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The primary objective of this study is to conduct a comparative evaluation of traditional
Volt-VAR control strategies and adaptive gain-scheduled strategies. Modern distribution
networks face significant challenges regarding voltage stability, especially under stressed
loading conditions. In this study, the IEEE 33-bus system was utilized as a benchmark.
Both traditional and adaptive control strategies using MATLAB and MATPOWER
software have been used in this work. The proposed adaptive approach utilizes a gain-
scheduled control mechanism supervised by a stability-margin index, allowing the
controller to adjust its parameters dynamically based on the system’s operating state. The
simulation results demonstrate that the adaptive controller significantly outperforms the
traditional fixed-parameter approach. Key findings include an increase in the minimum
system voltage from 0.9038 p.u. to 0.9491 p.u., reduction in the number of weak buses
from 21 to only 3, an enhancement of the stability margin to 1.0981, and the reactive power
losses showed a slight increase. Finally, the adaptive gain-scheduled control is also

considered a more robust solution than the existing method.

1. INTRODUCTION

The growth of renewable energy sources (RESs) like
photovoltaics (PV) or wind systems has led to the
revolutionization of the current grid [1]. These new resources
increase sustainability but create issues like intermittency of
supply, poor ability to provide reactive power, bidirectional
power flow, and voltage control, leading to a voltage
instability problem, especially in systems with a higher ratio
of resistance to reactance (R/X) [2]. Voltage stability has
become an important challenge to overcome in the operation
of these new energy supplies. The lack of proper reactive
power supply under stressful network loading can cause
voltage problems or even voltage collapse, and therefore it is
crucial to ensure adequate voltages at all times. Some of the
analytical techniques used for this task include load-flow, V-
Q modal analysis, and continuation power flow (CPF)
methods. [3]. Compensation of reactive power using Volt-
VAR control has shown great promise as an approach to
voltage control. However, traditional Volt-VAR control
depends on fixed gains and system properties, limiting
performance under different operating conditions [4]. An
alternative approach that can improve such performance
limitations is the use of adaptive control, which allows gains
to be changed dynamically depending on system conditions
[5]. In this regard, an adaptive gain-scheduling Volt-VAR
controller with supervisory stability margin modulation is
proposed as a framework to enhance the performance of
reactive power compensation. Local adaptive gain-scheduling
control with supervisory control using voltage stability margin
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improves both reactive power support and the robustness of
the system under stress [6]. IEEE 33-bus radial distribution
system is used as a test case because of its poor voltage quality
properties. The work involves analysis to identify weak buses
based on V-Q modal analysis and system stability assessment
using CPF, in addition to a comparison between traditional and
adaptive controllers. It further investigates the benefits of
increasing control buses and raising reactive power limits to
show that distributed control of multiple buses outperforms
high reactive power levels [7].

2. RELATED WORK

Ren et al. [8] proposed an extremum-seeking adaptive
droop-based Volt-VAR control strategy for model-free
voltage regulation. The method improves voltage support and
reduces power losses using local ~measurements,
outperforming conventional droop control with adaptability
under varying operating conditions. Arnold et al. [9] proposed
decentralized, model-free adaptive control of inverter-based
distributed energy resources and validated it on IEEE 37- and
8500-node test feeders. Its main strength is communication-
free adaptation that mitigates adverse interactions among
inverter controls. Unlike that framework, the present study
keeps the same Volt-VAR characteristic for both cases and
isolates the effect of bounded gain-scheduling with stability-
margin supervision. Cheng et al. [10] developed a
communication-free self-adaptive local voltage controller that
updates droop slope and intercept from local voltage
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measurements, with analytical stability and convergence
properties. In contrast, the present method keeps the Volt-
VAR breakpoints fixed and adapts only a bounded
multiplicative gain, supplemented by stability-margin
supervision. Lumina et al. [11] presented a PV controller
design based on an adaptive Volt-VAR algorithm for voltage
stability in power systems. The proposed controller monitored
voltage variations and dynamically regulated reactive power
injection through inverter-based Volt-VAR control to
maintain system voltage within acceptable stability limits. The
adaptive scheme was successful in enhancing voltage
recovery, reducing losses, and improving voltage stability in
dynamic environments. From simulations, the adaptive Volt-
VAR controller was able to raise bus voltages from critically
low levels to stable operating ranges. This indicated better
performance compared to traditional voltage regulation
schemes. Murzakhanov et al. [12] optimized inverter Volt-
VAR rules subject to nonlinear dynamic-stability conditions
and demonstrated the design on an IEEE 141-bus feeder. The
method provides stability-aware rule design but requires a
feeder model and an offline optimization stage; the present
method instead preserves the conventional Volt-VAR curve
and adds bounded gain-scheduling with stability-margin
supervision. Doni et al. [ 13] analyzed voltage stability in radial
power networks through shunt capacitor placement for
reactive power compensation. The technique, employed on
IEEE 33 and 69-bus systems, managed to raise the minimal
voltage level from 0.9131 p.u. to 0.95 p.u. while decreasing
power losses by approximately 22%. Although the procedure
is effective, it is not adaptive in different operating conditions.
Notwithstanding these developments, very little research
effort has been made into incorporating adaptive gain-
scheduling in supervisory stability margin controls and multi-
bus coordination.

3. RESEARCH CONTRIBUTIONS

The following is an outline of the contributions made by this
research work:

-A comparison between traditional and adaptive gain-
scheduled Volt-VAR controllers is conducted in stressed
conditions.

-Two-layer control is introduced by integrating adaptive
gain-scheduling and supervisory stability margin modulation
control.

-Reactive power control at distributed multiple buses is
utilized for better voltage regulation than single bus
compensation.

-The impact of the number of control buses and the limit on
reactive power is considered to achieve better voltage control
across the entire network.

-The introduced adaptive control outperforms the traditional
controller by minimizing weak buses by 50% and increasing
stability margin and minimum voltage.

4. SYSTEM DESCRIPTION AND PROBLEM
FORMULATION
4.1 System description

This section presents the test system, operating scenarios,
and simulation framework used for voltage stability
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assessment and controller comparison. The analysis is carried
out in MATLAB/MATPOWER using the IEEE 33-bus radial
distribution system as a benchmark network. The IEEE 33-bus
system is widely adopted in studies of voltage regulation, loss
minimization, and reactive power compensation. It consists of
33 buses and 32 radial branches. Since the network is radial
and has an R/X ratio that is high, it makes it very sensitive to
changes in load conditions and reactive power shortage, thus
making it ideal for voltage stability analysis [14]. The system
is analyzed under stressed operating conditions in order to
detect voltage weaknesses and to assess the efficiency of
reactive power injection.

4.2 Selection of control buses and statement of problem

Buses for control are chosen depending on voltage
weaknesses, modal participation analysis and dynamic
changes of weak bus locations in case of reactive power
compensation. For implementation purposes, multi-bus
reactive power support is used at buses 18,33,32,16,30 [15].

The problem being tackled in this paper is improving
voltage stability by providing more reactive support under
stressed operating conditions and voltage violation
minimization. This was achieved through comparison between
Volt-VAR controller and an adaptive gain-scheduled
controller.

4.3 Base-case and stressed-case formulation

Two scenarios are defined as the base-case and stressed-
case. The base-case describes the initial loading scenario of the
IEEE 33-bus test system that would be used to compute the
initial voltage profile. Voltage profiling is done using load
flow analysis to identify important metrics such as minimum
voltage (Vmin), active and reactive power losses (Pioss, Qloss),
and the total number of buses beiow 0.95 per unit. The stressed
case describes the loading scenario designed to simulate the
proximity of the system to voltage instability. This is achieved
by loading the system up to a point where the loading factor is
1.10, plus an extra factor of 1.03 on downstream buses. This
strategy is chosen based on the greater vulnerability of distant
buses to voltage fluctuations in radial networks. The stressed
system is then analyzed through load flow analysis.

This model is essential in ensuring a uniform standard of
evaluation of controller performance since both the
conventional and adaptive controllers are subjected to similar
stresses[16].

4.4 Software programs used in this study

Program 1: Load-flow analysis

Power flow analysis is conducted through the use of Newton
Raphson (NR) method through MATPOWER. The equations
solved by the method are those representing power balance at
each node:

Pi= ViYj=1" V; (Gicos 65+ Bjsin y) (D

Qi= V;Yj=1" V;(Gysin 85— Bjcos 6y) 2)

NR method is chosen as it is more numerically stable and
provides the Jacobian matrix necessary for voltage stability
studies. While forward-backward sweep is normally used for
radial systems, NR provides consistency regardless of



operation mode and further facilitates V-Q modal analysis.
NR Method relies on an iterative solution based on Jacobian
representation [17]:

[AP] = [ f][A8]
[AQ] = [ /A][AV]

3)
“4)

Load flow analysis results form the starting point in the
diagnosis procedure where the voltage instability is detected,
and the weakest bus is determined according to the minimum
voltage criterion:

Vinin = mln( V]) (5)
Program 2: V-Q modal analysis

V-Q modal analysis is used in detecting weak buses by
applying voltage stability considerations rather than mere
voltage levels. It makes use of the reduced Jacobian matrix,
which represents how variations in reactive power influence
voltage levels:

AQ = JrAV (6)
The reduced Jacobian is derived from the NR Jacobian:
Jr=Ji— BA7LL (7)

Voltage stability is assessed through eigenvalue analysis:

JrRDi= Ai®Di ®)

A small value of 2,,;» indicates weak voltage stability. In this
study, the obtained value An» = 0.0215 confirms that the
system operates under stressed conditions.

To identify the most critical bus, participation factors are
used:

Pri= Prithix 9)

The weak bus is determined as the one with the highest
participation factor in the critical mode. The analysis identifies
Bus 18 as the most critical bus, which is consistent with load-
flow results.
Program 3: Continuation power flow

CPF is used to evaluate the voltage stability margin and
determine the voltage collapse point by tracing system
behavior under increasing load. The loading model is
expressed as:

P = Poo(1+2) (10)

@A) = o(1+2) (11

The maximum loading factor (Ama) is the upper limit of the
system's loadability, whereas the voltage at the nose of the
collapse curve is referred to as Vyose.

The CPF method generates important features such as the
P-V curve of the weak bus, the minimum voltage as a function
of the loading factor, and the active power loss as a function
of loading.

The outputs of CPF are complementary to the load flow
analysis and the V-Q modal analysis because they provide a
measure of the system's stability margin, whereas the latter
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determine the voltage violation points.
Program 4: Traditional Volt-VAR controller
The classic Volt-VAR control system operates on the basis
of a predefined piecewise linear function of bus voltage and
reactive power output. Reactive support is offered when bus
voltage is low while reactive power absorption takes place
when bus voltage is high [18]:
Q= A1) (12)
To ensure practical operation, the control signal is
constrained within reactive power limits:

QminSQS Qmax (13)
and a rate limiter is applied to prevent abrupt changes:
AQ(k) = Q(k) — Q(k — 1), [AQ(K)| < A (max (14)

The traditional controller is used as a baseline for
comparison, and its performance is evaluated in terms of
voltage profile, reactive power support, and stability margin.

The procedures of the traditional method is given in Figure
1.

Program 5: Adaptive gain-scheduled Volt-VAR controller

The proposed controller preserves the conventional Volt—
VAR structure while incorporating two adaptive layers: (i)
local gain-scheduling based on voltage error, and (ii)
supervisory modulation based on the estimated voltage
stability margin. Multi-bus reactive support is applied at
selected control buses.

The adaptive control law is defined as:

e(K) = Vrer — V(K) (15)
Qadp(K) = K(k) G (k) (16)
Craw(K) = Lmargin(K)K(K) Guv (k) (17)

where, K(k) is the bounded local adaptive gain and Smargin(k)
is the supervisory stability-margin factor [19]. The
implemented values are Ko = 1.00, Kuin = 0.80, Kmax = 2.00,
ehigh = 0.05, ejow = 0.015, yyp = 0.35, and ydown = 0.08, with a
voltage deadband of 0.99—-1.01 p.u.

For V(k) < 0.99 p.u., the gain increases by yup[e(k) — €nign]
when e(k) > enigh and decreases by Ydown[€low — €(k)] when e(k)
< elow. Inside 0.99-1.01 p.u., K is relaxed toward Ko; above
1.01 p.u., it is reduced in proportion to the voltage excess.

The supervisory factor is fmargin = 1.35 for M(k) <0.08, 1.15
for 0.08 < M(k) < 0.18, and 1.00 otherwise. After each
update, K is clipped to [Kmin, Kmax]. The final reactive-power
command is saturated and rate-limited:

Qmin < Q < Qmax, ‘AQ(k)| < A(Qmax (18)

Gain clipping, reactive-power saturation, the AQmax = 0.05
MV Ar/step rate limit, and deadband-based relaxation prevent
unbounded gain growth and abrupt iteration-to-iteration
changes while retaining stronger support under undervoltage.

4.5 Expansion of control-buses and reactive power limits

In the present study, both control-buses and reactive power
limits are considered as desisgn variables, which play a vital



role in improving the voltage stability. The control-buses have
been expanded to a multi-control bus system: 18,33,32,16,30.

This expansion has been done on account of relocation of
weak bus location after reactive compensation, which
indicates that the voltage instability has been shifted to another
bus [20].

‘ Load IEEE 33-bus system and define asttings ‘

ctriBuses, V1-V4, Qmax/Qmin. nSteps. maxDelta. load factors

‘ Create stressed operating condition ‘

Scale P and Q loads and apply tail-extra stress to downstream buses

Run Newton-Raphson load flow using MATPOWER
Compute bua voltages. Vmin. Ploss. Qless. and violations

‘ Identify weak buses and voltage violationa ‘

Monitor buses below 0.05 p.u. and selected control buses

Estimate voltage atability margin ‘

Uae Vmin, vi

, and losses to

1

‘ Select supervisory gain based on margin ‘

margin

Low margin: high gain | Medium: mid gain | Normal: nominal gain

‘ Apply traditional Volt-VAR rule with fixed V1-Vd ‘

Calculate reactive power injection for each controlled bus

‘ Apply @ limits and rats limiter ‘

Clamp Q within Omin/Omax and restrict change by maxDeltaQ

‘ Run load flow again after @ injection ‘

Update V profile, lossee, Q history, and margin history

'

Decision: k<n
Steps 7

‘ store final results ‘

Voltage profile, Q injection, losses, violations, and margin

| Flot cutputa

Figure 1. Flowchart of the traditional Volt-VAR controller
with supervisory stability-margin mechanism

4.6 Objective function and performance indices

The objective function of this research work is to maximize
voltage stability by improving voltage profile, reducing losses
and minimizing stability margin. The above objectives can be
represented mathematically in form of multi-objective
function as follows, min [ N (V <0.95), Pioss, Qioss], max [Vmin,
M(k)]. Performance evaluation is based upon normalized
improvement indices for voltage stability, losses, and weak
bus as follows:

Voltage Improvement (%) = (Vhew — Voase) / Vhase (19)
X 100%

Loss Reduction (%) = (Fase — Prew) / Phase X (20)
100%

Weak Bus Reduction (%) = (Mefore — Natter) /

MNoefore X 100% (21)
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)

1. Initialize MATLAB environment
cle; clear; close all; Load MATPOWER and constants

¥

2, Set controller settings

caseName, ctriBone; V1,V2,V3, V4, Qmax,Qmin; cSlope; maxDeltaQ;

loadFactor, tail VarFactor; Vref

¥

3. Sct adaptive and margin parameters
KO0, Kmin Kmax; ¢_high,c low; gamma u, gamma _ aGrow, deadband
limits; margin_threshold; beta gains

¥
4. Build system 5. Run base and 6. Initialize loop
Load case file stressed cases variables
Add units-bus Base-case power flow aCdt, gPrev=0
reactive support Create stressed case K>0 for each control
Build margin Stressed case power bus
calibrators flow Initialize history
mys
2
7. Loop condition: Is lotep < nSteps?
YES -+ continue to adaptive control loop
NO ~ go to final results
)
8. Run power flow with current gPrev
Measure V&Mcasure at controlled buses
Estimate voltage stability margin
I margin-based and adaptive gain decisions I
v
I 9. Sclect margin modulation factor fMargin l
L]
If margin < Else if margin € Else
margin_low margin_mid pE
PMargin = beta_high | pMargin =beta mid | PMarsin = beta_nom
]

10. For cach control bus i

Compute qBias from Vbin-VAR curve
Compute voltage error e = Vref - VMeasured(i)

]

[

11. Adaptive gain update K(i)

Case A : VMeasured(i) < Case B: deadband_low < Case C:
low VMeasured(i) < VMeasured(i) >
deadband_high deadband_high
Ife > c_high:
Increase gain 0;::0“’“ anad
K(i)*K(i)-gamma_u*e Relax gain toward nominal Tease gain
— khigh value according to
K(iy=K(i)- \'oha_gc excess
Elscife<c_low: gamma_dow*0.5*(K0-K(i)) Kf‘)"K(l.)' N
Decrease gain gamma_down n(;mw
K(i)=K(i)- *(VMeasured(i)-
gamma_d*aGrow*(c_low-¢) deadband_high)
)
Q calculation, power-flow update, saved histories, final results I
v
12. Limit adaptive gain 13. Compute new reactive power
K(i)=max(Kmin, min{Kmax, K(i))) qNew(i)=fMargin x K(1) x gBias
k3

14, Saturate gNew 15. Apply rate limiter 16. Final saturation
Limit within dq-qu.cw - Ghrov Keep qNew inside
[Qmin,Qmax] Lantd! [Qmin,Qmax]
qNew=gPrev+ dq
(2
17. Run PF with 18. Save histories 19. Update
gNew vCBuffer, vMBuffer, qPrev=qNew
Update ~_loadHist, Proceed 1o next
pfLast = pfNew qHist, kvosidHist, kHist, iteration
marginHist
If iteration
completed ?
| Print final system result |

Figure 2. Flowchart of the adaptive gain-scheduled Volt-
VAR controller

4.7 General computational approach

The general computational approach is described below:

IEEE 33-bus test system is loaded using MATPOWER.

Base-case load flow is performed.

Stressed case is generated by use of load and tail extra
factors.

Stressed-case load flow is carried out.

Weak buses are determined by using the voltage profile.

Perform V-Q modal analysis using reduced Jacobian,
eigenvalues, and participation factors.

Perform CPF analysis to derive P-V curve, margin of
loading, and the nose point.



Determine initial and expanded control-bus set.

The Traditional Volt-VAR controller is used.

Application of the adaptive gain-scheduled Volt-VAR
controller with stability-margin modulation.

Voltages, losses, weak buses, reactive power injection, gain
evolution, and stability margin are recorded.

Compare the performance of the controllers using the
selected indices.

All controllers will be analyzed under the same network
configuration, stressed operating conditions, control buses,
reactive limits, and performance indices.

The procedures of the adaptive method are given in Figure
2.

5. RESULTS AND DISCUSSION

The results are organized from the uncontrolled benchmark
to the controller comparison and robustness evaluation.

5.1 Base-case load flow

Figure 3 shows the voltage profile for the IEEE 33-bus
distribution network under base-case loading, where the graph
represents the relationship between bus number and bus
voltage (p.u).

Voltage Profile using MATPOWER

o o =
& 2 8 8 8

° o o2 o 9
£ 8

Voltage Magnitude (p.u.)
8

e
©
N

e
©
-4

£

©

=]
o
2]

15
Bus Number

Figure 3. Voltage profile of the IEEE 33-bus system under
base-case condition

The result of IEEE 33-bus system (MATPOWER) are listed
in Table 1.

Table 1. Load flow results of IEEE 33-bus system

(MATPOWER)
Parameter Value
Power flow status Converged successfully

Minimum voltage bus 18
Minimum voltage (p.u.) 0.903781
Total real power loss (MW) 0.210981

Total reactive power loss

(MVAP) 0.143124

Buses beiow 0.95 p.u. 21

Note: p.u. = per unit; MW = megawatt; MV Ar = megavolt-ampere reactive.

From the table and figure above, it can be observed that Bus
18 is the most vulnerable bus with minimum voltage equal to
0.9038 p.u. This suggests that there is severe voltage
instability, and hence, the reason for the selection of this bus
for subsequent analysis and control design. Also, 21 buses
have voltages lower than 0.95 p.u., suggesting the prevalence
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of under-voltage conditions rather than isolated cases.
Moreover, the active power losses in the network amount to
0.21098 MW, pointing towards inefficiency. All these
outcomes suggest that the base case system functions close to
undesirable voltage levels and needs reactive power
compensation.

5.2 Identification of weak buses based on V-Q modal
analysis

Figure 4 displays the participation factor distribution
corresponding to the lowest eigenvalue of the reduced
Jacobian matrix, linking bus numbers and participation
factors.

o Participation Factors for the Smallest Eigenvalue

e o o °
g o o -
3 © =]

Participation Factor

o
°
]

]

0 5

o

10 15 20

Bus Number

Figure 4. Participation factor distribution with respect to bus
number for the smallest eigenvalue

Eigenvalues of Reduced Jacobian J,

0.8

0.6

0.4

Imaginary Part
s
o o

&
=

&
>

a0
o »

20 30 40
Real Part

50 60

Figure 5. Eigenvalue distribution of the reduced Jacobian JR
in the complex plane

Figure 5 displays the eigenvalue map of the reduced
Jacobian matrix JR shown in the figure above demonstrates
the correlation between the real and imaginary parts of the
eigenvalues. Voltage stability can be analyzed based on this
eigenvalue map where the most critical voltage stability
eigenvalue is the lowest among all those close to the origin.

The results of V-Q Modal analysis results of IEEE 33-bus
system (MATPOWER) are listed in Table 2. From the table, it
is clear that the V-Q Modal Analysis produced an extremely
low minimum eigenvalue of Amin = 0.0215, which implies poor
voltage stability and that the system is operating near its
stability limit when loaded heavily. The participation factor
analysis shows that Bus 18 is the most important bus with a
high participation factor value of 0.1182, then Bus 17 and Bus
16. This means that Bus 18 is the optimal place to install
controllers for reactive power compensation. From the
clustering of high participation factors, it is evident that the



voltage weakness is confined to a specific region and not any
bus.

Table 2. V-Q modal analysis results of IEEE 33-bus system

(MATPOWER)
Parameter Value
Smalles(:fe}%{envalue 0.02149597
Weakest mode index 1
Weakest bus 13

(participation factor)
Based on highest participation factors
corresponding to smallest eigenvalue
Note: JR = reduced Jacobian matrix used in V-Q modal analysis.

Top weak buses

5.3 Voltage stability assessment through continuation
power flow

Figure 6 presents the graph of P-V nose curve that has been
derived using CPF for Weak Bus 18, which shows loading
factor (L) versus bus voltage magnitude (p.u.).

Nose Curve for Weak Bus 18

e 4 e
~ ® ©

Voltage at Weak Bus 18 (p.u.)
°
P

4
@

04

X

Figure 6. Relationship between voltage magnitude and
loading factor (A) for weak Bus 18 using continuation power
flow (CPF)

As the loading factor increases, the voltage initially falls
slowly and then abruptly at the critical point, resulting in the
classic nose curve associated with voltage collapse. The
maximum loading margin is about Amax = 2.4. This denotes the
maximum loadability limit beyond which the system becomes
unstable. Figure 7 shows the loading factor A versus the
minimum system voltage, demonstrating the behavior of the
minimum bus voltage as system loading varies.

Minimum Voltage versus Loading Factor

e
©

Minimum Voltage (p.u.)
o o
o ~

e
o

g
o

A

Figure 7. Effect of loading factor A on minimum system
voltage

The voltage at the nose point is about: Vyese = 0.42 pu.
Figure 8 below depicts the correlation between loading factor

A and real power losses, indicating the changes in active power
losses with increasing loading.

Real Power Loss versus Loading Factor

Real Power Loss (MW)

Figure 8. Dependence of real power loss on the loading
factor A

According to the above figure, the value of real power loss
near the limit of instability is Pioss = 6.3 MW,

5.4 Traditional Volt-VAR controller performance with a
margin supervision scheme

Figure 9 shows the iteration-wise voltage evolution of the
controlled buses and system minimum voltage under
traditional Volt-VAR control.

Traditional Controller with Margin Supervision

1.00 e
Bus 18
0.99 |-| —— Bus 33
Bus 32
[ Bus 16
088 . Referance Voltage V.,
0.95p.u
097 1.05pu
3
8096
)
Foos
S
>

0.94 |

093}

092}

0 5 10 15 20 25 30 35 40
Step

Figure 9. Voltage control of regulated buses using
conventional Volt-VAR control method

The controller raises the minimum voltage from the stressed
value of 0.9022 per unit to 0.9481 per unit, moving the
network close to the 0.95-per-unit operating threshold. Figure
10 shows the corresponding reactive-power injection across
the controlled buses.

Reactive Power Injection - Traditional + Margin

Injected Q (MVATr)
&

5 10 15 20 25 30 35 )
Step

Figure 10. Reactive power injection behavior of controlled
buses through traditional Volt-VAR control



The reactive-power commands settle into bounded
oscillatory adjustments within the imposed limits, reflecting
the combined effect of the fixed Volt-VAR curve, supervisory
factor, and rate limiter. Figure 11 shows the iteration-wise
evolution of the estimated stability margin under traditional
control.

7Eistimated7VoItaige S}ability Margin

Estimated Margin (p.u.)

15

20
Step

25 30 35

Figure 11. Dynamic behavior of the estimated voltage
stability margin using the traditional control approach

Table 3. Comparative analysis between base, stressed, and
controlled cases (IEEE 33-bus power system)

Parameter Base Case Stressed Case Controlled Case
Viin (p.u.) 0.9131 0.9022 0.9481
Min Bus 18 18 13
Buses < 0.95 21 21 6
Ploss (MW) 0.2027 0.2594 0.1868
Qioss (MVAr) 0.1351 0.1730 0.1278
Margin — — 1.0847

Note: The em dash indicates that the value was not reported for that
operating case.

The estimated margin rises rapidly during the initial control
steps and then remains in a bounded operating range,
indicating improved robustness according to the margin
estimator used in this study. Traditional control provides
substantial baseline improvement, but its local Volt-VAR
characteristic does not adapt its gain to the measured voltage
error. This motivates the adaptive comparison in Section 5.5.
Table 3 summarizes the base, stressed, and traditional-
controlled cases. Relative to the stressed case, the traditional
controller increases Vmin from 0.9022 to 0.9481 p.u., reduces
buses beiw 0.95 p.u. from 21 to 6, and decreases
active/reactive losses from 0.2594/0.1730 to 0.1868/0.1278
MW/MVAr. The estimated stability margin reaches 1.0847.
The remaining six low-voltage buses motivate comparison
with the adaptive controller.

5.5 Operation of adaptive gain-scheduled Volt-VAR
controller

097 -~

Voltage (p.u.)

25 40

2
Step

Figure 12. Voltage regulation response for controlled buses
using adaptive gain-scheduled control
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Figure 12 shows the iteration-wise voltage evolution under
adaptive gain-scheduled control. The adaptive controller
raises the minimum voltage to approximately 0.9491 per unit
and reduces the number of buses bejow 0.95 per unit more
strongly than the traditional controller. Figure 13 shows the
reactive-power commands generated by the adaptive
controller.

- Reactive Power Injection - Adaptive + Margin

(o
>
=

/N VVV.VVV.VV.V.V

VAV

Injected Q (MVAr)
e o o o
NN W oW
o o =3 o

o
o

Bus 18| 4
Bus 33
Bus 32| |

4
o
&

15 20

Step

25 30 35

Figure 13. Reactive power injection control dynamics with
adaptive gain-scheduled control

The adaptive strategy supplies slightly stronger reactive-
power support at the more weakly regulated buses, consistent
with the gain increase produced by the local voltage-error rule.
Figure 14 shows how the bounded adaptive gain changes
across control iterations. From Figure 14, it is observed that
the adaptive gain increases from K = 1.01 to about K = 1.09,
indicating online adaptive tuning of gain in the controller.
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Figure 14. Adaptive gain-scheduling response for online
implementation under the suggested controller

Figure 15 shows the plot of control actions and the stability
margin of voltage under adaptive gain-scheduled Volt-VAR
controller.

Estimated Voltage Stability Margin

Estimated Margin
o o
@ ©

o
~

o
o

0 5 . e " e
0 20 25 30 35
Step

15

40

Figure 15. Voltage stability margin dynamic response under
gain-scheduled adaptive control



From Figure 15, the stability margin estimates increased
from about 0.55 to greater than 1.0, suggesting that there have
been significant improvements to voltage stability under
adaptive control. Table 4 gives the result of adaptive Volt-
VAR control and stability margin superiority.

Table 4. Results after implementation of adaptive Volt-VAR
control and stability margin supervision

Performance Index Final Value

Final minimum voltage bus Bus 13
Final minimum voltage 0.949120 p.u.
Final buses beiow 0.95 p.u. 3
Final real power loss 0.188652 MW
Final reactive power loss 0.129393 MVAr
Final estimated stability margin 1.098084

Note: Units are presented with numerical values for readability.

Table 5 final controlled-bus voltages, reactive power
injection, and adaptive gains with respect to control bus.
Relative to traditional control, the adaptive controller
increases Vmin from 0.9481 to 0.949120 p.u., reduces buses
beiow 0.95 p.u. from 6 to 3, and raises the estimated stability
margin from 1.0847 to 1.098084. The stronger voltage support
is accompanied by small increases in active loss from 0.1868
to 0.188652 MW and reactive loss from 0.1278 to 0.129393
MVAr. Thus, the principal adaptive benefit is broader voltage
recovery and a higher estimated margin, with a small loss
trade-off.

Table 5. Final controlled-bus voltages, reactive power
injection, and adaptive gains

Injected

Control Final Voltage Adaptive Gain
Bus (p.u.) Q K
(MVAr)
18 0.953534 0.37139%4 1.070146
33 0.952212 0.408497 1.084813
32 0.951103 0.422472 1.091193
16 0.952637 0.400000 1.080523
30 0.949474 0.438535 1.092206
Note: Injected Q represents reactive power support supplied at the controlled
buses.

5.6 Comparative performance evaluation for traditional
and adaptive controllers

Table 6 summarizes the differences between traditional and
adaptive controllers under the same stressed condition—
minimum voltage, weak-bus count, power-loss changes, and
estimated stability margin—and shows the improvement ratio
of the adaptive method over the traditional one.

Table 6. Final improvement of adaptive control over
traditional control

Performance Improvement of Adaptive over
Index Traditional
Minimum Voltage 0.1%+
Weak Buses Reduction 50%

Increase 0.99%

Increase 1.25%

Active Power Loss
Reactive Power

Loss
Stability Margin 1.23%+
Weakest Bus Support maintained at Bus 13

Note: The plus sign (+) indicates improvement. The phrase “slight increase”
indicates a small rise that should be discussed as a trade-off.
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5.6.1 Comparative discussion

The adaptive increase in minimum voltage is modest (about
+0.11%), but the number of buses beiw 0.95 p.u. is halved
from 6 to 3 and the estimated stability margin rises by about
1.23%. These gains are obtained with approximately 0.99%
higher active loss and 1.25% higher reactive loss than
traditional control. This behavior is consistent with the gain-
scheduling mechanism: larger voltage error increases K and
therefore reactive-power support, whereas the gain relaxes as
voltage improves. The present MATPOWER trajectories are
iterative/quasi-static; the systematic comparison under
different loading conditions is reported in Section 5.8.

5.7 Sensitivity analysis of controller parameters

To test the robustness of the designed controller, a
sensitivity analysis has been done considering the main
controller parameters Qmax. One of the parameters was varied
at a time while holding all the other parameters fixed for
comparison.

5.8 Performance validation under different stress
conditions

Table 7. Performance of traditional and adaptive controllers
under different loading levels

Load factor Vmin (p.u.) N Pioss (MW) Estimated
Controller <0.95 Qioss (MVAr) Margin
B ST g

1.05 Adaptive 0.9511670 8}{223; 1.115864
Tra}i'iii?)nal 0.9480966 8 g%?; 1084728

1.10 Adaptive 0.9491203 8 ggggg 1.098084
o SR

1.15 Adaptive 0.94292116 8%%232 1.026634

Note: In the Vinin/N and Pjos/Qioss columns, the first and second lines report
the two listed quantities, respectively. All controller settings were unchanged
across the three load factors.

To evaluate controller robustness under changing operating
stress, the traditional and adaptive controllers were tested at
load factors of 1.05, 1.10, and 1.15 while retaining the same
IEEE 33-bus network, control buses [16, 18], Volt-VAR
breakpoints, reactive-power limits, rate limit, downstream
stress factor, and controller tuning. No retuning was performed
between scenarios. The results are summarized in Table 7. At
a load factor of 1.05, the adaptive controller increased the
minimum voltage from 0.945943 to 0.951167 p.u., eliminated
all buses bejow 0.95 p.u. (14 to 0), and increased the estimated
margin from 1.048996 to 1.115864, although active and
reactive losses increased slightly. At the main stressed
condition of 1.10, the adaptive controller again improved the
minimum voltage from 0.948096 to 0.949120 p.u., reduced
buses beiow 0.95 p.u. from 6 to 3, and increased the estimated
margin from 1.084728 to 1.098084, with small increases in
power losses. Under the more severe 1.15 loading condition,
however, the adaptive controller did not outperform the
traditional controller in the voltage-stability indicators: the
minimum voltage decreased from 0.945976 to 0.942921 p.u.,
the number of buses bejow 0.95 p.u. increased from 12 to 16,



and the estimated margin decreased from 1.066448 to
1.026634. In this severe case, the adaptive controller instead
produced lower active and reactive losses than the traditional
controller. These results show that the benefit of the proposed
adaptive strategy is operating-point dependent rather than
uniformly superior over the full tested stress range. The high-
stress result is therefore treated as a limitation of the present
gain-scheduling and supervisory settings and indicates that
more robust parameter scheduling or online retuning may be
required for more severe loading conditions.

6. CONCLUSIONS

This paper presented a comparative evaluation of traditional
and adaptive gain-scheduled Volt-VAR controllers for
improving voltage stability in the IEEE 33-bus radial
distribution network. Under the stressed operating condition,
the system suffered from undervoltage, with a minimum bus
voltage of 0.9038 p.u. and 21 buses beiow the acceptable limit
of 0.95 p.u. The V-Q modal analysis and CPF results also
confirmed weak voltage stability, with Bus 18 identified as the
critical bus. Both controllers improved the system
performance; however, the adaptive controller achieved better
results, increasing the minimum voltage to 0.9491 p.u.,
reducing the number of weak buses from 21 to 3, and raising
the estimated stability margin to 1.0981. Compared with the
conventional controller, the adaptive controller reduced the
weak buses by about 50%, representing the most significant
improvement, although the reactive power loss showed a slight
increase of +1.25%. To verify controller robustness and justify
the selected parameters, a sensitivity analysis was carried out
for the main controller parameter Qmax, by changing one
parameter at a time while keeping the other operating
conditions fixed. The evaluation was taken minimum voltage,
number of weak buses, active power losses, and estimated
stability margin.

Practical implementation of the adaptive method requires
reliable voltage measurements, sufficient inverter reactive-
power headroom, and access to the supervisory stability-
margin estimate. If the margin is evaluated centrally, telemetry
and communication are also required, which introduces
additional implementation and maintenance cost. Stronger
reactive-power operation can also increase converter
utilization. Moreover, the present validation is limited to the
IEEE 33-bus benchmark; larger-network and time-domain or
hardware-in-the-loop validation are therefore identified as
future work.

Table 8 summarizes the quantitative performance of the
adaptive controller relative to the traditional controller in
terms of voltage improvement, reduction in the number of
weak buses, active and reactive power losses, estimated
stability margin, and weakest-bus location.

Table 8. Quantitative summary of adaptive control relative to
traditional control

Performance Metric
Minimum voltage
Buses beiow 0.95 p.u.
Active power loss
Reactive power loss
Estimated stability margin
Weakest bus

Adaptive Relative to Traditional
+0.11%
50% reduction (6 — 3)
0.99% increase
1.25% increase
+1.23% (1.0847 — 1.0981)
Bus 13 in both controlled cases
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NOMENCLATURE

B Susceptance element between buses i and j,
p.-u.

k) Voltage error at control step k, p.u.

Gy Conductance element between buses i and j,
p-u.
Newton-Raphson Jacobian matrix,
dimensionless

N, 2 B3, /o Submatrices of the Newton-Raphson

Jacobian, dimensionless
Reduced Jacobian matrix used in V-Q modal
analysis, dimensionless

K(k) Adaptive gain at control step Kk,
dimensionless

M(k) Estimated voltage stability margin at control
step k, dimensionless

N Number of buses with voltage lower than

(V<0.95)  0.95 p.u., dimensionless

P Active power injection at bus i, MW

PR) Active load demand as a function of loading
factor, MW

Poo Base active load demand, MW

Ploss Total active power loss, MW

Qi Reactive power injection at bus i, MVAr

Qaap(k) Adaptive reactive power command at control
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@A)
Obo
@oss
Qmax
Qmin
Qraw(K)
(k)
Vi

Voase
Vmin

Vaew
Vhose
Vief

Ko
Kmin
Kmax
€high
CBlow
de,low
Vab high

MOW

Mhnid

step k, MVAr

Reactive load demand as a function of
loading factor, MVAr

Base reactive load demand, MVAr

Total reactive power loss, MVAr

Maximum reactive power limit, MV Ar
Minimum reactive power limit, MVAr

Raw reactive power command before final
limiting, MV Ar

Reactive power output from the Volt-VAR
characteristic, MVAr

Voltage magnitude at bus i, p.u.

Voltage magnitude at bus j, p.u.

Base-case voltage value, p.u.

Minimum bus voltage magnitude in the
system, p.u.

Voltage value after applying control or
compensation, p.u.

Voltage magnitude at the nose point of the P-
V curve, p.u.

Reference voltage used by the controller, p.u.
Nominal adaptive gain, dimensionless
Minimum adaptive gain, dimensionless
Maximum adaptive gain, dimensionless
High voltage-error threshold used in gain-
scheduling, p.u.

Low voltage-error threshold used in gain-
scheduling, p.u.

Lower adaptive-gain deadband boundary,

p.u.
Upper adaptive-gain deadband boundary,
p.u.

Lower supervisory stability-margin

threshold, dimensionless
Intermediate supervisory stability-margin
threshold, dimensionless

Greek symbols

Pmargin(k)
aP

4Q
AQmax
av

40
91'1’

Amax
Amin
@i

Shigh
Pmid
Lnom

Supervisory stability-margin modulation
factor at control step k, dimensionless
Active power mismatch vector in Newton-
Raphson load flow, MW

Reactive power mismatch vector or reactive
power change, MVAr

Maximum allowable change in reactive
power per control step, MVAr

Voltage magnitude correction vector, p.u.
Voltage angle correction vector, rad

Voltage angle difference between buses i and
j, rad

Loading factor used in continuation power
flow, dimensionless

Maximum loading factor or loadability limit,
dimensionless

Smallest eigenvalue of the reduced Jacobian
matrix, dimensionless

Right eigenvector associated with mode i,
dimensionless
Supervisory multiplier
conditions, dimensionless
Supervisory multiplier for intermediate-
margin conditions, dimensionless
Nominal supervisory

for low-margin

multiplier,



Vup

Ydown

Subscripts

adp
base
D

dimensionless
Adaptive-gain increase coefficient,
dimensionless
Adaptive-gain decrease/relaxation

coefficient, dimensionless

Adaptive control quantity
Base-case value
Demand or load quantity
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LJ
inj

loss
max
min

new
raw

ref

vy

Bus indices

Injected quantity

Control step or iteration index
Power loss quantity

Maximum value

Minimum value

Value after control or compensation
Unconstrained control command before
limiting

Reference value

Volt-VAR control quantity





