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Integrated Generation and Transmission Expansion Planning Using
Generalized Bender’s Decomposition Method
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Abstract — A novel integrated optimization method based on the Generalized Bender’s Decomposition
(GBD) is proposed to combine both generation and transmission expansion problems. Most of existing
researches on the integrated expansion planning based on the GBD theory incorporate DC power flow
model to guarantee the convergence and improve the computation time. Inherently the GBD algorithm
based on DC power flow model cannot consider variables and constraints related bus voltages and
reactive power. In this paper, an integrated optimization method using the GBD algorithm based on a
linearized AC power flow model is proposed to resolve aforementioned drawback. The proposed
method has been successfully applied to Garver’s six-bus system and the IEEE 30-bus system which
are frequently used power systems for transmission expansion planning studies.

Keywords: Generation expansion planning, Transmission expansion planning, Integrated optimization,
AC power flow model, Generalized Bender’s Decomposition

1. Introduction

An integrated generation and transmission expansion
planning (hereafter IGTEP) is to decide the types and
numbers of generators and transmission lines that should
be added to the power system, and the appropriate time to
add them, so that future electricity demand and the reliability
conditions can be met at the least cost. Researches on the
optimization of IGTEP started late 1970s, but the early
researches were rather confined to small scale or reduced
power systems because the computation time and memory
usage are intractably increased as the size of the problem
increases. Application to the practical scale system has
been very rare [1-3]. Therefore, the problem has usually
been divided into two separate problems: generation
expansion planning and transmission expansion planning.

Recently researches on IGTEP problem started to
revive due to mainly two facts: the time and cost to build
transmission lines are greatly increased because of
NIMBY syndrome against high-voltage transmission lines,
and the addressable size of the optimization problems
becomes much larger due to the development of the
modern computer technology and cheap memory cost.
Several researches on optimization of the large scale
IGTEP problem have been published recently [4-18].

The optimization of IGTEP problem, by nature, is
required to incorporate either DC or AC power flow model
to calculate the active or reactive power flows through
network. Each model has pros and cons in terms of
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convergence and accuracy. While DC model provides
faster convergence, it cannot consider the quantities and
constraints related to reactive power and bus voltage. And
vice versa, AC model can consider various constraints
related to reactive power and bus voltage, but it requires
long convergence time and sometimes it converges to a
poor local optimum due to nonlinearity of AC power flow
model. For this reason, most of the existing researches are
based on DC power flow model and only limited number
of researches are based on AC power flow model.

The optimization of IGTEP problem inherently
formulated as a Mixed Integer Nonlinear Programming
(MINLP) due that it contains the binary decision variables
and the nonlinear constraints [19]. Not being a rigorous
classification, the existing researches on the optimization
of IGTEP problem can be categorized into two groups:
1) methods based on combinatorial search such as branch
and bound and genetic algorithm [18], 2) methods based
on the decomposition theory such as Generalized Bender’s
decomposition [4, 5].

The relative strength of the combinatorial search method
compared to the decomposition method is its generality.
The method can be applied to any type of power systems
without any problem-specific restriction and it guarantees
asymptotic convergence to the global optimal solution in
theory. However, the most significant drawback is that
its computation time and memory usage are increased
exponentially according to the size of the system. The
computation time can significantly be reduced by
fathoming, but it becomes intractably long when applied
to the large scale real power system. Therefore, the
combinatorial search method is only applicable to a
relatively small scale system or reduced system. The
authors found in the previous research results that the
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largest size of power system to which the combinatorial
search method can be applied is the system with less than
20 buses [18].

Meanwhile, the decomposition methods such as Bender’s
Decomposition (BD), Outer Approximation, Generalized
Bender’s Decomposition, Generalized Outer Approximation,
Generalized Cross Decomposition, etc., are based on the
theory that the original problem can be decomposed into
two sub-problems under certain regularity assumptions.
The methods based on the decomposition theory have the
following merits [20]:

1) The given optimization problem can be decomposed
into a number of independent problems, each involving
different decision variables.

2) The given optimization problem takes a well-known
special structure for which efficient algorithms are
available.

3) The given optimization problem becomes convex in
continuous variables even though it is non-convex in
the joint continuous-integer domain.

The IGTEP problem inherently consists of two sub-
problems, which are: (1) determining the optimal investments
in new generation and transmission capacity, and (2)
determining the system operating cost (mainly fuel cost of
generators) and supply reliability, respectively. Therefore,
the application of decomposition methods to the IGTEP
problem is very intuitive [2].

Among various decomposition methods, the Generalized
Bender’s Decomposition (GBD) method is one of the most
frequently used ones for IGTEP problem, which guarantees
the convergence under specific conditions. Especially,
the GBD method has been applied to the transmission
expansion planning problem extensively [21-25]. A
couple of research results that applied GBD method to the
optimization of IGTEP problem are found in the literature
[2,4,5].

However, the biggest problem of the GBD method is
that it only guarantees the convergence when the sub-
problem is convex. Hence, most of the existing researches
on IGTEP based on GBD method incorporate the (linearized)
DC power flow model to guarantee the convergence
conditions [1, 21-25].

Thus, the main objective of this paper is to find a general
way to apply the GBD method to IGTEP problem with
AC power flow model, which guarantees convergence. It
is unavoidable to use AC power flow model if we want
to consider the constraints related to reactive power
and/or bus voltages. The key idea is to use the linearized
version of AC power flow model to guarantee the
convergence conditions of GBD theory. We found that the
proposed method improves not only the convergence
itself but also the convergence speed of the overall
optimization procedure.

In the following section the mathematical formulation of

the proposed method is described. The proposed method is
applied to the Garver’s six-bus power system and the IEEE
30-bus system which are frequently used sample power
systems for the transmission expansion planning researches.
The simulation results are shown in Section 3. Conclusions
are given in the last section.

2. Mathematical Formulation

2.1 Nomenclature

L] Index of bus
g Index of generator
id Index of T/L circuits between i and j

Q, Set of all generators including existing generators
and new generators

Q, Set of all buses including existing buses and new
buses

PG,  Real power output of generator(MW)

0G, Reactive power output of generator (M Var)

Fyias Real power flow between i and j(MW)

Oy.ia: Reactive power flow between i and j(MVar)

AV;,  Bus voltage magnitude deviation in pu at bus i at
time t

AV, max Upper bound on the voltage magnitude deviation
in pu at bus i

AV, min Lower bound on the voltage magnitude deviation
in pu at bus i

0, Phase angle difference between i and j at t (rad)

gy  Conductance of existing and prospective T/L
between i and i(p.u)

bja  Susceptance of existing and prospective T/L
between i and j(p.u)

PD,, Real power demand at bus i at time t (MW)

OD,,  Reactive power demand at bus i at t (MVar)

a, Coefficient of second order term of operation
cost function of each generator($/MW?)

b, Coefficient of first order term of operation cost
function of each generator($/MW)

C, Constant coefficient of operation cost function

of each generator($)

CPg Investment cost of generators(M$)

TC,  Investment cost of T/L between i and j(M$)

dr Discount rate

Semx Maximum apparent power output of each
generator for existing and prospective generators

(MVA)

S,-j,,-d,max Maximum apparent flow limit on T/L between
bus i and j(MVA)

0,,  Binary variable for operation of each generator

U;.q., Binary decision variable for an existing and
prospective line between bus i and j at time t.

Zg+  Binary decision variable for an existing and
prospective generator at time t.
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uc; ., Binary decision variable included construction
period for a prospective line between buses i and
jattimet.
zc,, Binary decision variable included construction
period for a prospective generator at time t.
L,;  Binary variable if generator g is connected to
bus i

t, T Index of time and planning period

2.2 Description of the Generalized Benders’ Decom-
position (GBD) method

The GBD method proposed by Geoffrion is a generalized
version of the Bender’s Decomposition (BD), which is an
optimization theory based on the nonlinear convex duality
to deal with nonlinear programming problem such as
MINLP [26]. It guarantees that the optimal solution is
found in a finite number of iterations under certain
convexity and regularity assumptions [4, 5, 20, 26]. It is
assumed that the original optimization problem is given as
follows:

min, , /(x,y)
st h(x,y)=a
g, y)<p (1)
xeXcR"
yeY={01}¢

where x and y are vectors for operational variables and
investment decision variables, respectively.

The objective function in Eq. (1) can be rewritten
separately for y and x using ‘min’ and ‘inf” operators as
follows:

min  inf, f(x,y)
st h(x,y)=a
gx,y)<p 2)
xeXcR"
yeY={01}1

If we define v(») as v(y)=inf, f(x,y) then Eq. (2)
can be expressed as follows:

min,, v(y)
st yeYNV 3)
where, the set ¥ is defined as V = {y|h(x,y) =, g(x,»)

< B for somex € X} . In the above equation, V(») and V
can be described as dual representations by “Geoffrion’s

theorem related to the dual representation” as follows [20,

26]:
Dual representation of V :

0>inf L(x,y,A, 1), VA, ieA 4)
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p
where, A ={1 eR’”,ﬁeR":ﬁZO,Zﬁ:
i=1

Dual representation of v(y):

v(y)=inf_, sup, ., L(x,y,A,4), VyeYNV  (5)

where,

L(x,y,i,,u) = f_(xay)'f_ﬂ“(h(x’y)_a) + ,u(g(x,y) _ﬂ)
L(x,y, 4, 1) = A(h(x,y) — o) + 1(g(x, y) = )

A, ¢t - Dual multiplier of feasible primal problem

A, t : Dual multiplier of infeasible primal problem

The dual representation described as Eq. (5) can further
be decomposed into two sub-problems dubbed as “master
problem” and “primal problem”, respectively. These two
problems form a saddle point problem where the minimum
of the master problem and the maximum of the primal
problem intersect each other.

The basic idea of the GBD method is that it utilizes the
concept of “complicating variable” in order to find the
optimal solution of the problem given by Eq. (5) which is
equivalent to Eq. (1) [20]. The original problem described
as Eq. (3) or Eq. (5) contains the instrument variables x and
M . But the master problem or the ‘sup’ problem only
considers # as the instrument variables and x is considered
as the input parameters (decided by the primal problem or
the ‘inf” problem), whereas the primal problem or the ‘inf’
problem considers x as the instrument variables and # as
the input parameters (decided by the master or the ‘sup’
problem). These two ‘sup’ problem and ‘inf’ problem
should be solved alternately until the values of objective
functions of two problems converge to each other as shown
in Fig. 1.

The difference between the values of the objective
functions of the master problem and the primal problem is
called “duality gap”. During the initial phase, the duality
gap generally may not be small, but gradually converges to

|infx sup, L(x, 1) ||:>| Set initial value x| ‘I:> sup,, L(xl,//) > /11
Set Dual problem
R inf, L(x, )
i <
supﬂl(xz,,u) > qu
R inf L(x,,uz)
x’ g

supﬂL(\ D /u
) inf, L(\ U 3
oC

sup/,L(\ L) > it
inf, L(\ U )

Stop criterion : SUp , L(x *u)—inf L(x, /zk) <eg

Fig. 1. Concept of Decomposition Method
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small value in a certain number of iterations. When the
duality gap is converged to zero, the solutions of the master
and primal problems are same and hence the value
represents the optimal solution of the original problem.
However, the convergence can only be guaranteed when
the following conditions are met [20, 26]:

Cl. Y be anonempty subset of V.
where V = {y:h(x,y)=a,g(x,y)< B} for some
xeX

C2. X be anonempty convex set.

C3. f.gbeconvexon X foreach fixed yeY .

C4. h belinear on X for each fixed y €Y.

C5. f,&>h be continuouson X xY .

C6. The set of optimal multiplier vectors for the primal
problem be nonempty for all ¥ €Y | and uniformly
bounded in some neighborhood of each such point.

Using the definition of supremum and the assumption
that v(») is bounded all y €Y1V, the master problem
can be stated as the following equation:

minst,yB /uB
st pp >2min _, L(x,y,A, 1), YVA,Vuz0
0>min,_, L(x,y,4, /1), V(A,H)€A (6)

And the primal problem, which is related to
minimization of the operation cost for fixed investment
decision variables, can be stated as follows:

min, f(x, »")
st h(xyt)=a

gx,yH)<p (7)
xeXcR"

where, k is the iteration number. The optimal solution X
for fixed y(y€Y (V) and multipliers are decided by
solving the above primal problem. Next, the solution
procedure of the GBD method can be summarized as
follows:

Step 1: Let an initial point y' € ¥ ¥ . Solve the resulting
primal problem P(y') and obtain primal solution
x' and optimal multipliers; vectors ', u'. Set
the counters k=1 for feasible and 1=1 for infeasible
and the current upper bound UBD =v(y') . Select
the convergence tolerance € =0.

Step 2: Solve the master problem. If UBD — LBD< &,
then terminate.

Step 3(a): (Feasible primal problem) The primal has v(3)
finite with an optimal solution x and optimal
multiplier vectors /i, 4. Update the upper bound
UBD = min{UBD, v()}. If UBD-LBD < ¢,
then terminate. Otherwise, set. k=k+1, 4* = / and

1* = f1. Return to step. 2.

Step 3(b): (Infeasible primal problem) The primal does not
have a feasible solution for y=p . Solve a
feasibility problem (e.g., the l;-minimization) to
determine the multiplier vectors ,i,;_ of the
feasibility problem. Set I=l+1, /-7 , and
' = f1 . Return to step. 2.

2.3 Application of GBD method to the integrated
optimization of generation and transmission
expansion planning problem

The optimization of IGTEP problem generally consists
of two sub-problems: an investment cost minimization
which is generally formulated as the mixed integer
programming (MIP) and the economic dispatch problem
which is generally formulated as the nonlinear program-
ing (NP). Naturally, the IGTEP problem has a mathematical
structure to which the GBD method can easily be applied.
Therefore, the GBD method is extensively applied to the
power system planning problem such as the transmission
expansion planning since early 1980s [21-25].

However, one of the obstacles to applying the GBD
method to IGTEP problem is that the general mathematical
formulation of IGTEP problem does not satisfy the
convergence conditions CI~C6 described above mainly
due to the nonlinearity of the power flow equation. In order
to overcome this problem, most of the existing researches
are based on the linearized DC power flow [21-24]. Some
researches based on the nonlinear AC power flow equation
have been published, but they are lacking of generality
because they cannot guarantee the convergence of the
method [4, 5, 25].

Hence, this paper suggests a new way of applying the
GBD method to the IGTEP problem which guarantees the
convergence conditions C1 through C6 by linearization of
the various constraints without significant damage to the
accuracy of the original problem.

In order to find the optimal solution of the IGTEP using
GBD method successfully, it is obvious that some of the
constraints should be modified or linearized because GBD
method based on full AC power flow model (Eq.(18) and
(19) below) does not guarantee the convergence conditions
C1~C6. In addition, the linearized AC power flow model
can significantly reduce the computation time and the
convergence. So, in this paper the simplifications are
performed based on the following assumptions:

Al. Technical characteristic of generators, such as ramp-
up/down rates and minimum up/down times, etc., are
ignored.

A2. When the investment costs of generator and trans-
mission lines are calculated, the real power loss is
ignored because resistance of the transmission lines is
usually significantly smaller than line reactance.

A3. The operation cost of transmission lines and the
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salvage values of the generators and transmission
lines at the end of the planning period are ignored.
Also, the start — up cost of the each generator is
ignored.

Ad4. Characteristics of newly built transmission lines
between bus i and ;j are identical with existing
transmission lines between bus i and ;.

AS. All impracticable candidates of transmission lines
based on topology analysis are excluded from the
planning model.

The above assumptions are commonly accepted in the
previous long-term generation and transmission expansion
planning studies although not having been without
controversies [19].

2.4 Mathematical formulation

2.4.1 Objective function

The objective function of the IGTEP problem is the
sum of the operation and investment (or construction)
costs of generation and transmission systems, which can be
formulated as follows:

T
fxy) = z (Operation cost(OC) + Investment cost(IC))

(c0,,+ bgPGgﬁt + agPGg,tz)
(1 +dr)

Qg
where, OC : Z
g

Q, Q
Z (ucij,id,z _ucy',fd,z—l)TQj,[d + Z(zcg,l _ch,z—1)CPg
IC: ijid g

i#j

®)

(+dry™

Here, we ignore the operation cost of the transmission
lines without loss of generality because it is much smaller
than that of generators.

2.4.2 Constraints

The following inequality and equality constraints are
considered for the optimization of the IGTEP problem.

Limits on the apparent power of the generators:

In general the apparent power output of a generator is
characterized as a nonlinear inequality constraint and the
real and reactive power output characteristic for minimum
output and maximum output of a generator are considered
as the following equations:

PG, +0G, <S8, ..., VLVgeQ, ©)
PGg,, < Zg,,Pg,max , Vt,Vge Qg (10)
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QGg,t S Zg,th,maX > VI’vg € Qg (11)
o, P <PG,6 <o, P Vt,Vgng (12)

g.t" g,min gt = Tgt” gmax »

Og‘t g,min S QGg,t S Og,th,max B Vt’vg € Qg (13)

Eq. (9) is a constraint to limit apparent power output
of each generator. Eq. (10) and (11) are constraints to
determine binary variables for the prospective generators.
Eq. (12) and (13) are constraints related to output
characteristic of each generator and to determine binary
variables for operation of existing and newly built
generators.

Though Eq. (9) satisfies the convergence conditions C1
through C6, but it makes the convergence very slow due to
its severe nonlinearity. Eq. (9) can be approximated by the
following four inequalities, which are quite close to the
original nonlinear loading capability curve as shown in Fig.
2[18,27]:

QGg,, < alPGg,, + azSg,maX , Vt, Vge Qg (14)
0G,, < blPGgJ +192Sg’max , Vi, VgeQ, (15)
0G,, 2¢1PGy; +)Sg max, VI, V8E€Q,  (16)
QGg,, > leGg,, +d2Sg’max , Vt, Vge Qg 17)

where a, and b, are all constants.

LOADING CAPABILITY CURVE
0.8
r | ]
T Field heating limit
01 4 [
| | |
_ 0.8 PF
06 — ~
e p
2% o5 L
£8 m 0.9 PF
o3 . N
g= 04 L 095 PF
0.3 — < |Armature
A / - heating
/ limit

04 05 06 07 08 08 1.0
b

Per-unit megawatts P Prime
/

/ M\ 100% excitaton circle
\ | |
\

Underexcitation limit

— Linear approximation

Fig. 2. Linearization of loading capability curve [27]

AC Power Flow:
The general nonlinear AC power flow is calculated as
the following equations:
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P =V 8sia = ViV, (80 €086, +b, ,sind,,) (18)

it ojut ij,t ij
Qij,id,f = _Vi,th(/,id - Vi,fV/’,t (g(/,id sin '91'/',; - bij,id cos ‘9,‘/‘,;) (19)
Based on the assumption A2 which allows us to neglect
resistance of the transmission line, Eq. (18) and (19) can be
approximated as the followings:

Pij,id,t = _Vi,th,tbij,id sin 0ij',t (20)
Q;‘j,id,t = _Vi,t2bij,id + Vi,r V_/,tbij,id Cos‘gg/,t (21)

Notice that Eq.(20) and (21) still do not satisfy the
convergence properties C1~C6 due to their nonlinearities.
Therefore, the above equations are to be further linearized
using the following additional assumptions [28].

1) All the bus voltage magnitudes are close to 1.0 per
unit.

2) The angle difference across a line is small so that
sin@~6 and cosd=1 can be applied. This
assumption is valid at the transmission level where
the active power flow dominates the apparent power
flow in the lines.

By the above assumptions, the bus voltage magnitude
can be written as V,, =1+AV,, where AV, is expected
to be small. Substituting 1+ AV;, into Eq. (20) and (21),
and neglecting higher order terms, the Eq. (20) and (21)
can be approximated as follows, which satisfy the
convergence conditions C1 through C6 [28]:

Byias ==+ AV, + AV, uy by 340, (22)
Qg,‘,[d,1 = _(AV[,I - AV],, )u,-j,,-d,lbg,',,-d (23)

for Vt,Vi,jeQ,, Vi#j.

Real and reactive power transmission flow limit:

The constraints on the real and reactive power
transmission flow can be modeled by the following
nonlinear inequality:

2 2 2 ..
Pij,id,t +Qg/,fd,t guid,id,tSij,id,max , VL,Vi, j,id €Q, (24)
Similar to the above case, this constraint needs to be
linearized to improve the convergence speed. Hence, it is
also non-convex and hence to be linearized as follows:

Q)10 SOPy .y, +11,,S,

ij,id t it~ ij id ;max (Sln Hk —acos Hk ) s

PR L VTR (25)
cos@, —cosO,

for Vt,Vi,j,id € Q,. The above inequality is obtained by
linearizing the Eq. (24) as shown in Fig. 3. It is obvious
that the result become more exact if 7 is set to the larger

M Q(MVar)

6, =90° Linear
approximation

P(MW)

Fig. 3. Linear approximation for transmission flow limit

number, we found that the result is acceptable even if 7 is
set to the smallest value or 2 [18].

Node balance (Kirchhoff’s 1% Law):

The node balance equations (the Kirchhoff’s first law for
real and reactive powers) at each node are modeled as
follows:

Q, Q,
ZPGg,ng,i _PDi,t = zpij,id,l s Vl,i € Qb (26)
g

Jid

QS QI)
ZQGg,tLg,i - QDi,z = ZQi/,idt , Viie Qb (27)

g Jid

Demand and supply conditions for real and reactive
power:

Q, Q, Q,
D PGy, =D PD,+ > 05Pl,, , ¥t (28)
g i

ij,id
Q, Q Q,
> 0G,, =>.0D,+ > 050k, , vt  (29)
g i i,j,id

Egs. (28) and (29) are the demand and supply conditions
for active and reactive powers, respectively. Also, the real
power loss P/ and reactive power loss Q! are multiplied
by 0.5 as in Eq. (28) and (29) in order to avoid the double
calculation of real and reactive power losses.

By the assumption A2, the real and reactive losses on
transmission lines are to be ignored and, hence, Eq.(28)
and (29) can be modified as follows:

Q, Q,
ZPG&, :ZPD,-,, .Vt (30)
o o
D 0G,, => 0D, , vi 31)
g i

Reserve rate and capacity factor limit:
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Q, Q, &
ZPD"” < ZZg’,Pmaxg <(l+rn )ZPD,-,,,Vf (32)
i g /
Mo o vgea v (33)
Pmaxg e &

where, 7;: reserve rate at t

Pg : capacity factor of each generator g

Egs. (32) and (33) represent the inequality constraints on
the reserve rate and capacity factor during the planning
period, respectively.

Time to market constraint:

Zgy—Zgu S GenEntry, NgeQ,,t (34)
Wijiay — Wi a1 < TransEntry; 4 ., Vi, id eQ,,Vt (35)

where,

GenEntry,, : parameters for the availability of the

newly built generators

TransEntry; iy, . parameters for the availability of the
newly built transmission lines (1: available, O:
unavailable)

Max. number of facilities which can be built in a year:

Qg,new
Zgt " Zgu-1 < ngen’Vt (36)
4
b new
Uijid s = Uijid 11 < Mijne> V1 (37)
i,j,id
Q‘g,/ww
Zg,tlust < ng,totul (38)
4
Qp e
uij,id,tlust < nline,totul (39)
i,j,id

where, g : max. number of new generators (one year)
Mjine - max. number of new transmission lines (one year)
Mg total : total number of new generators (total)
Mine toral * total number of new transmission lines (total)

Egs. (36) and (37) are the constraints on the maximum
number of new generators and transmission lines which
can be built in a year, respectively. Egs. (38) and (39) are
the constraints on the total number of new generators and
transmission lines during the total planning period,
respectively.

Other constraints:

AVpin AV, SAV, | Vi,VieQ, (40)
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Omin S0, <O max, V1,Vi,jEQ, (41)
Ujiga SUiia,, VLV, j,id €Q, (42)
Zg1SZgy, Vt,Vg e Qg (43)

UC; id1-period =Wijiay, V.V, J,id €Q, (44)
ZCy 1 period = Zgt » Vi, Vg e Qg (45)

Egs. (40) and (41) are inequality constraints for voltage
magnitude at each node and the phase angle differences
between bus i and j. Egs. (42) and (43) explain numerical
values of construction variables which are greater than or
equal to a previous time at a specific time. Egs. (44) and
(45) represent a relationship between the two binary
variables to consider algorithm with construction period. In
Eq. (44) and (45), subscript period means construction
period.

3. Simulation Results
3.1 Application to the Garver’s 6-bus system

The proposed method has been applied to the Garver’s
6-bus system shown in Fig. 4 [28, 29]. It is one of the most
frequently used small scale sample power systems for the
transmission expansion planning study. As shown in the
figure, it is assumed that two generators on bus 1 and 3,
and six transmission lines are already existed in the system.
Bus 6 is also already decided to be built with fixed
schedule.

Based on a simple topological analysis, it can be
assumed that, without loss of generality, the transmission
lines between the adjacent buses such as 1-2 and 1-4 have
better economics than the transmission lines 1-3 and 1-6.

The load data are given in Table 1. The real power

Fig. 4. Garver’s 6-bus system

Table 1. Data for electricity demand [28]

Bus No. PD (MW) QD (MVar)
1 80 11
2 98 33
3 85 6
4 92 22
5 77 33
6 67 20
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demand of each bus is assumed to increase by 8%, 10%,
20% and 25% from the previous year. The reactive demand
of each bus is assumed to increase by 10% every year
during the planning period. The data for the generators
(both existing ones and new candidates) and the
transmission lines are given in Table 2 and 3, respectively.
All the voltage deviation limits are set to 5% of the
nominal values. The voltage angles between adjacent buses
are limited at + 35° or £ 0.61 rad, which is typical
values for the practical transmission line loadability [30].

The proposed method is implemented using the MINOS
and BARON solvers which are among typical NLP and
MIP solvers available with GAMS (General Algebraic
Modeling System) (http://www.gams.com) [31].

As shown in the Table 4 and 5, both methods come to
the same results except that the proposed GBD method is
almost twice faster than the combinatorial search method.
As shown in the Table 5, it takes about 50 minutes for the
combinatorial search method to solve the integrated
optimization problem, whereas the proposed GBD method

Table 2. Data for the existing and candidate generators

Gen No. 1 2 3 4
Smax(MVA) 300 390 642 400
Location at Bus 1 3 6 5
a, ($/MW?) 0.01 0.015 0.005 0.002
b, ($/MW) 5 7 8.5 10
Investment cost(MS$) : : 1000 2000

Table 3. Data for the candidate transmission lines

Corridor Xij Capacity Cost Constr}lction
(p.w) (MVA) M$) period
1-2 0.4 100 40 1
1-4 0.6 80 60 1
1-5 0.2 100 22 1
2-3 0.2 100 24 1
2-4 0.4 100 41 1
2-5 0.31 100 31 1
2-6 0.31 100 30 1
3-5 0.2 100 20 1
3-6 0.48 100 48 1
4-6 0.3 100 33 1

Table 4. Generation expansion planning results

Expansion Generator expansion result
method Combinatorial search Proposed
(Branch and cut method) GBD method
Year 1 G3 G3

Table 5. Transmission line expansion planning results

takes only about 30 minutes. It is obvious that computation
time of the combinatorial search method would be
exponentially increased as the size of the studied system
becomes larger.

The optimization result of the proposed method is shown
in Table 4, Table 5 and Fig. 5. For comparison, the
optimization result obtained from the combinatorial search
method is also included. The combinatorial search method
used here is the branch and cut method [18].

As shown in Fig. 6 and Table 6, the total cost of the
proposed method with AC power flow model is higher than
that of the method with DC power flow model, which can
be somewhat misleading that the method based on DC
power flow is superior to the proposed method based on
AC power flow model. This is mainly because the solution
space (feasible region) of the problem based on the DC
power flow model is wider than that of the problem based
on the AC power flow model, while the extra solution
space of DC power flow model is mostly infeasible from
AC point of view (voltage limit or reactive power
constraint violation). Therefore, it is natural that the total

DS @ Pl
Bus5 Bus1

Bus4

Expansion

n Line Expansion

Fig. 5. Expansion results of the proposed method

\ / ==== Generation Expansion
===~ TransmissionLine Expansion

Fig. 6. Expansion results of the GBD method with DC
power flow model

Expansion c Tbr_anstmi.sslion ““; eXpa“Siorf‘, result 5 Table 6. Comparisons of the proposed method (linearized
th d ombinatorial searc TOpOSse:
metho (Branch and cut method) GBD method AC power flow) and the DC power flow model
Year 1 (2-6) (2-6) Proposed method DC power flow model
Year 2 (4-6) (4-6) Expansion Result G3, (2-6), (4-6),
Year 4 (1-2), (3-5), (3-6) (1-4), (3-5), (3-6) (last year) (1-4), 3-5), 3-6) | 926, (3-6),(4-6)
Computation time 50m 32m Objective value 25706.01 25542.61
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Table 7. Comparisons of GEP, TEP and IGTEP

Expansion result Objective
(last year) value

High transmission

cost G3(Year 1), G4(Year 3) 27198.86
High g;‘;fra“"“ (1-4), (1-5), (2-3), (2-6), (3-6) 27172.58
IGTEP G3, (2-6), (4-6), (1-4), (3-5), (3-6) | 25706.01

Table 8. Calculation of voltage magnitude and phase angle
(the results of the final year)

Proposed Full AC power flow

Bus GBD method model (PSS/e)

e Z 4 Z 4

1 1 0 1 0
2 1 -0.046 0.986 -0.046
3 1.043 -0.008 1.03 -0.008
4 0.984 -0.057 0.971 -0.057
5 1.02 -0.035 1.011 -0.035
6 0.984 0.047 0.967 0.049

cost of the optimal solution with DC power flow model is
lower than that of the optimal solution with AC power flow
model.

The optimal solution of the IGTEP severely depends on
the relative costs (mostly capital costs) between generators
and transmission lines. Two extreme cases are studied: when
the transmission cost is relatively higher than generation
cost (generation-only expansion planning) and when the
generation cost is relatively higher than transmission cost
(transmission-only expansion planning). The results are
summarized in Table 7, where we can figure out that the
integrated optimization is in between those two extreme
cases. IGTEP requires much longer period to get the
optimal solution compared to the other extreme cases, but
the result can be superior to other extreme cases.

Table 8 shows the voltage magnitudes and phase angles
which are by-product of the proposed method and they are
compared with the simulation results from PSS/e, one of
the most frequently used AC power flow model. As can be
seen in the table, voltage magnitudes and phase angles
from the proposed method are not very different from the
result of the commercial AC power flow model.

3.2 Application to the IEEE 30-bus system [32]

In addition to the Garver’s 6-bus system, the IEEE 30-
bus system has been studied in order to verify the
performance of the proposed method when applied to a
larger scale power system.

The planning horizon is set to 10 years and the demand
is assumed to increase by 2.5% every year. The generator
and network parameters are chosen based on authors’ own
discretion, which are described in Appendix. In order to
reduce the overall simulation time, the maximum number
of generators and transmission lines that can be built in a

2236 | J Electr Eng Technol.2015; 10(6): 2228-2239

29 27 2l

30

== Generation Expansion
—— TransmissionLine Expansion

Fig. 8. Expansion results of the proposed method

Table 9. Generation expansion planning results

Expansion Generator expansion result
method Combinatorial search Proposed
(Branch and cut method) GBD method
Year 4 _ Gls
Year 9 _ GIg
Year 10 _ Gs

year, or Eq. (36) and (37), are set to one, respectively.
The simulation results are shown in Table 9, Table 10
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Table 10. Transmission line expansion planning results

Expansion Transmission line expansion result
method Combinatorial search Proposed
(Branch and cut method) GBD method
Year 8 - (15-18)
Year 9 - (6-8)
Year 10 - (16-17)
Computation time - 1h 30m

and Fig. 8. As shown in the Table 10, the proposed method
can obtain the solution in a reasonable period, but the
combinatorial method fails to converge to the reasonable
result even after 72 hours.

We may carefully assert that the proposed method is less
sensitive to the size of the problem than the combinatorial
search method although a rigorous mathematical justification
is requested.

4. Conclusions

In order to find the optimal solution of the IGTEP
problem, the combinatorial search method and the GBD
method have been used extensively. But, most of the
existing researches are based on the DC power flow model.
It is natural desire for the power system planner to use the
AC power flow model in the IGTEP problem in order to
deal with various constraints related to bus voltage and
reactive power.

Though the IGTEP problem with DC power flow model
has a very structure that the GBD method can easily be
applied, the extension of the method to the AC power flow
model is hindered due to severe nonlinearity and non-
convexity of the AC power flow equation. So, this paper
proposed the GBD method based on the linearized version
of the AC power flow model. The main idea of this paper is
that the linearization is performed in a limited way in order
not to deteriorate the accuracy of the result.

The proposed method was successfully applied to the
Garver’s 6-bus system and the IEEE 30-bus system which
are frequently used for transmission expansion planning
studies. However, further mathematical and simulation
researches are still needed to improve the performance of
the proposed method to be applied to the real scale power
system.
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Appendix
Table A-1. Generators data (existing and candidates) [32]
Gen Sinax Location at ag b, Investment
No. | (MVA) Bus BMW? | ($/MW) | cost(M$)
1 80 1 0.02 15 -
2 80 2 0.0175 14.75 -
3 50 13 0.025 16 -
4 50 22 0.0625 14 -
5 30 23 0.025 16 -
6 55 27 0.0083 1525 -
7 80 3 0.02 15 59645
8 80 14 0.0175 14.75 37810
9 50 5 0.025 16 44650
10 50 13 0.0625 14 87630
11 30 7 0.025 16 50990
12 55 14 0.0083 15.25 59580
13 80 8 0.02 15 84530
14 80 19 0.0175 14.75 38870
15 50 7 0.025 16 23030
16 50 24 0.0625 14 98300
17 30 11 0.025 16 88560
18 55 5 0.0083 15.25 24340
19 80 16 0.02 15 60210
20 80 20 0.0175 14.75 53710

Table A-2. Transmission lines data (candidates) [32]

Corridor Xij (p-u) Capacity(MVA) Cost(M$)
1-2 0.06 65 3326
1-3 0.19 65 9620
2-4 0.17 32.5 2980
3-4 0.04 65 2740
2-5 0.2 65 5200
2-6 0.18 32.5 4730
4-6 0.04 45 2809
5-7 0.12 35 3743
6-7 0.08 65 2926
6-8 0.04 16 1184
6-9 0.21 32.5 2928
6-10 0.56 16 1271
9-11 0.21 325 3072
9-10 0.11 32.5 2290

4-12 0.26 32.5 4384
12-13 0.14 32.5 1513
12-14 0.26 16 3943
12-15 0.13 16 3360
12-16 0.2 16 1214
14-15 0.2 8 1914
16-17 0.19 8 984
15-18 0.22 8 656
18-19 0.13 8 4554
19-20 0.07 16 3154
10-20 0.21 16 1868
10-17 0.08 16 1483
10-21 0.07 16 2187
10-22 0.15 16 3897
21-22 0.02 16 4384
15-23 0.2 8 3326
22-24 0.18 8 2734
23-24 0.27 8 4552
24-25 0.33 8 8911
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25-26 0.38 8 2710
25-27 0.21 8 1436
28-27 0.4 32.5 3906
27-29 0.42 8 2408
27-30 0.6 8 3550
29-30 0.45 8 4643
8-28 0.2 6 4443
6-28 0.06 6 2880
Table A-3. Data for electricity demand [32]
Bus No. PD (MW) QD (MVar)

2 21.7 7

3 2.4 1

4 67.6 23

5 342 11

7 22.8 8

8 30 10

10 5.8 2

12 112 4

14 6.2 2

15 8.2 3

16 3.5 1

17 9 3

18 3.2 1

19 9.5 3

20 2.2 1

21 17.5 6

23 3.2 1

24 8.7 3

26 3.5 1

29 24 1

30 10.6 4
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