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Abstract

Voltage instability in power systems arises due to the shortage of reactive power and may cause abnormally low bus voltages
leading to a partial or complete blackout. In order to maintain the system voltages within a safe limit, voltage control techniques
such as shunt capacitor banks, Static VAR Compensators (SVCs), load shedding, and transformer tap-changer blocking, are
employed. In this paper, a novel receding-horizon Model Predictive Control (MPC)-based voltage controller is proposed,
which, by optimally controlling generator reactive power and SVC output, maintains the voltage stability of a power system.
For this, a sensitivity-based analysis is performed to design a state-space model of the power system. The frequency and
voltage dependency of load and generation are considered in the system equations. The voltage control is done step-wise,
and the optimal control action in each step is calculated by minimizing a cost function subject to a set of relevant constraints.
Different Voltage Stability Indices (VSIs) are used as a measure of voltage stability and also used in the constraints for
the optimization problem. The performance of the proposed controller is evaluated on IEEE 9-, 39- and 118-bus systems,
considering different types of loads and contingencies.

Keywords Voltage stability - Voltage stability indices - Voltage stability margin - Model predictive control - Sensitivity

analysis - Frequency-dependent load flow analysis

1 Introduction

Voltage instability in power systems is a slow phenomenon,
which primarily occurs due to heavy loading, contingencies,
undesired operation of tap-changing transformers, and short-
age of reactive power injection arising due to reactive power
limits of generators [1]. Voltage instability may lead to abnor-
mally low voltages throughout the system and may cause a
partial or complete blackout. The Voltage Stability Margin
(VSM) of apower system is measured as the possible increase
in active power demand from the present loading condition
[2-4].
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1.1 Related works

Different techniques are used for the assessment of voltage
stability, such as the Continuation Power Flow method (CPF)
[2, 5], tangent vector determination [2], eigenvalue analysis
[6], machine learning-based approaches [7, 8], evaluation of
Voltage Stability Indices (VSIs), like the singularity of the
Jacobian matrix [3], Thevenin-based indices [9], and indices
based on power flow solution [10-12].

Several preventive and corrective actions are employed
to ensure the enhancement of voltage stability of a power
system, for example, shunt compensation using capacitors
or FACT devices, controlling the generator excitation and
thereby regulating its reactive power output, load shedding,
or timely blocking the tap-changers of transformers [13]. In
[14], a wide area measurement-based sensitivity approach is
proposed for voltage control. A new VSI (L') is derived and
its sensitivity values w.r.t to the control variables are used
to decide the optimal control actions. In [15, 16], a real-time
preventive control is proposed based on the Thevenin param-
eter identification. Here, the generator terminal voltage and
shunt capacitor are taken as the control variables. In [17],
the critical reactive power reserves are enhanced by calculat-
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ing the optimal control actions, solving a convex quadratic
optimization problem, where load shedding and shunt com-
pensation are employed. An optimization problem is solved
in [18] using Hybrid Differential Evolution (HDE) technique
to determine the optimal control settings for voltage con-
trol. The control variables chosen for this work are On-Load
Tap Changer (OLTC), Static VAR Compensators (SVCs) and
generator excitation settings. In [19], a method for select-
ing optimal control actions to maintain voltage stability is
described. The robustness of this method makes it suitable
for real-time applications. In [20], the optimal preventive and
corrective control actions to minimize the voltage risk are
found by solving a nonlinear optimization algorithm using
Positive Constraint Relaxation Algorithm (PCRA), taking
load shedding and generator excitation as control variables.
In [21], the Modified Crow Search Algorithm (MCSA) is
used to determine the optimal control variables to maintain
the voltage stability of a power system integrated with wind
generators. A fuzzy logic controller is designed in [22] to
determine the minimum reactive power support required for
ensuring the voltage stability of a power system.

With the increasing penetration of Renewable Energy
Sources (RESs) in the power system, uncertainty in power
demand and consumption is becoming increasingly preva-
lent. This intermittency has negative impact on system
voltage stability. Many recent studies have focused on the
assessment and regulation of voltage stability margins in
presence of randomness due to RESs integration. In [23, 24],
the authors have developed a technique for probabilistic volt-
age stability assessment, where they have addressed the issue
of selecting a power increment direction so that it guarantees
the reliability of voltage stability assessment. The impact of
wind power uncertainty on a micro-grid’s voltage stability
is done in [25]. A model is proposed which guarantees the
voltage stability for a defined voltage stability margin. Refer-
ence [26] introduces a Stochastic Response Surface Method
(SRSM) for analyzing the voltage stability. The input to the
SRSM model is the wind speed which follows the Weibull
probability distribution curve, and the output is the composite
matrix spectral radius of the dynamic system.

The Model Predictive Control (MPC)-based voltage con-
trol has received increasing interest from researchers over
the year due to the ease of modelling constraints related
to voltage stability and the flexibility of performing online
optimization. In [27], a decentralized MPC-based secondary
voltage controller is proposed, which regulates the set-point
of reactive power compensators in each area of a power
system. In [28], an MPC-based voltage controller is pro-
posed for long-term voltage stability, with an objective to
bring the system voltages close to reference voltages. The
detailed modelling of power system components necessary
for voltage stability evaluation, such as tap-changers, over-
excitation limiters, and doubly fed induction generators for
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wind turbines, are done here. An MPC-based controller using
Galerkin method is proposed in [29] to improve the mid-term
voltage stability of a power system. The Galerkin method is
based on polynomial approximation, which helps to retain
the nonlinearity of power systems and thus provides bet-
ter voltage control. SVCs and tap-changing transformers are
used as control variables for an MPC-based controller in [30].
Since the control variables are both continuous and discrete,
amixed integer quadratic programming problem is solved for
calculating the optimal control inputs. In [31], a distributed
MPC-based voltage controller is proposed for long-term volt-
age stability of multi-area power systems. An MPC-based
voltage controller for distribution networks with high Dis-
tributed Generation penetration is presented in [32]. The
interaction between transmission and distribution networks
is also investigated here. In [33], the MPC-based voltage
controller employs under-voltage load shedding to maintain
voltage stability in the system. Multi-valued Particle Swarm
Optimization along with MPC-based voltage control scheme
is proposed in [34], which uses transformer tap-ratios and
capacitor banks as control variables.

1.2 Research gaps

From the above literature survey, the following scope of work
can be identified. (1) To the best of the authors’ knowledge,
the study of controller performance for different types of
loads is not reported anywhere. (2) The calculation of sen-
sitivities of VSIs w.r.t control variable and the inclusion of
the VSIs in the constraints of the optimization problem is not
available in any of the mentioned works. These research gaps
motivated us to propose a novel MPC-based voltage control
technique.

1.3 Contributions

In this paper, an MPC-based voltage controller is proposed.
Some commonly used line and bus VSIs are used as a mea-
sure of voltage stability. The proposed controller is actuated
only when there is a disturbance in the system, leading to a
risk of voltage instability and, in turn, causing the VSIs to
cross allowable limits. At first, a linear relationship between
the voltage phasors and control variables is derived. Using
this linear relation, a state-space model for the proposed volt-
age controller is formulated. By minimizing a quadratic cost
function, the proposed MPC voltage controller calculates the
optimal values of generator reactive power injections and
SVC outputs to maintain a stable system voltage. Several con-
straints, such as limits on incremental input changes, size of
control inputs, load bus voltage magnitudes, generator volt-
age control capability, and line and VSI limits, are added to
the optimization problem to make the model more practi-
cal. While rescheduling reactive power injections, only the
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most sensitive control inputs are varied for voltage control.
The performance of the controller is tested in the presence of
different load models and contingencies. The main contribu-
tions of this research work are as follows:

1. Using sensitivity analysis, a linear state-space model of a
power system is developed, which models the frequency
and voltage dependency of load and generation.

2. An MPC-based control technique is developed for cal-
culating the optimal control action to be applied sequen-
tially for maintaining voltage stability. Generator excita-
tion and SVCs are regulated for the purpose of voltage
control. The control variables that are more sensitive to
voltage and frequency variations are regulated for the
control action.

3. The sensitivity of several VSIs w.r.t the control variables
are derived. This helps to include the VSIs in constraints
of the optimization problem.

4. The performance of the proposed control technique is
demonstrated on different IEEE test systems in the pres-
ence of different types of load and contingencies.

1.4 Paper organization

The remainder of this paper is organized as follows: Section
2 describes the most commonly used VSIs for measuring
voltage stability. In Sect. 3, sensitivity analysis is performed
to find a linear relationship between the state variables and
the control inputs. In Sect. 4, the design of the proposed
controller is discussed. Several case studies are presented in
Sect. 5. In Sect. 6, the scope and limitations of the proposed
research work has been discussed, and Sect. 7 concludes the

paper.

2 Indices to determine voltage sability

The VSIs are broadly divided into two categories, namely bus
VSIs and line VSIs. Some of the VSIs from each category
are defined in the following sections.

2.1 Bus voltage stability indices

Bus VSIs are used to determine the voltage stability of each
load bus in a system. Also, the weak buses can be determined
using either the maximum or minimum values of the indices.
Some of the bus VSIs are listed below.

Using the Y -bus matrix and the voltage phasors, a voltage
stability indicator, referred to as L-index, is proposedin [11],
which is calculated for each load bus as

Yien, FiiVi

Vi

Lj=]1- Vi €N ey

Y zZ0=r+jx V.£9,

TN —
_ Yo
S, =F+jO, 2

Fig. 1 A m-section model of transmission line

— 7N
Yo _
2 Sr:R‘+jQr

where Ny, Ny, are the set of all generator and load buses,
respectively. V;, I_/j are the voltage phasors at ith and jth
bus, respectively. The elements F ;i are calculated from the
Y -bus matrix of the network as:

F= _?ZEYLG’ |:1L:| _ I:I_/LL IfLG} |:‘_/Li| @)

I Yor Yo || Ve

The L-index value for a load bus varies between 0 and 1,
where L; = 1 indicates a voltage collapse at bus j.
In [12], an [ index is proposed for each load bus.

aP;/06;

li= =
Z.’;’:l,j#_i BijVj

3)

where, for an n-bus system, d P; /d4; is calculated from the
load flow Jacobian matrix, B matrix is the imaginary part of
the ¥ bus matrix, and V is the voltage magnitude at load bus
j.An I; > 0.5 indicates voltage collapse at the ith load bus.

2.2 Line voltage stability indices

The line VSIs are measures of the voltage stability of a trans-
mission line. A 7 -section model of a transmission line, shown
in Fig. 1 is used for defining the line VSIs.

Let Vi/48;, V. /5, be the voltage phasors at the sending
and the receiving end buses, respectively, and § = &5 — §;.
Sy = Py+jQy, S, = P+ j Q, be the apparent power injec-
tions at the sending and the receiving end buses, respectively.
Yo, ', X, 6 be the shunt admittance, resistance, reactance, and
impedance angle, respectively, of the transmission line. Some
widely used line VSIs are defined below.

Fast Voltage Stability Index (F'V ST) was proposed in [35]
and is calculated for each transmission line as:

4Z2 O
V2x

N

FVSI = (4)

FVSI > 1foralineindicates that one of the buses connected
to the concerned line may experience a sudden voltage drop,
which may finally lead to voltage collapse.

The voltage stability index L,,, has been proposed in [36].
For each transmission line, L, is calculated as (5). L, > 1
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indicates voltage collapse in the system.

4xQ,

Lyn = ———"
" V2sin? (0 — 6)

)

Voltage Reactive Power Index (V Q) has been introduced
in [37]. V QI for any line is calculated as defined in (6),
where y = |1/(r + jx)| is magnitude of the admittance
of the transmission line. Here, V QI < 1 indicates a stable
system and V QI > 1 suggests a voltage collapse.

40,

Vol = V2

6)

Voltage Stability Load Index (V. SLT) is proposed in [38]
and is calculated using (7). VSLI > 1 value exceeding indi-
cates voltage collapse at one of the buses connected to the
line.

VSLI — 4V, V, cos‘8/2— V2 cos 8) D

s

3 Sensitivity analysis

Practically, the load and generation of a power system change
with varying frequency and bus voltage magnitudes. The fre-
quency dependency of the real power output of a generator
can be expressed as:

max

prmax ®)

_ min
Py = Psery — Af, Pgi <Py =

1
where P, and Py, are the actual and set value of active
power generation at bus i, respectively, A f is the frequency
deviation from the nominal value, Pg’”x and Pg,’fi " are a max-
imum and minimum generation at bus i, respectively, and R;
is the regulation constant [39]. Similarly, the loads are con-
sidered frequency and voltage-dependent as:

Piy = Pao, (1 + ki) (@i + b Vi + i V) ©)

Qu = Quo, (1+ KA 1) (af +BVi + [ V2) (10)

where Py, and Qy, are the actual active and reactive power
load at bus i, Py, and Q 40, are the active and reactive power
load for nominal voltage and frequency, respectively, and
V; is the voltage magnitude. Here, a; + b; + ¢; = 1 and
a; + b, +c =1.

At any bus i, active and reactive power balance equations
can be written as:

fpi : Pi
fqi:Qi

— Py + Py =0 a1
- Qgi + Qd,' =0 (12)
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where
n
Pi=V; Y VilGixcos(d; — &) + Busin(8; — 1)} (13)
k=1

Qi =V; Y VilGixsin(; — ) — Bix cos(8i — &)} (14)

k=1

3.1 Linear relationship between bus voltages,
system frequency and reactive power injections

Equation (11) can be re-written as:

P + < n;;tx,) Af + Pa'i = Lyer; (15)

i

Linearizing (15) using first-order Taylor’s series approxima-
tion, we get:

aPi Pmax
—AS$ ) AA
_E 33, k+( R > (Af)

k=1,kss
4 0y 0P npy— (16)
v, e
" 9P
where ) a—A(Sk_ Z (=ViBip) AS  (17)
k=1,kss k=1,kss

Assuming A fAV; = 0, we can write:

P,
8VI AV; = Pyo; (bi +2¢; Vi) AV; (18)
]
P N(Af) = Py (a bV 4V )A(Af)
3(Af) ;i Ki i i Vi i
(19)
Re-arranging (16), we get:
n
> (=Bi) S+ EAAS) +niAV; =0
k=1,k#s
1 [ Puax; 2
where & = vl |: "I;jx + Pgo ki (a,' +b;iVi+ ¢V, )]
Pao,
ni = Vv bi +2¢;V;) (20)

L

Similarly, for the reactive power balance equation (12):

00, 004, 90y
ZmAV '« + 7 AV; + 8(Af)A(Af)
004,

+
9 Quo;

AQu0, = AQy, (21
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Replacing (14) and (10) in (11) and ignoring product of two
incremental change in variables, we can write:

Y 5y A= D0 (“ViBw AV (22)
k=1 ks 0K k=1 ks
aQi / /
— AVi = Quo, (b + 2/ V;) AVi (23)
Vi
04 A(af) = Quok! (af + 07V + V) Aaf)
8(Af) 1l l 1 L1l
(24)
304
oA, = (af + b}V + €/ V?) AQun, (25)
Equation (21) can be re-written as:
. Y / / AQgi
Y BiAVe+HEADD +Y/AQu, = —
k=1,ks#s !
B — By, ifi £k
where B/} = ol dezé .
—Bji + v (bi +2¢;V;), otherwise.
& = 200k &+ by 4 V7)
v = o (@ B+ V) (26)

Writing (20) and (26) for all buses and expressing in matrix
form, we get:

AL A [AS] [o 07[AQ,
[A3 A4] [AV} - |:A5 AJ [A Qd0i| @n

—_ T —_
where AQ, = [AQq, AQq,. ... AQg ] . AQao =
[AQa0,s AQua0,, - --» AQuo, 1", and

—Bj, ifk #s ni, ifi =k
Avjx = . Az = .
&, otherwise. 0, otherwise.
£ ifk=s .
Az =137 Ay = B;
ik 0, otherwise. ik ik
Vi, ifi =k
Asix = l )
0, otherwise.
i ifi =k
Apix =
ik 0, otherwise.

Equation (27) can be re-written as:
|:A§:| — Sgg Sgdo |: A_Qg i| (28)
av] = {55, 5] La0w

s8 88 A AT To o
where | “ds “dao | — |1 2:| [ ] 29
|:S}1)g Sfl{}do:| |:A3 Ay As Ag (29)

Equation (28) establishes a linear relationship between bus
voltage magnitudes, angles and frequency, and reactive
power injections.

3.2 Linear relationship between line powers and
reactive power injections

Let P;; denote the active power flow through line ik, con-
nected between bus i and k. Then,

Pik = gV — Vi Vilgik cos(8; — 8k)
+ biy sin(8; — k) (30)

where (gix + jbix) is the admittance of line ik. Change in
power flow through line i k due to change in the injection can
be determined as:

w opin| A8
APy =[S 87] [Av] (31)

where, for j =1,2,--- ,n
_‘/ibl'k’ lfj =l’.] #S

+Vibir, it j =k, j#s

0, otherwise.

Pik  _
SS 1j —

Similarly, S}*1; = 2g;V; if j = i, and SJ™; = 0 for all
other values of j. Replacing (28) in (31), we can write

APy = [SP*][a0 a0k (32)

Sy Sy

dg ~4do

_ I _ o ep | SS 82
Where, [Slftk] — [Sg;k S;;(l;] , Slflk — [Sghk S{)’lk] [ dg 4d0:|

3.3 Linear relationship between reactive power
injections and voltage sability indices

A linear relationship between the mentioned VSIs and power
injections is expressed as in (33). Here, i represents one of
the VSIs among {L;, FVSI, Ly, VQOI, VSLI}, depend-
ing upon which VSI constraint is used for voltage stability
measurement.

av = s!][a0f a0k (33)
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YRy
SV §Y

where S;// = I:S;/f S;//:I |: dg 4d0:| and

SLi =

vk

SFVSI

FVSI

Linn _—
Svkmn

Lnn
SB

Vol
Ska _

gveor

VSLI
sy

VSLI
S5,
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dg ~4do

(1 + (ZieNg Fj;Vi(cos§ + jsin 3)) V3,

ifk=7j
|1—Fji(cos 8+ sind)/V;]|,
ifk#j, k € Ny

0, otherwise

‘1 — (Zie/\/g F;;iVi(sin§ — jcosS))
ifk=j

Jivi
itk # j.k €N,

0, otherwise

(VYZ 99: v, Q,) JVA, ifk =s
472585 /(X V),
ifk=r

0, otherwise

ZzaQ’/(XVZ) ifk=s
4z2aQr J(XVD), ifk=r
0, 0therw1se

4X(v20Qr _2V,0,) e
—Viama a0 k=S
_4X  30r e
(Vs sin(0—8))2 oV, ° ifk=r.
0, otherwise

4x (in(0—8))2 285420, sin(0—6) cos(0—8)

vz (sin(0—8))4 ’
4x (sin(0—8)2EEE 20, sin(0—3) cos(0—)
vz (51n(9—8))4 ’

0, otherwise

AV2E —2v, 0./ (1BIVY). itk =35
%%:/(|B|VS2), itk =r

0, otherwise

3Qr/(|B|V2) ifk=s
4aQr/(|B|v§), ifk=r
0, otherwise

4cosa<Vs2(v,-fv€172vs<vxvrfv}))’ k=
s

dcos8(Vy —2V,)/ V2, ifk=r

0, otherwise

—4sin8(VyV, — V2 V2, ifk=s
4sin§(VyV, — V2) V2, ifk =r
0, otherwise.

ifk=s
ifk=r

These linear relations are further used to model the con-
straints for the proposed model predictive controller.

4 Controller design

Using the relationship between frequency, voltage and power
injections as presented in Sect. 3, a state-space model of a
power system is derived next.

4.1 State variable representation

The voltage magnitudes at the load buses are taken as state
variable vector x,,, and the output variable vector (y,,) is
taken the same as the state variable vector.

Let G be the participating generators whose reactive power
generations are to be controlled. £ be set of controllable
SVCs. n’, and n); be the number of elements in G and L,

8
respectively. The control input vector u# can be formed as:

”=["'ng'-'l-'~Qd0j-"]T

(1><n;,)

(Ixnl)

where i € £ and j € G. Hence, the total number of control
variables m = (n/, + n;,).

The input matrix By, is formed as [S’U S; do] where S‘;g is
formed by taking the rows corresponding to the participating
generators from S * matrix eliminating all the columns cor-
responding to the generators that are not in G. Similarly, the
matrices Sg ., can be formed by taking rows corresponding
to the load buses of S; = and eliminating all the loads that are
not in £. The state matrices A,,, C,, are identity matrices of

dimension equal to the number of participating load buses.
4.2 Model predictive control

MPC utilizes the system state-space model to predict the opti-
mal control inputs required to reduce the difference between
predicted output and the reference [40].

4.2.1 Objective function

The objective function P1, for voltage control, has two parts.
The first term attempts to minimize the deviation of load bus
voltages from its nominal value and the second term regulates
the size of control inputs.

P1 :minimize Y'WY + AUT RAU (34
AU

where ¥ = [AV (k4 11k) AV (k+2]k) - -- AV (k+ N, k)"
is the predicted voltage deviation at step 1 to N, (prediction
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horizon), AV contains the voltages at the load buses. W is a
diagonal matrix of dimension N, x N, where pth diagonal
element of W matrix can be assigned as:

p—1

Wpp = Wnin + (Wimax — Wmin) (35)
N, —1

p = 1,2,..., Np. Typically, we take wpax > Wpin tO

ensure larger, and hence quicker, change in control input at
the early stage of corrective action. R is an mN, x mN,
dimensional diagonal matrix, with its diagonal element R;;
storing the incremental cost of rescheduling generation or
SVCs at bus i, where m is the number of inputs and N, is the
control horizon.

While minimizing P1, the following set of constraints
must be satisfied.

4.2.2 Limits on incremental change in input

The amount of control input change should be within physical
and operational limits. C1 imposes these practical constraints
on AU.

Cl:Forp=1,2,---, N,

AQP™ < AQy (k+ plk) < AQR™.Vi,ieG (36)

AQU" < AQuao; (k + plk) < AQ™,Vi,i € L (37)

4.2.3 Limits on size of control input

Each generator has a limit on the amount of reactive power it
can deliver. Also, there is an upper and lower limit of reactive
power the SVCs can supply.

c2:Forp=1,2,---, N,

0" < Qg (k+ plk) < Q™. Vi,i € G (38)
Q" < Quao, (k + plk) < Q5™ Vi i € L (39)
4.2.4 Limits on voltage magnitude at the load buses

The load bus voltage magnitudes should be allowed to vary
only within some minimum and maximum threshold values.

Here, NV, is the set of all load buses.

c3:Forp=1,---, N,

V" < Vi(k + plk) < V" Vi, i € Nip (40)
4.2.5 Limits on generator voltage control capability
There is always a minimum and maximum limit on generator
terminal voltage control capability. In the below equation,

AYV; represents ith generator terminal voltage.

C4 :Forp=1,---, N,

4.2.6 Line limit

The constraint C5 ensures that, during rescheduling, active
power flowing in any line / does not exceed a specified line
limit.

c5:vl,l e Npandforp=1,2,---, N,

D Sitt AQg, (k + Nylk)
jeg
+ZS$5;,-AQdo,»(k+Nplk) < AP (42)
jeL

where A/ is the set of lines on which overloading is to be
averted.

4.2.7 Limits on VSls

The constraint C6 ensures that after control action, the VSIs
are within their threshold limit.
c6 Vvl l e Ny

> s;@leQg_,. (k + Nplk)
jeg
+ D S00,A Qa0 (k + Nylk) < Ay (43)
jeL

4.3 Implementation of MPC

The above optimization problem can be expressed in a
quadratic programming form as follows:

Minimize YWY + AUT RAU (44)
AU*

Subject to:

Au™" < Adi(k + plk) < Aul"*
VieNg,p=1,2,--- , N Np=GUL

(45)
W' —u < Ak + plk) < ul" —
VieNp,p=12,---, N, (46)
Vit < Vi Sy Adik+ plk)
ieG
+ D i, Atk + plk)
jeL '

SAVnTaxv VmeN’lbspzl’z"."NC

(47)

@ Springer



2772

Electrical Engineering (2024) 106:2765-2783

AV <N Sy Adi(k + plk)

ieg
+2S};domjAﬁj(k+p|k)
jeL
<AV, VmeG,p=1,2,--- N, (4)

Pi A
> Stk Adig; (k + Nplk)

j€g
+ ) Shis i Ao, (k + Np k)
jeL
<AP, VleNp,p=12,--- N, (49)
VAL
Zngleu](k—i—Np|k)
j€g
+ D Sungy At (k + Nplk)
jeL

<Ay VieNp, p=12-,N, (50)

The first ("é + n/)) elements of AU* are scanned and
applied as corrective control action.

4.4 Remarks

Conventionally, the terminal voltage of the generators is con-
trolled by the Automatic Voltage Regulator (AVR), which
primarily offers local control. The proposed strategy obtains
a global corrective control scheme that determines the desired
settings of the generators’ reactive power outputs and SVC
outputs by considering the entire system equations (11)-
(12). The desired reactive power supply from a generator
can be extracted either by setting Q,, directly or by fixing
the reference voltage (V;.r) of the AVR equal to the voltage
magnitude obtained from the solution of the above optimiza-
tion problem.

5 Case studies

Several case studies are carried out on three test systems,
IEEE 9-bus system, IEEE New England 39-bus system and
IEEE 118-bus to validate the effectiveness of the proposed
approach.

5.1 IEEE 9-bus system

The IEEE 9-bus system contains three load buses {5,6,8}
and three generator buses {1,2,3}. It is assumed that SVC is
available in all load buses, and all the generators have AVR,
which regulates the terminal voltage and adjusts the reactive
power to the magnitude requested by the controller.
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Fig.2 Voltage stability margin for IEEE 9-bus system

Tablg 1 B}Js VSIs near critical VSI Bus-5 Bus-6 Bus-8
loading point
L; 0995 0.763  0.365
I; 0.568 0.713  0.795
Table 2 Line VSIs near critical loading point
VSI Line
6-4 7-5 9-6 7-8 5-4 8-9
FVSI 0.365 0.157 0.000 0.007 1.070 0.425
Lmn 0.337 0.319 0.234 0.119 0.993 0.411
VoI 0.321 0.154 0.005 0.003 1.030 0.411
VSLI 0.406 0.602 0.469 0.154 1.097 0.444

5.1.1 Selection of weak bus

The weak bus is identified by gradually increasing the active
power demand and observing their voltages simultaneously.
The load bus, where the voltage collapses first, is identified
as the weakest bus [3]. It can be observed from Fig. 2 that
at 2.6 times of base-case loading (Py,), the voltage of bus-
5 collapses first. Different stability indices at this loading
condition, presented in Tables 1 and 2, show that the VSIs
associated with bus-5 reach near the threshold values when
the load increased to 2.6 times, indicating it to be the weak
bus.

5.1.2 Voltage control in the presence of different types of
load

In this case study, the performance of the proposed controller
is evaluated and compared in the presence of (1) Voltage
and Frequency Dependent load (VFD load), (2) Frequency-
Dependent, Voltage-Independentload (FDVIload) (3) Voltage-
Dependent, Frequency-Independent load (VDFI load), and
(4) Constant Power load (CP load). The parameters used to
model above four types of load are listed in Table 3.

The proposed MPC-based controller operates when any
one of the mentioned VSIs crosses a predefined allowable
limit, indicating that the system is moving toward voltage
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Table 3 Load and generator parameters

’

Load type ai,a; bi, b;- Ci» C; ki k; Ri
VFD 0.85 0.1 0.05 0.05 1.5
FDVI 1 0 0 0.05 1.5
VDFI 0.85 0.1 0.05 0 100
CP 1 0 0 0 100

Table 4 Initial VSIs and weak bus voltage for different types of load

Load type L; FVSI Lyn VQI VSLI Vs (pu)
VFD 0.5252  0.5824 0.5469 0.5824 0.6077 0.8330
FDVI 0.5675 0.6724 0.6316 0.6724 0.6982 0.8110
VDFI 0.5264 0.5844 0.5487 0.5844 0.6097 0.8324
CP 0.5724 0.6805 0.6390 0.6805 0.7063 0.8091

instability. In all the case studies presented here, the allowable
limit of VSIs is taken as 0.5. If any VSI exceeds 0.5, the
voltage controller is actuated.

To simulate a stressed condition, all loads are increased up
to 2.2 Py,. It may be observed from Table 4 that for all types
of loads, the VSIs exceed the predefined threshold limit with
this loading condition. Furthermore, the voltage magnitude
at the weak bus comes below a safe margin.

The MPC-based voltage controller is then employed to
calculate the optimal values for SVCs and generator reactive
power required to improve the voltage stability of the sys-
tem. The control action is completed in a fixed number of
steps by setting N, No = 5. In each step of the corrective
action, the control inputs are allowed to vary within £5% of
their nominal value. The maximum size of SVC connected
at each load bus is +1.50 pu. The voltages at the load buses
are kept within 0.90-1.05 pu. The terminal voltage of gener-
ators is allowed to vary within £5% of their nominal value.
The maximum active power transfer capacity of each trans-
mission line is capped at 200% of the active power flowing
through the lines in base-case operating conditions. In all the
case studies demonstrated it is assumed that w,,;, = 1 and
Winax = 10°.

The optimal values of the incremental control inputs,
along with the VSIs and the weak bus voltage, in each step
of control action for all the load types are presented in Tables
5, 6, 7 and 8. It may be observed that with each step of con-
trol action, all the VSIs move toward 0. Also, the voltage
of the weak bus gradually improves, suggesting an improve-
ment in voltage stability. Figure 3a—d shows that with each
step of control action knee point of the PV curve shifts
rightward. This indicates that the proposed controller suc-
cessfully enhances the steady-state voltage stability of the
system while ensuring that all the physical and security con-
straints are met.

Table 4 shows that with VFD load, the VSIs get the lowest
magnitude, and the weak bus voltage magnitude is the high-
est, followed by VDFI, FDVI, and CP load. The increase
in VSM after the final control step, shown in Fig. 3a—d, is
also the maximum for the VFD load and least for the CP
load because of the following reason. As the nominal load
(Pgo,) increases, the system voltages and the frequency drop.
For VFD loads, a drop in voltage magnitude and frequency
result in a larger reduction in active power demand ( Py, ) than
with VDFI or FDVI loads, which in turn improves stability
and reduces the values of VSIs. Whereas since the CP loads
are independent of the voltage and frequency changes, no
automatic reduction of demand results during the increase in
nominal load. Also, it may be noted that the absence of volt-
age dependency in loads hampers the proposed controller
performance more than the absence of frequency depen-
dency.

In the above example, we have used the Brute-Force tech-
nique to select the size of the control and prediction horizon.
A lesser value of N, and N, indicate quicker control action.
However, achieving the desired output in a less number of
steps requires a larger incremental change in control input.
Therefore, it may sometimes violate the constraints C1-C6,
and the optimization problem stated in Sect. 4.3 may become
infeasible. On the contrary, a large value of N, and N, gives
a smoother control at the expense of a larger correction time.
We initially chose a small value of N, and N, and solved
the optimization problem. In case the optimization problem
becomes infeasible, the value of the control horizon can be
increased by one, and the problem can be solved again.

5.1.3 Effect on HOPF bifurcation

Studies have proven that along with the Saddle Node Bifurca-
tion (SNB) which is a static bifurcation, dynamic bifurcation
(primarily HOPF bifurcation) may also lead to voltage insta-
bility [2, 4]. HOPF bifurcation occurs before the SNB, and
is a good indicator that system is approaching a voltage col-
lapse. HOPF bifurcation can be calculated by incrementally
increasing the load while observing the eigen values of the
reduced Jacobian matrix of power system. The reduced Jaco-
bian matrix in turn is calculated by linearizing the power
system’s Differential Algebraic Equations (DAE) [41]. The
loading condition at which a pair of eigen values cross the
imaginary axis from left-half plane to right is considered as
the HOPF bifurcation point.

In this subsection, the system is assumed to be initially
operating at a stressed loading condition (2.2 P,y loading).
Figure 4 represents the trajectories of both the HOPF bifur-
cation point and VSM with step-wise voltage control action.
We may observe that following each step of optimal control
both the HOPF bifurcation point and VSM keeps shifting
rightwards, indicating an improvement in voltage stability.
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Table 5 Optimal change (x10~3) in the control input in pu and VSIs in case of VED load

Step (k) AQg, AQ,, AQg, AQgs AQus AQuy Vs L; FVSI Ly VQI  VSLI
1 92.83 48.17 —46.91 —55.00 —33.00 —38.50 0.84 051 0.55 0.51 0.55 0.57
2 —4.64 —42.05 —91.48 —75.30 —45.11 —43.57 0.85 050 051 0.48 0.51 0.54
3 92.59 —75.37 —77.38 —104.50 —62.70 —73.15 0.87 0.48 0.46 0.42 0.46 0.48
4 —9.27 —150.50 —113.50 —148.77 —89.26 —104.14 089 045 0.38 0.35 0.38 0.41
5 —55.59 —204.65 —143.96 —185.61 —111.36 —108.13 092 043 0.31 0.28 0.31 0.33
Table 6 Optimal change (x 103) in the control input in pu and VSIs in case of FDVI load

Step (k) AQg, AQ,, AQg, A Qg AQy A Qg Vs L; FVSI Lyn VQI VSLI
1 99.60 38.57 —50.99 —55.00 —33.00 —38.50 0.82 0.55 0.63 0.59 0.63 0.65
2 —4.98 —57.03 —99.44 —178.07 —39.701 —43.51 0.83 0.53 0.58 0.55 0.58 0.61
3 85.33 35.72 —67.80 —104.50 —62.70 —73.15 0.85 0.51 0.51 0.47 0.51 0.53
4 —23.26 —20.26 —107.89 —148.77 —89.26 —104.14 0.88 0.47 0.42 0.39 0.42 0.44
5 —72.08 —59.48 —142.57 —185.61 —99.01 —104.14 0.90 0.44 0.33 0.30 0.33 0.35
Table 7 Optimal change (x 10~3) in the control input in pu and VSTs in case of VDFI load

Step (k) AQy, AQ,, AQg, A Qg AQys AQug Vs L; FVSI Lyn VQI VSLI
1 90.10 —3.09 —45.31 —55.00 —33.00 —38.50 0.84 0.51 0.55 0.51 0.55 0.57
2 —4.55 —87.98 —88.37 —71.63 —51.11 —43.33 0.85 0.50 0.52 0.48 0.52 0.54
3 89.87 —7.49 —49.73 —104.50 —62.70 —73.15 0.87 0.48 0.46 0.42 0.46 0.48
4 —8.99 —67.55 —85.88 —148.75 —89.26 —104.14 0.89 0.45 0.38 0.35 0.38 0.41
5 —52.92 —99.60 —117.73 —185.61 —106.88 —104.14 0.91 0.42 0.31 0.28 0.31 0.33

Fig. 5 shows the gradual shift in eigen value associated with
Generator 3 toward the left of jw axis with the application of
each step of control action. This proves that the proposed volt-
age controller not only improves the VSM but also increases
the load at which HOPF bifurcation occurs.

5.2 IEEE 39-bus system

In this section, the performance of the proposed controller
is demonstrated on the IEEE 39-bus New England test sys-
tem. Similar parameters are taken for the controller design
as in the 9-bus system case study. Unlike the 9-bus sys-
tem, in this case, we assumed only a set of load buses £ =

{12,15,16,18,21,23-27} have SVCs, and the reactive power is
adjustable for generators at bus G = {33-38} only. These par-
ticipating buses are selected using the sensitivity matrix S,‘f .
Buses with larger SLI,// values are chosen for control actions.

The weak bus was identified using the continuation power
flow technique. Figure 6 shows that the voltage collapse
occurs first at bus-12 at approximately 2.2 P4, loading, indi-
cating bus-12 to be the weak bus and VSM as 2.2 Py,.

With these, the performance of the proposed controller to
improve the stability margin of the system is tested for three
different cases: voltage control from a (1) Case A: stressed
loading condition, (2) Case B: stressed loading condition
along with large disturbance (generator and line outage), and

Table8 Optimal change (x10~3) in the control input in pu and VSIs in case of CP load

Step (k) AQ, AQq AQq, AQu AQq, AQu, Vs L; FVSI  L,, VQI  VSLI
1 10048 39.78 —51.57 —55.00 —33.00  —38.50 082 055  0.63 059 063 0.6
2 -5.02 -56.85  —100.57  —55.00 —33.00  —38.50 083 054 059 055 059 0.6l
3 86.41 36.94 —68.98 —10450  —62.70  —73.15 085 050 051 048 051 054
4 —23.17  —1505  —109.50 —148.77 —89.26  —104.14 087 047 042 039 042 045
5 —72.09  —53.18  —14455  —18561  —9832  —10414 090 044 033 030 033 035
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Fig.7 Voltage control for IEEE 39-bus system (Case A)

The optimal change in per-unit reactive power genera-
tion settings and per-unit reactive power demand with the
sequential control input change at some of the participating
generator and load buses are shown in Fig. 7a, and b, respec-
tively, and the resulting voltage profile of some network buses
and the VSIs are shown in Fig. 7c, and d, respectively. It may
be observed that the voltage profile of all buses is improved
in a step-wise manner; also, all VSIs reduce sequentially and
finally settle to a value that is within a pre-defined threshold.

5.2.2 Voltage control from a stressed loading condition in
the presence of large disturbances

In this section, two different scenarios are generated to test
the performance of the proposed controller in the presence
of large disturbances. In the first case (referred to as Case
B1), line 2-3 is disconnected from the system while loading
increased to 1.27 Py,. In the second example (Case B2), the
generator at bus-34 is removed after increasing the load to
1.27Py,.

The change in VSM due to contingency is shown in Fig.
8a. The line outage results in a decrease in VSM from 2.2 to
1.9P,4,. The proposed controller is invoked to find the opti-
mal settings of reactive power generation and SVC outputs.
Figure 8b shows that even after a line outage, the controller

@ Springer

Sequence

(d) Stability indices

actions bring back the system voltages and VSIs within their
safe operational limits.

Case B2 demonstrates the controller performance when
there is a generator outage along with a load change. On out-
age of a generator, the remaining generators increase their
reactive power outputs to match the load demand. However,
the reactive power output of a generator is limited by Over
Excitation Limiters (OELs), thus creating a shortage of reac-
tive power in the system, resulting in a voltage drop or voltage
instability. The resulting change in VSM due to the outage
of the generator at bus-34 is shown in Fig. 9a, where there
is a sharper decrease in VSM from 2.20 to 1.78 Py, (23.6%
decrease) as compared to a 14% decrease in case of a line out-
age (Case B1). This situation demands stricter control actions
to avoid voltage instability. The change in VSIs due to the
change in control input is depicted in Fig. 9b. Similar to Case
B1, all the VSIs reach the desired range after incorporating
the corrective actions.

5.2.3 Voltage control in the presence of small disturbances

In Case C, the loads in the system are initially increased
to 1.25P,, and the proposed voltage controller is invoked
when the FVSI crosses a pre-defined threshold. To examine
the robustness of the proposed controller, the active power
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Fig.8 Performance of the controller during line outage (Case B1)

demand of the system is increased by 5% in the middle of
the control action (k = 2). Although the voltage magni-
tude of bus 12 increased after the implementation of the first
step of the control action, due to the intermediate increase in
load, the bus voltages reduced, and the FVSI increased again
at this moment (refer to Fig. 10a and b). As the proposed
model predictive controller rebuilds the state-space model of
the power system at the beginning of each step, the effect of
any intermediate disturbance in the network is automatically
included while formulating the sensitivity matrices described
in Sect. 3. Figure 10a and b shows that voltage magnitudes
and the FVSI finally settle to the desired ranges, as defined
by the constraints C3 and C6, irrespective of intermediate
disturbances. It may be clarified here that a large intermedi-
ate disturbance (contingency or load change) may demand
longer corrective action to achieve the desired response. This
can be accomplished by increasing the control horizon as per
need.
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Fig.9 Performance of the controller during generator outage (Case B2)

5.2.4 Voltage control in absence of sufficient reactive
power support

In this section, the controller’s performance is tested under
three different scenarios:

e Case DI: All loads increased to 1.5 P;g. Reactive power
output supplied by any generator or SVCs does not satu-
rate.

e Case D2: All loads increased to 1.5P;0 and reactive
power output from a generator is saturated, however reac-
tive power output supplied by any SVC does not saturate.

e Case D3: All loads increased to 1.5P;0 and Reactive
power output from a generator as well as a SVC is satu-
rated.
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Fig. 10 Performance of the controller in the presence of intermediate
change in load (Case C)

In all the above three cases, the reactive power limits of
generators and SVCs are set by including constraint C2 in
our optimization problem.

The simulation of Case D1 is similar as presented in earlier
sections, and the results are shown in Fig. 11. The variations
in reactive power outputs of generator at bus 38 and SVC
at bus 15 are shown in Fig. 11a and b, respectively. It may
be observed that the reactive power outputs of neither the
generator nor the SVC is saturated. The resulting voltage
profile of a few buses are shown in Fig. 11c.

In Case D2, along with the load increase it is also assumed
that the reactive power output of the generator at bus 38 is
saturated as shown in 12a. However, it is assumed that reac-
tive power supplied by the SVCs does not saturate. This case
is implemented by tightening the upper reactive power limit
of Generator at bus 38 from 1.8 pu to 1.75 pu, while keeping
the reactive power limits of SVC similar as Case 1. Under
this scenario, the shortfall in system reactive power require-
ment is fulfilled by the remaining generators and SVCs as
shown in Fig. 12.

Another scenario is explored in Case D3 where, along
with the load increase and reactive power saturation of the
generator at Bus 38, it is assumed that the reactive power out-
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put of the SVC installed at bus 15 also saturates, as shown
in Figs. 13a and b, respectively. This further widens the gap
between reactive power demand and production. In this case,
we tighten the reactive power limits of both the generator
(Bus-38) and SVC (Bus-15). The remaining generators and
SVCs reactive power output is insufficient in filling this gap.
Thereby, as a final measure, the proposed algorithm recom-
mends load shedding at some load buses (buses-6,9,10) to
reduce the demand of reactive power as shown in Fig. 13c.

In the above three cases, constraint C2 restricts the control
input to change beyond the given limit and hence load-
shedding is employed whenever needed. These case studies
demonstrates the proposed controller’s robustness even in the
absence of sufficient reactive power support.

5.2.5 Voltage control considering dynamics

In the previous section, we ignored the dynamics of the power
systems. Practically, any change in control input is followed
by some oscillations in voltage phasors before they settle to
new values. In this section, we demonstrate a case study in
which we create an initial disturbance at # = Os, by chang-
ing the loading condition to 1.3 P;9. As a result, the VSIs
cross their threshold and control actions are initiated. The
voltage magnitudes of a few load buses are shown in Fig. 14.
The proposed MPC-based controller determines the optimal
change in control input, assuming a linear state-space model
as described in Sect. 4. The prediction and control horizons
of the controller are selected as N,, No = 10. The con-
trollers reschedule the SVCs and generation settings in steps
monitoring the oscillations in voltages. A new control action
is executed only when the transients in voltage have settled
down [42]. The dynamics of the power system are simu-
lated using the Simultaneous-Implicit method. In each time
step, differential equations of the synchronous machines are
integrated numerically and then active and reactive power
balance equations at all buses are solved simultaneously
using Newton’s method [41]. While simulating the dynamics,
the loads’ voltage and frequency dependencies are consid-
ered explicitly. It may be observed from Fig. 14, at the end of
final control step (k = 10), all load bus voltages are within
their threshold limits.

5.3 IEEE 118-bus system

This section demonstrates the performance of proposed con-
troller on the 118-bus test system. Figure 15 shows that the
voltage collapse occurs first at bus-44 at 3.27 P;o loading,
indicating that bus-44 is the weakest bus and VSM is 3.27 P.
Here, the controller’s performance is evaluated in presence of
several line outages along with a stressed loading condition.
Lines 5-11, 18-19, 37-40, 56-58 are disconnected from the
system and all loads are increased to 2.1 times of base case
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Fig. 12 Voltage control for IEEE 39-bus system (Case D2)

sators (Qq4)

values. As a result, there is a 12% decrease in VSM which
is shown in Fig. 16. The stability indices cross their thresh-
old limit thus control actions are initiated. Figure 17 shows
the step-wise corrective actions performed by the proposed
controller to enhance the system’s voltage stability. It is to
be noted that here also, only the buses with larger sensitivity
values are chosen for providing reactive power support.

5.4 Comparison with existing methods in literature

To demonstrate the effectiveness of the proposed control
technique, its performance is compared against a preven-
tive control technique proposed in [15], and a Fuzzy logic
controller reported [22]. Here, only the control philosophies
of the above-mentioned works of literature are used while
comparison. To maintain uniformity in comparison, simi-
lar control variables and load types are assumed for each of
the controllers. The performances of the control mechanisms
are compared w.r.t. the post-control VSIs magnitudes and the
weak bus voltage for the IEEE 39-bus system. To initiate a
stressed condition, all loads are increased by 1.27 times. The
initial values of VSIs and the weak bus voltage magnitude
are shown in Table 9. Table 10 shows the post-control indices
values for each of the control techniques considering differ-
ent types of load. It may be observed that compared to the
other two control techniques, on implementing the proposed

Sequence Sequence

(c) Voltage profile

MPC-based control technique, the V,,;, is the highest and
VSIs have the lowest magnitudes for each load type. The
proposed technique achieves a superior result as it explicitly
builds the state-space model of the entire power system in
each stage of control actions, and incorporates the change
in operating conditions due to the change in control inputs
during corrective action.

5.5 Computation time

All the simulations were performed on a PC with an Intel i3
processor, 4 GB RAM, and 64-bit operation system and the
control technique was implemented in MATLAB R2017b.
The computing time required for a single step of control
action along with the time for complete control action (5
steps) is calculated for each of the test systems. After con-
ducting the experiment 50 times, the best, average, and worst
case computing time was noted and is shown in Table 11.
It may be observed that the mentioned computational time
makes the control technique suitable for real-time applica-
tions. Also, the computational time depends upon the PC
configurations and thus can be improved if a PC with a higher
configuration is adopted.
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Fig. 14 Dynamic voltage control in IEEE 39-bus system

6 Scope and limitations

This study aims to develop an MPC-based voltage con-
troller which ensures voltage stability in a power system by
optimally scheduling the reactive power output of those gen-
erators and SVCs which are most sensitive to voltage and

@ Springer

Fig. 15 Voltage stability margin for IEEE 118-bus system

frequency variation. Various operational and physical con-
straints are added while solving the controller’s optimization
problem. The controller’s performance is also evaluated for
different types of loads and contingencies.

For larger power systems, the size of state-space model
and the number of constraints to be included also increases.
This leads to an increased computational complexity while



Electrical Engineering (2024) 106:2765-2783

2781

1 1.5 2 25 3 3.5
Load Multiplier

Fig. 16 Voltage Stability Margin for 118-bus system after line outage

evaluating the optimal control inputs. Addressing this chal-
lenge may necessitate the allocation of additional computa-
tional resources, potentially incurring higher costs. Also, the
integration of renewable energy to the existing power system
may introduce uncertainty which may lead to voltage insta-
bility. This impact of RES integration has not been explored

Bus 1
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Bus 110

6l :' Bus 116

Table9 Weak bus voltage (in pu) and stability indices before incorpo-
rating control action

Load Type Vinin FVSI Lyn VQI VSLI
VFD 0.845 0.601 0.598 0.601 0.603
FDVI 0.836 0.639 0.636 0.639 0.641
VDFI 0.841 0.589 0.587 0.589 0.590
CP 0.836 0.640 0.637 0.640 0.642

in this research work and can be considered as a future direc-
tion of this research.

7 Conclusions

In this paper, an MPC-based voltage controller is pro-
posed, which, by taking optimal control actions, ensures that
the voltage stability of the system is maintained at all times.
The generator’s reactive power output and SVC are assumed
controllable. A sensitivity analysis is performed to estab-
lish linear relation between the voltage phasors and control
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Table 10 Comparison of weak

bus voltage (in pu) and stability Load Type Control Technique Vinin FVSI Ly VQI VSLI
indices obtained after VFD Preventive Control(14] 0919 0353 0351 0.349 0351
incorporating different types of
control actions Fuzzy Controller!?"] 0.907 0.357 0.357 0.358 0.354
Proposed Controller 0.923 0.345 0.343 0.345 0.347
FDVI Preventive Controll!4! 0.903 0.390 0.392 0.393 0.393
Fuzzy Controller!?! 0.897 0.399 0.403 0.402 0.405
Proposed Controller 0.910 0.387 0.386 0.387 0.390
VDFI Preventive Controll!¥! 0.907 0.371 0.368 0.369 0.370
Fuzzy Controller?! 0.901 0.375 0.373 0.372 0.376
Proposed Controller 0.918 0.362 0.360 0.362 0.363
Cp Preventive Controlt4! 0.897 0.413 0.411 0.413 0.410
Fuzzy Controller!3*! 0.886 0.421 0.421 0.419 0.423
Proposed Controller 0913 0.379 0.378 0.379 0.382
Table 11 Computational time for the proposed control technique (50 References

trials)

System Type One-step (ms) Cumulative (ms)
9-bus Best 31.68 168.33

Average 34.68 175.46

Worst 39.68 187.41
39-bus Best 63.37 323.11

Average 67.98 352.14

Worst 71.45 393.17

inputs, and from that, a state-space model for the controller
is derived. The optimal sequence of control input is deter-
mined by solving a quadratic optimization problem. Some
commonly used VSIs are used to evaluate the system volt-
age stability. The control actions are taken only when any of
the VSIs exceed its threshold; linear relation between VSIs
and control inputs is derived, which helps to model the VSIs
as constraints of the optimization problem. The controller
reschedules the generator’s reactive power and calculates the
optimal SVC output required to improve the system voltage
profile and restore the VSIs within a predefined threshold
limit. Several case studies are performed on different test
systems to validate the proposed approach. The performance
of the proposed voltage controller is tested in the presence of
different types of loads and contingencies. The performance
is found to be the best when there is voltage and frequency
dependency in the load. The VSI magnitudes and the VSM,
before and after the control actions, are compared, and it sug-
gests that the proposed controller is successful in improving
the system voltage stability in each of the mentioned case
studies.
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