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Chapter 1

Load Flow Studies: An Introduction

1.1 Introduction:

One of the most common computational procedures used in power system analysis is the
load flow calculation. Based on the assumed load demands, generation levels and transmis-
sion network configuration, the load flow calculations provides the complete steady-state
information about the system such as the overall voltage profile (bus voltage magnitudes
and bus angles), power flows in the branches, line currents, line losses, and other related
variables for a given set of specified conditions. Such a steady-state snap-shot analysis
provides the basic data for various studies involving planning, design, and operation of

power systems. Application areas of load flow studies are listed below [1, 2]:
1. System planning: This includes some of following tasks:

(a) Transmission planning: It involves design, analysis, sizing of conductors, trans-
formers, reactors, shunt capacitors, and future planning of transmission cir-

cuits.

(b) Interchange studies to identify line over-loadings, violation of bus voltages lim-

its, inappropriately large bus phase angles etc.
(c¢) Generation adequacy studies and generation planning.

(d) Cost to benefit analysis of system additions.
2. System operation and control: Some of the important studies carried out include

(a) Economic dispatch of the generating stations (i.e.,calculating the power levels

at each generating unit such that the system is operated most economically).

(b) Contingency analysis (analysis of outages and other forced operating condi-

tions).
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(c) Studies that ensure power pool coordination.

(d) Generation dispatch and load demand control.

(e) Operation tasks related to day to day and week to week operation of the system.
)

(f) Studies pertaining to scheduling of phase shifters, tap changing transformers,

reactive power controlling devices etc.

(g) Studies related to settings of protective gears.

3. The load flow results provides the basic data for various other studies, for exam-
ple: short circuit analysis, small-signal and transient stability studies, security con-
strained stability analysis: as optimal power flow routine, long-term small-signal

voltage stability studies: continuation power flow programme, etc.

1.2 Load flow Problem Formulation:

The load flow analysis of a power system involves the following steps:
1. Formulation of a suitable mathematical model for the network.
2. Specifications of power and voltage constraints at various buses of the network.
3. Numerical solution of the power flow equations subject to the above constraints.

The load flow calculation is a network solution problem. The necessary equations can
be established by using either the bus or loop frame-of-reference [3]. Due to the inherent
advantages such as simplicity of data preparation and ease of network representation
and computation (exploitation of sparsity), the bus frame-of-reference is normally used
for formulation of load flow problem. The equation describing the performance of the
network of a power system using the bus frame-of-reference in admittance form is given
by

I=Ypys V (1.1)

where

I is the vector of total positive sequence currents injected into the network nodes.

V is the vector of total positive sequence voltages at the network nodes.

Ysrs is the network admittance matrix.

If either I or V were known, the solution for the unknown quantities could be obtained
by the solution of linear algebraic equations represented by (1.1). Partly because of

tradition and partly because of the physical characteristics of generation and load, the
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terminal conditions at each bus are normally described in terms of a vector of net injected

active and reactive power (P and Q). The injected bus current [ is calculated as:

(P+jQ)
1= — (1.2)
Combining (1.1) and (1.2) yields
P+3Q)
[( J;ZQ) } =Ypus V (1.3)

Note that the above equation is nonlinear and can not be readily solved by closed
form matrix techniques. Because of this, load flow solutions are obtained by employing
numerical techniques involving iterative procedures.

Let P, and @), denote the net injected real and reactive power at bus p as shown in

Figure 1.1.

Figure 1.1: Representation of a typical bus p in load flow studies.
Then, the complex power injected at bus p is given by
Sp =P+ jQp =V, I,

where @), represents inductive reactive power and a negative (), represents capacitive
reactive power.

From (1.1), the injected current at bus p, I, can be calculated as
I=> Y,Vy p=12...n (1.4)
q=1

where n represents the number of buses in a system and V,, = |V,|Z4,
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Using (1.4) we can write an expression for apparent power S, at bus p as
Sp=Vo 2 Yoy (15)

In the above equation, equating the real and imaginary parts on both sides we get the
active and reactive power balance equations as follows, which constitute the power-flow

equations.
P, = Re VZY*V* (1.6)

Q, = Im VZY*V* (1.7)

forp=1,2,....,n

Note that the above set constitutes 2n number of nonlinear equations in 6n variables
with 6 variables at each bus p: bus voltage magnitude |V,|, bus voltage angle §,, active
power generation Fg,, reactive power generation (Q¢,, active power load demand Py,
reactive power load demand ()r,. Normally, the generation and load power at a bus
are combined to give net injected bus powers, (P, and @), resulting in 4 variables at
each bus. Thus, in load flow problem 2n nonlinear equations in 4n variables need to be
solved. From this, it is clear that it is not possible to obtain a solution for any unknown
variables unless we reduce the number of “unknowns” to 2n which is equal to the number
of connecting equations. In other words, at each bus two of the four variables needs to be
a priori specified and the remaining two variables are required to be calculated using the
two power balance equations available at that bus. This has lead to the general practice

of identification of different types of buses in the network.

1.2.1 Types of Buses:

To enable a priori fixation of some of the variables, the 6 variables at each bus are classified
as follows [1, 4]:

1. Demand variables : The demand variables Pr, and ()r,, can be specified from the

knowledge of customer load demand.

2. Generation (or control) variables: The generation variables Pg, and Q¢,, can be

specified using the scheduled generation data.

3. State variables: The variables such as voltage magnitude |V,| and bus angle 6,

completely define the state of a system. These variables are normally treated as
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state (or unknown) variables.
Based on this classification, the buses in a system are categorized into 3 types as follows:

1. Load buses (PQ-buses): A load bus is any bus that does not have generation. Here,

real power and reactive powers are specified, because for loads, one generally specifies
the real power demand, Pr, and the reactive power demand, ()z,. In some cases,
such a bus need not have a load, it may simply be an interconnection point for two

or more lines. Those buses are also treated as load buses with Pr, = Qr, = 0.

2. Generator buses (PV-buses): A generator bus is usually called a voltage controlled

or PV-bus. Here, real power generation, Pg, and voltage magnitude, |V,| are nor-
mally specified. At such buses voltage magnitude is held constant at a specified value
by adjusting the reactive power output of the generator. Based on its capability,
maximum and minimum limits on reactive power generation (Qgmaz and Qgmin)
are specified at PV-buses. Certain PV-buses without real power generation may
have voltage control capability, such buses are also designated as voltage-controlled
buses at which the real power generation is set to zero. A generator bus could also
have load connected to it. Based on whether load is present or not at a PV-bus, for

the purpose of ease of handling, a PV-bus is further categorized as follows:

(a) Simple PV-bus : These are buses in which there is no load connected.

(b) PV-bus with loads : In addition to normal PV- bus specification, loads are also

connected at these buses.

3. Swing bus: This is also known as a reference bus or slack bus. Swing bus is a special
type of generator bus that is needed by the solution processes. This requirement
comes from the fact that in load flow analysis, the losses in the system cannot
be determined unless the converged solution is obtained. This slack in the power

balance is accounted in the reference bus generation. Therefore in a power system,

power of generators power of loads loss in transmission lines

( Sum of complex ) ( Sum of complex ) N ( Total (complex) power )

This model assumes that only the slack bus generates the necessary real and reactive
power required for overcoming all system losses. Hence, for the slack bus, the
magnitude and phase angle of bus voltage are specified and real and reactive power
generations are obtained at the end of the load flow solution. The voltage angle of

the slack bus serves as reference for the angles of all other bus voltages.

A swing bus could also have load connected to it. Based on whether load is present

or not swing bus is further categorized into:
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(a) Swing bus without load
(b) Swing bus with load

Thus, in a n bus system, there will be one slack bus and there may be m PV-buses and
rest of the buses are designated as PQ-buses. The load flow problem formulation results
in 2n nonlinear algebraic equations in 4n variables. Of these 4n variables, 2 variables
are specified for the slack bus, 2m variables are specified for PV-buses and 2(n —m — 1)
variables are specified for PQ-buses. These specifications make 4n — (2 + 2m + 2(n —
m — 1)) = 2n variables to be determined from the load analysis. However, in load
flow problem, the nonlinear equations are solved only for 2n — m — 2 unknown variables
(voltage magnitudes and bus angles). The remaining (m + 2) unknown variables (such as
Pgs, Qas at slack bus and Q¢, at m PV-buses) are computed. In the solution of nonlinear
equations, normally the unknown voltage magnitudes are initialized to 1.0 p.u. and angles
are initialized to 0°. In some cases, the unknown bus voltage vector is initialized to the

specified slack bus voltage, which is referred to as flat voltage start [4].
NOTE:

1. The following convention is followed with respect to apparent powers. The apparent
power drawn by the load is Sp, = P, + jQrp,. Where @z, denotes inductive load

and a negative (), represents capacitive load.

2. The apparent power injected by the generator is S¢, = FPgp + jQcp. Where Qg
represents inductive reactive power and a negative ()¢, represents capacitive reac-

tive power.

1.2.2 Handling of Bus Types in Load Flow Problem:

In load flow study, a separate strategy is followed to handle different types of buses. In

the following lines the procedure of handling PV-buses and slack bus is explained:

1.2.2.1 Handling of PV-Buses:

Ii is known that by controlling the the reactive power generation at PV-bus, the voltage
magnitude at the PV-bus is maintained at the specified value. If limits on reactive power
generation is specified at PV-buses, the checking of Q-limits are carried out in the following

manner:

1. While checking for Q-limit specifications at a Simple PV-bus, the computed reactive

power (= (),) is considered.
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2. While checking for Q-limits at a PV-bus with load, the net reactive power generation
(Qcyp) is considered. This Qg is equal to the sum of reactive power load @p, at

that bus and the computed reactive power Q,, (i.e, Qgp = Qrp + @p)-

If any @-limit violation is detected, a PV-bus is handled in any one of the following ways
[5]-[7]:

1. Bus-type switching : In any iteration, if ()-limits are violated at a PV-bus, then it
is switched to PQ-type with the reactive generation set at the limiting value. In any
consequent iteration if Q-limits are satisfied at such a bus, then that bus is reverted
back to PV-type with the original bus voltage specification. This is referred to as
back-off. Thus, handling of PV-buses in load flow analysis by a way of bus switching

calls for repeated adjustments of number of unknowns.

2. Adjusting the specified voltage at PV-buses: In any iteration, if Q-limits are violated
at a PV-bus, then the specified voltage at the violated PV-bus is adjusted in such a
way that it remains as PV-bus and meets the () constraints. This procedure avoids

the readjustment of number unknowns.

In bus-type switching, it is important to consider the time at which the Q-limits are
enforced at PV-buses in the solution process as it may effect the convergence charac-
teristics of an algorithm. If not handled properly, such an enforcement may slow down
the convergence or even cause the solution to oscillate or even diverge [9]. The main

parameters used for the starting criteria are:

1. Tteration count [8]: In this case, the bus-type switching at each PV-buses is delayed

until the second or later iterations.

2. Bus power mismatches [9]: In this case, the bus-type switching at each PV-buses
is delayed until the reactive power mismatch is sufficiently small (i.e., load flow

solution is moderately converged).

1.2.2.2 Handling of Slack Bus:

The real and reactive power generations at slack bus are calculated from the converged

load flow results as follows:

Sas = Se =V, Y _YaVy (1.8)
q=1

If any load is present at slack bus, then the real and reactive components of load are

simply added to the computed values to obtain the net power generation at slack bus.

SGs - (PGs +jQGs) - Ss + (PLS +jQLs> (19>
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1.2.3 Load Flow Solution Methods:

Load flow studies for power system analysis are based on static network models assuming
sinusoidal steady state. As a result the equations are algebraic in form rather than dif-
ferential. The usual power flow problem formulation does not consider time variation of
loads, generation, or network configuration. The load flow problem formulation is nonlin-
ear in nature even for a linear transmission network since power specification is employed
which is a product of voltage and current. Additional nonlinearities arise due to specifi-
cation and use of complex voltages and currents. Also, there are transmission component
nonlinearities, which may be considered (such as tap changing transformers in which the
tap is adjusted to hold a given bus voltage magnitude fixed). Thus, load flow problem
generally involves the simultaneous solution of many nonlinear algebraic equations. Since
it is not feasible to obtain solution in a closed form directly for nonlinear system of equa-
tions, numerical techniques are normally employed involving iterative procedure. Some of
the popularly used methods are fixed-point (Gauss) methods and Newton based methods.

The earliest algorithms were based on the Gauss-Seidel methods, which are very simple
and reliable. However, it takes extremely large computation times when applied to sys-
tems of increasing size due to its poor convergence characteristics [1, 3, 10]. To overcome
the drawbacks in the these methods, a new method called ”Newton’s method” was intro-
duced in early sixties [8]. This method basically comprises the repeated solution of a large
set of linear equations which are obtained by linearizing the load flow equations. New-
ton’s methods have very powerful convergence properties, but with poor computational
efficiency and also it requires large storage memory. To improve the computational speed
and storage requirements of the Newton Raphson method, B. Stoot and O. Alasc have
developed ‘fast decoupled load flow method’ in early 1970’s [7] which is a modification of
the Newton method.

NITK Surathkal 8 FElectrical Dept.
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Chapter 2

Newton-Raphson Method

2.1 Introduction To Newton-Raphson Method:

The application of Newton’s method to load flow problem is essentially the n-dimensional
generalization of the well known Newton-Raphson method [6, 11] for the solution of a
nonlinear equation in one variable. Taylor’s series expansion for a function of two or more
variables is the basis for the Newton-Raphson method of solving the load-flow problem

[12]. Let the following represent n nonlinear equations in n unknowns :

fl(xlax%'” 7xn) = bl
folzr, 20, n) = b (2.1)
fn(xlax% wrn) = bn
If the iterations start with an initial estimate of 29,29, -, 2% for n unknowns and if
Axy, Az, - -+, Ax, are the corrections necessary to the estimates so that the equations
are exactly satisfied, we have
f1($(1]+A$1,$8+A1'2,"' ,.Z'SL—FAZEn) = bl (22)
fo(@® + Axy, 2 + Axy, -+ 20 + Ax,) = by
ful@® + Az, 2+ Axy, -+ 2% + Ax,) = b,

Each of the above equations can be expanded using Taylor’s theorem. The expanded
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form of the i* equation is

fz(x(l) + Al’l, ..

L 2) + Axy,)

fi(

bk

higher powers of Axy, ...

0 ,.0
ml,x27...

dfi
o0z,

)

x3)+(

) Ax, + terms with

ofi
&171

, Az,

Jan+

fi
ox 2

) A,IQ

The terms of higher powers can be neglected, if our initial estimate is close to the true

solution. The resulting linear set of equations in matrix form is

i

oh
8x1

), (

oh
81’2

),

(

df1
o0z,

)

bl _fl(x(f?xga"' 7’T7(’)L) <%) (%) <af2) A-771
b2 - fl(x?7 'rgv o ,I‘?L) axl 0 8x2 0 ax” 0 A‘7:2 (2?))
bn—f1(339755(2)a"‘ ,.T%) Axn
AN a8
L le 0 81’2 0 8xn 0

or in general,

AF =J Ax
where J is referred to as the Jacobian. If the estimates 29, - -+ , 20 were exact, then AF
and Az would be zero. However, as z¥,--- 20 are only estimates, the errors AF are

finite. The above equation provides a linearized relationship between the errors AF and
the corrections Az through the Jacobian of the simultaneous equations. A solution for
Ax can be obtained by applying any suitable method for the solution of a set of linear
equations. An updated value of z can be calculated as
z} =2} + Az,

The process is repeated until the errors AF; are lower than a specified tolerance. The
Jacobian has to be recalculated at each step.

Newton’s method possesses quadratic convergence characteristics, a feature not shared
by other methods. Its drawback is that the initial guess used should be close to the solution
for the process to converge. For power systems this is not a serious drawback since a good

initial guess is generally available from experience [8].
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2.2 Application of the Newton-Raphson Method to
Load Flow Solution:

In general, there are three types of approaches available in literature for solving load flow

equations using Newton’s method [10]. Those are:

1. Rectangular power-mismatch version: This version uses the real and imaginary parts

of the bus voltages (i.e., rectangular co-ordinate system e; + j f;) as variables.

2. Polar power-mismatch version: This version uses the magnitudes and angles of the

bus voltages (i.e., polar co-ordinate system (|V'|£0) as variables.

3. Current-mismatch version: In this version, rectangular and polar coordinate version

are constructed using the real and imaginary parts of the complex current expression.

Polar power-mismatch version is widely used version of the Newton’s method, because of
its more reliability and accuracy over rectangular power-mismatch version [10]. So in this

report, polar power-mismatch version is considered [6, 11]. In this version we denote

Yo = Gpq+ 7B
v = |Vp|£0, = |V,|(cos L5, + jsin £6,,) (2.4)
Ve, = V|26, = |V,|(cos L0, + jsin £6,)

Using (2.4) in (1.5), the complex power injected at bus p can be represented as
Py +3iQp = |VplL0, Z Gpq + 7 Bpq)| Vel £04)" (2.5)

Expanding (2.5) and equating real and imaginary parts on both sides, we get

Pyo= |V Z((qu €08 Gpg + Bpq 8in 0pq) ) Vo) (2.6)
qg=1
@ = [V Z((qu Sin Gpq — Bpg €08 Gyq) ) [V (2.7)

where p =1,2,...,n and 0y, = 9, — I,

From the above, it can be seen that P, and @), at each bus are functions of voltage
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magnitude |V| and angle § at all buses and the load flow equations are formulated as:

P61, 00, Vil -, [Va]) = PP (2.8)
Pn(51,~'~ 76”?“/1|>"' 7‘Vn|> :qup
Ql(alu"'75n7|‘/1|7"'7|vn|): ip
Qn(éla'” 75717 |‘/l|> >|Vn|) = Qip

Note that the above equation is similar to (2.1). The RHS terms denote the power
specifications at each bus.

Computation of bus power mismatches:

Having specified real power generation Fg,, and real power load P, at bus p, the net

specified real power injected into the network at bus p is computed as
PP = Pgp — Prp

Similarly, having specified reactive power generation ()¢, and reactive power load )1, at

bus p, the net specified reactive power injected into the network at bus p is computed as

Q;p = QGp - QLp

NOTE:

1. The following convention is followed with respect to apparent powers. The apparent
power drawn by the load is St, = Pr, + jQrp. Where @1, denotes inductive load.

And a negative )r, represents capacitive load.

2. The apparent power injected by the generator is Sq, = Pop+jQcp- Where Q¢ rep-
resents inductive reactive power. And a negative ()¢, represents capacitive reactive

power.

Following the general procedure described earlier for the application of the Newton’s

method, we have
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The above equation is similar to (2.3). The LHS vector represents the power mismatch
at each buses [AP, AQ}T. The real power mismatch at bus p, pertaining to the first

iteration (k=0), AP} is calculated as
0 __ s 0
AP =PF" - P, (2.10)

Using (2.6), the above equation is re-written as

AP = B — V)| ) ((Gpycos 8y + Bpysin o) | V) (2.11)
q=1
p=12,...,n and p # slack bus

Similarly, reactive power mismatch at bus p, pertaining to the first iteration (k=0),

AQ) is calculated as

AQ)=Qr—Q) (2.12)

Using (2.7), the above equation is re-written as

AQg = Q) - ‘Vpo‘ Z((qu sin 52(1 — By cos 52q))|vqo|) (2.13)
q=1

p=12,...,n; p#slack bus, p # PV-bus
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To bring-in symmetry in the elements of the Jacobian, the linearized load flow equation

given in (2.9) is modified (for the k' iteration) as follows:

(k—1) (k—1) (k—1)
AP H N Ad
N _ vl ALY (2.14)
Q v
where the submatrices elements are defined as
OP or
[H](n—l)x(n—l) = 95 [N](n—l)X(n—l—m) ~ v
- V]
oQ oQ
[M] (n—1—m)x (n—1) a—g (L] (n—1-m)x(n—1-m) = JV|
V]

NOTE:

1. In H submatrix the row and column corresponding to slack bus are not present.

2. In L submatrix the rows and columns corresponding to slack bus and PV-buses are

not present.

3. In N submatrix the row and column corresponding to slack bus and columns corre-

sponding to PV-buses are not present.

4. In M submatrix the row and column corresponding to slack bus and rows corre-

sponding to PV-buses are not present.

2.2.1 Calculation of Elements of Submatrices:

Each submatrices (H, N, M, L) will have its own diagonal and off-diagonal elements.
When p = ¢: it represents the diagonal elements and p # ¢ represents the off-diagonal

elements. The elements H, N, M, and L matrices are calculated as follows.

1. Calculation of H submatrix:

OP,
(a) Off-diagonal element H,, is given by, H,, = 0—(510
q
Rewriting (2.6) we,have
B, = |VED|Z((quC055pq+qusm5ptZ))‘VqD (2.15)

q=1

where p = 1,2,....n
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And differentiating P, with respect to d,, we have

5P 3 (Gp1 cos(0, — 01) + Bprsin(d, — 61)) Vi + ...

T; = aT‘Vp‘ (Gpq c08(0p — 0g) + Bpgsin(d, — 0q))[Vy| + - ..
! ! (G cOS(8, — 0,) + By sin(6, — 6,))| Vil
where p = 1,2,....n

Simplifying above equation, we get
Hpq = |Vol|Val(Gpg 8in 6pg — Bpg 08 b,)) (2.16)

op,

(b) Diagonal elements H,, is given by, H,, = 25
p

Differentiating (2.6) with respect to d,, wehave

(Gp1 cos(8, — 01) + Bpr sin(d, — 01))|Va| + ...
(Gpqcos(0, — 0q) + Bpgsin(d, — d,))|Vy| + - ..
(Gpn c0s(0, — 0p,) + Bpp sin(d, — 9,))| Vil

op, 0
a5, a—ép‘vﬂ

where p = 1,2,....n

Simplifying the above equation, we get

n

Hyp = |V Z —Gpg sin(6, — dq) + Bpg cos(dp — 6¢)) [Vl (2.17)
g=1
q#p

Using (2.7), the above expression can be simplified as
Hyp = —Qp — Bzozn‘vzo‘2 (2.18)

Following the procedure detailed above we can obtain the expressions for the ele-

ments of other submatrices, M, N and L as follows:

2. Calculation of M submatrix:

(a) Off diagonal element M, is given by:

)

LY = _‘VpHVq‘(quCOS‘qu+qusm5pq)) (2.19)
q
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(b) Diagonal element M,,, is given by:
oQ
My, = Wp =B, - Gpp|vp|2 (2.20)
p
3. Calculation of N submatrix:
(a) Off-diagonal element N, is given by:
P, :
Npg = EA Vol IVal (Giq €08 Opg + Bpg sin Oyg)) (2.21)
[Vl
(b) Diagonal elements N, is given by:
0P,
Npp = a\vj = Pp + Gpp|vp|2 (2‘22)
[Vl
4. Calculation of L submatrix:
(a) Off diagonal element L,, is given by:
_ 99y _ :
Lpg = E7 Vol IVal (Gig sin g — Bpg cos dyg) ) (2.23)
[Vl
(b) Diagonal element L,, is given by:
oQ
Lyp = ij =Qp— Bpp|vp‘2 (2.24)
[Vpl
Using (2.18), we can write that
Lypp = —Hpp — 2Bpp‘vp‘2 (2.25)
From above expressions it can be seen that H,, = L,, and N, = —M,,,. This is due to

the fact that the voltage magnitude increment A|V| at a PQ-bus is divided by [V].

NOTE:

1. The real and reactive power mismatch vectors are updated along with the Jacobian

elements at the beginning of solving (2.14). The maximum value of mismatch vector,

[AP°, AQO]T will be considerable at the beginning of power flow solution depending

on the closeness of the initial guess (|V|°,8°) to the final solution. If the iterative
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solution process tends to converge, then the maximum value of the mismatch vector
tends to zero. Normally, the solution process is terminated if the maximum value of
the power mismatch falls below a tolerance factor e (which is set to 0.001 or 0.0001),
ie. if

maz|[AP,AQ]"| < e

then the load flow solution is said to be converged.

2. In each of the (k—1)™" iterative step, a solution of the linearized system of equation

is carried out. Here, k denotes the iterative count and is set equal to 1.

3. In (k—1)" iterative step, the mismatch vector [Aﬂ(k_l), AQ(k_l)]T and the Jacobian

elements are calculated using |V|*=D and §*~Y values.

4. In (k — 1) iterative step, the correction vector [A§*~Y, %] is obtained by

solving the linear system of equations. Using this correction vector the voltage

magnitude and angle are updated at bus p as follows:

o = 00D 4 Agl (2.26)
RN A (G N
VIt = WY+ e vl
p
or
B A|V|(k—l)
Vol* = v Y (H‘Vjﬁ (2.27)

2.3 Newton-Raphson Algorithm:

In this section the steps involved in the N-R method of load flow analysis is presented.

The algorithm has been implemented for the following two different cases:
1. PV-buses without Q)-limits specifications.

2. PV-buses with Q-limits specifications.

2.3.1 PV-buses Without -limits Specifications:

The implementation steps are depicted in flow chart shown in Figure 2.1. The ‘Q-bit’ is

set equal to 0 for for this case.

NITK Surathkal 17 Electrical Dept.



Newton-Raphson Method Version-1.0

START

Read system data

'

‘ Construct Y—-bus matrix ‘

¢

Assume initial bus voltages as ,
\Y pS| =1.0 p.u, forall PQ-buses,
P for all PV-buses & at slack bus

|V|0 | = Vp

bus angles 6= 0’ for all buses

bt §

‘ Compute P, and Qp‘

Yes @ e
No ;
Compute AP and AQ

Yes

for convergence
max | [AP ,AQ]| <& v :
o compute line flows

& slack bus power

No

Form the Jacobian matrix (J) v
i END

Compute voltage magnitudes and angle
corrections

1
‘ Update bus voltages

Figure 2.1: Flow chart for the implementation of Newton-Raphson method
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2.3.1.1 Load Flow Study Example:

The single line diagram of a 4 bus, 2 machine power system is shown in Figure 2.2. The
system details have been adopted from Example 9.2 [11]. Base used is 100 MVA.

FL L

Figure 2.2: One line diagram for load flow example.

The bus data and line data are as follows:

From | To r x y(total)
(pu) (pu) (pu)

1 2 1 0.01008 | 0.05040 | 0.1025

1 3 | 0.00744 | 0.03720 | 0.0775

2 4 10.00744 | 0.03720 | 0.0775

3 4 10.01272 | 0.06360 | 0.1275

Table 2.1: Line data for the example.

Bus Generation Load Type

No.p | Pgp Qcp Pr, Qrp Vol
(MW) | (MVAr) | (MW) | (MVAr) | (pu)

1 - - 50 30.99 | 1.00 | Slack-bus
2 0 0 170 105.35 - PQ-bus
3 0 0 200 123.94 - PQ-bus
4 318 - 80 49.58 | 1.02 | PV-bus

Table 2.2: Bus data for the example.

NOTE: The data files have been provided in the folder 4_bus_example.
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1. Constructing the bus admittance matrix Ypgyg, using bus admittance algorithm. we

have,

[ 8.9852 — j44.8360 —3.8156 + j19.0781 —5.1696 + j25.8478 0
—3.8156 + j19.0781  8.9852 — 544.8360 0 —5.1696 + j25.8478
—5.1696 + 725.8478 0 8.1933 — 740.8638 —3.0237 + j15.1185

2. Assume |Vi| = 1.0 pu,|V2| = 1.0 puand |V3] = 1.0 pu. And 6s,6d3,d4 = 0. And

the convergence factor e = 0.001

Iteration 1:

1. The specified bus powers and calculated bus powers (using the initial bus voltages)

are :
Bus No.p | BJP P, Q;F Qp

2 -1.7 | -0.1034 | -1.0535 | -0.6070

3 -2.0 | -0.0605 | -1.2394 | -0.4049

4 2.38 | 0.1671 - 0.7291

2. Using the computed bus power mismatches and the Jacobian elements we have (as

per (2.14)),
2 [ 45.4429 0 —26.3648 | 8.8818 o [ A% ] [ -1.596 ]
3 0 41.2687  —15.4209 0 8.1328 Ad3 —-1.9395
4 | —26.3648 —15.4209 41.7857 | —5.2730 —3.0842 Ady | =| 22129 (2.28)
2 | —9.0886 0 5.2730 | 44.2200 0 S —0.4465
3L o ~8.2537  3.0842 0 404590 | | Sp8L ] [ 08345 |

3. Solving the above equation, we get the corrections to the voltage magnitudes and

angles as:

Bus No.p | AS§, AV,
(deg) | (pu)
-0.9309 | -0.0166
-1.7879 | -0.0290
1.5438

NITK Surathkal 20 Electrical Dept.
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4. At the end of the first iteration, the set of updated bus voltages are:

Iteration 2:

Bus No.p 1 2 3 4
d, (deg) 0 1-0.9309 | -1.7879 | 1.5438
|Vp| (per unit) | 1.00 | 0.9834 | 0.9710 | 1.02

1. The specified bus powers and the bus powers calculated (using the updated bus

voltages at the end of 1° iteration) are:

Bus No.p | BJ? P, Q;F Qp
2 -1.7 | -1.6677 | -1.0535 | -1.0193
3 -2.0 | -1.9355 | -1.2394 | -1.1774
4 2.38 | 2.3441

2. Using the computed bus power mismatches and the Jacobian elements we have (as

per (2.14)),

o [ 4437499 0 256778 | To208 0 ]| A%
3 0 39.7018 —14.7736 | 0 5.7887 Ady
4 | —26.1256 —15.1217 41.2473 | -4.0609 —2.1193 | | A4
2 | -10.3562 0 6.2998 | 423363 0 T
30 0 —9.6597  3.8597 0 373470 | | S

[ —0.0323 ]
—0.0645
0.0359

—0.0342

| —0.0620 |

3. Solving the above equation, we get the corrections to the voltage magnitudes and

angles as:

Bus No.p Ad,, A|V,|
(deg) | (pu)
-0.0451 | -0.0009
-0.00841 | -0.0019
0.0207

At the end of 2"¢ iteration: The specified and the bus powers calculated (using the

updated bus voltages at the end of 2" iteration) are:
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Bus No.p | PP P, AP, Q;F Qp AQy
2 -1.7 | -1.7000 | 0.00 |-1.0535 |-1.0535| 0.00
3 -2.0 1 -1.9999 | 0.0001 | -1.2394 | -1.2392 | 0.0002
4 2.38 | 2.38 0.0 - - -

From above table, it is observed that the calculated bus power mismatches falls below e.

The converged results are shown in Table 2.3 :

BUS NO. p |sz)‘ 517 P(;p QGP PLp QLP
(pu) (deg) (pu) (pu) (pu) (pu)

1 1.000000 | 0.000000 | 1.867948 | 1.144877 | 0.500000 | 0.309900

2 0.982422 | -0.976035 | 0.000000 | 0.000000 | 1.700000 | 1.053500

3 0.969010 | -1.871975 | 0.000000 | 0.000000 | 2.000000 | 1.239400

4 1.020000 | 1.523147 | 3.180000 | 1.814193 | 0.800000 | 0.495800

Table 2.3: Converged load flow results: without Q-limits

2.3.2 PV-buses With (-limits Specifications:

In N-R method, PV-buses are handled by a way of bus-type switching and iteration count
is used as the starting criteria since it is easy to implement and is well suited for the N-R
method because of its unified nature of its solution for [Ad, A|V|]T. The implementation

logic is shown in Figure 2.3. The ‘Q-bit’ set to 1 in Figure 2.1.

2.3.2.1 Load Flow Study Example:

For the test system shown in Figure 2.2, the maximum reactive power limit at PV-bus
418 Qamaz = 0.4 and the minimum reactive power limit is Qgmin = 0. The load flow
results are given as follows. Note that in the results given, the starting criteria is not
accounted just to demonstrate the intermediate steps. This done by setting start_cri =
0 in jacob_form.m

Iteration 1:

1. The specified bus powers and the bus powers calculated (using the initial bus volt-

ages) are :
Bus No.p | PP F, Q;F Qp
2 -1.7 | -0.1034 | -1.0535 | -0.6070
3 -2.0 | -0.0605 | -1.2394 | -0.4049
4 2.38 | 0.1671 - 0.7291
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there any Q-limit

violation at any

PV-buses
?

Treat violated PV-buses as PQ-buses

Are

there any previousl

violated
PV-buse;
?

Yes

with QG: Q Gmax (0N Qgmin »
whichever limit is violated

sp
Set | Vp| = | Vp| at back-off buses

¥

Readjust the number of PV and PQ buses

!

sp
Recompute bus powers (B , Q) and Q,

[

Figure 2.3: Flow chart for the standard bus-type switching logic.

2. Here, at bus 4 a real load of P;, = 0.8 pu. and a reactive load of Q4 = 0.4958
pu. is present. While checking the @-limits at PV-bus, the required reactive power
generation is calculated as: Qg4 = Q4 + Qrs = 0.7291 + 0.4958 = 1.2249 pu. Note
that Qa4 > Qamas. Therefore, this bus is treated as a PQ-bus with Qg4 = 0.4 pu.
Further, QY = Qga — Qs = 0.4 - 0.4958 = -0.0958 pu. and AQ, = QF — Q4 =
-0.0958 - 0.7291 = -0.8249 pu. The initial bus voltage magnitude is 1.02 pu.

3. Using the computed bus power mismatches and the Jacobian elements we have (as

per (2.14))
2 [ 45.4429 0 —26.3648 | 8.8818 0 —5.2730 | [ Ad2 [ —1.5966 ]
3 0 41.2687  —15.4209 0 8.1328 —3.0842 Ads —1.9395
4 | —26.3648 —15.4209 41.7857 | —5.2730 —3.0842  8.6914 Ady 2.2129
AlVa|

2 —9.0886 0 5.2730 44.2290 0 —26.3648 A —0.4465
3 0 —8.2537  3.0842 0 40.4590  —15.4209 A“Vzﬁ" ‘ —0.8345
4 5.2730 3.0842 —8.3571 | —26.3648 —15.4209  43.2438 A“\/V-T \ —0.8249

L 1L 9 _
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The above equation is identical to (2.28) except for an additional row and column

pertaining to bus 4.

4. Solving the above equation, we get the corrections to the voltage magnitudes and

angles as:
Bus No.p | AS§, AV,
(deg) | (pu)
-5216 | -0.0512
-1.5240 | -0.0511
2.2467 | -0.0591

5. At the end of the first iteration the updated bus voltages are:

Bus No. p 1 2 3 4
J, (deg) 0 |-0.5216 | -1.5240 | 2.2467
|V,| (per unit) | 1.00 | 0.9488 | 0.9489 | 0.9609

At the end of 3" iteration: The specified bus powers and the bus powers calculated

(using the updated bus voltages at the end of 37 iteration) are:

Bus No.p | BP P, AP, Q;F Qp AQ,
2 -1.7 | -1.7000 | 0.000 | -1.0535 | -1.0535 | 0.000
3 -2.0 | -1.9999 | 0.000 | -1.2394 | -1.2394 | 0.000
4 2.38 | 2.38 | 0.000 | -0.0958 | -0.0958 | 0.000

From above table, it is observed that the calculated bus power mismatches fall below e.

The converged results are shown in Table 2.4 :

Bus No.p A dp Peap Qcyp Pr, Qrp
(pu) (deg) (pu) (pu) (pu) (pu)

1 1.000000 | 0.000000 | 1.884566 | 2.667856 | 0.500000 | 0.309900

2 0.941383 | -0.533208 | 0.000000 | 0.000000 | 1.700000 | 1.053500

3 0.942312 | -1.631389 | 0.000000 | 0.000000 | 2.000000 | 1.239400

4 0.951521 | 2.636509 | 3.180000 | 0.400001 | 0.800000 | 0.495800

Table 2.4: Converged Load flow results: accounting @Q-limits at bus 4.

NOTE:

e [t is observed that with the enforcement of ()-limits specifications at PV-buses causes

the Newton’s method to take more number of iterations.
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e When -limits at PV-buses are handled by a way of bus-type switching it requires
resizing of jacobian whenever there is any new ()-limit violations and back-offs in
each iterative step. In MATLAB, this involves the solution of a linear system of

equations in the usual manner (see Appendix).

e Since (Q-limit has been imposed at bus 4, the bus voltage is no longer held at 1.02

pu. which is the specified value.

2.3.3 A Case Study to Demonstrate the Effect of Point of En-
forcement of ()-limits Based on Iteration Count:
Case studies are carried out on IEEE 30 and 300 bus systems [13], to demonstrate the

effect of point of enforcement of @-limits using ‘iteration count’ (k) as the starting criteria.

The results are presented in the following lines:

No of iterations
Type of system At starting | k>1|k>2 | k>3

IEEE 30 bus system 6 3 3 2

IEEE 300 bus system NC NC 8 4

Table 2.5: Effect of iteration count as the starting criteria (NR-method).

From Table 2.5, it is observed that the enforcement of @-limits at starting causes
divergence in the IEEE 300-bus system and also it makes the solution to take more
number of iterations in the IEEE 30-bus system. For value of k£ > 2, the IEEE 300-bus
system converges. For k£ > 3, no Q-limits are enforced and hence the solution converges
without accounting @Q-limits at PV-buses for the IEEE 30-bus system. However, for k > 3,
the solution converges within 4 iterations for the IEEE 300-bus system. In this report a
value of k£ > 2 has been used as the starting criteria for all systems. This done by setting

start_cri = 2 in jacob_form.m.

2.3.4 Convergence Results for the IEEE Systems:

The results obtained using the IEEE test systems [13, 14] are presented in Tables 2.6 and
2.7. In the tables NC denotes failure to converge. Base used is 100 MVA. The approximate
execution time is obtained in a P4 computer (3 GHz, 512 MB DDR 400 MHz memory,

910 GL chipset) and it also includes the time for report generation.
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IEEE system | Iterations | Execution time
(s)
14-bus 2 0.032
30-bus 2 0.032
d7-bus 3 0.047
118-bus 3 0.094
145-bus NC -
162-bus 3 0.156
300-bus 4 0.281

Table 2.6: IEEE test system results without accounting @-limits at PV-buses (NR).

IEEE system | Iterations | Execution time (s)
14-bus 2 0.047
30-bus 3 0.062
57-bus 3 0.062
118-bus NC -
300-bus 8 0.481

Table 2.7: IEEE test system results accounting @-limits at PV-buses (NR).
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Chapter 3

Case Studies with A Test System:
NR method

3.1 The IEEE 14-bus System

The single line diagram of the IEEE 14-bus system is shown in Figure 3.1. The system

details are adopted from [13].

@ GENERATORS

SYNCHRONOUS J
CONDENSERS

Figure 3.1: The IEEE 14-bus system
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3.2 Newton-Raphson method

To run the load flow programme using Newton-Raphson method, the file required is:

loadflow.m. This file in turn calls the following .m files:
1. ybus_form.m: It constructs the Ypyg

2. jacob_form.m: It constructs the Jacobian matrix and performs the solution of load

flow linearized equation till the solution is converged.

3. powerflow.m: It calculates the line flows and line losses.

4. 1f1_result.m: It constructs the result files: 1f1.dat and report.dat.
The above files require the following data files:

1. busno.dat : System details- number of lines, buses, transformers, etc.

2. nt.dat : Transmission line and transformer data.

3. pvpq.dat : Generation data and load data.

4. shunt.dat : Shunt data.

5. Qlim_data.dat : Reactive power generation limits data at PV-buses.

On successful run, it generates two output files: 1fl.dat and report.dat. The

converged loadflow results are available in 1f1.dat.

3.2.1 Format of Data Files

In the following lines the format of each of the data file has been given using the IEEE
14-bus system data:
System details:

File name: busno.dat

T > Slack bus number.

0.001 ---—- > Loadflow convergence tolerance.
14 - > Number of buses in the system.
A > Number of lines.

3 - > Number of transformers.

————— > Number of PV buses = (Number of generators - 1).

S > To account Q-limits set this bit 1, otherwise 0. (Q-bit)
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11 - > Number of load buses (including loads at PV and slack buses).
r > Number of shunts.
1.06  -——-- > Slack bus voltage magnitude.

From To R X y (total)/Tap ratio Remarks
1 2 0.01938 0.05917 0.0528 --=> Line 1
1 5 0.05403 0.22304 0.0492 --=> Line 2
2 3 0.04699 0.19797 0.0438 --=> Line 3
2 4 0.05811 0.17632 0.034 --=> Line 4
2 5 0.05695 0.17388 0.034 ---> Line 5
3 4 0.06701 0.17103 0.0128 --=> Line 6
4 5 0.01335 0.04211 0.00 --=> Line 7
7 38 0.0 0.17615 0.0 ---> Line 8
7 9 0.0 0.11001 0.0 -—=> Line 9
9 10 0.03181 0.08450 0.0 --=> Line 11
6 11 0.09498 0.19890 0.0 --=> Line 11
6 12 0.12291 0.255681 0.0 --=> Line 12
6 13 0.06615 0.13027 0.0 --=> Line 13
9 14 0.12711  0.27038 0.0 --=> Line 14
10 11 0.08205 0.19207 0.0 ---> Line 15
12 13 0.22092 0.19988 0.0 ---> Line 16
13 14 0.17093 0.34802 0.0 ---> Line 17
4 0.0 0.20912 0.978 ---> Transformer data starts here.
0.0 0.55618  0.969
5 0.0 0.25202 0.932
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Generation and load data:

File name: pvpqg.dat

Bus No. Vg/PLO Pg0/QLO Remarks
2 1.045 0.4 ---->Generator buses other than the slack bus
3 1.010 0 are specified as PV buses.
6 1.070 0
8 1.090 0
2 0.217 0.127 ----> Load data starts here (including loads at
3 0.942 0.19 and slack buses).
6 0.112 0.075
4 0.478 -0.039
5 0.076 0.016
9 0.295 0.166
10 0.090 0.058
11 0.035 0.018
12 0.061 0.016
13 0.135 0.058
14 0.149 0.050

Shunt admittances:

File name: shunt.dat
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NOTE: The file Q1im_data.dat will be used if ‘Q-bit’= 1.
@-Limits data at PV-buses.

File name: Qlim_data.dat

PV Bus No. Qmin Qmax
2 -0.4 0.5
3 0.0 0.4
6 -0.60 0.24
8 -0.60 0.24

The system has taken 2 iterations to reach convergence and the converged load flow

results accounting Q-limits at PV-buses are as follows:

File name: 1fl.dat

Bus No Vb0 thetal PGO QGO PLO QLO

1 1.060000 0.000000 2.323125  -0.165537  0.000000  0.000000
2 1.045000 -4.980701 0.400000 0.435235 0.217000  0.127000
3 1.010000 -12.721706 0.000000 0.250445  0.942000  0.190000
4 1.017716 -10.310331 0.000000 0.000000 0.478000 -0.039000
5 1.019556 -8.771159 0.000000 0.000000 0.076000 0.016000
6 1.070000 -14.216144 0.000000 0.126609 0.112000  0.075000
7 1.061681  -13.357956 0.000000 0.000000 0.000000  0.000000
8 1.090000 -13.357956 0.000000 0.175853  0.000000  0.000000
9 1.065992  -14.938240 0.000000 0.000000  0.295000 0.166000
10 1.0561039 -15.096276 0.000000 0.000000  0.090000  0.058000
11 1.066948  -14.787257 0.000000 0.000000 0.035000 0.018000
12 1.065207 -15.071036 0.000000 0.000000 0.061000 0.016000
13 1.050404 -15.152100 0.000000 0.000000 0.135000  0.058000
14 1.035676 -16.032367 0.000000 0.000000  0.149000  0.050000
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The partial content of file report.dat is shown below. The expressions used for the

calculation of line flows and the system losses are given in Appendix.

Line flows:

Line flows Line flows

From To P-flow Q-flow From To P-flow Q-flow
1 2 1.5683 -0.2039 2 1 -1.5253 0.2765
1 5 0.7549 .0384 5 1 -0.7273 0.0224
2 3 0.7322 0356 3 2 -0.7090 0.0160
2 4 0.5612 -0.0157 4 2 -0.5444 0.0304
2 5 0.4150 0.0118 5 2 -0.4060 -0.0205
3 4 -0.2329 0445 4 3 2366 -0.0481
4 5 -0.6117 1583 5 4 6168 -0.1421
7 8 0.0000 -0.1713 8 7 0000 0.1759
7 9 0.2810 0.0578 9 7 -0.2810 -0.0498
9 10 0.0522 0.0423 10 9 -0.0520 -0.0420
6 11 0.0736 0.0354 11 6 -0.0730 -0.0342
6 12 0.0778 0.0250 12 6 -0.0771 -0.0235
6 13 0.1775 0.0720 13 6 -0.1754 -0.0678
9 14 0.0942 0.0362 14 9 -0.0931 -0.0337
10 11 -0.0380 -0.0160 11 10 0.0382 0.0163
12 13 0.0161 .0075 13 12 -0.0161 -0.0075
13 14 0.0565 .0174 14 13 -0.0560 -0.0162
4 0.2809 -0.0969 7 -0.2809 1139
0.1609 -0.0043 -0.1609 0174
0.4407 0.1249 -0.4407 -0.0807

Total real power losses in the system = 0.133859

Total reactive power losses in the system = 0.089733
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Chapter 4

Fast Decoupled Load Flow Method

4.1 Introduction to FDLF Method:

FDLF method is characterized by a decoupling of the linearized loadflow equations with
constant load flow matrices. This method is an alternative to the Newton method provided

the following three conditions are met:

1. The voltages are around their nominal values.
2. The angle difference across the lines is small.

3. The % ratios are relatively large for all branches.

Fast decoupled load flow method is an approximate version of the Newton-Raphson
Method. The principle underlying the decoupled approach is based on the following
two standard observations in normal situations corresponding to a stable operating state

of a power system:

1. Change in the bus angle ¢ at a bus predominantly affects the real power flow in the

transmission lines and leaves the reactive power flow relatively unchanged.

2. Change in the voltage magnitude |V,| at a bus primarily affects the flow of reac-
tive power in the transmission lines and leaves the flow of real power relatively

unchanged.

The development of FDLF method [7] from the Newton’s method has been explained

in the following sections.

4.2 Development of FDLF Equations:

Following the general procedure described earlier for the application of the Newton-

Raphson method in section 2.2, we have
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or op
AQ 0Q oQ | LAY
95 V]
The first observation indicated above, essentially states that %—? is much larger than %

and the second observation states that % is much larger than %.

approximations in the Jacobian of (4.1), we get,

Employing these

oP
=5 0
AR = (4.2)
AQ 00 | | AV ‘
V|
Expanding (4.2) we have
-@ OP T -A(Sl- -Apl-
98, 96,
- (4.3)
oP, oP,
L 90, 05, | L Lo | [ AR ]
[ 0 01 11 AWy 7 [ A 7]
V; v, Q1
Migwa - Mlgmr || ™
— (4.4)
0Qn 00, AV,
V| V.,
| Ml Wla L) L s

The above equations are decoupled in the sense that the voltage-angle corrections AJ are
calculated using only real power mismatches AP , while the voltage magnitude correc-
tions are calculated using only AQ) mismatches. However the coefficient matrices of (4.3)
and (4.4) are still interdependent. Because of this interdependency, it would still require
the evaluation and factoring of the two coefficient matrices at each iteration. To avoid

such computations, the elements of the coefficient matrices are simplified as follows [11]:
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Modified off-diagonal elements: Rewriting the expression for off-diagonal elements of
H and L submatrices, from (2.16) and (2.23), we have

oP 0Q )
6—(5: = Tvi = |Vul[Val(Gpgsin 6,y — By cos dyq) (4.5)
Vil

Using the following assumptions in the above expression,

1. The angular differences (d, — d,) between typical buses of the system are usually so
small that
cos(6, — 0q) = 1;  sin(d, — d,) = (0, — &) (4.6)

2. The susceptance B,,, is many times larger than the conductance G, so that

Gpysin(d, — 6,) << By cos(d, — &) (4.7)
we have,
oP, 0Q
Ti - M = _|VpHVq‘qu (4.8)
IVal

Modified diagonal elements: Rewriting the expression for diagonal element of H

submatrix, from (2.18), we have

op,

8—5]0 =—0Qp - Bpp“/p‘z (4.9)
Assuming Q, << |V?|B,, in (4.9) yields
OP,
Tf - _Bpp‘VpP (4.10)
p

From the expression for diagonal elements of L submatrix, (2.24), we have

oP 0Q
T; = ij = _Bpp‘vp|2 (4-11)
LA

Using (4.8) and (4.11) in (4.3) and (4.4), and expanding, we get
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[ —\VlVl\Bll —‘V1V2‘Blg —|V1Vn|B1n A(51 APl
—|V2V1|Bgl _|V2V2|322 —|V2Vn|B2n A52 AP?
_ (4.12)
i —|ViVi|Bn1  —|VpaVa|Bre -+ —|ViaVi|Ban 1L N, ) L AP, ]
and
[ —[ViVilBy  —|ViVa|Bis -+ —ViVi|Bu, | A||VV|1| [ AQy ]
1
—|VaVi[Bar  —|[VaVa|Bay  --- —[VaVi|Bay A|Va| A£G
Vs = (4.13)
A|Va|
| VViBw —[VaValBuz - —VaValBue | | V7 | 2Q ]
(4.14)

Now, the first row of the coefficient matrix in (4.13) is multiplied by the correction
vector and then it is divided by |V;| to obtain,

L0

“BulVil ~BudlVal o —BuAlVl =2
1

(4.15)

Each row of (4.13) can be similarly treated by representing the reactive power mismatch
at bus p by the quantity ‘A‘f}{f ,where,p =1,2,...,n. With these, (4.13) is modified as

[ By —Bia -+ By, | [ AW ] [ OQ1 T
141
—Bsy —Bay -+ —DBay, A|Vq| AQs
=| [V (4.16)
AQn
__Bnl _Bn2 _Bnn_ _A|Vn| | | ‘Vn| ]
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Using the first row of the coefficient matrix in (4.12) we have,

AP
—|Vi| B AS,  —|Va|BiaAy -+ —|Vi|BinAS, = |7|1 (4.17)
1
Applying the above steps to the remaining rows of the coefficient matrix, we get,
[ —[Vi|Bi, —|ValBio -+ —[ValBw | [ 06 ] [ 207
V|
—|Vi|Ba1 —|Va|Ba -+ —|Vu|Ba, AN AP,
= | |V (4.18)
AP,
Vol
| _‘Vl‘Bnl _‘VQ‘BH2 _|Vn|Bnn 4 L A5n i L ]

The coefficient matrix in (4.18) is made the same as that in (4.16) by setting |Va|,|Va, - -
|V.| equal to 1.0 pu in the left hand side expression of (4.18). With these modification,

we get

[ By —Bip - By | [26] [ 217
Vil
—Boy —Byp -+ —DBa, Ady APy
= | [Ve (4.19)
AP,
L _Bnl _Bn2 _Bnn_ _A(Sn_ L |Vn| _

In FDLF method, the P — ¢ equation, (4.19) and @ — |V| equation, (4.16) are written

in a compact form as:

[%ﬂ _ (B)1Ad) (4.20)
A
[ﬁ] _ B[] (4.21)

Where B’ and B” are susceptances matrices and are obtained as negative imaginary part
of bus admittance matrix. The correction vectors Ad and A|V| are obtained by solving
(4.20) and (4.21) respectively. These corrections are used to update the angle and voltage

magnitude at bus p in k" iteration as follows:

AT e (4.22)
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Vo = V0 4 AV (4.23)

4.2.1 Formation of B’ and B” Matrices:

Some of the typical formulations of B’ — B” matrices, in order, are B-B, B-X, X-B and
X-X type [16]. The letter B represents the inclusion of both the branch resistances and
reactances in the formation of coefficient matrix and the letter X indicates construction
of coefficient matrix by neglecting the branch resistances. In this paper, the standard X-
B-version is considered for the formulation of B’ and B” matrices because of its excellent
convergence properties under normal operating conditions [17].

Formation of B’ Matrix:

Form Y, with the following assumptions:

1. Omit the representation of those network elements that predominantly affect MVAr
flows, i.e., shunt susceptances (inductive or capacitive) if any, line charging, and

off-nominal in-phase transformer taps.

2. Neglect series resistances.

Then
B' = —Im[Y]

Note that B’ does not contain the row and column corresponding to slack bus and its

size is (n — 1) x (n —1).

Formation of B” Matrix:

Construct Yppg after neglecting the effect of phase shifters, if any and then
B” = —Im[YBUs]

Note that B” does not contain rows and columns corresponding to slack and PV-buses

and its size is (n —m — 1) x (n —m — 1).

4.3 FDLF Implementation Algorithm:

There are two types of schemes available for the implementation of FDLF method, these

are as follows:

L. Selective iteration scheme [7]: In this approach, AP and AQ mismatches are verified
individually for convergence. This leaves the possibility to skip one or more P — §

and/or () — |V iterations as soon as the related power mismatches are converged.
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2. Successive iteration scheme [16, 18]: In this approach, both AP and AQ are verified
at a time for convergence, i.e., if AP convergence has reached early compared to
AQ convergence, even then P — 0 cycle is repeated until the AQ convergence has

reached.

In the following sections, the FDLF schemes have been demonstrated with and without

accounting (Q-limits at PV-buses, only for selective iteration scheme.

4.3.1 PV-buses Without ()-limits Specifications:

The implementation steps are depicted in flow chart shown in Figure 4.1. The flow chart
also shows the provision made for the inclusion of )-limits at PV-buses and voltage- and
frequency-dependent load models in the normal FDLF method [19]. In this case set ‘Q-
bit’ = 0, ‘VM-bit" = 0 and ‘FM-bit’= 0. This setting by-passes the load model routine
[(C)-(D)], and Q-limit imposing routine [(X)-(Y)].

4.3.1.1 Load Flow Study Example:

The sample 4 bus system shown in Figure 2.2 is used to demonstrate the FDLF method

without accounting @-limits at PV-buses.

1. Construct the bus admittance matrix Yprg as usual.

[ 8.9852 — j44.8360 —3.8156 + j19.0781 —5.1696 + j25.8478 0
—3.8156 + 719.0781  8.9852 — j44.8360 0 —5.1696 + j25.8478
—5.1696 + j25.8478 0 8.1933 — 740.8638 —3.0237 + 715.1185
0 —5.1696 + j25.8478 —3.0237 + 515.1185 8.1933 — 540.8638

Using this bus admittance matrix, B” matrix is obtained by removing rows and

columns corresponding to PV-bus and slack bus as:

Bl/ —

44.8360 0
0 40.8638

2. Construct the bus admittance matrix Yy, following the assumptions explained in
section (4.2.1).
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00
Initialize V, dand Af=0

I

Y
Compute B, and Qp

'

Is
VM-bit =1 Yes
(on 4.®
FM-bit=1
?
No

‘ Compute AP and AQ ‘

i
AP
convergence
?
No

‘ Solve (P =& ) cycle and update 6‘

Compute R, and Qp

[
Set the updated voltages as Yes Output results
the new specified voltages ° @
at the violated PV- buses T

NO¢

Compute AP and AQ

Figure 4.1: Flow chart for the modified FDLF selective iteration scheme.

[0 — j46.723 0+ j19.8413 0+ j26.8817 0

0+ j19.8413 0 — j46.7230 0 0+ j26.8817
Yy = | 0+ 526.8817 0 0 — j42.6050 0+ j15.7233
0 0+ j26.8817 0+ j15.7233 0 — j42.6050

Using this bus admittance matrix, B’ matrix is obtained by removing the row and

column corresponding to the slack bus as:

46.7230 0 —26.8817
B = 0 42.6050 —15.7233
—26.8817 —15.7233 42.6050
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Iteration 1:

1. The specified bus powers and the bus powers calculated (using the initial bus volt-

ages) are :
E) APP
Bus No. P Ppp Pp W
2 -1.7 | -0.1034 | -1.5966
3 -2.0 | -0.0605 | -1.9395
4 2.38 | 0.1671 | 2.2129

2. Using the computed real power mismatches and the elements of B’ matrix, we solve

(4.20), to get the angle correction vector as:

Bus No. p 2 3 4
A6, (deg) | -1.1312 | -2.0780 | 1.4369

3. Using the updated angles, the computed reactive power mismatches are:

s AQp

Bus No. p | QF Qp A
2 1.0535 | -0.2652 | -0.7883
3 1.2394 | 0.0177 | -1.2571

4. Using the computed reactive power mismatches and the elements of B” matrix,
we solve (4.21), to get the voltage magnitude correction vector and the voltage

magnitude vector as:

Bus No. p 2 3
|AV,| (pu) | -0.0176 | -0.0308
|Vp|(pu) 0.9824 | 0.9692

At the end of 3" iteration (both P — 4§ and @ — |V| cycle):
The specified bus powers and the bus powers calculated (using the updated bus volt-

ages at the end of 3™ iteration) are:

Bus No.p | PP P, AP, Q;F Qp AQ,
2 -1.70 | -1.7000 0 -1.0535 | -1.0535 | 0.000
3 -2.0 | -2.0001 | 0.0001 | -1.2394 | -1.2394 | 0.000
4 2.38 | 2.3801 | 0.0001 - - -

From the above table, it is observed that the calculated bus power mismatches fall

below €. The converged results are shown in Table 4.1.

NITK Surathkal 41 Electrical Dept.



Fast Decoupled Load Flow Method

Version-1.0

Bus No. p \A dp Peap Qcyp Pr, Qrp
No (pw) (deg) (pu) (pu) (pu) (pu)
1 1.000000 | 0.000000 | 1.868101 | 1.145057 | 0.500000 | 0.309900
2 0.982421 | -0.976037 | 0.000000 | 0.000000 | 1.700000 | 1.053500
3 0.969003 | -1.872244 | 0.000000 | 0.000000 | 2.000000 | 1.239400
4 1.020000 | 1.523196 | 3.180000 | 1.814320 | 0.800000 | 0.495800

Table 4.1: Converged load flow results without Q-limits (Selective iteration scheme).

4.3.2 PV-buses With )-limits Specifications:

In FDLF method, the @-limits at PV-buses are handled by a way of bus-type switching
(see section 1.2.2) as is implemented in the N-R method. Here, instead of iteration count,
the reactive power mismatch at PQ-buses (max|AQ| < 0.1) is used as the starting criteria
since it provides a direct way to control the degree of convergence [9]. It is observed that
the enforcement of @)-limit specifications at PV-buses by a way of bus-type switching,
causes an oscillatory convergence. To overcome these convergence difficulties, a procedure
which is a combination of the bus-type switching and adjusting the specified voltage at

PV-buses, is suggested to the standard FDLF. The adjustment procedure is as follows:

e Following )-limit violations at PV-buses in a certain iterative step, the buses are
switched to PQ-type and the voltage corrections at those buses are calculated by

solving @ — |V cycle.

e The obtained voltage corrections are used to adjust the bus voltages at the violated
PV-buses.

e The adjusted bus voltages are set as the new specified voltages at the PV-buses
for the next iteration. This implies that the back-offs at PV-buses are neglected.
This is justified based on the observation made in [9] that the number of back-
offs is normally small when ()-limits are enforced after the solution has moderately

converged.

With the above cited steps, Figure 2.3 is modified as shown in Figure 4.2 and the
modified scheme is enabled in Figure 4.1 by setting ‘Q-bit’ = 1. The variable, Qstart_cri

is set to 0.1 in the programme fd1f_jacob_form.m

4.3.2.1 Load Flow Study Example:

The sample 4 bus system shown in Figure 2.2 is used to demonstrate the FDLF method

accounting (Q-limits at PV-buses using selective iteration scheme. The ‘Q-bit’ is set to 1,
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power mismatch
ax |AQ <0
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Compute Qe = Q + Q L for all PV-buses
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violation at any
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Treat violated PVV-buses as PQ-buses
with Qg = Qgmax (Of) Qgmin , whichever limit is violated

1
Readjust the number of PV and PQ buses and accordingly modify[ B']

Sp
Recompute Q
\

o

Figure 4.2: Flow chart for modified bus-type switching logic for FDLF.

and ‘VM-bit’ and ‘FM-bit’ are set to 0.

Iteration 1:

The bus voltage magnitudes and angles at the end of 1% P- and Q-iteration are as

follows:
Bus No. p| 1 2 3 4
A 1.00 | 0.9824 | 0.9692 | 1.02
op 0 |-1.1312 | -2.0780 | 1.4369

It is observed that the enforcement of (-limits takes place at the beginning of 27¢ Q-
iteration. Therefore, the steps involved in the above calculation are identical to that of
15" iteration in a case where Q-limits are not accounted at PV-buses (see section 4.3.1.1).

Iteration 2

1. The specified bus powers and the bus powers calculated (using the updated bus

voltages at the end of 1°* P- and Q-iteration) are:
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S APP
Bus No. p Ppp P, A
2 -1.7 | -1.7814 | 0.0829
3 -2.0 | -2.1188 | 0.1225
4 2.38 | 2.4425 | -0.0612
2. Using the computed bus power mismatches and the elements of B’ we have (as per
(4.20),
[ 00829 | [ 46.7230 0 —26.8817 | [ A, ]
0.1225 | = 0 42.6050 —15.7233 AR (4.24)
| —0.0612 | | —26.8817 —15.7233  42.6050 | | Ady |

3. Solving the above equation, we get the angle corrections and updated bus angles as:

Bus No p 2 3 4
A6, (deg) | 0.1505 | 0.1961 | 0.0850
dp(deg ) |-0.9807 | -1.8819 | 1.5219

4. Recomputed reactive power mismatches AQ (using updated angles) are

Bus No. p Q;F Qp S0y

[Val
2 -1.0536 | -1.0530 | -0.0006
3 -1.2397 | -1.2289 | -0.0108
4 - 1.3144 -

From the above tabulated values of AQ),, it is observed that the maz|AQ| < 0.1.
Therefore, enforcement of (-limits takes place now as per the flow chart given in
Figure 4.2. At bus 4, the real power load is Pry = 0.8 pu. and reactive power load
is Qrs = 0.4958 pu. While checking the Q-limits at PV bus, the required reactive
power generation is calculated as: Qgqs = Q4+ Qs = 1.3144 + 0.4958 = 1.8102 pu.
Note that Qg4 > Qcmaz (= 0.4 pu.). Therefore, this bus is treated as a PQ-bus with
Q¢4 = 0.4 pu. with the initial bus voltage magnitude as |V;| = 1.02 pu. Due to this,
the number of PQ-buses are 3. Further, Q) = Qg4 — Qs = 0.4 - 0.4958 = -0.0958.

AQy = QF — Qq = -0.0958 -1.3144 = 1.4102. And ‘Avﬁff = 1.3826. Accordingly, the

B" matrix is modified as:

44.8360 0 —25.8478
B" = 0 40.8638 —15.1185
—25.8478 —15.1185 40.8638
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5. Using the computed bus power mismatches and the elements of B” we have (as per

(4.21),
—0.0006 44.8360 0 —25.8478 AV,
—0.0108 | = 0 40.8638 —15.1185 AVs (4.25)
~1.3826 ~25.8478 —15.1185 40.8638 | | AV:

6. Solving the above equation, we get

Bus No. p 2 3 4
|AV,| -0.0393 | -0.0255 | -0.0681
Vol 0.9432 | 0.9438 | 0.9519

7. Now, set |V,;”| = 0.9519 pu. for the next iterations.

At the end of 5 iteration: The specified bus powers and the bus powers calculated

(using the updated bus voltages at the end of 5™ iteration) are:

Bus No.p | BJP P, AP, QF Qp AQ,
2 -1.7 | -1.6998 | 0.0002 | -1.0535 | -1.0528 | -0.0007
3 -2.0 | -1.9998 | 0.0002 | -1.2394 | -1.2388 | -0.0006
4 2.38 | 2.3796 | 0.0004 - -0.0963 -

From above table, it is observed that the bus power mismatches fall below €. Further, it
is found that the @Q-limit constraints at bus 4 are almost satisfied at this point (Qgs =
—0.0963 + 0.4958 = 0.3995). In this example, AQ mismatch reaches convergence at
the end of 4" iteration. And AP convergence has reached at the end of 5% iteration.

Converged load flow results are as follows:

Bus NOp |‘/p| 5p PGp QGp PLp QLp
(pu) (deg) (pw) (pw) (pw) (pw)

1 1.000000 | 0.000000 | 1.884557 | 2.666903 | 0.500000 | 0.309900

2 0.941405 | -0.533504 | 0.000000 | 0.000000 | 1.700000 | 1.053500

3 0.942331 | -1.631538 | 0.000000 | 0.000000 | 2.000000 | 1.239400

4 0.951528 | 2.635645 | 3.180000 | 0.399517 | 0.800000 | 0.495800

Table 4.2: Converged load flow results with @Q-limits (Selective iteration scheme)

4.3.3 Convergence Results for the IEEE Systems:

The results obtained using the IEEE test systems [13, 14] are presented in Tables 4.3 and
4.4. Base used is 100 MVA. The approximate execution time is obtained in a P4 computer
(3 GHz, 512 MB DDR 400 MHz memory, 910 GL chipset) and it also includes the time

for report generation.
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[EEE system | P-iter | Q-iter. | Execution time
(s)
14-bus 3 3 0.032
30-bus 3 3 0.032
57-bus 4 3 0.047
118-bus 4 3 0.078
145-bus 9 7 0.156
162-bus 4 3 0.109
300-bus 6 5 0.157

Table 4.3: IEEE test system results without accounting @-limits at PV-buses (FDLF).

[EEE system | P-iter | Q-iter. | Execution time
(s)
14-bus 3 3 0.032
30-bus 3 3 0.032
57-bus 4 3 0.047
118-bus 4 3 0.063
300-bus 6 5 0.156

Table 4.4: IEEE test system results accounting Q-limits at PV-buses (FDLF).

4.4 Handling of Static Load Models in Load Flows

To account load modelling in load flow programmes, polynomial expression-based static

load model has been employed, where voltage- and frequency-dependency of loads have

been considered [20]-[22]. The procedure involved has been discussed in the following

lines.

1. Voltage-dependent load models: Here the term Pp, (i.e., real power load at bus p)

in the specified real power expression given by P)? = Pg, — Pp,, is replaced by the

polynomial expression for real power as:

PLp :PLop {a1p+a2p<

V3l
| Vol

>+a3”<||vvj;||>2}

(4.26)
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Similarly, the reactive power load at bus p, (1, is given by

v, Vil \?
Qrp = QLop {blp + bap <||V:;||> + bsp <|“éj|> } (4.27)

where, Pr,, and (1., are nominal values of active and reactive components of load

powers at nominal voltage |V,,|. a1 to az and by to bs, are coefficients of voltage-

dependent real and reactive power loads at bus p with

Q1p + Q2p + azp = 1

by + bap + bsy = 1

2. Frequency-dependent load models: Here the term Py, (i.e., real power load at bus

p) is replaced by Py, and is given as:
Prpy, = Prp [14 Kpp A f] (4.28)
Similarly, the term @)r,, is replaced by @1, and is given as:

Qusp = Qry [1+ Ky Af] (4.29)

where, K,y and K s are coefficients of frequency-dependent real and reactive power

loads at bus p.

Incorporation of frequency-dependent load models in load flow studies can be im-
plemented by knowing the specified real power generation at slack bus, PZ.. The

implementation procedure is as follows:

(a) Compute the slack bus real power generation Pgs = Ps+ Pprs, where, P, repre-
sents the computed real power at slack bus, Pp, represents the real power load

at slack bus if any.
(b) Initialize the per unit frequency deviation Af = 0

(c) Compute the frequency-deviation correction factor (AF,) using,
AFC = (Péz — PGs) X Cf (430)

where Cf is referred to as a frequency convergence factor and is selected ap-

propriately for a given system.

(d) Update the frequency-deviation Af, in k'™ iterative step as

AfF = AfED 4 AR
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(e) Use the updated Af, in (4.28 and 4.29).
(f) Compute the system frequency f = f,(1+ Af), where f, is the nominal fre-

quency.

(g) While checking for convergence, the real power generation mismatch at slack

bus is also considered.

NOTE:

e The value of C is chosen so as to provide the minimum possible number of iterations.
This value is system dependent and is to be decided by trail and error method. To

get an approximate initial value of Cy, the following rule-of-thumb may be used:

o1 P
710\ S Py
all loads

e The governor characteristics are not modelled.

Thus, the specified bus power itself becomes a function of voltage magnitude and frequency
deviation and it varies from iteration to iteration. This in turn is used to calculate the
bus power mismatches in the solution process. The implementation flowchart for handling
the load models in load flows is given in Figure 4.3. ‘VM-bit’ and ‘FM-bit’ are set to 1 or
0, if voltage- and/or frequency-dependent load models are to be considered. Refer Figure
4.1 for the complete flowchart.

Test results are obtained are tabulated in Table 4.5 considering @-limits at PV-buses
with voltage- and frequency-dependent load models for all loads. This is done by setting
‘Q-bit’ =1, ‘VM-bit’ = 1 and ‘FM-bit’ = 1. The load model parameters used are a; = 0.4,
as = 0.3 and a3 = 0.3 for real power loads and b; = 0.4, by = 0.3, and b3 = 0.3 for reactive
power loads. In addition, K,; and K, are set to 2 and -1.5, respectively. The nominal

frequency is 50 Hz.

IEEE P Cy f P-itr | Q-itr | Time
system pu (Hz) S
14-bus | 2.3715| 0.1 | 50.0194 7 6 0.063
30-bus | 2.6389 | 0.15 | 49.9700 | 8 7 0.078
118-bus | 4.9048 | 0.01 | 49.9994 5 4 0.093
300-bus | 4.5337 | 0.001 | 50.0003 | 14 11 ] 0.281

Table 4.5: Study results with voltage- and frequency-dependent load models.

The specified nominal real power generation at the slack bus (PZ) is obtained for the

base case loads accounting voltage-dependent loads and -limits at PV-buses.
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No

$ Yes
Read a , a,, a; andby , by, b3

P sp
Compute the voltage dependent loads P, Q  and P, Q

Read C;, K

S
K qr and Pggat slack bus

'

Compute AF, and update Af
'
Ssp Sp

Compute the frequency dependent loads Pr, Qs and P ,Q
|

©)

Figure 4.3: Implementation of load modelling module in load flow.

pf’

NOTE:
The execution time indicated are not exact and is used for comparison purpose only.

These values are obtained using an in-built MATLAB function, etime and clock.

4.5 Representation HVDC Systems For Power Flow

Solution:

Power flow analysis requires joint solution of the DC and AC system of equations. The
sequential approach where solution is alternated between single AC and DC iterations is
employed [23]-[27]. In this method, the AC and DC link equations are solved separately
and thus the integration into the standard load flow program is carried out without
significant modifications of the AC load flow algorithm. The flow of various variables
between DC and AC solutions are illustrated in Figure 4.4.

Here, E,.. and E,. are considered to be the input quantities for the solution of DC

system equations. They are known from the previous AC iteration. Using these bus
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Interface
D.C system |
Par !
Yesied | Qdr |
desired Rectifier ar ‘
o Bacr ¢
min i
IS
pet]
Transformer 2
lgo— D.Cline bus o
(®)
<
Eqci i
Ymin Q di |
Inverter ;
— P |
= di ‘

Figure 4.4: Block diagram to illustrate the interfacing of DC system with AC system in
load flow.

voltages the converter bus powers, Py, Qg,, Py and Qg are computed and are treated
as fictitious loads at the converter buses in the next iteration for solving the AC system
equations. This process is repeated until convergence is reached in AC iterations.
The basic converter equations, for both rectifier and inverter operations, describing
the relationship between the AC and DC variables are given below [12]:
Vio = %B T Eqc

3
‘/dr = Vdor Cosx — _XcrIdBr
T

3
‘/dz' = Vdoz‘ Cos 7y — _Xcz']de'
v

® = cos H(Vy/Vy) (4.31)
Py = Vylg
Qd = Pd tan ®

where, Vy, is the ideal no-load direct voltage, « is the rectifier ignition delay angle, v is the
inverter extinction advance angle, ¢ is the phase angle between the AC voltage E,. and the
fundamental AC current (i.e. power factor angle), R. = 2 X, is the commutating resistance
per bridge/phase, X. is the leakage reactance of the converter transformer/phase, B is
the number of series connected bridges in each converter, T is the converter transformer
tap-ratio, T}, represents nominal tap setting. N denotes the number of tap positions, R4.

represents resistance of the DC line and [, is the specified current margin.
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4.5.1 DC Link Specification Schemes

The basic variables per converter are Vg, a(y), T, ¢, P; and Qq4, and the variable I is
common to both converters. Thus in all, there are 13 variables available for any two-
terminal DC link. Two major specification schemes that are generally employed in DC

systems to solve for unknown variables, are as follows:
1. DC link-current specification : In this case, the link-current, I” is specified.

2. DC link-power specification : In this case, either rectifier-end DC power P, or

inverter-end DC power Py; is specified.

In each of the above specifications, other variables such as «a, Vj,., T, at rectifier, and
v, Vi, T; at inverter may be specified. Thus, it may lead to many combinations of the
specified variable set. The solution of DC link equations will be different for each of the

specification set [28]. In this paper, the following specification sets are used:
1. I}? and V;? are specified.
2. P;? and V! are specified.

The dependent and independent variables in the solution of DC equations depend on
the mode of operation of converters. For a given power direction, generally, 3 modes of
operations are defined: Mode-1: rectifier is on constant current (CC) control and inverter
is on constant extinction angle (CEA) control, Mode-2: rectifier is on constant ignition
angle (CIA) control and inverter is on constant current (CC) control, and Mode-3: rectifier
is on constant ignition angle (CIA) control and inverter is on constant extinction angle
(CEA) control. It is found that in power flow studies it is usually sufficient to consider
Mode-1 and Mode-2 [12]. For any given system conditions, the rectifier and inverter modes
of operation may not be known prior to the solutions of system equations. The following

procedure has been adopted to identify the mode of operation of a converter (see Figure
4.5):

1. Knowing AC side bus voltages, compute « using the following expression.

Var + Rer By 1,
a=cos " (M) (4.32)
‘/odr

2. If & > auin, Mode-1 condition is satisfied.

3. If a < aymin, Mode-2 condition is satisfied.
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2

Read converter bus voltages from AC load flow

!

S|
Set 1y = Iy, for current specified links.

Compute |§c for power specified links and set 14 = chc
v

O > O min Check fo o <a min
mode of
operation

2

E R

‘ Mode 1 calculations ‘ Mode 2 calculations
Fi T

'

Compute converter bus power
P =[Rr . —PilandQs= [Qqr, Q g}
Use Py, and Quc to modiifiy P and Q"

w

Figure 4.5: Flowchart of DC module.

4.5.2 Solution of DC Link Equations

DC link-current specification:

Having specified I}7 and V. it is possible to solve for the remaining unknown variables
with the knowledge of the AC voltages. The steps involved in Mode-1 and Mode-2 are as

follows:
1. Initially set V. = Vg, where Vy,.,, is the nominal rectifier-end DC voltage.
2. Compute « using (4.32) with I; = I;” and identify the mode of operation.

3. Perform Mode-1 and/or Mode-2 calculations using (4.39) or (4.40) for each link.

Rectifier-end DC power specification:

Having specified P;* and V,”, it is possible to solve for the remaining unknown vari-

ables with the knowledge of the AC voltages. The steps involved are as follows:

1. Compute the DC link current order I§, knowing P;” and V7. The equations used

in the computation of DC current I are :
Py = VP I, (4.33)

P? = Py + (I3)" R (4.34)
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Solving (4.33) and (4.34), we get a feasible expression for IS, as,

1
1§ =

s sp\2 S
ﬁdc |:_de'p + \/(de’p) +4 Pdf Rac

(4.35)

2. Initially set Vg, = Vi, and compute « using (4.32) with I; = IS, and identify the

mode of operation.

3. Perform Mode-1 or Mode-2 calculations using (4.39) or (4.40) for each link.

The expression that is used to calculate DC link-current order in Mode-2 is obtained as

follows:
We know that in Mode-2,

sp o __
P dr T

Vdr -

‘/;ior COS Qin — Rcr Brld

Using (4.36) and (4.37), and solving for a feasible I, we get

1

I, = Vior COS Qpmin, — \/(Vdor COS Qnin )? — 4Py R, ] (4.38)
2Rdc
1. Mode-1 calculation:
I; = I} for current specification.
I; = IS, for power specification, see (4.35).
T Vi + R.; Bl
37\/5 Bz Eaci COS Ymin
2
Vdoz’ iBiﬂEaci
T
®i cos (VP [ Vigoi) (4.39)
Py Vdsip 1,
Quai Py; tan ¢;
Var Vi + Rycly
2
Vdor i B r Tr E acr
T
—1 <Vdr + RchrId>
« cos _
V;)dr
¢r COS_l (Vdr/Vdor)
Py, Varly
er Py, tan ¢,
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2. Mode-2 calculations:

I;=1I} — I, for current specification.

I; is obtained using (4.38), for power specification.

Vior = %BrTrEacr
Var = Vaor cos imin — Rep Brlg
¢r = cos” (Var/Vior)
Py = Vg.I; for current specification
Qar = Py tano,
Vi = Vir — Racla (4.40)
Vioi = #BiTiEaci
v = cos~! <Vdi + Rcz’Bz‘Id>
Vodi
¢i = cos” ' (Vii/Viaoi)
Pai = Vailg

Qu = Pygtang;

4.5.3 Incorporation of Control Variable Limits:

At each converter, the angle (« or ) and the transformer tap (7') can be controlled
directly to achieve (i) current control (ii) DC voltage control (iii) power control or (iv)
control of reactive power. The control strategies of tap change control are explained in

the following sections.

4.5.3.1 Rectifier and Inverter Transformers’ Tap Adjustments in Mode-1

The tap changer control at the rectifier is designed to maintain the delay angle, o within
the nominal range (say 10° to 20°) in order to achieve certain voltage margin for the

purpose of current control. This has been implemented as follows:

1. If « violates the upper or lower limit of the nominal range, then T, is adjusted as

Toesr) = Trgey £ AT, (4.41)

(Trma:c - Trmin)
AT, =
N,
T,maz = specified rectifier transformer upper limit.

where,
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T,min = specified rectifier transformer lower limit.

N, = specified rectifier transformer number of tap positions.
2. If transformer tap-limits are reached, then the taps are set at the limiting values.

3. Compute Vy,, and a.

When converters are operating in Mode-1, normally V;” is specified. This specified
value must correspond to the inverter tap setting which is within the specified range of
tap positions. However, if V;” specified leads to a tap setting out of the specified tap
range, then the transformer tap is set at the limiting values and the V;” is recomputed
as per (4.42).

3v2
Viei = — BT Eqc
Vai = Vdoi €08 Ymin — ReiBilg (4.42)

The above procedures are depicted in Figure 4.6.

&

Set ysp: Y min and
V= Vg foral mode 1links

Set Ti= Timax (0N Timin
whichever limit is violated

Compute Vg and Vo

Check o
or the nomina

Set Tr= Trmax (or) Irmin ,
whichever limit is violated

1
Re compute a
-

)
‘ Compute Ry, Qyand Ry , Qdi‘
[

®

Figure 4.6: Flowchart for Mode-1 calculations.
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4.5.3.2 Rectifier and Inverter Transformers’ Tap Adjustments in Mode-2

In this mode, the rectifier transformer tap is adjusted to maximize DC voltage and the
inverter transformer tap is adjusted so that v > 7,,;, and var consumption is minimized.
In Figure 4.7, only inverter transformer tap-setting objective is met. The adjustment

procedure is illustrated below.

1. If v < Ymin then adjust the T; as follows:
Ty = Ty — AT (4.43)

ﬂmam - ,-szm
where, AT, = ( )

i
Timaez = specified inverter transformer upper limit.

Timin = specified inverter transformer lower limit.

N; = specified inverter transformer number of tap positions.
2. If transformer-tap-limits are reached, then the taps are set at the limiting values.

3. Compute v and V.

(=)

t
Set Iy = Ifjpc - Iy, for current
specified links. Compute |§C for .
power specified links and set 14= lyc -
Set a =0, forall mode 2 links

1

Compute Vg, and Mior
[
—

Set Ti= Timax (Or) Timin
whichever limit is violated

Re compute Y

‘Compute Pr, Qgrand Py, 9di‘

@

Figure 4.7: Flowchart for Mode-2 calculations.

NOTE: If v < Ynin at the limiting values of T;, it may be required to re-adjust v,in

and /or Tiae /Timin specifications.
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4.5.4 AC-DC Load Flow Algorithm:

After obtaining the rectifier and inverter bus powers Py, Qg-, Py and Qg;, from (4.39)
and (4.40), Py, and Q4. are calculated as

Pic = [Pu,—Pa]” (4.44)
Qi = [Qar,Qal" (4.45)

Treating the above powers as fictitious loads, these quantities are interfaced with the

existing AC load flow as:

Pr = Pro+ L (4.46)
QL= Qro+ Que (4.47)

Where, Pr, and Qr, represent the vector of nominal loads in the AC system.
NOTE:

1. The DC system filter admittances By, are considered as shunts and are accounted

in a usual manner in the bus admittance matrix.

2. If voltage-dependent and /or frequency-dependent load modelling is to be considered,

then Pp, and Qp, are accordingly modified (see section 4.4).

These fictitious load powers are used to compute the bus power specifications P*? =
Pg—Ppand Q% = Q,—Q, in the AC routine (see Figure 4.5). If bus power mismatches
are not below the prescribed tolerance value, i.e., if AC solutions are not converged, the
AC load flow routine computes a new set of AC bus voltages and are used in the next
DC calculations. The complete flowchart for the FDLF programme with the inclusion of
HVDC links and load models is given in Figure 4.8. In the figure, the module ‘AC Load
Flow’ represents the standard FDLF scheme (with a provision for inclusion of -limits at
PV-buses using an index ‘Q-bit” as discussed in section 4.3.2). A flag, ‘DC-bit’ facilitates
the inclusion of DC links in the AC load flow.

A sample run for the IEEE 14-bus system with 2 two-terminal HVDC links and with

the following specification (refer Table 4.6), is shown in section 5.2.
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Read AC and DC system data.
Initialize AC and DC variables.

Compute P and Q

Yes @
DC calculations
No 7

Load model depending on
‘VM-bit’ and ‘FM-bit’ settings

Set the updated voltages as
the new specified voltage
at the violated PV - buses

l

Compute AP andAQ

Is

(Q-bit=1&

DC-bit = 1)
?

Compute line flows
& slack bus power

AC Load flow

¥
End

Figure 4.8: Flowchart for the inclusion of DC calculations in AC load flow.

Parameter Link (5-4) Link (1-2)
Rectifier | Inverter | Rectifier | Inverter
Bus No. 5 4 1 2
B 1 1 1 1
Xe 0.126 0.07275 | 0.1512 0.0873
Qmins Ymin 5° 15° 5° 15°
T +15% +15% +15% +15%
N 27 19 25 20
Tn 1 1 1 1
By, 0.4902 0.6301 1.9608 1.0
Ry 0.0034 0.0035
P;f 0.5865 1.5858
Vd“;p 1.284 1.237
ij 0.4562 1.2774

Table 4.6: DC link data for the IEEE 14-bus system.
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Chapter 5

Case Studies with A Test System:
FDLF method

The single line diagram of the IEEE 14-bus system is shown in Figure 3.1. The system

details are adopted from [13]. To run the load flow programme using FDLF method, the

file required is: £d1f_loadflow.m. This file in turn calls the following .m files:

1.

2.

d.

6.

B_bus_form.m: It constructs B’ and B” matrices.

fdlf_jacob_form.m: It performs the solution of load flow equations till the solution

is converged.

dcflow.m: It performs the mode checks and calculates bus powers at the HVDC

link converter buses.

. dcdata.m: It prepares the necessary data for the DC power flow using the input

data files.
powerflow.m: It calculates the line flows and line losses.

1f1_result.m: It constructs the result files: 1f1.dat and report.dat.

The above files require the following data files:

1.

2.

busno.dat : System details- number of lines, buses, transformers, etc.

nt.dat : Transmission line and transformer data.

. pvpq.dat : Generation data and load data.

shunt.dat : Shunt data.

Qlim_data.dat : Reactive power generation limits data at PV-buses.
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6. load_model.dat : Voltage-dependent load models data.

7. freq_model.dat : Frequency-dependent load models data.

8. hvdc.dat : DC link data -transformer taps, number of bridges per pole, « etc.
9. spdata.dat : DC link Specifications- current/power specification for each link.

On successful run, it generates three output files: 1f1.dat, report.dat and hvdc_res.dat.
The converged loadflow results are available in 1£1.dat. The final converged DC link re-

sults are given in hvdc_res.dat.

5.1 Format of Data Files

In the following lines the format of each of the data file has been given using the IEEE
14-bus system data:
System details:

File name: busno.dat

T > Slack bus number.

0.001 ---——- > Loadflow convergence tolerance.

14 - > Number of buses in the system.

A > Number of lines. (existing ac lines are replaced by DC links)

————— > Number of transformers.
————— > Number of PV buses = (Number of generators - 1).

————— > To account Q-limits set this bit 1, otherwise 0. (Q-bit)

3
4
1
o - > To account volt-dep. loads set this bit 1, otherwise 0. (VM-bit)
o - > To account freq-dep. loads set this bit 1, otherwise 0. (FM-bit)
1 > Number of load buses (including loads at PV and slack buses).

r > Number of shunts.

1.06  -——-- > Slack bus voltage magnitude.

o - > No of HVDC links (DC-bit).

NOTE: The formats of files: nt.dat, pvpq.dat, shunt.dat, 1fl.dat and Qlim_data.dat

are identical to that given for NR-method -see section 3.2.1.
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Voltage-dependent load models:

File name: load_model.dat

Load Bus No. al a2 a3 bl b2 b3
2 0.4 0.3 0.3 0.4 0.3 0.3
3 0.4 0.3 0.3 0.4 0.3 0.3
6 0.4 0.3 0.3 0.4 0.3 0.3
2 0.4 0.3 0.3 0.4 0.3 0.3
3 0.4 0.3 0.3 0.4 0.3 0.3
6 0.4 0.3 0.3 0.4 0.3 0.3
4 0.4 0.3 0.3 0.4 0.3 0.3
5 0.4 0.3 0.3 0.4 0.3 0.3
9 0.4 0.3 0.3 0.4 0.3 0.3
10 0.4 0.3 0.3 0.4 0.3 0.3
11 0.4 0.3 0.3 0.4 0.3 0.3
12 0.4 0.3 0.3 0.4 0.3 0.3
13 0.4 0.3 0.3 0.4 0.3 0.3
14 0.4 0.3 0.3 0.4 0.3 0.3

Frequency-dependent load models:

File name: freq_model.dat

0.1 ----> Frequency convergence factor (Cf).

2.0 ----> The frequency coefficient for real power (Kpf).
-1.5 ---=> The frequency coefficient for reactive power (Kqf).
2.3715645  ----> The real power generation at slack bus. P~ {sp}_{Gs}
NOTE:

1. The load_model.dat is used if ‘VM-bit’= 1. Constant power type load models are
assumed if there are no entries for loads (both real and reactive power) at a load

bus.

2. The freq_model.dat is used if ‘FM-bit’= 1.
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5.2 IEEE 14-bus Example for Inclusion of HVDC
Link

In the original IEEE 14-bus system, two AC lines are replaced by HVDC links: one DC
link between buses 5 and 4 (with I}” specification), and the second DC link between buses
1 and 2 (with P,? specification) -see Figure 5.1. In addition, Q-limits at PV-buses have
been accounted. The DC link details (in pu.) are given in Table 4.6 (adopted from [28]).
The base values used are: 100 MVA and 100 kV. See Appendix for base selection for DC

system.

@ GENERATORS

SYNCHRONOUS A
CONDENSERS

Figure 5.1: The modified IEEE 14-bus system.
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The format of various input files pertaining to DC links is as follows:
HVDC Link data:

File name: hvdc.dat

Link No. Rec/Inv bus Br/Bi Tr_max/Ti_max Tr_min/Ti_min Tn_r/Tn_i
1 5 1 1.15 0.85
1 4 1 1.15 0.85
2 1 1 1.15 0.85
2 2 1 1.15 0.85
Xcr/Xci Alpha_min/Gama_min Nr/Ni Bshr/Bshi
0.126 5 27 0.4902 ----> 1link 1 Rectifier data
0.07275 15 19 0.6301 -——-> 1link 1 Inverter data
0.1512 5 25 1.9608 ----> 1link 2 Rectifier data
0.0873 15 20 1.0 —-——-=> link 2 Inverter data

HVDC Link Specifications-related data:

File name: spdata.dat

Link No. Rec-bus Inv-bus Vdis Idc Pdr Im Rdc
5 4 1.284 0.4562 0.5865 0.04 0.0034
2 1 2 1.237 1.2774 1.5858 0.12 0.0035

10 20 1 0 100 1 - >Link 1 specified data
10 20 0 1 100 1 —- >Link 2 specified data

cn -set 1 if the dc link is on link current specification.

pn —set 1 if the dc link is on rectifier-end power specification.
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For this case, where ()-limits are accounted, the files busno.dat and nt.dat are mod-

ified as follows:

File name: busno.dat

T > Slack bus number.

0.001 ---——- > Loadflow convergence tolerance.

14 - > Number of buses in the system.

15 * —-——— > Number of lines. (existing ac lines are replaced by DC links)

3 - > Number of transformers.

4 === > Number of PV buses = (Number of generators - 1).

S > To account Q-limits set this bit 1, otherwise 0. (Q-bit)

o - > To account volt-dep. loads set this bit 1, otherwise 0. (VM-bit)
o - > To account freq-dep. loads set this bit 1, otherwise 0. (FM-bit)
11 - > Number of load buses (including loads at PV and slack buses).

T > Number of shunts.

1.06  -——-- > Slack bus voltage magnitude.

2 *x  ————= > No of HVDC links (DC-bit).

* _indicates the changes made with respect to the original busno.dat.
Network data:

File name: nt.dat

From To R X y (total)/Tap ratio Remarks

Al 2 0.01938 0.05917 0.0528 --=-> Line 1
1 5 0.05403 0.22304 0.0492 -—=> Line 2
2 3 0.04699 0.19797 0.0438 -——> Line 3
2 4 0.05811 0.17632 0.034 --=> Line 4
2 5 0.05695 0.17388 0.034 -——> Line b5
3 4 0.06701 0.17103 0.0128 -——> Line 6
2 5 0.01335 0.04211 0.00 --=> Line 7
7 8 0.0 0.17615 0.0 ---> Line 8
7 9 0.0 0.11001 0.0 --=> Line 9
9 10 0.03181 0.08450 0.0 ---> Line 11
6 11 0.09498 0.19890 0.0 --=> Line 11
6 12 0.12291 0.25581 0.0 -——> Line 12
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13 0.06615 0.13027 0.0 -—=> Line 13
14 0.12711 0.27038 0.0 -—-> Line 14
10 11 0.08205 0.19207 0.0 -—=> Line 15
12 13 0.22092 0.19988 0.0 -—-=> Line 16
13 14 0.17093 0.34802 0.0 -—-> Line 17
4 0 0.20912 0.978 —-—-> Transformer data starts here.
0 0.55618 0.969
0 0.25202 0.932
NOTE:

Since two AC lines: 1-2 and 4-5 are replaced by two-terminal HVDC links, these two

lines must be deleted from the file nt.dat. Instead, one may comment out these two rows

as shown above.

With a tolerance factor, ¢ = 0.001 and without considering load models, the solution

has taken 4 P-iterations and 3 ()-iterations to reach convergence. The partial content of

file report.dat is shown below.

Bus No Vo0 thetal PGO QGO PLO QLO
1 1.060000 0.000000 2.286187 -1.250493 0.000000 0.000000
2 1.047204 -4.081198 0.400000 -0.397088 0.217000 0.127000
3 1.010581 -11.736848 0.000000 0.000133 0.942000 0.190000
4 1.058625 -10.249079 0.000000 0.000000 0.478000 -0.039000
5 1.029111 -8.156934 0.000000 0.000000 0.076000 0.016000
6 1.070000 -13.530646 0.000000 0.018110 0.112000 0.075000
7 1.079937 -13.131210 0.000000 0.000000 0.000000 0.000000
8 1.090000 -13.131210 0.000000 0.062267 0.000000 0.000000
9 1.073443 -14.659714 0.000000 0.000000 0.295000 0.166000
10 1.065463 -14.750492 0.000000 0.000000 0.090000 0.058000
11 1.064285 -14.285811 0.000000 0.000000 0.035000 0.018000
12 1.056551 -14.401321 0.000000 0.000000 0.061000 0.016000
13 1.052942 -14.527435 0.000000 0.000000 0.135000 0.058000
14 1.046708 -15.585947 0.000000 0.000000 0.149000 0.050000
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Line flows:

Line flows Line flows

From To P-flow Q-flow From To P-flow Q-flow
1 5 0.7004 -0.0010 5 1 -0.6768 0.0448
2 3 0.7284 0.0445 3 2 -0.7055 0.0058
2 4 0.6000 -0.2478 4 2 -0.5781 0.2765
2 5 0.4347 -0.0364 5 2 -0.4249 0.0297
3 4 -0.2365 -0.1956 4 3 0.2425 0.1973
7 8 0.0000 -0.0617 8 7 -0.0000 0.0623
7 9 0.2811 .0675 9 7 -0.2811 -0.0596
9 10 0.0522 .0817 10 9 -0.0520 -0.0810
6 11 0.0736 -0.0039 11 6 -0.0731 0.0048
6 12 0.0767 0.0199 12 6 -0.0760 -0.0185
6 13 0.1767 0.0517 13 6 -0.1747 -0.0478
9 14 0.0961 0.0615 14 9 -0.0947 -0.0585
10 11 -0.0381 0.0230 11 10 0.0382 -0.0227
12 13 0.0150 0.0025 13 12 -0.0150 -0.0025
13 14 0.0548 -0.0075 14 13 -0.0543 0.0085
0.2811 0200 7 -0.2811 -0.0058

0.1622 0437 -0.1622 -0.0305

5 0.4390 1704 -0.4390 -0.1246

Total real power losses in the system = 0.096122

Total reactive power losses in the system = -4.533410

NOTE:
The expressions used for the calculation of line flows and the system losses with HVDC

links, are given in Appendix.
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Results of The D.C.Link: 1

Parameter Rectifier Inverter
Bus no 4
D.C.Voltage (pu) 1.2855651 1.284000
Transformer tap Position(pu) 1.011111 0.952757
Control Angles(Deg) 17.466154 15.000000
Commutation overlap Angles(Deg)  11.397456 8.162801
Real Power flow(pu) 0.586468 0.585761
Reactive power consumption(pu) 0.258883 0.207395
Power factor 0.914833 0.942658
Current in the D.C.Link(pu) 0.456200

Voltage Base in kV = 100.00

Results of The D.C.Link: 2

Parameter Rectifier Inverter
Bus no 2
D.C.Voltage (pu) 1.241471 1.237000
Transformer tap Position(pu) 1.012000 0.983495
Control Angles(Deg) 10.173883 15.000000
Commutation overlap Angles(Deg)  32.968526 20.629222
Real Power flow(pu) 1.585800 1.580089
Reactive power consumption(pu) 0.953687 0.812281
Power factor 0.856966 0.889365
Current in the D.C.Link(pu) 1.277356

Voltage Base in kV = 100.00
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converged D.C Load flow Results:

File name: hvdc_res.dat

Rec/  Vdr/ Tr/ Pdr/ Qdr/ Alpha/ P.f Vbase
Inv Vdi Ti Pdi Qdi Gama
5 1.285551 1.011111 0.586468 0.258883 17.466154 0.914833 100.00
1 1.241471 1.012000 1.585800 0.953687 10.173883 0.856966 100.00
4 1.284000 0.952757  0.585761 0.207395 15.000000 0.942658 100.00
2 1.237000 0.983495 1.580089 0.812281 15.000000 0.889365 100.00
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Appendix A

Important Expressions Used in Load

Flow Programme

Computation of Line Flows
Transmission network mainly consists of transmission lines and transformers. The mod-

elling of these components are briefly discussed in the following sections:

Transmission Lines:

Transmission Lines are modelled as a nominal 7 circuit [6] as shown in Figure A.1.

|
From Pa ap To
Node ° A " Node
() (9)
Yy y
~ 2 ~ 2
. T °

Figure A.1: Nominal 7 Model of transmission lines.

where,
Z: represents the series impedance of the line.

2. represents half of the total line charging y, at each node.
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Transformers:

The transformers are generally used as inter-connecting (IC) transformers and generator
transformers. These transformers are usually with off-nominal turns ratio and notations

used are shown in Figure A.2. The 7 equivalent circuit [6] of transformer is given in

Figure A.3.
al Yt |
Figure A.2: Transformer with off-nominal tap.
Y
Tap Ipq a | qp Notap
side ) 9_—:'—_6' side
(@)
(1-a) (a-1)
D a2 Ut ]
L
Figure A.3: Equivalent circuit of transformer.
where,
Yy = Zit

zs: represents the series impedance at nominal-turns-ratio.

a: represents per unit off-nominal tap position.

1. For transmission lines: For the above model, the line currents I, and I, are com-

puted as

(Vo = Vo) Y
]pq - pZ . +Vp§
(Vg = Vo) Y
]qp = qZ £ +Vq§ (A‘D
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2. For transformers : In Figure A.3 assume that,

vi = 2
a
1—a
Y, = (a2 )yt
a—1
Y; = ( )yt
a

The currents I, and I, are computed as

Ipq = (VED - Vq)Yl + VEDY'?
qu = (Vq - Vp)Yl + VqY}» (A-2)

The complex apparent powers Sy, and S,, are calculated as

Spq = qu“'jqu:VpI;q
qu = Pqp“'jqu:VqI;p

The net power loss in the component connected between nodes p and ¢ is given by

Spq—loss = Spq + qu

If any shunt element (Y, = G, + jB,) is present at node p, the shunt current and

hence the complex apparent power at node p are given by

]shp - ‘/p}/shp

_ *
SShP - ‘/P shp

The total apparent power loss in the system is given by

Sloss = Z Spq—loss + Z Sshp = Z I(%Rdc

all lines and transformers all shunts all dc links
(A.3)
= > [Pop— P+ [Qcp — (Qrp + Quep)]
p=1
or in terms of bus power injection S, at bus p, the Sj,, is given by
Sloss == Z Sp - (PLS + jQLs) - (Pdcs + decs) + Z [3Rdc (A4)
p=1 all dc links
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Computation of Overlap Angles:

The commutation overlap angles at rectifier and inverter bus are computed as,

fy = cos (2 Var _ oS a) -« (A.5)
Vdor
Vai

pi = cos " (2 ¢ —cosw) - (A.6)
Vdoi

Base Selection for DC System

Base quantities for the DC system are chosen as follows:

Sgc — Séc

VBDC — Vé‘lc
(A7)

]DC — Sgc

VDC

7 = Y

B

MATLAB Implementation:

1. The linearized load flow equation given by (2.14) for N-R method, and P — ¢ and
Q@ — |V| equations given by (4.20) and (4.21), respectively, for FDLF method, are
of the form Az = b. In MATLAB, the solution for the correction vector is obtained

by using ‘backslash’ command as follows:
z = A\b

2. In the programming, all variables have been vectorized and declared as sparse to

exploit the advantage of sparsity solution techniques which is inherent to MATLAB.
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