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Abstract—Optimum location and size of distributed generations
(DGs) is important to maximize the system’s stability. This
paper presents a new simple but robust method based on the
continuation power flow (CPF) method to determine the optimal
location of DG units. The tangent vector in the CPF method
provides the ratio of differential change in voltage to differential
change in load. Size of DGs at each location is computed through
an iteration process until the stable condition of the system is
achieved. The proposed CPF method is tested on the IEEE 24-
bus Reliability Test System (RTS) the results show the
robustness of the method. Further relevant findings are also
discussed in this paper.

Keywords-Distributed generations (DG), continuation power
flow, tanget vector, voltage stability.

L.

DGs have grown rapidly as means of exploitation of clean
renewable energy resources, such as solar, wind, hydro,
biomass, ocean and geothermal energy, for alternative
generation in the electricity industry [1]. It is due to their fast
technological development as well as their economic and
environmental advantages regarding the exhaustion of fossil
fuels caused by conventional electricity generations that lead
to global warming problems [2-4].

INTRODUCTION

The term DG refers to the electricity generations close to
the demand. In the literature, various terminologies and
definitions are used on the subject of distributed generation
(DG). “Embedded generation” is usually used in Anglo-
American countries. In North America, they use “dispersed
generation” while Europe and a few countries in Asia apply
“decentralized  generation”. In addition to various
terminologies for distributed generation, several definitions for
DG are also applicable. Reference [5] propose a general
definition for DG as “an electric power source connected
directly to the distribution network or on the customer site of
the meter”. Similar definition is also given in [6], where DG is
defined as “the development of a set of sources of electric
power connected to the distribution network or the customer
side of the meter”.

The addition of distributed generations into power system
has brought many benefits. It improves the voltage profile of
the system as well as power quality [7]. With sufficient
generations, this can help in avoiding generators to implement
market power that can increase electricity price [8-11].
However, these benefits depend on the location and the size of
distributed generations. The appropriate location of DGs can
improves voltage stability. Currently, the optimal placement of
DG units is one of the major challenges for power system

engineers [12]. The size of DG in a system should be
determined correctly since high penetration of DG can also
affect the stability during disturbance [13]. Therefore,
investigation on the DGs’ optimal allocation and size becomes
important to optimize their benefits.

In this study, a new method to determine an optimal
distributed generation allocation is presented. This method is
based on the Continuation Power Flow (CPF) method. The
CPF method is a quasi-static voltage stability analysis method.
This method overcomes the problem of conventional power
flow. Conventional power flow algorithms are prone to
convergence problems at operating conditions near the voltage
stability limit since Jacobian matrix becomes singular at
stability limit. The CPF develops a predictor-corrector steps
scheme to achieve a solution path of a reformulated power
flow equations. In the prediction step, the tangent vector is
computed. The tangent vector gives information about the
weak bus, which is the bus that owes a large ratio of
differential change in voltage to differential change in load.
The IEEE 24-bus Reliability Test System (RTS) is used to
verify the proposed method. This work only focuses on
voltage stability enhancement. The proposed method is robust,
straightforward and its computation is timely efficient. More
interesting results are presented in this paper.

The structure of this paper is as follows. Section 2
describes about distributed generations. Section 3 elaborates
about techniques in voltage stability analysis. Section 4
explains the proposed method. Results and analysis are
presented in Section 5. Section 6 concludes the main findings
of the research.

IIL.

In general, based on their technologies, DGs can be
classified into: traditional generators (combustion engines) and
non-traditional generators [14]. Traditional generators are
micro turbine whereas the non-traditional generators are fuel
cells, batteries, flywheels, photovoltaic and wind turbine can
be seen in Fig. 1. Table 1 shows the available sizes of power
module of every DG technologies.

OVERVIEW ON DISTRIBUTED GENERATIONS

The integration of distributed generations into electric
power system has brought many benefits, which can be listed
as [15, 16]:

1. Reduce power flow inside the transmission system,
hence improve the voltage profile,

2. Reduce power losses at distribution system,

3. Improve system’s reliability and efficiency,
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Postpone infrastructure upgrades, since they can help to
avoid bottleneck/congestion in transmission [11, 17-22],

5. Decrease expenses related to transmission and
distribution,

6. Help in load management programs,

7. Provide local load reliability during emergency and
system outages, hence can help to reduce amount of load
shedding [13, 23-27],

8. Supply the required spinning reserve,

9. Reduce emission.
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Figure 1 Types of DG and technologies [14]

TABLE 1 TECHNOLOGIES OF DG WITH ITS SIZE [28]

No DG Technologies Available size power
module
1 | Combined cycle gas turbine 35-400 MW
2 | Internal combustion engines SkW-10 MW
3 | Combustion turbine 1 —-250 MW
4 | Micro-turbines 35kW-1MW
5 | Fuel cells (phosphoric acid) 200 kW -2 MW
6 | Fuel cells (molten carbonate) | 250 kW —2 MW
7 | Fuel cells (proton exchange) 1-250 kW
8 | Fuel cells (solid oxide) 250 kW — 5 MW
9 | Battery storage 500 kW -5 MW
10 | Small hydro 1-100 MW
11 | Micro hydro 25kW -1 MW
12 | Wind turbine 200 W -3 MW
13 | Photovoltaic arrays 20 W - 100 kW
14 | Solar thermal, central receiver | 1 —10 MW
15 | Solar thermal, Lutz system 10-80 MW
16 | Biomass gasification 100 kW — 20 MW
17 | Geothermal 5-100 MW
18 | Ocean energy 0.1-1 MW

III.

Voltage stability analysis holds a vital role for predicting
potential voltage instability. As the power system become
more complex and heavily stressed, voltage stability
problems also become more severe. During planning and

VOLTAGE STABILITY ANALYSIS METHODS
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operation of power system, voltage problems now have
become a great concern, because of significant amount of
failures which is believed that have been caused by voltage
instability. Voltage stability covers a wide range of
phenomena. In recent years, much research works have been
performed to investigate this phenomenon. Accordingly, good
understanding of the physical nature of voltage stability as
well as tools and techniques for voltage stability analysis have
come into sight [29]. Voltage stability involves generation,
transmission and distribution and also is affected by voltage
control, reactive power compensation and management, rotor-
angle stability, protective relaying and control center
operations [30].

With the growing concern of voltage instability, much
research has been performed to explore this phenomenon. As
a result, a number of meaningful techniques have been
developed to enhance voltage stability. Reference [31]
classifies voltage stability analysis methods into 3 categories:

A. Static (Steady-State) Voltage Stability Analysis

Static voltage stability analysis involves the solution of
algebraic equations and conventional power flow analysis. It
utilizes a ‘snapshot’ of the system at a point in the time
domain trajectory and provides a signal of the system stability
on the whole and/or the closeness and margin to unstable
operation at specific operating point.

The linearized model of steady-state power system is given

by,
aP P
[AP _|oe v [A0 (1)
AQ 9 ae|lav
a0 v
Where,

AP = incremental change in bus real power

AQ = incremental change in bus reactive power injection
AB = incremental change in bus voltage angle

AV = incremental change in bus voltage magnitude

ap 9P

99 0V1 = the Jacobi ix of partial derivati
20 00 = the Jacobian matrix of partial derivatives
a6 ov.

B. Quasi-Steady-State Voltage Stability Analysis

One example of quasi-steady-state voltage stability analysis
is continuation power flow [32]. Conventional power flow
algorithms are prone to convergence problems at operating
conditions near the voltage stability limit since Jacobian
matrix becomes singular at stability limit. The continuation
power flow overcomes this problem by reformulating the
power-flow equations. The purpose of the continuation power
flow is to find a continuum of power flow solution for a given
load change scenario.

C. Dynamic Voltage Stability Analysis

Dynamic voltage stability analysis utilize time-domain
simulations to provide solution to nonlinear system
differential equations [33]. Time-domain simulation with
appropriate  power system modeling explains  this
phenomenon better by showing the time event and their
chronology to the final phase of voltage collapse. Dynamic
voltage stability analysis is useful for analyzing condition of



specific voltage collapse and coordination of protection and
time dependent action of controls [23, 25].

IV. THE PROPOSED METHOD

The Continuation Power Flow (CPF) method is one of the
methods of quasi-static voltage stability analysis. The aim of
CPF method is to get a continuing power flow solutions
towards the change of specific load settings. CPF method
described in this paper is the approach by Ajjarapu and
Christy [32]. As shown in Fig. 2, the analysis procedure starts
from a known outcome, then predict the next solution for
different load parameter values.

A

- _Predictor

Bus Voltage

Load

Figure 2 Predictor-corrector scheme of the continuation power flow [32]

Firstly, a load parameter, denoted by ¢ is defined by:

0< P < Peritical

where ¢ = 0 corresponds to the base load and ¢ =
Periticar corresponds to critical load. This load parameter is
then incorporated into the active and reactive power to obtain:

0= Pgio(1 + Akg) — Prio — @ (ki Sapase €0s 8;) — Pr; (2)
0 = Qgio — Qrio — @ (kLi Sapase SING;) — Qr; (3)

where,

P;i0, Qpio are the original load at bus 7, active and reactive

k;; is the multiplier to designate the rate of load change at bus
i as ¢ changes

0; is the power angle of load change at bus i

Sabase 1S @ given quantity of apparent power which is chosen
to provide appropriate scaling of ¢

P, 1s the active generation at bus 7 in the base case

k¢ is the constant used to specify the rate of change in
generation as ¢ varies

Pr;, Qr; are the injected active and reactive power.

Then a continuation algorithm is applied at the
reformulated power flow equations. The above equations can
be rewritten in a compact form such that:

F(,V,0)=0 “4)

where § represents generator angle vector, J represents the
bus voltage magnitude vector and ¢ is the loading parameter.

Continuation power flow method develops a predictor-
corrector steps scheme to achieve a solution path of a
reformulated power flow equations. In the prediction step, the
tangent vector is calculated by deriving both sides of the
power flow equations, so that:

dé
av
do
Then the prediction above is corrected by expanding the
parameterization which identifies each solution along the path
being traced. The tangent vector provides not only the
direction of the solution path but also sensitivity analysis to
determine the weak buses. A weak bus is the bus that owes a
large ratio of differential change in voltage to differential
change in load. This ratio is available from the tangent vector.
Therefore, the tangent vector (TV) at bus j becomes:
_ av j dvy
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Fig. 3 shows the flowchart of the proposed DG placement
by using CPF method and tangent vector.
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Figure 3 Flowchart of the proposed DG allocation methodology with CPF

V. TEST RESULTS AND ANALYSIS

The proposed method is tested on the IEEE 24-bus
Reliability Test System (RTS) [34] which is illustrated in Fig.



4. Bus 13 is the slack bus. Table 2 informs the technical data
of the generating units of the IEEE 24-bus RTS.

For the initial condition, the total power generation and
demand are 3180.866 MW and 3105 MW, respectively. The
voltage profile magnitude is demonstrated by Fig. 5. The red
line is the voltage stability limit which is 0.95 pu.

As can be seen from Fig. 5, there are 4 buses which
voltage drop below the stability limit, i.e.: buses 3, 4, 8 and 9.
In this study, the tangent vector is calculated only to assess the
impact of change in active power in the unstable buses.
Previous research has proven that the unstable buses usually
contribute the most to improve the stability compare to stable
buses [1]. Therefore only tangent vectors at buses 3, 4, 8 and 9
are calculated.

[bJ

Figure 4 IEEE 24-bus Reliability Test Systems [34]

TABLE 2 TECHNICAL DATA OF GENERATING UNITS [34]

Unit Node | Po.. (MW) | P (MW)
Unit 18 18 400 100
Unit 21 21 400 100
Unit 1 1 152 30.4
Unit 2 2 152 30.4
Unit 15a 15 60 12
Unit 15b 15 155 54.25
Unit 16 16 155 54.25
Unit 23a 23 310 108.5
Unit 23b 23 350 140
Unit 7 7 350 75
Unit 13 13 591 206.85
Unit 22 22 300

Fig. 6 shows the tangent vector to determine DG location
for the first iteration. We can see that bus 4 has the highest

TV 0.026. This bus has the biggest impact on improving the
voltage profile all of the unstable buses. For each iteration,
the generation size is set at 50 MW. But, after adding
generation of 50 MW to the system at bus 4, the system’s
voltage still unstable, therefore, tangent vector is calculated
again for the second iteration. This process is repeated 6 times
until all the buses are stable. Table 3 shows the buses with the
highest tangent vector for each step. Total DG generation
based on the computation of the proposed method is 300
MW, approximately 9.5 % of the total power generation.
Hence, total generation at bus 4 is 150 MW; while generation
at bus 3, 8 and 9 is 50 MW each.
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Figure 5 Voltage profile before DG installation
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Figure 6 Tangent Vector to determine DG location

TABLE 3 BUS WITH HIGHEST TANGENT VECTOR

Iteration | Bus Total
Generations
1 4 50 MW
2 4 100 MW
3 4 150 MW
4 8 200 MW
5 3 250 MW
6 9 300 MW

Fig. 7 shows the voltage magnitude before and after the
placement of DG at buses. After additional generation from
DG with total of 300 MW, the voltage at all buses are stable.



Since there are 4 unstable buses, we simulate how the
performance of the system if the DG size is distributed evenly
between the four unstable buses. Fig. 8 illustrates the
comparison of voltage magnitude for this scenario and based
on the proposed method. It clearly shows that the voltage
profile based on the recommendation of the proposed method
is better compare to if the generations are divided evenly
between the four buses. Even though with the same total
generation, there are still several buses with voltage below the
stability limit, if the DG sizes are spread evenly at buses 3, 4,
8 and 9.
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Figure 7 Voltage magnitude before and after DG placement
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VI. CONCLUSION

The proper placement and size of DG units is important to
maximize the benefits of DG. This paper proposes a new
method based on the continuation power flow (CPF) method.
The CPF method is a quasi-static voltage stability analysis
method. This method employs a predictor-corrector steps
scheme. In the prediction step, the tangent vector is computed.
The tangent vector gives information about the weak bus,
which is the bus that owes a large ratio of differential change
in voltage to differential change in load. The IEEE 24-bus
Reliability Test System (RTS) is used to verify the proposed
method. This work only focuses on voltage stability
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enhancement. To evaluate the robustness of the proposed
method, this work also observes the system’s performance
when DG sizes are even between the weak buses.

The results of applying this method to the IEEE 24-bus
reliability test system clarify this method in finding optimal
placement of DG units. The results show the efficiency of
tangent vector in determining the optimal allocation, hence
determining the optimal size for each location as well.
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