI ) are shown in Fig. 7 with and
without the delay. It is clear that for this disturbance, the delay
in the non-local channel does not cause a significant difference
in the performance of the controller.

VI. CONCLUSIONS

The paper presented a special non-local control strategy
for power swing damping using multiple embedded dc links
(either multi-infeed or multi-terminal). The frequency dif-
ference between the ac terminals of the links are used as
feedback signals in a control law which uses a symmetric
positive definite gain matrix. It is proved analytically that
the strategy is guaranteed to yield positive damping for all
the controllable swing modes, and is robust to changes in
operating conditions and network topology. Since specific non-
local signals are to be communicated to the controller, and not
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Fig. 7. Response for a fault near bus 8, followed by the tripping of line 8-9,
with and without a communication delay of 100 ms. Gains are as in Case I.

system-wide measurements, the time delays associated with
central collation of measurements can be avoided.

During the loss of the remote signals, the proposed strategy
continues to provide positive damping. The controller gains
can be easily adapted to preferentially increase the damping
of critically damped modes. These features are demonstrated
by eigenvalue analysis and simulation of a 16 machine system
having two embedded dc links.

APPENDIX

If the control law (13) is used, then

y = C

[

∆δ

∆ω

]

+Du = C

[

∆δ

∆ω

]

− αDSKsS
Ty

Therefore, (3) becomes,
[

∆δ̇

∆ω̇

]

= (A+∆A)

[

∆δ

∆ω

]

where,

∆A = −αBSKsS
T (I + αDSKsS

T )−1C
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Assuming thatα is small, we can approximate∆A as follows,

∆A = −αBSKsS
TC

From the structure ofB and C, shown in (6) and (7)
respectively, it is clear that the structure of∆A is as follows.

∆A = −

[

[0] [0]
αM−1BωSKsS

TCδ [0]

]

SinceCδ = BT
ω , we obtain (15).
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