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Abstract

The depletion of fossil fuel is driving the world towards the application of renewable energy sources. However,
their intermittent nature, in addition to load variation and transmission line sag-tension change due to
temperature, is a great deal of problems for reliable power delivery. Without a reliable power delivery, power
generation is just a waste of resources. A reliable power delivery can be achieved when the best and the worst
case steady state information of a power system network is known to plan and control accordingly. If a system
is affected by the presence of uncertainty, a deterministic load flow analysis fails to provide the worst-case load
flow result in a single analysis. As a result, a load flow analysis considering the presence of uncertainty is
mandatory. On this paper, a novel complex affine arithmetic (AA) based load flow analysis in the presence of
generation and load uncertainties is proposed. The proposed approach is tested on an IEEE bus systems and
compared with Monte Carlo approach. The proposed approach convergence faster than the Monte Carlo based
method and it is slightly conservative.

Index Terms: Complex Affine Arithmetic, Monte Carlo Approach, Transmission Line, Renewable Energy
Sources, Uncertainty.
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1. Introduction

Renewable energy sources, notably the wind and solar energy, are gaining attention due to their long lasting
and pollution free nature [1]. Currently, huge numbers of factories are manufacturing solar panel and wind
turbines. Though renewable energy sources are abundant and non-exhaustive, the power generated from those
sources is not reliable. There is fluctuation in frequency and voltage profile because of frequent variation in
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weather condition [2]. As a result, the penetration of such renewable energies to the main grid disrupts the
voltage profile. Despite their various benefits in terms of global warming, no running cost and naturally
abundant, it is difficult for management and planning when a grid is mainly supplied by those sources [3]. The
integration of such renewable energies amplifies the imbalance in the grid. This leads to reserve allocation if
the exact variation of the generation is precisely predicted [4]. Load forecast plays a very important role for
power system planning and decision making [5]. The integration of intermittent energy sources increases the
complexity of the power system planning and forecast due to their uncertain nature in addition to frequent load
variation. Hence, power system network design must be in consideration of the presence of such variability for
reliable power delivery and safety of human being [6].

In order to solve such problem, battery energy storage (BESS) system is proposed and implemented in most
areas with those sources of energy. However, when the share of renewable energy source is higher than the
fossil fuel in large power grids, the capacity of the battery needed must be high. In today technology, the
manufacturing of long lasting battery development does not reach its peak of expectation [7]. Although there is
a challenge in renewable energy sources, next generations of grid undeniably consist of both solar and wind
power generators. Existing power networks are not constructed in consideration of the integration of
intermittent generation sources. Power grids, mostly, distribution systems face the variation of voltage and
frequency. There are no means of getting a reliable power from intermittent generation sources. Although
operation planning is effective for grid without variable sources, it is difficult to precisely plan and forecasts
when there exists a variable generator in the grid. This is mainly due to difficulty in forecasting solar radiation
and wind speed even in less weather varying areas [3].

The traditional AGC (Automatic Generation Control) control mechanism for wind turbines and solar panels
containing grid is not effective. Due to the intermittent nature of the two energy sources, wind speed and solar
insolation, the uncertainty between the actual and the forecasted generation is high. As a result, the energy
imbalance increases [8].

Maintaining the energy balance between generation and demand from few seconds to few hours is the key
criteria to secure the power system from transient instability. In a place, which is not suitable for hydropower
plant, using a backup generation system from fossil fuel as a spinning reserve may reduce the environmental
benefits renewable energy sources brings. In such area using energy storage mechanism is preferable than the
use of fossil fuels [9].

As a result of the aforementioned variability of generation and the usual load variations, the result of
punctual power flow analysis is not well suited for the worst case scenario [10-11]. Therefore, there arises a
need for power flow simulation and study that considers the uncertain nature of the aforementioned plants to
decrease the complexity of system operation and planning [12]. In order to plan the future loads and
generations of a system with intermittent sources, a prominent power flow calculation must be applied which
deals with the associated uncertainty.

A robust and reliable power flow analysis is required for optimization, state estimation, voltage control,
service restoration, planning, and future expansion of any power systems [10]. A self-validated algorithm based
on interval arithmetic (IA) and affine arithmetic (AA) has been proposed to effectively handle power
uncertainty by different researchers. A lot of work has been done on the application of 1A for power flow
analysis with data uncertainty. 1A takes into consideration the uncertainties in the system and gives strict bound
[11]. But, AA on the other hand gives a conservative bound because of its consideration of round-off and
truncation error, besides input uncertainty, better than 1A [13], [14]. Both IA and AA based analysis are
validated by comparing the result with probabilistic Monte Carlo approach. AA is the extension of 1A which
overcomes the problems associated with 1A by considering round-off and truncation errors beside input errors
[15]-[17]. Despite their advantage, a stochastic approach like Monte Carlo suffers from underestimation and
deterministic approach like 1A suffers from critical estimation.

AA is better suited for the analysis of a true worst-case in circuit tolerance with parameters associated with
large uncertainties [18]. In [10] AA based algorithms for power flow analysis in the presence of data
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uncertainties considering sensitivity analysis, in order to determine the partial deviation of the voltage, is
presented. If input conditions are uncertain, many conditions need to be analyzed to cover the required range of
uncertainty. In such conditions, reliable solution algorithms that take care of the effect of data uncertainty into
the power flow analysis are necessary. To address such problem, a new solution methodology based on AA is
proposed in [13] and tested on an IEEE 57 bus system. The outcome confirms the conservative nature of AA
over MC approach. This is mainly due to Monte Carlo approach does not consider round-off and truncation
errors better than AA [10], [13], [14].

The AA based power flow analysis has been done by researchers so far is based on sensitivity analysis which
adds an extra burden to the computation. Besides, the Newton-Raphson method needs high orders of
Chebyshev approximation in order to represent the trigonometric functions [10], [13], [14], [19]. A Gauss-
Seidel algorithm is used in this paper to solve the growth of non-affine operations, which does not need
sensitivity analysis to start the simulation and free from higher order Chebyshev approximation.

This paper mainly focuses on the application of complex AA to deal with uncertainties in power flow
analysis. The organization of the paper is as follows: Section 2 deals with the principles of complex AA.
Section 3 focuses on complex AA based load flow analysis. Section 4 is dedicated for result and discussion of
the proposed load flow analysis. Finally, section 5 presents the conclusion of the overall work.

2. Complex Affine Arithmetic

Even though 1A has been playing a major role in range analysis, it suffers from dependency problems. As a
result, another mechanism, which can address such a problem, is needed and AA is invented. Sources of error
during manipulation may be external to the system like less precise and missing input data or a mathematical
model that is uncertain by itself or it can be internal to the system. Truncation and round off errors are
categorized under internal errors [17]. AA is first formalized and introduced in 1993 by Comba and Stolfi as a
basic tool to deal with both internal and external sources of errors and other shortcomings of 1A [16, 17, 20].
Although 1A solves a lot of problems associated with fixed-point calculation, its dependency problem is high.
Dependency problem is simply defined as, having a different result for the same equation with different
expressions. Since AA keeps the correlation between computed and input variables and exploits it at each
operation, the dependency issue is not a problem. Due to all the aforementioned advantages, AA is better than
IAin dealing with uncertain system or function. Most application that has been done with interval arithmetic
can be done with AA ones the algorithm is formulated [16, 18]. Like any algebraic function, AA functions have
a set of rules governing them to give the desired result. Any number is an element of either a real number or a
complex number. The general representation of a complex AA function is given by (1).

Ve =ys + D ViE (1)
i=1

From (1) 9° represents a complex affine function, y, represents the complex central value, y; represents the
complex partial deviation and g; represents the noise (symbolic) variable whose value is bounded by [-1, 1]
interval [15, 17].

Let us take two complex affine functions in order to show the mathematical formulas, which govern complex
affine manipulation [21]. Equation (2) shows the representation of two complex affine functions.
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The complex affine function in (2) can be converted into complex IA form according to (3) and become as
shown in (4). The reverse, complex interval to complex affine conversion is given by (5).

K, =Re(k) — | Re(k;)|
ke = Re§) + 3| Re(k) | ®)
Ky = IM(kg) - D) 1m(k?) |

Kin = Im(k$) + 3] Im(k®) |

K=[k, + jKyn, ke + jkim]| @)
o (K, +ke)+ j(K,, +Kim)
ks =
2
G —z,>+21(k.m K, ©)

A

K =kS +k's,

The basic affine operations based on affine functions in (2) and constant complex number y° is given by (6).
Equation (6) represents the basic affine equations, which can also be used to formulate non-affine operations.

Ke+1° = (kg il§)+zn:(ki° +1,)e, (a)
v =) i) ®) ©
Key° :(kgiy/°)+zn:kf €, ©)

The two most known non-affine operations on complex affine functions are multiplication and division.
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Multiplication is given by (7) and division is given by (8).

n n n
RTE kSIS + D (Kke1g +18k5 +[Z|§Zkf}gm @

i=1 i=1 i=1

According to [21, 22], complex affine function division is described as the multiplication of the product of
the numerator and the complex conjugate of the denominator by the reciprocal of the product of the
denominator and its complex conjugate. An improved complex AA division is proposed by [15] and it is shown
in (8).

ILC: |Z§C+Z(C|2i° _AlB;zgﬂc}i DS, +
i=1

S]]

The constants in the above equation and the function ‘f>’ are defined as follows: For any complex number
z=a+jb, the function f(z)=|a|+j|b|. Hence, the constants become:

(8)

C i
2AB AB
5_B+A-2/AB
2AB

For any other non-affine operation, the general Chebyshev formulas in (9) can be used to analyze complex
affine functions. Chebyshev approximation is developed using linear interpolation. Higher interpolation gives a
good result but with computational cost [18]. For a single affine function, the Chebyshev approximation is
given by (3.26).

p=ak+&+ak, ©)

The coefficients in (3.26), o, § and J, can be found from (10) for a bounded affine function k in a bounded
interval K=/k, kJ.

oo fl)- k)

k
au+é =
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where u is a point inside K with f"(u)=a and r(x) is a line passing through (%, f(k)). and (k, f(k)). In order to get
the constants of (10), the function under study must be continuous and its firs derivative must exist.
Discontinuous functions within the defined boundary limit cannot be approximated using Chebyshev
approximation mechanism by interpolation approach.

3. Complex AA based Load Flow Analysis

The AA based load flow analysis initially starts by finding the central values of a load flow problem using
Newton-Raphson algorithm. Applying deterministic load flow analysis at the mid of the uncertain load and
generation input results in the central value for uncertainty based analysis. The bus voltage magnitude (\V0,i)
and the bus voltage angle (80,1) found from the deterministic load flow analysis are the initial parameters for
the complex AA based load flow analysis. For any percent of uncertainty “p” in load and generation system of
a given power system network, (11) and (12) gives the initial bus voltage magnitude and angle in interval form
respectively. Similarly, (13) and (14) give the interval form of both active and reactive power on any bus,
respectively. In order to analyze the power system network using complex AA, the interval form of the inputs
must be converted to complex AA form using the interval to affine conversion mechanism shown in (5).

'ota=Pyw as Py
Vi =[@=5)Voi A+ 2)Voil

V' =V, V]

(1)

where V'; represents the bus voltage magnitude in interval form, ¥; represents the lower bound bus voltage
magnitude and ; represents the upper bound bus voltage magnitude.

'o1a=Pys.  a+Pys, if 5,
O =[0=2)0; A+ 200,11 5, >0

(12)
5i| = [(1+§)50,i7 (1_2)5(“] if 5o,i <0

5 =16, 5]

where ¢'; represents the bus voltage angle in interval form, d; represents the lower bound bus voltage angle and
i represents the upper bound bus voltage angle.

R'=[0- )P, A+ DR]  ifR >0

(13)
B! =@+ 2R, -] if R <0

P'=[R.P]

where P'; represents the real power in interval form, P; represents the lower bound real power and P; represents
the upper bound real power.
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Q' =[0-2)Q, @+ DQ] Q>0
s Py P :
Q' =[a+ )P, @-2P] Q<0

(?iI = [Qi’ 6.]

(14)

where Q'; represents the reactive power in interval form, Q; represents the lower bound reactive power and O
represents the upper bound reactive power.

Using polar to rectangular conversion (11) and (12) merges to result in a complex interval voltage as shown
in (15).

Ve — IV as)

where V¢ represents the interval form of complex bus voltage value, 7% represents the lower bound of the
complex bus voltage value and 7 represents the upper bound of the complex bus voltage value

After an interval to an affine conversion of (13-15) the partial deviations of real power, the reactive power,
and the voltage become as shown by (16-18) respectively.

>

el Pl,l Pl,2 ceeeen Pl,i glp
.2 Py P, o o Pulef
Ise i Pl 1 Pi,z PI i glp
_Qe,l_ _Ql,l Qu, - - Qy __glq_
Q.. Qu Qa0 Qyy £
O B : . ; -
_Qe,i_ _Qj,l Qj,z Qi,i__giq_

where Pg1-Pe;and O.1-O,; are the total partial deviation power, Py:-P;;and Qy;-Q;; are the partial deviation
coefficients, of the active and reactive power respectively, £P1-¢%; and £%-£% are symbolic variables representing
active and reactive power uncertainty respectively.

Since a flat percent of uncertainty “p” is used for both active and reactive power on each bus, the voltage
uncertainty, created due to the injection of uncertain power on each bus, initially assumed to equally share both
active and reactive power variability [22], as shown by (18).

7¢ _\,C c p q
Vo =vg; +V (g +&f) (18)
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where 7%; the affine form of a complex voltage, VS, is the central term at bus i, and V¢ is the complex voltage
partial deviation coefficient which is half of the partial deviation of the interval to the affine conversion of (11).
After converting the interval form of complex voltage, real and reactive power to affine forms, the next step
is applying a Gauss-Seidel load flow analysis to get the actual values of the bus voltage magnitude and bus
voltage angle in the presence of uncertainty. Equation (19) gives the affine form of the first iteration partial
deviation voltage. In (19) Y;; and Y;x represent the admittance value of the bus “i” and bus “i” with bus “k”
respectively for a total of “n” bus. As seen from (19) there are only two non-affine operations created by the
division of the complex power by the complex conjugate of the voltage. Applying complex affine operation
and non-affine operation and using the inputs in (16-18), the complex AA voltage becomes as shown in (20).

Y LT N
6 _ e eli ¢ 19
Vei _Y o _ZYika ( )
ii (Vi ) tj
e 1 [ye [P p p q q a.p] [ye a I .a’
Vai Vo,ﬂ Vig Vi oo Vg Voo Vi, o Vg |l gy Vii o Vi || &
e c P P yP q a ...y P a .. oya a
Va2 Voo Var Vo Vo, Vai Vi, Vai || €2 Vaa Vak | €2
' . 20
&P T : : (20)
= + +
&
&
7c c p p p q q q q a a a
Vai | [ Voi| [Viz Vie o Vi Vi Vipooc Vi e ] [ Vinot Vik L&

where V,,-V,; are the new complex AA voltages, V-VS; are the central terms, VP ;-V?;; and V% ;-V%; are the
partial deviation coefficients for the active and reactive power injections respectively. The terms £%-¢% are the
new symbolic variables representing approximation errors, V ;-V% are partial deviation coefficients for the
new symbolic variables created due to approximation error.

Since the bus voltage angle can room the whole circle it can be found using the affine to interval conversion.
For clarity, it is defined in more prices way as follows.

let 2=(a+ jb)e

and
f(z)al+jlb]
The bus voltage angle in interval form is then:
s =|angle| Ve —| D F R+ D] FA)+ D) F(vA) || angle| Ve +[ D F (W) + D) Fvi)+ D F(vE,) (21)
i=1 i=1 i=1 i=1 i=1 i=1
k=1 k=1 k=1 k=1

form=12

Equation (21) is used to find the bus voltage angle for the bus system under study [23]. It is possible to find
the bus voltage magnitude in a similar way but the value found should be within the maximum boundary limit
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of the voltage. Unlike bus voltage angle, which can room the whole circle, the bus voltage has a boundary limit
[24]. In order to optimize the bus voltage magnitude within the maximum possible limit the first step is
separating the partial deviation magnitudes of the complex voltage given by (20) as shown by (22).

5 [P p P q q allr a a |
A ‘Vl,l‘ ‘Vl,z ‘ o ‘Vl,i ‘Vl,l‘ ‘Vl,z ‘ v ‘Vl,i & Vi Vi || &
7e p p p q q q p a a a
V, ‘VZ,I‘ ‘Vz,z‘ ‘Vz,i ‘Vz,l‘ ‘Vz,z‘ ‘Vz,i & Vo1 Vol || &2
gjp : : : : (22)
= +| . . . .
& : :
&5 : :
7e p p P q q q q a a a
Vi Vial Mz Vil Vi Vi Vial L& ] | Mia Vik| JLéxk

where 7°,-7%; represents the affine form of the magnitude of the total partial deviation voltage.

For a power system network to operate, without damaging its equipment’s, altering the stable condition of
the network and making it insecure, there must be operational limits of the variables participating in the load
flow analysis [22, 25]. Before optimizing (22) let us see the operational limit of the reactive power and bus
voltage magnitude.

3.1. Generator Bus Power Limit

Before finding the final bus voltage magnitude and bus voltage angle, the reactive power limit violation must
be checked first. A bus switching mechanism must be applied whenever a reactive power limit violation is
detected [26]. Assume a natural number 1, 2, 3 represents the slack, the generator, and the load buses
respectively, Qimin, Qimax, and Qica represents the minimum, the maximum reactive power limit and the
calculated reactive powers respectively. The bus switching mechanism is applied by comparing the lower and
upper reactive power limit with the calculated reactive power.

When the calculated reactive power is lower than the reactive power limit, the generator bus is switched to
load bus and its reactive power set to the reactive power limit value. Similarly, when the calculated reactive
power is greater than the limit value the generator bus is switched to the load bus and the reactive power limit
is set to be its reactive power value. The following pseudo code shows how the reactive power limit is checked
and a bus switching approach is applied.

|f Qical < Qimin
type =3
Qi — Qimin
elseif Q' >Q™
type =3
Qi = Qimax
else
type =2
end
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3.2. Linear Programming based Optimization

Equation (22) represents a linear constrained bus voltage partial deviation magnitude. As a result, a linear
programming based optimization, within the limit of the maximum bus voltage magnitude deviation between
the central voltage value of (20) and the bus voltage limit is considered as the radius of optimization [22].

The radius of the error between the maximum voltage limit and the central voltage, for a percent of
uncertainty “p” is shown in (23). Equation (23) is the radiuses for the optimization boundary at a zero center.
The percent of uncertainty, in the radius of (23), controls the width of the optimization limit [22]. The higher
the percent of uncertainty, the higher is the width and vice versa. When the percent of uncertainty is zero, the
system is no longer under the effect of uncertainty, the partial deviation result becomes zero, and the load flow
result is equal to the central value.

Vimi =5 (Vo 1 =1V D @)

where V¥ ; represents the radius of the voltage and the angle optimization limit, V. represents the maximum
possible bus voltage, and V<,; represents the central voltage value of (20).

The optimization of (22) based on optimization limit of (23) is given by (24). The maximum and the
minimum value of the bus voltage deviation found from (24) is added to the magnitude of the central values in
(20) as shown in (25).

min/ max
vi
St = Vi SV} < Vi, (24)
-1<gf <1
-1<gl <1
-1<gf <1

Equation (25) represents the final voltage magnitude. The final bus voltage angle is already found using (21).
V; 5 Voc,i | +[V_ie1 Vil (25)

where V; the final voltage value, V¢ ; the central bus voltage magnitude from (20), +% and ¥%;, are found from
(24), represents the minimum and the maximum total partial deviations of bus voltage magnitude respectively.

4, Results and Discussions

In order to check the validity of the proposed method, an IEEE test buses are used and implemented using a
MATLAB simulation tool. The proposed AA approach is implemented using vectorial representation. Each
partial deviation coefficients and central values are represented by a vector with a unique address. For
comparison purpose, a well-known Monte Carlo approach is simulated for the same inputs. Monte Carlo
approach is used since it the best approximation of the correct solution [19]. The Monte Carlo simulation is
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done for 3000 trials in order to get a non-varying boundary results. Less than 3000 trials the Monte Carlo
approach results in a varying output each time the code is simulated. This actually is one of the drawbacks of
Monte Carlo method while the proposed complex AA based approach converges within limited number of
iterations depending on the number of buses. Two cases are considered to show the validity of the proposed
method at a different percent of uncertainty.

CASE A

= An IEEE-30 bus test system is used to show the effectiveness of the proposed method in comparison with
the Monte Carlo approach. The generator and load powers are first varied between +10% and then again
tested for #220% total uncertainty. Generator reactive power limit is taken into consideration.

CASE B

= An IEEE-57 bus test system is used to simulate the proposed method and the Monte Carlo method. A flat
+15% and #25 % generator and load power variations are used. Similar to the aforementioned test cases a
reactive power limit is taken into consideration.

4.1. Case A

Fig.1 shows the bus voltage magnitude and the bus voltage angle of an IEEE-30 bus system at 10% of the
generator and load uncertainty. In all the graphs, the lower interval value is represented by “LB” and the higher
or the upper interval value is represented by “UB.

The complex AA based approach converges in 3 iterations with a convergence time of 3.465 seconds. The
Monte Carlo approach takes 3000 trials and converges in 67.342 seconds.

T T T T T T T T T
—%—MCLB —— MCUB —*— AALB —— AA UB —%¥—MCLB —— MCUB —¥— AALB —— AA UB
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Fig.1. Case A: at 10% uncertainty: (a) Bus VVoltage Magnitude; (b) Bus Voltage Angle
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In order to further stress, the system a 20% of generator and load uncertainty is used on an IEEE-30 bus
system and the result is depicted in Fig. 2. For the complex AA based approach, it takes 4 iterations and 5.483
seconds to converge while the probabilistic Monte Carlo approach takes 68.029 seconds to give the result of the
3000 trial input values. Moreover, the complex AA based result is conservative than the Monte Carlo based one.
This is mainly due to the nature of AA since it takes into consideration the correlation between variables and
provides a conservative output than the Monte Carlo approach, which underestimates the worst-case result.
When the percent of uncertainty is increased from 10% to 20% the number of iteration increases from 3
iteration to 4 iteration respectively. If the number of iteration is different, the time consumption to converge
also differs accordingly.

——MCLB —— MCUB —— AALB —— AAUB —v— MC LB —— MC UB —— AA LB —— AA UB

1.08 -0.05

0.1

g
o
>

2

0.2

Bus Voltage Angle (rad)

Bus Voltage Magnitude (p.u)
R
7

0.3}

. . . . . 04 . . . . .
5 10 15 20 25 30 5 10 15 20 25 30
Bus Number Bus Number

() (b)

Fig.2. Case A: at 20% uncertainty: (a) Bus VVoltage Magnitude; (b) Bus VVoltage Angle
4.2.Case B

Finally, an IEEE-57 bus system is used to validate the proposed method in comparison to the Monte Carlo
approach. Fig.3 shows the bus voltage magnitude and bus voltage angle at 15% of uncertainty. The complex
AA based approach for 15% of uncertainty converges in 4 iterations at 11.568 seconds while the Monte Carlo
based approach takes 243.521 seconds to deal with the 3000 trial input values. Comparing the two results the
Monte Carlo approach takes hundreds of seconds to converge while the proposed approach takes few seconds
to provide a conservative result.

Stressing the IEEE-57 bus system load and generator power variation to be 25%, results in the bus voltage
magnitude and bus voltage angle as shown in Fig 4. Although the wideness of bus voltage angle decreases at
some buses, the result shows the complex AA based output voltage and angle are generally conservative when
compared to the probabilistic Monte Carlo approach for the specific percent of uncertainty under study. The
time it takes for the complex AA base approach to converge is 11.607 second at 4 iterations while the Monte
Carlo approach takes 247.513 seconds to converge.

According to the results, when the percent of uncertainty increases, the convergence time increment is very
low. The difference of convergence time for 15% and 25% of load and generator uncertainty based analysis
using the proposed approach is 0.039 second. This indicates that convergence time is less affected by percent of
uncertainty when the number of iteration, it take to converge, for both the cases is equal.
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Fig.3. Case B: at 15% uncertainty: (a) Bus Voltage Magnitude; (b) Bus Voltage Angle
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Fig.4. Case B: at 25% uncertainty: (a) Bus Voltage Magnitude; (b) Bus Voltage Angle

4.3. Reactive Power Limit Checking

Figure 5 and 6 shows the reactive power of the complex AA based result compared to the limit value. Fig 5a
and 5b represents IEEE-30 bus system calculated reactive power in comparison with the limit value for 10%
and 20% of uncertainty respectively. Similarly, Fig 6a and 6b represents IEEE-57 bus system calculated
reactive power in comparison with the limit value for 15% and 25% of uncertainty respectively.

The IEEE-30 bus system for 10% and 20% of uncertainty does not violate the reactive power limit and there
is no bus switching. On the other hand, the IEEE-57 bus system violates the reactive power limit at bus 2 and 9
for both 15% and 25% of uncertainty as shown in Fig 6. The calculated interval reactive power at bus number 2
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and bus number 9 for 15% of uncertainty is: [-103.4743, -72.7958] MV Ar and [-24.8545, -3.5147] respectively.
Similarly, for 25% of uncertainty it is: [-113.0686, -62.2003] MVAr and [-29.8424, 5.9194] respectively. On
the other hand, the reactive power limit at bus number 2 and 9 is: [ -17.00, 50.00] MVAr and [-3.00, 9.00]
MVAr respectively. Hence, a bus switching from PV to PQ bus is applied to those respective buses and the
iteration is repeated until the convergence criterion is achieved.
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Fig.5. Case A: Reactive Power Limit: (a) For 10% of Uncertainty; (b) For 20% of Uncertainty
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Fig.6. Case B: Reactive Power Limit: (a) For 15% Uncertainty; (b) For 25% of Uncertainty
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5. Conclusion

The penetration of variable wind and solar energy, weather change affecting the transmission line parameter,
end user load change based on time of the day, unexpected or random disturbances etc. results in an uncertain
load and generator data. In order to get the worst-case bus voltage magnitude and bus voltage angle, a complex
AA based load flow analysis is proposed and tested on conventional IEEE bus systems. For comparison
purpose, a well-known Monte Carlo approach is also simulated and compared with the proposed complex AA
based analysis.

A Newton-Raphson based deterministic load flow analysis is used to find the initial bus voltage and angle
for the complex AA based analysis and for the analysis of the 3000 Monte Carlo iterations. In order to decrease
the number of non-affine operation, created due to the presence of sine and cosine functions in the Newton-
Raphson algorithm, a Gauss-Seidel approach is used to find the partial deviations of the complex voltages. The
proposed complex AA based load flow algorithm is tested for different percent of uncertainty. In terms of
conservatism, fast convergence, and time consumption, the proposed method is better than the Monte Carlo
approach. The result found using the proposed approach better represents the worst-case scenario than the
probabilistic Monte Carlo approach.
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