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Abstract— A standard operational requirement in power
systems is that the voltage magnitudes must lie within pre-
specified bounds. Conventional wisdom suggests that such a
tightly regulated voltage profile should also guarantee a secure
system, operating far from static bifurcation instabilities such
as voltage collapse. Here we demonstrate that this conclusion
is generally false, and that the distance from voltage collapse is
a systems-level objective distinct from ensuring voltage limits.
We formulate an optimization problem which maximizes the
distance to voltage collapse through injections of reactive power,
subject to power flow and operational voltage constraints. By
exploiting a linear reformulation of the power flow equations
we arrive at a convex reformulation which can be efficiently
solved for the optimal reactive power injections. We illustrate
the performance of our results with the IEEE30 bus network.

Index Terms—power networks, voltage support, reactive
power compensation, sparsity-promoting optimization, optimal
placement.

I. INTRODUCTION

The widespread penetration of distributed renewable gen-
eration, characterized by high variability and fast dynam-
ics, negatively impacts the voltage profile of a power net-
work. Voltage controllers are therefore required to guarantee
constraint satisfaction and safe operation of the network.
Techniques for voltage support include shunt and static
VAR compensation [1], [2], series compensation [3], off-
nominal transformer tap ratios [4], synchronous condensers
[5], and more inverters operating away from unity power
factor [6], [7]. For a detailed description of the reactive power
compensation technologies we refer the reader to [8].

Traditionally, the main purpose of voltage support is to
maintain voltage magnitudes tightly within predetermined
bounds (e.g., within 5% of some nominal level). Intuitively,
such a tightly regulated voltage profile should also guarantee
a large stability margin against static bifurcation instabilities
such as voltage collapse. A key direction in power system
stability analysis has been the development of indices quan-
tifying a power network’s proximity to voltage collapse. A
broad overview of this large subfield can be found in [9],
[10], [11], [12], [13]. The existing approaches are largely
based on numerical methods. They often require either
continuation power flow [14] to identify the insolvability
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boundary, or repeated computation of loading margins in
varying directions of parameter-space [15].

In this paper we combine voltage control with metrics
quantifying the distance to voltage collapse in order to
maximize the networks stability margin. While the usual
objective in voltage support problems is the security task of
confining voltage magnitudes within predetermined bounds,
here we follow an alternative approach: we attempt to
minimize a measure of the stress experienced by the network
subject to operational constraints. This approach stems from
[16], where a condition was introduced which quantifies
the network stress measures and the proximity to voltage
collapse. Based on this condition we pursue a novel system-
level formulation of optimal voltage support encoded as an
optimization problem with stress-minimization, i.e., maxi-
mization of the distance to voltage collapse, as objective
and subject to voltage security constraints. Our decision
variables are reactive power injections at a subset of buses
equipped with voltage control equipment. This approach
allows us to satisfy a local voltage constraint requirements
while optimizing a system-level voltage stability margin. By
exploiting linear approximation of the power flow equations,
we convexify our problem which can then be efficiently
solved for the optimal injections.

Compared to other approaches to voltage support prob-
lems, our results do not rely on the assumption of a radial
(i.e., acyclic) power grid topology [6], [7]. This makes
our approach appealing for both power transmission and
distribution networks. Different from the reactive power
compensation literature [17], [6], [18] and from the voltage
support literature [7], we seek to maximize a voltage stability
margin as opposed to related objectives such as minimizing
power losses.

The remainder of this paper is organized as follows: in
Section II, we recall the required preliminaries. In Section
IIT we present the main contribution of the paper. Firstly,
we review the typical objectives for voltage regulation prob-
lems and formulate our optimization problem. Secondly, we
present and solve the convex reformulation of the problem.
In Section IV we present some test cases. Finally, Section V
offers concluding remarks.

II. PRELIMINARIES
A. Power Network, Generator and Load Models

A power network can be modelled as a connected, undi-
rected and complex-weighted graph G(V,E&) where V =
{1,...,n} (JV| = n) represents the set of nodes (or buses),
€ (|€] = m) is the set of edges (or branches) connecting the
nodes, that is the set of unordered pairs (h,k), h,k € V,
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such that h and k are connected to each other. Under
synchronous steady-state operating conditions, all the electric
quantities are sinusoidal signals at the same frequency. At
every bus h € V we have the following phasor quantities:

« nodal voltage: vy, = Vj, exp(j05) € C;

o current injection: i, = Ij, exp(jvp,) € C;

 power injection: s, = pj, + jqn, = vpi), € C;.
where Vi, 0y, I, ¥, phyqn € R and (-)* denotes the com-
plex conjugate operator. A standard assumption on high-
voltage networks is that transmission lines are dominantly
inductive, and are therefore approximated as pure suscep-
tances. For recent voltage control studies on lossy networks,
see [6], [7], [18]. It is convenient to introduce the symmetric
susceptance matrix B € R™*™ which describes the weighted
connections among the nodes of the graph. Its hk-th entry
is defined as

0, if (h,k) ¢ ¢&;
By, > 0, if (h,k) €&, h#k;
— > hzk Brk + Bhshunt, if h=Fk;
where — By, is the line susceptance and B}, shunt > 0 (resp.
By shunt < 0) represents the capacitive (resp. inductive)

shunt susceptance to ground. The set of buses V can be
partitioned into the loads set, Vp, and the generators set,

B =

Va, 1e, V = Vi U Vg, where we assume |Vi| = nyg
and |Vg| = mng. After potentially relabelling the buses,
we partition the susceptance matrix according to loads and
generators as
Brr Brc
B = . 1
<BGL Baa M

We refer to By, as the grounded susceptance matrix.

Assumption 1 (Properties of Brr):

i) —Brr is a non-singular symmetric M-matrix!;

ii) the graph associated to the By matrix (i.e., the graph

induced by the load buses Vp,) is connected.

Assumption 1 (i) is typically verified in practice [19], and
always satisfied in the absence of line-charging and shunt
capacitors. Assumption 1 (ii) can be made without loss of
generality, since connected components of the induced graph
will be electrically isolated from one another by generator
buses. By collecting all voltages, currents and powers into
vectors v, i, s € C", Kirchhoff’s and Ohm’s laws lead to

i=jBv, o)

where j denotes the imaginary unit. From (2) we can write
the Power Flow Equations (PFEs) as

s = [v]i* = [v](jBv)*, 3)

where [] denotes the diagonalization operator. Expanding
(3), for each h € V the real and imaginary parts must satisfy

Ph (U) = Z:zl Bthth sin(@h — Ok) s (48.)

'An M-matrix A is a matrix with negative off-diagonal elements and
positive diagonal ones which can be expressed in the form A = sI — B,
with b;; < 0, s > p(B), where p(B) is the maximum of the moduli of
the eigenvalues of B and I is the identity matrix.

qh(v) = — Z;Zl B;LthVk COS(eh - Gk) .

The PFEs (4a)—(4b) describe the relations among the buses
through the branches, while the behavior of each bus is
specified by the particular model assumed for generators
and loads. In this paper generators are modelled as standard
PV buses [20], i.e., node h € Vg is specified by a fixed
voltage magnitude V}, and a fixed active power generation
level Py. Instead, loads are modelled as P() buses [21], [22],
namely, for h € Vy, active and reactive power injections P,
and Q)p, are assumed fixed. In our setup, this PQ model
refers to not only loads, but also to sources interfaced with
power electronics and voltage support equipment such as
synchronous condensers. While our results extend to ZIP
load models [20], for simplicity of presentation we restrict
ourselves to constant power loads Qp(V3) = Q.

(4b)

B. Decoupled Reactive Power Flow & Critical Load Matrix

Under normal operating conditions, the high-voltage op-
erating point is characterized by small voltages angle differ-
ences [21], which we formalize in the following assumption.

Assumption 2 (Decoupling Assumption): In steady state
operating conditions it holds that
|0y, — 0] =0 Vh,k : (h k) €E.
Under Assumption 2 the Reactive Power Flow Equations
(RPFEs) (4b) simplifies in vector notation to
q(V) =—[V]BV. ®)

We now take into account the models and the partition
introduced in Sections II-A and, accordingly we partition the
vectors of voltage magnitudes and reactive power injections

as v 0
V=|r, = | <.
v el
Combining the power flow (5), the loads model and the
partitioning (1), the power balance @, = ¢,(V) at each
load h € V;, can be written in vector notation as

Qr = —[VL] (BLLVr + BreVea) , (6)
or even more simply
Qr=—VilBL(VL = VL) . ©)

Here, V; is the high-voltage open-circuit solution of (6)
without loading: )1, = 0,,,. We refer to it as the open-circuit
profile. Since V; corresponds to the voltage profile for zero
loading, it could be referred to as the zero-load profile as
well. Under Assumption 1, the open-circuit profile V;

Vi = -B;;BrcVs ®)

is always well defined. Once (7) is solved for an operating
point Vi, the reactive power injections at generators buses
Ve are uniquely determined by substituting the operating
point into the final m equations in (5). It is useful to
recall the definition of the critical load matrix from [16]
which quantifies the stiffness of the transmission network
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by combining the network structure, generator voltages, and
generator locations into one matrix.

Definition 3 (Critical Load Matrix): Given the grounded
susceptance matrix B, and the open-circuit profile V;' as
defined in (8), the critical load matrix ()..i; is defined as

1
Qerit := 1 Vi 1Bri[Vi]- )

C. Normalized Coordinate System

It is convenient to represent (7) using a normalized set of
variables. Using the open-circuit voltages V;* defined in (8),
we denote the vector of percentage voltage deviations as

vi= V7]V, (10)

Note that if the open-circuit profile is flat (V' = a1 for some
o > 0), then v is simply the standard per unit voltage. In
general, however, due to inhomogeneous generators voltage
set points and the presence of shunt compensation, V' is not
flat and the scalings in (10) are non-uniform.

From Definition 3, it is possible to rewrite the RPFEs (7) in
the normalized coordinates (10) as

QL = [U]chit(v - ]1)

III. PROBLEM FORMULATION

an

In this section we present our novel problem formulation
which we refer to as the Stress Minimization Problem.

A. Security Constraints

A common operational requirement is that the load bus
voltage magnitudes must lie within a predefined percentage
deviation from a reference voltage. This tight clustering of
voltages is due to the following reasons:

i) The loads are designed to operate with a voltage in a
narrow region around the network base voltage;

ii) A flat voltage profile minimizes the reactive flows and,
consequently, minimizes the total power losses;

iii) A flat voltage profile near the nominal voltage min-
imizes the operational wear on system components,
which are designed to work at the nominal voltage level;

iv) Intuitively, a flat voltage profile indicates that the net-
work is safe from voltage collapse. We will in fact
show that this heuristic does not generally ensure a good
margin against static voltage instability.

We formalize this requirement by defining the secure set.
Definition 4 (Secure set): Given a reference voltage Viy €

R and a percentage deviation «w > 0, the secure set V is
defined as

Vi — Ul
V:{WGRW|£L—ﬂJ£§a}7

VN

or, equivalently

(12)

Vijv—Vnl
V;:{U€R7”|”[L]UN|OOSOL} .

VN

The common local “security” requirement is that the
vector of percentage voltage deviations defined in (10) lies
within the secure set, i.e.,

veV. 13)

While this represents a baseline operational requirement,
under some circumstances it may not be sufficient to ensure
safe grid operation. We present a simple example in which
voltages remain within operational bounds, but the operating
point is extremely sensitive to changes in load demands.

Example 5 (Security requirement inadequacy): Consider
the simple two-buses case study consisting of a PV bus
source connected to a PQ load and a collocated shunt
capacitor, as illustrated in Figure la. Figures 1b—1c show
the QV nose curve plot where:

« the blue curves represent the voltage solutions (high and
low) of the RPFEs (7) corresponding to different load
conditions;

o the black horizontal dashed lines identify the secure
set V;

« the orange vertical dashed lines identify the feasible
loading limits induced by the secure set;

« the magenta dash-dotted line identifies the tangent line
to the blue curve in the middle point of the orange lines,
i.e., the sensitivity of the voltage w.r.t. load changes.

From Figure 1b, note that if the normalized load demand
Q1/Qerit 1s too large, the operating point does not lie within
V. A standard policy is then to support the voltage level by
adjusting the shunt compensation, i.e., by increasing Bshunt-
We consider two different scenarios: Figure 1b shows the
QV curve in the absence of shunt compensation (Bgpynt =
0), while Figure lc shows the QV curve with Bghunt =
2.4 S. Figure 1b shows that the security requirement (13),
guarantees a “safe” distance to collapse, represented by the
nose of the blue curve. Moreover, the slope of the QV curve
at the operating point (i.e., the sensitivity of the voltage
to changes in load) is small, meaning that relatively big
changes in the load condition do not translate into big voltage
changes. Conversely, in Figure 1c the security requirement is
“dangerously” close to the nose of the curve. Moreover, the
requirement alone does not discriminate the operating points
within V: indeed, it does not consider their proximity to the
collapse point while, there are points (the left-most) which
are preferable. Finally, the sensitivity line is steeper meaning
that small changes in the load cause relatively big changes
in the voltage, which is an undesirable property.

The previous analysis highlights that voltage constraint
requirements alone can be insufficient. Note that the most
preferable operating point within V is the left-most voltage
solution, identified by the intersection of the left orange line
and the top black one. This is the feasible point farthest
from voltage collapse. Moreover, the left-most point on the
blue curve represents the open-circuit V; solution. Then,
a simple intuition is that by minimizing the distance of the
operating point from the open-circuit solution — constrained
to the fact that the operating point must belong to V — we
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0.8
=
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0.4
— Voltage solutions — Voltage solutions
0.2l = = Sensitivity | - = Sensitivity
P Q - = = Security set 0.2 = = = Security set
Allowed load Allowed load
l Bshunt 0 0 0.2 04 0.6 0.8 1 00 0.2 0.4 0.6 0.8
Qr/Qerit Qr/Qerit

(a) Scheme. (b) Absence of shunt.

(c) Presence of shunt.

Fig. 1: Two-buses case: panel (a) plots the network scheme where Vy = 1 [p.u.], B = 4 S. Panels (b)—(c) plot the QV nose curve
for two different configurations: (a) Absence of shunt capacitor, Bshunt = 0. (b) Presence of shunt capacitor, Bshunt = 2.4 S. The blue
curves represent the high and low voltage solutions of the RPFEs. The black dashed horizontal lines identify the secure set. The orange
dashed vertical lines are the allowed load which ensure the operating point to lie within the secure set. Finally, the magenta dash-dotted
diagonal line represents the tangent line on the blue curve corresponding to the middle point of the orange lines.

will maximize the voltage collapse stability margin of the
network.

B. Network Stress Measure and Stress Minimization Problem

Based on the insights given by Example 5, we define the
following measure for the network stress induced by the load.

Definition 6 (Network Stress Measure): Consider a
power network G(V, &), described by the RPFEs (11), and
let the open-circuit profile V;* be as in (8). Then, we define
the network stress measure induced by the load as

Jstress(V) = ||Jv — 1| - (14)

where v = [V}]71V], is defined as in equation (10).

Definition 6 is based on the intuition that the open-circuit
profile V' represents the natural operating point in the
absence of loading, i.e., the network is under “no stress”.
In this sense, the stress function (14) quantifies the loading
on the network conveniently expressed in the percentage
deviation variable v.

In the following, we assume that a certain number of load
buses can be equipped with additional controlled devices,
e.g., synchronous condensers [5] or photovoltaic panels
connected to the grid through power inverters. We assume
these devices can provide a controllable amount of reactive
power support, and in the following we model them as
controllable sources of reactive power ¢, subject to upper
and lower operational bounds. Specifically, the RPFEs (11)
are modified as

QL +q= [U]chit(v - ]l) 5 (15)

where ¢ € R™ is such that gmin < ¢ < Qmax, being
Gmin, dmax the vectors of minimum and maximum prescribed
reactive injections, respectively. The standing assumption is
that, if a load bus h € Vy, is not equipped with an additional

device, the corresponding entry g, is fixed and equal to zero,
ie., Gmin,h = Gmax,h = 0.

We now formulate our optimization problem of interest,
which we refer to as the Stress Minimization problem.

Problem 7 (Stress Minimization): Consider a power net-
work G(V, £) governed by the RPFEs (15). Let Jstress(v) be

defined as in (14). Then the goal is
C . 7 1
minimize Jstress (V) (16)
vevV,
s.t.
Gmin S q S Gmax-

The main idea behind Problem 7 is that minimizing Jtyess
keeps the operating point of the network as far as possible
from the tip of the nose curve, and thus far from voltage
collapse. Voltage security requirements are incorporated into
the problem as hard constraints.

Problem 7 is highly non-linear and non-convex, due to the
quadratic behavior of (15). In the following, we convexify
this problem through the use of a power flow linearization.

C. Linear Approximation and Convexification

We now introduce a suitable linearization for Problem 7
which had been first presented in [23]. Assuming || Q]| ~ 0,
we expect the normalized normal profile (10) to be v ~ 1
(ie., Vi ~ Vi), which would be the exact high voltage
solution corresponding to (), = 0. It follows by simple
linearization that, to first order, the solution of the RPFEs
(15) is given by

1

4

More precisely: the first order solution of the RPFEs is
composed by the uniform profile 1 plus a deviation which
is a linear function of the network load profile. Using the

v=1-

Qukh(Qr+q) . (17)
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Fig. 2: Voltage profiles before and after the optimization.

linearization (17), the stress cost (14) can be approximated
by

Jstross(v) = ||’U - ]]'Hoo X ”Q;llt(QL + q)Hoo " (18)

Note that the approximated cost function is convex in the
reactive power injections g. Exploiting the same lineariza-
tion, the secure set V is accordingly modified as

G {@GRW | w—mnwg}
Vn

Plugging the expression of ¥ in (17) into the requirements
in the definition of V, we translate these voltage bounds into
explicit bounds on our decision variables, the controlled reac-
tive power injections g. After some algebraic manipulations,
one finds that ¥ € V if and only if

L1
7chit

V=)V <1 -

(QL +q)
< Vw1 +a)[V?] L.

These inequalities can be further rearranged to obtain

Slow < —Quiyd < &up
where
bow =4 (Vv (1—a) Vi1 = 1) + Q5 Qr ,  (19a)
bp =4 (Vv (1+a) [VE]7H = 1) + QgiQr - (19b)

We are now ready to present the convexified version of
Problem 7.

Problem 8 (Convex Stress Minimization): Consider a
power network G(V, &), governed by the RPFEs (15). Let
VN, @, Quits VI, @min and gmax be as in the previous
problem. Finally, define &ow and &, as in (19a)—(19b),
respectively. Then we seek to

minimize QL (Qr + ) 0

st {glow S _Qc_r}tq S gupa

Gmin < ¢ < Gmax-

25

Before | After (3 units) | After (7 units) | After (9 units)

0.559

TABLE [: Values of |Q1L(QL + q)||c before and after the
optimization.

0.410 0.238 0.263

Remark 9 (On the stress measure): The stress measure
(18) is inspired by recent results [16] on the solvability of
the decoupled reactive power flow equations (7). In [16] it
has been shown that if

Q5 Qrlle <1,

then (7) has a unique high-voltage solution safe from voltage
collapse; for [|Q_1, Q1 ]l > 1 voltage collapse may occur.
From (18), we therefore see that Jgtress(v) quantifies the
stress experienced by the network. O

Observe that in Problem 8 both the cost function and the
constraints are now convex in the optimization variables.
Indeed, the security constraints are linear in ¢ and identify a
polytope. Thanks to the linearization introduced in Section
III-C, Problem 8 can be efficiently solved by means of
convex optimization techniques.

IV. SIMULATIONS

We now present a case study to show the effectiveness
of the optimization procedure proposed. All the simulations
have been done in MATLAB using MATPOWER [24] and
CVX [25] for the power flow computations and the convex
optimization, respectively. The test-bed consists of:

o IEEE 30 bus transmission grid;
« a reference voltage Vy =1 [p.u.];
o a secure threshold o = 5%;
e capacity constraints @pmin =
Gmax = 0.5 X [|QL|oo-
In all simulations we plot the actual profile V;, normalized
with respect to the network base voltage, consistent with the
MATPOWER convention, instead of the normalized profile v.

— 0.5 x [|QL|ls and

Figure 2 shows the performance before and after the
optimization for different number of controlled loads. In
particular, a set of 3, 7 and 9 loads out of 24, whose
position have been randomly chosen, have been equipped
with voltage control equipment which can inject reactive
power. The addition of more controllable devices tends to
improve the load profile and lower the objective minimum.
However, since the positions of the controllable devices are
not optimized, more controllable devices does not necessarily
lead to a lower objective value. This can be seen either from
Figure 2 or directly inspecting the value of the cost function
after the optimization procedure, reported in Table I together
with its initial value. Indeed, the 9 randomly selected units
underperform the 7 randomly selected units; the placement
of controllable units is important. To avoid this behavior, a
suitable, e.g., greedy, approach for resource allocation could
be added in order to improve the algorithm. Moreover, it
is worth noting from Figure 2 how stress minimization and
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classical voltage compensation do not coincide. Indeed, the
open-circuit profile V;, in general, does not even belong to
the feasible set.

V. CONCLUSIONS AND FUTURE DIRECTIONS

We have presented a novel optimization formulation for
the voltage support via reactive power compensation whose
cost function encodes the stress experienced by the grid,
while the standard local security requirements are imposed
as constraints. By exploiting a linearization of reactive power
flow, the objective function becomes linear and convex in the
optimization variables and the optimization problem can be
effectively solved.

As future research direction, we will investigate how to
equip the algorithm with a suitable placement procedure in
order to let the operator choose a desired trade-off between
performance and optimal resource allocation solution. We
will further investigate the effectiveness of the presented
approach with respect to different optimization variables,
like the shunts capacitors or series compensation techniques.
Moreover, we would like to investigate how the stress min-
imization objective could be implemented using a real-time
feedback control algorithm, rather than a priori allocation
and planning. Finally, we are working on extending our
approach to coupled active/reactive power flows including
conductances.

REFERENCES

[1] M. Baran and F. Wu, “Optimal capacitor placement on radial distri-
bution systems,” Power Delivery, IEEE Transactions on, vol. 4, no. 1,
pp. 725-734, 1989.

[2] A. Sode-Yome and N. Mithulananthan, “Comparison of shunt capac-
itor, svc and statcom in static voltage stability margin enhancement,”
International Journal of Electrical Engineering Education, vol. 41,
no. 2, pp. 158-171, 2004.

[3] M. Moghavvemi and M. Faruque, “Effects of facts devices on static
voltage stability,” in TENCON 2000. Proceedings, vol. 2. IEEE, 2000,
pp. 357-362.

[4] F. Viawan, A. Sannino, and J. Daalder, “Voltage control with on-load
tap changers in medium voltage feeders in presence of distributed
generation,” Electric power systems research, vol. 77, no. 10, pp.
1314-1322, 2007.

[5] G. Andersson, “Modelling and analysis of electric power systems,”
EEH-Power Systems Laboratory, Swiss Federal Institute of Technology
(ETH), Ziirich, Switzerland, 2008.

[6] M. Farivar, R. Neal, C. Clarke, and S. Low, “Optimal inverter var
control in distribution systems with high PV penetration,” in /EEE
Power & Energy Society General Meeting, San Diego, CA, USA, Jul.
2012, pp. 1-7.

[7]1 L. Na, Q. Guannan, and M. Dahleh, “Real-time decentralized voltage
control in distribution networks,” in Allerton Conf. on Communica-
tions, Control and Computing, Monticello, IL, USA, Sep. 2014, pp.
582-588.

[8] J. Dixon, L. Moran, J. Rodriguez, and R. Domke, “Reactive power
compensation technologies: State-of-the-art review,” Proceedings of
the IEEE, vol. 93, no. 12, pp. 2144-2164, Dec 2005.

[9] R. A. Schlueter, A. G. Costi, J. E. Sekerke, and H. L. Forgey, “Voltage

stability and security assessment,” Division of Engineering Research,

Michigan State University, Tech. Rep. Technical Report, EPRI EL-

5967 Project 1999-8, Aug. 1988.

T. Van Cutsem, “Voltage instability: phenomena, countermeasures, and

analysis methods,” Proceedings of the IEEE, vol. 88, no. 2, pp. 208—

227, 2000.

C. Caiiizares, “Voltage stability assessment: concepts, practices and

tools,” IEEE Power System Stability Subcommittee, Tech. Rep. PES-

TR9, 2002.

[10]

(11]

[16]

(17]

[18]

(19]

[24]

[25

6926

T. Van Cutsem and C. Vournas, Voltage Stability of Electric Power
Systems.  Springer, 1998.

M. Eremia and M. Shahidehpour, Eds., Handbook of Electrical Power
System Dynamics: Modeling, Stability, and Control. =~ Wiley-IEEE
Press, 2013.

I. A. Hiskens and R. J. Davy, “Exploring the power flow solution space
boundary,” IEEE Transactions on Power Systems, vol. 16, no. 3, pp.
389-395, 2001.

I. Dobson and L. Lu, “Computing an optimum direction in control
space to avoid stable node bifurcation and voltage collapse in electric
power systems,” I[EEE Transactions on Automatic Control, vol. 37,
no. 10, pp. 1616-1620, 1992.

J. W. Simpson-Porco, F. Dorfler, and F. Bullo, “Voltage collapse in
complex power grids,” Mar. 2015, submitted.

S. Bolognani and S. Zampieri, “A distributed control strategy for
reactive power compensation in smart microgrids,” IEEE Transactions
on Automatic Control, vol. 58, no. 11, pp. 2818-2833, 2013.

S. Bolognani, R. Carli, G. Cavraro, and S. Zampieri, “Distributed
reactive power feedback control for voltage regulation and loss mini-
mization,” IEEE Transactions on Automatic Control, 2015, to appear.
J. Thorp, D. Schulz, and M. Ili¢-Spong, “Reactive power-voltage prob-
lem: conditions for the existence of solution and localized disturbance
propagation,” International Journal of Electrical Power & Energy
Systems, vol. 8, no. 2, pp. 66-74, 1986.

A. R. Bergen and V. Vittal, Power Systems Analysis, 2nd ed. Prentice
Hall, 2000.

J. Machowski, J. W. Bialek, and J. R. Bumby, Power System Dynamics,
2nd ed. John Wiley & Sons, 2008.

M. K. Pal, “Voltage stability conditions considering load characteris-
tics,” IEEE Transactions on Power Systems, vol. 7, no. 1, pp. 243-249,
1992.

B. Gentile, J. W. Simpson-Porco, F. Dorfler, S. Zampieri, and F. Bullo,
“On reactive power flow and voltage stability in microgrids,” in
American Control Conference, Portland, OR, USA, Jun. 2014, pp.
759-764.

R. D. Zimmerman, C. E. Murillo-Sanchez, and R. J. Thomas, “MAT-
POWER: Steady-state operations, planning, and analysis tools for
power systems research and education,” IEEE Transactions on Power
Systems, vol. 26, no. 1, pp. 12-19, 2011.

M. Grant and S. Boyd, “CVX: Matlab software for disciplined convex
programming, version 2.1,” http://cvxr.com/cvx, Oct. 2014.



