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Abstract

This thesis presented an optimization technique to determine the optimal capacity and
location of distributed generation (DG), to improve system stability during and after a
disturbance in the electrical system. The optimization algorithm employed discretized power
systems dynamic equations as equality constraints in a non linear programming framework. The
IEEE 14 Bus Test System and the Electrical System of Puerto Rico were used as models for the
simulations. Several cases were analyzed and presented to determine the stability improvement
by DG. Simulation results were presented through several plots and figures in order to appreciate
the convergence and dynamic response of the electrical system. The Optimal Capacity of
Distributed Generation (OCDG) algorithm was able to reach the optimal solution, accurately for
each case. Simulations of the electrical system of Puerto Rico show that the main DG penetration
was in the north and east of the island. Optimal DG penetration supports the network, improving
the rotor angle stability and voltage stability during and after a disturbance. Results demonstrated
the advantages of DG in the electrical system of Puerto Rico. The methodology presented could
be further developed to optimally incorporate alternative energy technologies in the production

of electrical energy.
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Resumen

Esta tesis presenta una técnica de optimizacion que determina la capacidad y localizacion
optima de generacion distribuida para mejorar la estabilidad durante y luego que ocurre un
disturbio en el sistema eléctrico. El algoritmo de optimizacion emplea la discretizacion de las
ecuaciones dinamicas del sistema de potencia como restricciones de igualdad en un sistema de
programacion no lineal. El sistema de 14 Barras de la IEEE y el sistema eléctrico de Puerto Rico
fueron usados como modelos para las simulaciones. Varios casos son presentados para
determinar el mejoramiento en la estabilidad del sistema eléctrico por medio de generacion
distribuida. Los resultados de las simulaciones son presentados mediantes graficas y figuras con
el propdsito de apreciar la convergencia y la respuesta dinamica del sistema eléctrico. El
algoritmo para determinar la Optima Capacidad de Generacion Distribuida fue capaz de alcanzar
la solucion Optima de manera precisa para cada caso. Las simulaciones del sistema eléctrico de
Puerto Rico muestran que la mayor penetracién de generacion distribuida ocurri6 en el norte y
este de la isla. La optima penetracion de generacion distribuida ayudo el sistema eléctrico,
mejorando la respuesta de estabilidad del voltaje y angulo de rotor, durante y luego del disturbio.
Los resultados del estudio demostraron las ventajas de la generacion distribuida en el sistema
eléctrico de Puerto Rico. La metodologia presentada podria desarrollarse de forma 6ptima con el

propdsito de implementar tecnologias alternas en la produccion de energia eléctrica.
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1 Introduction

1.1 Justification

Engineers around the world are developing different methods to improve the reliability
and security of the electrical system. Newer technologies permit the production of electrical
energy in an efficient, reliable and secure way, causing fewer damages for the environment. One
solution is to build generation closer to the consumption areas. This is known as distributed
generation (DG).

Increased electrical demand in the Northeast presents generation problems to the Puerto
Rico electrical power system. Puerto Rico, like other countries around the world, has supply and
demand problems. The main concentration of generation is in the south, while most of the load is
in the north. If a fault occurs in the transmission system interconnecting these zones, it might
cause serious damage to network security and eventually lead to system collapse. The installation
of distributed generation will support the electrical system before, during and after a disturbance
improving its dynamic response. Many studies and investigations show that distributed
generation improves the stability of electric power systems [1] [2] [3] [4].

The overall goal of this investigation is to obtain the optimal conditions necessary,
through dynamic simulation, to improve the stability of a power system after severe
disturbances. The electrical system will be simulated for different faults in order to obtain the
optimal conditions necessary to implement distributed generation and improve the stability
response of the electrical system.

The vision of the study is to demonstrate the advantages of distributed generation, with a

principal focus on system stability, in order to develop technology alternatives in the production



of electrical energy. This work could produce favorable results to the reliability of the electrical
system of Puerto Rico. Consequently, the main contribution of this work will be the development
of a planning tool to determine the optimal location and capacity of distributed generation, in
order to improve the dynamic response to severe disturbances of the Puerto Rico electrical

system.

1.2 Objectives

The principal objective of this investigation is to study the implementation of DG to
improve system stability during and after the occurrence of severe disturbances in the electrical
system. Stability simulations will be performed on a model similar to the Puerto Rico grid in
order to identify the following important variables:

e DG sizing and location to avoid general system failure.
e Critical network areas during and after a disturbance.
e Optimal location and capacity for DG installation based on stability criteria.

e Network stability improvements after DG implementation.

The methods to obtain the objectives are discussed in the following section.



2 Literature Review

2.1 Distributed Generation

2.1.1 Introduction

Electrical power systems are complex networks and devices interacting to reliably
generate transmit and distribute electrical energy to its customers. Centralized generation (CQG)
supplies large amounts of electrical energy from generators through transmission lines and
distribution lines to the consumption area.

The electrical demand around the world is growing continuously and presents some
limitations to the CG model. Costly and wasteful energy production, transmission congestion
and environmental concerns are some problems exhibited by the centralized model [5]. Each
mile of transmission line costs about one (1) million dollars to construct and approximately
seven (7) percent of electricity is lost during the transmission as heat [6] [7]. To provide reliable
and less expensive electrical energy to customers, new emphasis is being placed on DG.

Different technologies are being developed to generate electrical energy close to the
consumption areas (load centers). This modality is called generation IN-SUIT, disperse
generation or distributed generation. Distributed generation is small scale generation or storage
of electrical energy at the customer side, which permits the option of selling and buying energy
to and from the electrical system, while taking advantage of the maximum efficiency of energy
production [8]. Generally, the capacity range of distributed generation is between 100 kW and

10 MW. Figure 1 shows differences between centralized generation and distributed generation.
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Figure 1: Centralized Generation vs. Distributed Generation

According to worldwide data from “La Cigre de 19997, from 1995 to 1999 the
percentage of installed DG capacity increased in relation with the total capacity. Some examples
are [8]:

e Denmark — 37% Up 29%
e Australia, Poland, Spain and Germany — 15%
e United State — 5%

Studies from the International Agency of Energy estimate that demand for electrical

energy will grow 50% in the next 20 years, mostly due to developed countries, where the 15% of

demand will be supplied by DG [8]. The success of DG depends on innovative technologies that



enable small scale generation of electrical energy to operate synchronized to the power system,

efficiently, reliably and maintaining the highest power quality standards.

2.1.2 Technologies

A key factor when implementing DG is the underlining technology. Technologies can be
separated in generation and storage. Generation is further divided into conventional and non-
conventional. Conventional includes combustion turbines, diesel engines, micro-turbines and
natural gas engines. Non-conventional are mostly renewable energy technologies. Table 1

summarizes preliminary cost, size and efficiency estimates for DG technologies [9].

TABLE 1: DISTRIBUTED GENERATION TECHNOLOGIES

. Installed Variable Approx.
Technology Slz(ekl‘{‘z]l)n ge Cost 0&M ( ;I;Zt/l;;;;) Efficiency
($/kW)? ($/kWh) (%)
Diesel Engine 1-10,000 350-800 0.025 7.800 45
Natural Gas 1-5,000 450-1,100 0.025 9,700 35
Engine
Dual Fuel 1-10,000 625-1,000 0.023 9,200 37
Engine
Micro-turbine 15-60 950-1,700 0.014 12,200 28
Combustion | 5, 14 500 550-1,700 0.024 11,000 31
Turbine
Fuel Cell 100-250 5,500+ 0.01-0.05 6,850 50
Limited by
Photovoltaic Available 7,000-10,000 0.002 - N/A
Space
Wind Turbine |  0.2-5,000 1,000-3,000 0.010 - N/A

* The high end of the range indicates costs with NOy controls for the most severe emissions limits internal
combustion technologies only.




An important factor to consider is the relation between fixed and variable costs.
Depending on the technology, DG could have high installation costs, but low operation and
maintenance (O&M) costs. Thus, depending on the application, investing in DG technologies

could be a feasible long term alternative.

2.1.3 Applications and Advantages

DG can be applied to improve the reliability and power quality of the electrical system
while supporting local utility infrastructure by reducing congestions in transmission and
distribution. Some of the principal applications of DG include:

e Base Loading — DG’s produce electrical energy continuously while connected to the
distribution system.

e Islanding — DG generates electrical energy isolated from the grid.

e Support — DG is used to strengthen systems with high demand variation.

e Load Leveling — Supply peak demand locally to avoid transmission congestion and
running more expensive units.

These applications provide advantages for the user and supplier. The available
technologies supply electrical energy at low cost and good quality. They can also diminish
interruptions in the electrical system, which produce great monetary losses for big industrial and
commercial clients [8].

Some of the DG advantages and disadvantages include:

A. Advantages for the user:
a) Increased reliability
b) Increased power quality
c) Reduction in the interruption number

6



d)
e)
f)

g)

Efficient use of energy
Lower cost of energy
Use of renewable energy

Reduction of pollution emissions

B. Advantages for the supplier

a)
b)
c)
d)
e)
f)

g)
h)

i)
)

Reduction in the transmission and distribution losses

Increase the capacity system

Improve the stability

Extended equipment service life

Reduce congestion.

Voltage support

Improved small signal stability, due to low constant of inertia.

Loss of synchronism of a small DG unit has less impact on the local
network voltage as oppose to loss of synchronism in a large power plant,
which has a higher impact on the voltage, frequency and stability of the
network.

DG reduces post fault voltage oscillation.

Increased critical clearing times.

C. Disadvantage

a)
b)
©)
d)

Increased short circuit current
Increased the protection cost
Possibility of islanding

Possibility of flicker



e) Possibility of over voltage

f) Retrofit costs.

2.1.4 Standards to Interconnect Distributed Resources with Power Systems

The 2005 Energy Policy Act (EPAct 2005) establishes that DG interconnection should
comply with the requirements of IEEE-1547 standard. The IEEE-1547 Standard for
Interconnection of Distributed Resources with Electrical Power Systems was approved in the
year 2003. The standard was developed to guarantee a secure and dependable interconnection
between DG’s and the electrical system. The standard establishes requirements that should be
fulfilled when the DG is interconnected. The IEEE-1547 standard applies to DG systems with a
maximum aggregated capacity of 10 MVA at the point of common coupling. The standard also
establishes the operating requirements during steady state and transients conditions. It also
includes a section with the specifications and requirements of tests to certify DG equipment.

The Puerto Rico Electric Power Authority (PREPA) is considering other standards for the
interconnection of DG to the electrical system. The National Association of Regulatory Utility
Commissioners (NARUC) developed standards to complement the IEEE-1547 standard. It
provides guidelines for companies to interconnect DG. In 2003 NARUC published the Model
Interconnection Procedures and Agreement or Small Distributed Generation Resources, which
includes the rights and responsibilities for the supplier and client [10].

Distributed generators in compliance with NARUC’s requirements, are cleared to
interconnect with the electrical system. If a generator doesn’t fulfill NARUC’s requirements,
additional studies would be required. Supplementary studies will determine the necessary
changes to be applied at the DG or electrical system. NARUC establishes that the owner will be

responsible to pay for any changes or studies performed.



2.2 Power System Stability

2.2.1 Introduction

In general, stability is a condition of equilibrium between opposing forces for power
systems. Stability denotes the ability to maintain an acceptable equilibrium after being subjected
to a physical disturbance. An acceptable equilibrium is called stable steady state condition.
Otherwise, if the system doesn’t reach a new equilibrium after the disturbance, the system is
unstable. The main classifications of stabilities are:

e Rotor Angle Stability

e Voltage Stability

The goal of maintaining stability is to ensure the reliability of the electrical system. The
main requirement for a reliable operation is to maintain synchronous generators within an
adequate generation range, while fulfilling the standards to supply the demanded load.

A power system is a complex nonlinear dynamic system that operates in a constantly
changing environment. When a disturbance occurs, system stability depends on the initial
condition and the dynamic characteristics of the generators and control equipment. The
disturbance may be small or large. Transient Stability is the ability of the power system to
maintain synchronous operation following a large disturbance. The ability of the power system to
maintain synchronous operation when subject to a small disturbance is called small signal

stability. Small signal stability can be analyzed with linear equations [11].

2.2.2 Rotor Angle Stability

Rotor Angle Stability is the ability of synchronous generators to remain in synchronism

under steady state condition and after being subjected to a disturbance [12]. It depends on the



ability of each synchronous generator in the system to maintain balance between electromagnetic
torque and mechanical torque. An important factor is the variation of the synchronous generator
rotor angles as they attempt to follow the variations in power demand from the system during
and after a disturbance. Under steady state conditions, the input mechanical torque and output
electrical torque remain in equilibrium and the rotor speed stays constant. If the system is
perturbed, the synchronous generator rotor accelerates or decelerates, when power demand
decreases or increases, respectively. Machine dynamics are greatly influenced by their inertia.
Figure 2 illustrates the dynamics of a synchronous generator on a set of synchronous speed, and

direct and quadratic axis.

Figure 2: Synchronous Generator Representation

If a generator accelerates, the angular position of its rotor, in comparison with the other
machines, will increase. Angular positions depend on the power angle relationship (see Eq. 2.2).
The power angle relationship is highly nonlinear. An increase in angular separation is

accompanied by a decrease in power transfer and increased instability [12].

10



2.2.3 Voltage Stability

Voltage stability is the ability of a power system to maintain steady state voltage at all
buses in the system under normal operating condition and after to the occurrence of a disturbance
[12]. The main factor contributing to voltage instability is usually the voltage drops that limit the
capacity of transmission networks to transfer power between buses. Increased voltage drops
could be associated with the change of rotor angles. Voltage instability occurs when load
dynamics try to restore power consumption beyond the capability of the transmission system and
the connected generation [12].

During power system simulations, loads are usually represented as purely static elements,
where the impedance and the system could operate stably, even at low voltage. In reality, they
are dynamic elements and should be represented accordingly. This is necessary to obtain good
results from voltage stability simulations.

Voltage and rotor angle instability are correlated. The main difference is the control
system time response. The exciter and governor are control systems that respond to maintain the
voltage and rotor angle stability, respectively. The exciter response is faster, while the governor’s
response is slower. It is very important to recognize the difference between voltage stability and

rotor angle stability to understand the cause of the problem and to develop a corrective strategy.
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2.3 Transient Stability

2.3.1 Introduction

As discussed previously, transient stability is the ability of a power system to remain in
synchronism when subjected to a large disturbance. These disturbances could be faults on
transmission lines, loss of load, loss of generation, or loss of system components. These
disturbances are critical since they entail the sudden change of electrical output, while the
mechanical input doesn’t have enough time to react and remains practically constant during the

event. As a result, rotors may accelerate and store the extra energy.

Absolute Angle

Angle (Degree)
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—
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Figure 3: Absolute Angle Stable Transient
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Figure 4: Absolute Angle Unstable Transient

Figure 3 and 4 show two cases of stability simulations in response to a large disturbance.
Figure 3 shows a stable case where all the rotor angle differences are small. Figure 4 shows an
unstable case where rotor angles continue to drift apart. Transient stability is a function of
disturbance type and location to which the system is exposed. Electrical power systems can be
analyzed (simulated) using computer models in order to verify how the systems behave under
different disturbances. One of the main purposes of the analysis is to determine the stability
limits of a system.

It is very important to consider transient stability studies when designing power systems.

To obtain accurate results, it is necessary to model the dynamics of each element during and after

a disturbance. Detailed mathematical models consist of differential and algebraic equations.
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2.3.2 Swing Equation and Power Angle Equation

The Swing Equation describes the motion of the rotor of a synchronous machine,
represented by the mismatch between the mechanical input of the turbine (P,,) and the electrical

power output (P,) of the generator.

2H d?§

=P —P =P (2.1)
w, dt? .

m e

Equation (2.1) is characterized by the inertia constant, H (sec) and rotor speed, w, (%)

The value of H depends on the synchronous machine size. Larger machines have larger values of
H; the opposite is true for smaller machines. Generally, the value of H is in the range of 1 to 5
seconds in per unit (Pu) [13]. This is important, because DG machines have low values of H,
while centralized generators have higher values. The physical meaning of the inertia constant is
the time, in seconds, the machine needs to accelerate from zero speed to rated speed when rated
input power is applied [13]. Another important dynamic equation is the power angle equation.
The Power Angle Equation describes the relation between the electrical power transfer
and the rotor angle of the generator. Equation (2.2) represents the power angle equation for a

lossless system.

E'E,
Xt

P,_ sin(8) (2.2)

It is a function of the internal generator voltage (E"), bus voltage (Ep) and the reactance
(Xt) between those two points. The power angle or rotor angle (9) is the angle between the rotor
and the reference axes in a synchronous generator. The dynamic behavior of the synchronous

generator can be represented by substituting the power angle equation into the swing equation.
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2Hd25_P E'E, 5= p 03
w.dt2 ™" Xy SO = fa |

Equation (2.3) describes the behavior of the system to change in the power angle. Figure

5 illustrates a synchronous generator connected to an infinite bus, through a pair of parallel lines.
The infinite bus can absorb or deliver any amount of active or reactive power from any single
generator without any change in its voltage or frequency [14].

Infinite

X Bus
| X
Xir 2

E Z6 X, E, Z0
X4 X1r
| 3
E /S E,Z0
Xt

Figure 5: Synchronous Machine Infinite Bus Representation.

With the relationship between the swing and power angle equations, it is possible to
analyze the fundamentals of transient stability, using the equal area criterion diagram. The equal
area criterion diagram represents the transient stability through graphical means. To analyze the

transient stability of the electrical system, it is necessary to understand the dynamic behavior of

15



the synchronous generator. Figure 6 and 7 illustrate the equal area criterion diagram to a stable
and unstable case respectively. These figures summarize Equation (2.2) pre-fault, during and

post-fault conditions.

(Pe) Pre-Fault

(Pe) Post-Fault
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Figure 6: Power Angle Curve - Stable Case

(Pe) Pre-Fault

(Pe) Post-Fault
dy

Pe

Pm

)

Figure 7: Power Angle Curve - Unstable Case
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Initially, at operating point a (Figure 6), the system is operating in steady state condition,
where the generator is operating at synchronous speed (P, = P.). Momentarily, a fault occurs in
a transmission line, see Figure 5. The disturbance causes a reduction in P, and a difference
between the input and output powers (P, > Pe). The operating point moves from a to b. To reach
equilibrium, the synchronous machine accelerates and the power angle increases. The operating
point moves to the “during fault” curve from b to c¢. The protection system removes the fault
quickly, opening the breaker in transmission line X,. Instantly, the removals of X, cause an
increase in Xt and a decrease of P, when compared to the pre-fault conditions. The operating
point moves from ¢ to d. After the fault is eliminated, a difference between the input and output
power (P, < P.) exists and the synchronous machine decelerates to reach the equilibrium point,
hence the power angle decrease. The operating point moves over the “post-fault” curve from d to
e.

Figure 6 illustrates a scenario where the fault was cleared before the critical clearing time
and the electrical system returns to a stable operation point. The critical clearing time is the
maximum permissible fault duration before the generators lose the ability to regain stability in
the electrical system. The energy gained during a disturbance caused by the acceleration is equal
to the energy dissipated after the disturbance caused by the deceleration (A;=A;). Figure 7
illustrates an unstable case, where the fault is removed after the critical clearing time and the
generator cannot return to stability. The energy gained during the disturbance is greater than the
energy dissipated after the disturbance (A;>A,). In this case, the rotor speed begins to increase

and does not recover.
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3 Power System Models

3.1 Introduction

The electrical power system has numerous equipments that interact simultaneously to
maintain stability and a safe operating condition. The principal components affecting the
dynamic analysis are generators, turbines, governors, exciters and loads. The dynamics of these
devices are affected when a disturbance occurs. The principal control systems are the exciter and
governor, which act on the generator and turbine respectively.

Stability analysis programs include a variety of generator, exciter, turbine, governor and
load models. The electrical system is described by algebraic and differential equations.
Differential equations describe the dynamics of the system and the algebraic equations are

known as static equations.

3.2 Synchronous Generator Model

The synchronous generator model is very complicated when analyzed in a three phase
frame of reference. Generally, the three phases are transformed into two equivalents, direct and
quadratic axes, using Park’s transformation [11]. The direct axis is in phase with the rotor field
winding and the quadratic axis is leading the direct axis by 90 degrees, see Figure 2. The
equivalent circuit has some assumptions to simplify the analysis. Figure 8 and 9 illustrates the

generator’s direct and quadratic axis equivalent circuit, respectively [15].
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Figure 8: Generator Equivalent Circuit direct axis
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Figure 9: Generator Equivalent Circuit quadratic axis

The direct and quadratic axes include r,, Ly, Lag, Lag, Va and Vg which are the stator
resistance, stator leakage inductance and the mutual inductance between stator and rotor, direct
axis voltage and quadratic axis voltage, respectively. The other elements represent the rotor
equivalent winding.

The synchronous generator model has six (6) algebraic variables and equations. The
algebraic variables are represented by the active power (P), reactive power (Q), voltage
magnitude (V), voltage angle (6), mechanical power (p,,,) and field Voltage(vf). The algebraic

equations are represented by the power injection (P, Q), and the following equations [15]:
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0 =v4iq +v4ig — P (3.1a)

0= vqid — vdid — Q (3.1b)
0 =Pmo — Pm (3.10)
0 =vpo — vy (3.1d)

To describe the dynamic behavior, differential equations were derived from the models
shown in the Figure 8 and 9. This model considers a field circuit and an additional rotor circuit
along the direct axis, two additional circuits along the quadratic axis and electromagnetic flux
dynamics. The state variables are d, o, ec’l and ej;, which represent the rotor angle, rotor speed,
quadratic axis transient voltage and direct axis transient voltage, respectively. Equation (3.2)

represents the synchronous generator differential equations.

5 = Qy(w—1) (3.2a)

G = (pm — Pe ]/[D((U - 1)) (3.2)

. (~fileq) = (xa — xp)iq +vf)
fa = Tho

(3.2¢)

Y (—e& + (xq — xéz)iq)
ey =

7 (3.2d)
qo
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3.3 Exciter System Model

The excitation system is an automatic feedback controller, whose primary function is to
regulate the generator field current to maintain a reference voltage at the synchronous machine
terminals. Its components are the main exciter, automatic voltage regulator (AVR) and the
amplifier. The exciter provides the field current for the synchronous generator. AVR couples the
terminal voltage to the input of the main exciter. The amplifier increases the power of the

regulation signal to that required by the exciter. Figure 10 shows the exciter control system

diagram.
V., — I V
ref Control Amplifier f Plant
(AVR) (Exciter) (Synchronous Generator) —>
Feedback |
(Compensator)

Figure 10: Exciter Control System

To reach an adequate generator voltage the exciter should respond instantly when a

disturbance occurs. Figure 11 shows the AVR control system.

%44_

T,s +1
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Figure 11: AVR System

Equation (3.3), represents the link between AVR, the generator and the reference voltage,

where v}fy ", Vs, Vo, Vyes are the synchronous field voltage, field voltage, initial reference

voltage and reference voltage, respectively.

0=vr— ]fyn (3.3a)
0 =vy — Vper (3.3b)

If a disturbance occurs in the electrical system, the terminal voltage of the synchronous
generator is perturbed and the exciter responds to maintain the voltage within an operational
range. The maximum exciter limit is fixed to prevent excessive rotor heating, while a minimum
excitation limit is fixed to prevent potential loss [3]. Equation (3.4), describes the dynamic

behavior of the exciter during a disturbance.

i (V - Um)

U}n - (3.4a)
r
Ky
(Ka (vref —Um — VUp2 — T_fvf> _ Url) (3.4b)
U1 = Ta
(ﬁv + v )
. Tf f T2 (3.4¢)
Uy = — Tf
. (vf (1 + Se (Uf)) - Vr) (3.4d)
vf - T.r
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3.4 Governor Model

The main function of a governor is to control the rotor speed. Continuous variations in
real power cause a change in system frequency. It is necessary to maintain the frequency close
to 60 Hz to obtain a stable operation. When a disturbance occurs, caused by a mismatch between
the mechanical torque (T;,,) and the electrical torque (T,), the governor modifies the mechanical

power. Figure 12 represents the governor control system.

Load
Torque

Develop & Accelerating

)]
ref Speed »| Servo ».| Steam Valves Torque Torque | Rotor | (U >
Relay Motor and Turbine Intertia
Speed
Governor <

Figure 12: Governor Control System

If a fault or a load change occurs, the electrical torque of the synchronous generator
changes, almost instantaneously. This difference causes rotors speed variation. In order to obtain
a new equilibrium point, the governor tries to accelerate or decelerate the rotor, increasing or
decreasing the mechanical torque. Figure 13 represents the governor transfer function, which

relates speed and torque.

TmechO T
0, Ts+1 / T
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T
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Figure 13: Governor Transfer Function
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To maintain stability in the power system the governor operation is necessary. It has two
(2) algebraic equations, Equation (3.5), where p,.", P, o and Wyer are the synchronous
mechanical power, mechanical power, initial reference speed and reference speed, respectively.

Equation (3.6) represents the link between the governor and the synchronous generator, and the

governor reference rotor speed [15].

Syn
0=pPm—Dm (3.52)
0 = wo — Wrer (3.5b)

The differential equations that describe the dynamic behavior are:

1 T
ﬁ(l — T_;) (Wrer —w) — t,
t, T

(3.6a)

1\ /T,
Tmecn = (tg + (E) <T_2) (wref - w) + Tinecn O) (3.6b)

3.5 Load Model

Load modeling is very challenging when implemented in stability analysis, because the
electrical system has a large number of devices whose characteristics vary continuously.
Therefore, it is not useful to exactly represent each individual component. To increase the

performance of the dynamic analysis, load models have been implemented.
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k, (V\°P
p=-—L (—) (1+ Aw)Pr (3.7a)

100 \V,

ko (V\%
Q = WQO (V—) (1+ Aw)Pe (3.7b)
0

Power system analysis refers loads as real and reactive power demand. Generally, the
load is represented by a static model. The model simulates the characteristics of the load at any
given time as algebraic function of voltage and frequency [16] [11]. Active and reactive power
are considered separately. Equation (3.7) represents the voltage and frequency dependency of

loads. Typical load coefficient values have been shown in previous publications [15].
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4 Electrical System of Puerto Rico

4.1 History

Initially, the generation and distribution of electrical energy in Puerto Rico (PR)
depended on hydroelectric generators. The first system of irrigation in the south coast was
created through the approval of “Ley de Riego” in the year 1908. The law motivated an interest
to create different artificial lakes around the island, with the objective to expand the irrigation
system. In 1915, the PR government built hydroelectric plants to distribute and sell energy that
was generated by the irrigation systems, of which 85% was used for the irrigation system, and
the remaining 15 % was sold for industrial use.

The increase in demand for electrical energy and the success of the hydroelectric plants,
caused Legislative interest, and thus more hydroelectric generators were building. In 1935, the
total capacity was 5.8 MW. That same year, construction began for three (3) additional power
plants, which were finished by 1937. The total capacity of the island increased to 19 MW. The
development of hydroelectric plants continued to expand due to the increasing demand for
electrical energy.

After the Second World War, the island began a heavy industrialization process. The
electrical energy demand increased, but the water resources were limited. PREPA began to
incorporate fossil fuel based thermoelectric plants into the electrical system. The hydroelectric
plants were moved to the second level; those considered less efficient were shut down.

Today, the hydroelectric system incorporates 21 generation units, which are operated by
PREPA. It has an aggregated capacity of 100 MW which represents about 2% of the total

generation capacity in PR.
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4.2 Generation

Puerto Rico has a generation capacity of 5,365 MW, while the peak demand is nearly
3,685 MW, still allowing for a reserve margin [17] [18]. The transmission system is designed
such that the principal generation units are located in the south and the main concentration of

load is located in the north of the island. Figure 14 illustrates the geographic locations of the

principal generation units [17].

Figure 14: Geographic Location of Generations Units

PREPA has five (5) principals units of generation, which are: Cambalache, Palo Seco,

Costa Sur, San Juan and Aguirre. These generators use petroleum fuel derivates. Table 2 shows

the capacity of each generating plant [17].

TABLE 2: PRINCIPAL GENERATION UNITS

Localization Generation Construction Year
Cambalache 247.5 MW 1997
Palo Seco 602 MW 1960
Costa Sur 1090 MW 1958
San Juan 400 MW 1956
Aguirre 900 MW 1973
Total = 3,239.5 MW
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The San Juan, Palo Seco, Costa Sur and Aguirre thermoelectric plants use bunker #6 fuel.
These can be considered as the base units of the system, because most of the time they are
dispatched at their maximum capacity. The rest of PREPA’s thermal units use bunkers #2 fuels.
These are “peak” units, because bunker #2 is more expensive. Table 3 presents the different

types of fuel used and the capacity installed [19].

TABLE 3: GENERATION IN THE ELECTRICAL SYSTEM OF PUERTO RICO
PREPA System
. . Number Capac1ty.0f
Localization of Units each unit
MW)
Aguirre 2 450
2 410
Steam System: Generator Using fuel Bunker #6 Costa Sur 2 85
2 50
2 216
Pal
alo Seco 5 25
San Juan 4 100
S — Cambalache 3 83
as turbine Others 22 21
Generator using Combined Cycle
fuel bunker #2 Each Unit Consists of 4 Acuirre ) 296
combustion turbine of 50 MW gl
and one steam turbine of 96 MW
2
Diesel Motor 7
Hydro 100
Cogeneration
Gas Turbine - Eco Electric
Combined Cycle: Two combustion turbine of 165 MW and one steam turbine of 507
177 MW.
AES — Coal 454
Two units of 227 MW.

[ Total Capacity Currently Installed i PuertoRico | 5365 |
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About 80% of the electrical energy produced in PR is derived from petroleum [17]. This
fact is very concerning, because petroleum cost is increasing daily and the pollution caused by
these generators is higher [20]. In order to improve the electrical system, PREPA is developing

different plans to generate electrical energy at a lower cost.

4.3 Transmission and Distribution Systems

The transmission system carries large amounts of electrical power from generating
stations to consumption areas. Transmission voltages in PR are 230 kV, 115 kV and 38 kV. The
system is composed of 45 substations of 115 and 230 kV, and has an approximate extension of
2,182 miles of transmission lines. Figure 15 illustrates the 230 kV and 115 kV transmission

systems [19].

| —» 230kV
@— 115kV

Figure 15: Transmission System

The 230 kV transmission network is composed of three main loops. The central loop has
an extension of approximately 170 miles and links the electrical system from north to south of
the island. The other two loops have a total extension of approximately 123 miles, and connect
the electrical systems to the east and west parts of the island. The configuration of the 38 kV
network in the electrical system is very complex. At present, there are 278 substations at this

voltage level, which are connected with the distributions substations mentioned.
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Distribution substations receive power from one or more transmission or sub-
transmission lines. It provides power to one or more distribution feeders that originate in
substations and comprise the primary distribution network. Most distribution substations carry
between 5 and 60 MVA. The primary distribution system consists of feeders “emanating” from
the substation and supplying power to one or more secondary distribution systems. Such feeders
are usually 3-phase circuits. A total of 326 distribution substations are installed through the
island. Standard primary distribution voltage level and number of distribution substation
corresponding to each level of voltage used in PR are: 4.16kV (178), 7.2kV (NA), 8.32 kV (53)

and 13.2kV (86).

4.4 Puerto Rico Case Study Scope and Description

4.4.1 Scope

The following items summarize the conditions and limitations of the study.

1. All 115 kV load busses were chosen as suitable locations for DG. These busses
supply the 38 kV and subsequently the 13.2/4.16 kV systems (neglected on the
system model.). Including the 38kV system on the actual model, would have
increased the computational complexity by a factor of 4 (3760 x Time Step
variables as oppose to 850xTime Strep variables neglecting the 38 kV and lower
voltages.)

2. Each DG was connected to a step-up transformer with a voltage ratio of 11.4 kV
to 115 kV.

3. Loads were modeled with standard polynomials corresponding to industrial

customers.
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4. Low inertia (see Appendix C) generators, typical for DG systems, were
incorporated to the system.

The scope of the study was greatly influenced by items 1-4 above. The only modeling
element not considered, see item 1, was the impedance between the 38kV system and the
115kV load busses. Such impedance, it is speculated, will not have a significant effect on
results because grid tie operation was implemented in all case studies. Therefore, given
the DG models used and the 115kV load busses DG locations (supplying all lower
voltage busses) results from the study closest resemble the conditions for Distributed

Generation as oppose to the conditions for Dispersed Generation [21].

4.4.2 Description

The electrical system of Puerto Rico was simulated considering all the buses at 115 kV
and 230 kV. The network is composed of ninety-five (95) buses, eighty-nine (89) transmission
lines, thirty-nine (39) transformer, twenty-nine (29) generators and fifty-four (54) loads. The
complexity of the model is produced by the high order of state variables. Each generator and
excitation system models consist of four (4) state variables while the governor has one (1) state
variable. To improve the accuracy of results, each synchronous generator model includes a
transformer, excitation system and governor. Overall, the electrical system of Puerto Rico is
composed of two hundred sixty four (264) state variables for the base case. The simulations
considered solely the transmission system.

In order to have a better appreciation of the buses location, Figure 16 shows the single
line diagram of the electrical system of Puerto Rico. Buses at 115 kV are represented with a

circle while the buses at 230 kV are represented by a line.
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Figure 16: Electrical System of Puerto Rico

Due to homeland security regulations, implemented after September 11 2001, PREPA
doesn’t provide information about the electrical system. However, the PV data, PQ data and
branches data were obtained from preview PREPA’s publications [19] [22]. The parameters of
the generators, excitation system and governor were estimated from similar generation units
available elsewhere [16] [11]. Numeric values for all system parameters are shown in Appendix
B.

In order to improve the accuracy of the results, the real power and the reactive power of
the loads were obtained by an approximation of the power flow solution of the electrical system
of Puerto Rico. The power flow data was obtained at a high peak period. Otherwise, branch data
was obtained from PREPA’s reports [22]. Each transmission line is represented by the same
name that PREPA uses to identify its transmission lines. The transmission lines were represented
by their series impedance. Based in the length of the transmission lines of the electrical system of
Puerto Rico, the lines are considered as short lines, because the lengths are less than fifty (50)
miles. Hence, the shunt capacitances are considered negligible [11]. The resistance (R) and
reactance (X) are in ohm per miles (ohm/km). The R and X values were determined in

accordance the real distance and cable used in each transmission lines.
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5 Optimal Capacity of Distributed Generation

5.1 Introduction

The study is focused on developing computer algorithm to estimate the optimal capacity
and location of distributed generation. Optimization is the technique which seeks a maximum or
minimum value of a function of several variables subject to a set of constraints, as linear or
nonlinear programming [23]. To make use of optimization techniques, it is important to firstly
identify the objective function and control variables. The goal is to find the values of the control
variables that optimize the objective function. The process to determine the objective function,
control variables, and constraints is known as modeling. The power system is modeled by

algebraic and differential equations represented in the following form.

0=gCyu) (5.1)

x=f(x,yu) (5.2)
Equation (5.2) was represented by H, in order to consider it as an equality constraint:

H=x—f(xyu)=0 (5.3)

The study presents a methodology, based on nonlinear programming to estimate DG size
and location to improve transient response during and after a disturbance. Similar methods have
been presented elsewhere [24] [25] [26]. The idea of the Optimal Capacity of Distributed
Generation algorithm (OCDG) is to minimize the objective function, subject to inequality and

equality constraints. In order to satisfy a practical requirement, the inequality constraints define
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the trajectory of the system. Equality constraints are represented by the algebraic equations and
the discretization at each time step of the system’s differential equations.

The integration method used is the trapezoidal method, which uses a complete Jacobian
matrix to evaluate the algebraic and state variable direction at each time step, to estimate the

dynamics of the system. The following equations represent the discretization of Equation (5.3):
H, = x*+1 — xk — 0.5A¢ (f(xk+1’ YL Y 4 F(xk yk, uk)) (5.4)

Equation (5.4) is nonlinear and its solution, together with Equation (5.1), represents a

discretized dynamic trajectory of a power system.

5.2 OCDG Model

The objective function is given by:

C(x,y,u) = C(x) + Cr(y) + C3(u) (5.5)
Where

Ci(x) = (x — x*)"QyAt(x — x*) (5.50)
C) =@ —-y)'QAtly —y") (5.5b)

C:(w) = ()" Q,(w) (5.50)

The objective function consists of quadratic functions C; (x), C,(y) and C5(u) which
represent costs related to the state, algebraic and control variables deviations from known stable
values. The weight matrix (Q) determines the importance given to the variables in the objective
function. The weights increase the cost of the objective function when the system trajectory

deviates from the stable operating point. Since the overall objective is to minimize the cost
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function, a new control variable will be generated to drive the system towards the known stable
operating point. Therefore, each weight effectively guides the system trajectory according to its
physical meaning. For example, higher values of Q, will result in smaller deviations for state
variables. Meanwhile, higher values of Q, will result in less DG penetration. The time step (At)
determines the accuracy of the time domain simulation required on each optimization iteration.

The optimization problem is:
minimize C(x,y,u)

subject to

H.(x,y,u) =0

glx,y,u) =0

In order to establish the necessary conditions for a possible solution, constrain functions
are added to the objective function and multiplied by the Lagrange multiplier. The augmented

goal function is given by:

L=C(x)+C(y)+ C(w) + [He(x,y, W]" A+ [g(x, y, W]"B (56)

The First Order Necessary Conditions (FONC) is the necessary condition for the
objective function. These conditions take the first derivate of the augmented goal function with

respect to each of the independent variable and set the derivates equal to zero.

aL_aclJraHkT/HagT _ o o
dx  0x 0x ox © .
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= A+ — = (5.8)

= + A+— B = (5.9)

dL
a = Hk(xr Y, u) = (5.10)
oL
@ =g(x,y,u) =0 (5.11)

Equations (5.7) and (5.8) were used to determine the values of the Lagrange multipliers

(1) and (). Solving for A and £ is obtained:

OHT\ " (agT L (o ‘1(061>
0x d0x B 0x 0x 612

~ [rag™\ " (oH" agT\ " /0C,
) @y ) -

Substituting the Equation (5.12) into Equation (5.13), the value of f is obtained by:

oHT\ (9HT ‘1<acl) ac,| [ag (oHT\ (0HT\ " [agT
dy d0x d0x dy ay dy d0x d0x

Then, the value of B was substituted in the Equation (5.12) in order to determine the

(5.14)

B =

values of 4. Once the values of 1 and 8 are determined, Equation (5.9) can be solved. However,
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the values of A and £ can be obtained by an alternate solution. Solving the Equation (5.7) and

(5.8) the following results are obtained:

oH,'  adg" aC,
= < - —— - (5.15)
0x T dx B dx

oH," g’ aC,

— A+— [ =- (5.16)
dy dy dy
Solving Equations (5.15) and (5.16) through matrices yields the values of A and (.
_ —1
A oH,"  ag'1 [9C:i
0x 0x 0x
- — (5.17)

oH,'  ag'| |9C
v | dy dy 1 Loy .

The values of A and f are substituted into Equation (5.9) in order to determine the change
in the control variable (u). If the change is less than a tolerance value (£) the algorithm reached

the optimal condition.

. oL
=u +a— (5.18)
Jdu

uk+1

Otherwise, the control variable is modified and a new iteration would once again begin
by initializing the system. In order to obtain a faster convergence the control multiplier («) is
applied. The best value of @ must be determined empirically [23].

Figure 17 shows a flowchart of the OCDG optimization process. The goal of the

algorithm is to determine the value of (1) that minimizes the objective function (Equation (5.5)).
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Figure 17: OCDG Flowchart
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The control variable is part of the governor’s algebraic and differential equations. To initiate the
algorithm it is necessary to input the values of the control variable u* which represents the real
power output of the DG (Pp), in per unit. The algorithm computes the power flow solution and
initializes the algebraic and state variables[Xo Yo]. Then, the algorithm evaluates the
disturbance in order to determine the dynamic response of the power system, completing the
time domain simulation. The Reduce Gradient Method, used to solve the nonlinear programming
problem, calls for the sequential calculation of the increment Au in order to update the actual
value of the control variable(u).

This method reaches the minimum of the objective function by a series of steps taking a
(steepest) downward direction. From any initial point, Equation (5.18) finds the direction of
steepest decent to the local optimal value. The method only considers the first derivate without
computing Hessian matrices of second derivatives, which would increase significantly the
algorithmic complexity and computational burden.

Different techniques to solve the linear system represented by equation (5.12), (5.13) or
(5.17) were discussed previously in the chapter. The length of A depends on the number of state
variables times the number of time steps (N, * Ny). The length of £ is given by the number of
algebraic variables times the number of time steps (N, * Nr). The trapezoidal rule technique is
applied to Equation (5.4) producing an off-diagonal matrix, per time step, corresponding to the
derivate with respect to the (k + 1) term. The derivate with respect to the (k") term, produces a
diagonal matrix per time step. Equations (5.19) and (5.20) show the derivatives with respect to

present and future terms.
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0Hy of (x*, y*,u")
e —I —_ OSAt 5.19
dxk 0xk 1
aHk _ 0.5 af(xk+1,yk+1’uk+1) -
Oxk+1 — 1 t Oy k+1 (5-20)

Each equation represents a matrix. The resultant matrix of Equation (5.4) is square. The
matrix size depends of the number of state variables and the number of time steps (N, * Nr).

Equation (5.21) shows the general structure of Equations (5.19) and (5.20).

oH,

dx

"0H,
0xq

0H,
dx,

0H,
dx,

0H,
0x3

Oty
axn—l

0H,_,
dxy,

oH,

0x, |

(5.21)

Partial derivative of the Equation (5.4) with respect to y is similar to the previous case.

However, the resultant matrix is not square. The number of rows depends on the number of state

variables and the number of time step (N, * N). The number of columns depends on the number

of algebraic variables and the number of time step (N,, * Nr).
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oH of (xk, y* uk
—: = —0.5At A yk ) (5.22)
0y dy
Hk — 0sAs af(xk+1’ yk+1’ uk+1)
ayk+1 o . ayk+1 (523)
Equation (5.24) shows the general structure of Equations (5.22) and (5.23).
0H 0H T
—1 —1 0 0
0y, 0y,
0H 0H
0o —— 0 0
0y, 0y3
oH =1 0 0 . : 0
ay = . . (5.24)
0 0Hp_y  O0Hp_4
0Yn-1 0Yn
0H
0 0 0 0 -
! 0y,

The partial derivative with respect the Equation (5.1) required less computation than the
previous cases, because for algebraic equations it is not necessary to difference between a
present and future term [24]. Equation (5.25) shows the matrix array from the partial derivative

of the Equation (5.1) respect to x (state variables).
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1091

— 0
0x4
d
o 29
dx,
0
0

0

0
09n

dx,, |

(5.25)

Each element in the diagonal represents a matrix. The resultant matrix is not square. The

number of rows depends on the number of algebraic variables times the number of time steps (N,, *

N7). The number of columns depends on the number of state variables and time steps (N, * Np).

Partial derivative of Equation (5.1) with respect to y is similar to the previous case, but the

resultant matrix is square. Equation (5.26) shows the matrix array for the partial derivative of Equation

(5.1) respect to y. The size of the matrix depends on the number of algebraic equations and the number

of time steps (N,, * Nr).

20
dy,
0
, 99
ay,
0
0

0

0
99,

ay,

(5.26)

The time domain simulations and power flow solutions required by the OCDG algorithm were

implemented on Power System Analysis Toolbox (PSAT) a Matlab® Toolbox. PSAT permits access to

its equations and subroutines. This toolbox is used around the world to perform stability studies [15]
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6 Results and Analysis

The IEEE 14 Bus Test System and the Electrical System of Puerto Rico were used as
case studies. Electrical systems were modeled for different disturbances through dynamic
simulation, in order to obtain the optimal size and location to implement distributed generation
and to improve the stability response of the electrical system. During a disturbance, system
voltage drops and synchronous machines begin to accelerate, as result of an imbalance between
the electrical power and mechanical power. The OCDG algorithm determines the optimal active
power of each DG in order to reduce the oscillation of the synchronous machines. The physical
interpretation is that the DG machines have low values of inertia, while the central generation
has higher values of inertia. When a disturbance occurs, the response of DG is faster than central
generation. Thus, DG helps to reduce the imbalance of the synchronous generator with large
capacity. The overall goal of the OCDG algorithm is to minimize voltage oscillations and
acceleration (or deceleration) of synchronous machines following a severe disturbance, thus
improving the stability of the electrical system.

Several cases have been studied. The base case was simulated without DG. Then, DGs
were connected to the network with a real power value equal to zero MW (Ppg = 0 MW). The
OCDG algorithm determines the real power of each DG in order to obtain the optimal condition
during and after the disturbance. In order to appreciate the dynamic response of the electrical
system the results of the simulations are represented by several plots. The time domain
simulation has time duration of 10 seconds. Additionally, contour plots in two dimensions are
used to illustrate the convergence of the OCDG algorithm, in order to show the decent trajectory

to reach an optimal value.
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6.1 IEEE 14-Bus Test System
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Figure 18: IEEE 14-Bus Test System with Distributed Generation

The IEEE 14-Bus test system is used to validate the convergence characteristics of the
OCDG algorithm. This system is simple enough to easily interpret all results while at the same

time it is complex enough show the robustness and ability of the algorithm to handle larger
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systems. System parameters are shown in appendix A [15]. Seven (7) synchronous DGs were
incorporated to the test system as seen in the single line diagram shown in Figure 18. The power
rating and terminal voltage of each DG is 7 MVA and 4.16 kV, respectively. Each DG is
connected to a transformer. Appendix C shows the DG parameters. All the DGs, synchronous
generator and synchronous condenser, were modeled with 4™ order dynamic models.

Additionally, each synchronous generators and DGs has an excitation and governor system.

6.1.1 Case 1: Synchronous DG Connected at Bus 4 (One Dimension)

A three phase fault was applied to the electrical system at bus 5 (see Figure 18). The
disturbance produced rotor speed and bus voltages oscillations. In order to appreciate the
convergence characteristics of the OCDG algorithm, only one (1) DG was connected at bus 4.
Thus, the system is simplified into a single dimensional problem. The objective function

considered frequency and voltage deviations.

x‘lO-5

Goal Function

Ppg 4 (PY)

Figure 19: Optimal Penetration of P g 4 Goal Function Curve
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Figure 19 shows the convergence of the OCDG algorithm for two different initial points,
Ppg =0 and Ppg = 1.3pu. In both cases, the OCDG algorithm iterated its way to the same optimal
power output. The optimal value of Ppg is 0.25 in per unit (Pu), which represents a power output
of 1.75 MW. It is important to emphasize that the step size (alpha) was large enough to avoid the

shallow local minima near PDG = 1.1pu.

6.1.2 Case 2: Synchronous DG Connected at Buses 4 and 5 (Two Dimensions)

The second case is similar to the previous one, this time two (2) DGs are connected at
buses 4 and 5. Two dimension contours plots are used to appreciate the convergence. The goal

function varies with frequency and voltage deviations.
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Figure 20: Optimal Penetration of P p 4and P pg s, Two Dimension Contour Plot
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Contour lines are a set of points where the objective function has a constant value for
different values of Ppgs and Ppgs. The contour plot shows the feasible region, which is a set of
points that satisfy all the constraints. In a three dimensional appreciation, the contour plots have
the shape of a bowl formed by the contour lines. The convergence moves from the high to the
deep point of the bowl, which represents the minimum value. The numbers along the curve show
the iterations needed to reach the optimal solution.

Initially, real power of Ppgs and Ppgs were equal to zero (0) MW. At that point, the
gradient is computed making a straight line descent to reach the optimal solution. The length and
direction of each step is in accordance with the value of the control multiplier and the iteration
value. It is necessary to determine the correct value of the multiplier to reach the optimal
solution. The first iteration was distant from the optimal value producing a big step, followed by
shorter steps because the iterations are closer to the optimal solution. In order to reduce the
voltage and frequency oscillations, the power output needed of Ppgs and Ppgs should be 0.77 Pu

(5.4 MW) and 0.83 Pu (5.81 MW), respectively.

6.1.3 Rotor Speed and Voltage Response

Initially, the electrical system is stable, and then a three phase fault is applied at bus 5,
producing rotor speed and bus voltages oscillations. The stability improvement produced by the
two previous cases was insignificant. Hence, if a small amount of DG is connected to the
electrical system, the impact in the stability could be negligible. However, increased DG
penetration influences the stability response.

This case studied the effects produced in the electrical system by DG penetration. The
DG penetration was calculated by the following equation, where Ppg and P¢g are the total power

produced by DG and CG, respectively.
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Ppg
Ppg + Pcg

%DGpenetration = * 100 (6.1)

The Pcg of the system is 146 MVA and the capacity of each DG is 7 MVA. In order to
determine the stability response one (1), two (2) and seven (7) DGs were connected to the
network where the DG penetration is 4.58%, 8.75% and 25.13%, respectively. Figure 21 shows

the rotor speed response of the synchronous generators (wsyn 1 and Wgyp 2 ) and synchronous

condenser (wsyn 3, Wsyn 4 ANA a)syns) for the three cases mentioned. Figure 18 shows the
location of the synchronous generator and synchronous condenser.

Initially, the rotor speed is constant which indicated the stability of the system. After one
(1) second a three fault was applied at bus 5, producing an imbalance between the mechanical
power and electrical power. The disturbance caused great oscillations in synchronous condenser.
The oscillations of the other synchronous generators were moderated. Finally, the electrical
system continued oscillating, but the oscillation decayed rapidly.

The OCDG algorithm determined the optimal DG penetration for each case, in order to
reduce the rotor speed and voltage oscillation. Figure 21 shows the rotor speed response to

determine the effect produced by the DG penetration in the stability of the system.

48



0 1 2 3 4 5 6 7 8 9 10

Figure 21: Rotor Speed Response — IEEE 14-Bus Test System

Figure 21 shows negligible effects in response of 4.58% and 8.75% DG increase.
However, with 25.13% DG penetration showed an improvement in the rotor speed stability
response. As expected, increased DG penetration led to increased system stability. Oscillations
were lower, especially in the rotor speed of the synchronous condenser number five (wgyn s).
Increased DG penetration reduced the acceleration of the synchronous generators and
synchronous condenser during and after the disturbance. A similar behavior occurred in bus

voltages.
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Figure 22: Voltage Response — IEEE 14-Bus Test System

Figure 22 shows the voltage response of bus 12 and 14. Initially, from 0.9s to 1s bus
voltages are stable. Then a disturbance (1.0s to 1.03s) produced voltages drop, which limit the
capacity of the network to transfer power between buses. The voltage drop and the oscillations
were smaller under on increased DG penetration conditions (1.03s to 10s). The case with 25.3%
of DG penetration produced an increased damping of voltage oscillation and a new equilibrium
was obtained faster than the other cases. The post fault voltage responses were closer to the
initial condition with 25.3% of DG penetration in comparison with the others cases.
Additionally, voltage drops during the fault were lowers when 25.3% were connected. The base

case showed a voltage drop of 0.6 Pu at bus voltage 14, while the case with seven (7) DGs
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produced a voltage drop of 0.54 Pu. The DG penetration improved and maintained an acceptable

equilibrium, after being subjected to a physical disturbance.

6.1.4 Critical Disturbance

In this section, transient stability was measured as a function of the Critical Clear Time
(the allowable fault duration to avoid system collapse). The critical disturbance was implemented
with a three phase fault at bus 2 and subsequently cleared opening breakers. The fault persisted
long enough until rotor speed increased continuously and synchronism was lost. Seven (7) DGs

were connected at the network to improve the stability of the system.
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Figure 23: Rotor Speed Response - Unstable and Stable Cases
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Figure 23 show the rotor speed response for the base case and the case with seven (7)
DGs connected. The base case shows the unstable case where the system did not return to
synchronism. However, DG penetration improved the transient stability and returned the
electrical system to a stable steady state condition. Machine dynamics were greatly influenced by
their inertia. DG rotors were accelerated or decelerated faster than the centralized generators,
reducing the absorption of energy during the disturbance by the CG. Thus, DGs reduced the
separation between the angular positions of the synchronous machines when a disturbance
occurred. An increase in angular separation was matched by a decrease in power transfer and

increased instability. Additionally, DGs improved voltage stability during and after a disturbance
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Figure 24: Bus Voltage — Unstable and Stable Cases
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Figure 24 shows voltage stability response for the base case and 25.3% DG penetration.
The base case shows the unstable case, which the load tried to restore power consumption
beyond the capability of the transmission system and the connected generation. The voltage
drops limits the capacity of the networks to transfer power between buses. In contrast, the case
with 25.3% DG penetration shows the stable case. The DGs reduced the voltage drop during the
disturbance and returned the electrical system to a stable steady state condition, avoiding a
collapse of the electrical system. Therefore, increased DG penetration significantly improved

transient stability of the system.
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Figure 25: Optimal Penetration of Distributed Generation
Figure 25 shows the optimal real power and location of each DG in order to maximize
system stability. The OCDG algorithm determined the optimal DG penetration in three (3)

iterations. ~ After the 3" iteration, the real power remained constant indicating the OCDG
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algorithm reached on optimal solution. The result showed that the main DG penetrations
occurred at 13.8 kV buses. Ppg values are shown in per unit on a 7TMVA base. The capacities of
the DGs were 3.85 MW, 3.7 MW, 5.6 MW, 5.04 MW, 5.04 MW, 5.25 MW and 6.16 MW which
were connected at buses 4, 5, 10, 11, 12, 13 and 14, respectively. The OCDG algorithm

determined the optimal DG location and capacity.
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Figure 26: Goal Function

Figure 26 shows the performance of the OCDG algorithm as a function of the iteration
number. The goal function C(x,y,u) consist of quadratic functions C(x), C(y) and C(u) represent
the costs related to rotor speed, bus voltage and Ppg of after ten (10) iterations. Only, three (3)
iterations were necessary to reach the optimal value. Lower value of the goal function means less
rotor speed and voltage oscillation. The OCDG algorithm reduced the goal function value in

order to improve stability of the electrical system.
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6.1.5 Ciritical Clearing Time (CCT)

The critical clearing time is the maximum permissible fault duration before the generators
lose the ability to regain stability in the electrical system. The DG penetration increased the
critical clearing time helping the electrical system to maintain a stable operation. Figure 27

shows the critical clearing time for a DG penetration of 0%, 4.58%, 8.75% and 25.13%.
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Figure 27: Critical Clearing Time

The case with 0% of DG penetration has a CCT of 9 cycles (0.15 sec). The cases with a
DG penetration of 4.58% and 8.75% did not produce a significant improvement over the CCT.
However, the case with a DG penetration of 25.13% increased the CCT to 13 cycles (0.22 sec).
DG penetration increased the fault duration, thus improved the stability and reliability of the

electrical system.
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6.1.6 Goal Function Weights

The weight matrix determines the importance weight given to the variables in the
objective function according to the desired physical means. The objective function consists of
quadratic functions C;, C, and C3; which represent the cost related to rotor speed, bus voltage and
the DG penetration, respectively.

An experiment was conducted to study the effect of the weight matrix in the objective
function. Starting from an initial optimal solution (a, , by and cgy), one (1) weight value was
shifted to determine the displacement on the objective function. The following equations show

the assumptions were made, where the factor a, b and ¢ were shifted individually.

i Qx:Qy:Qu:I

o cost = aC; + bC, + cCy

. a, =10 10 <a <50
. by =0 0<b<0.05
J co=0 0<c¢<0.005

Figure 28 shows the effects of shifting weights on the solution of the OCDG algorithm.
The shift in trajectory for a > a,, represents a higher importance to the frequency performance
(less deviation). Increase DG penetration reduced the imbalance between the mechanical and
electric powers. The DG response is faster than centralized generation, when a disturbance
occurs. Hence, DG absorbs energy during the disturbance, thus reduces the acceleration on the
synchronous generator.

For the voltage deviations, b > b,, represents a higher importance of the voltage
performance over the others. This is equivalent to increase the DG penetration, in order to

increase the capacity of the networks to transfer power between buses when a disturbance
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occurs. DG penetration helps to reduce the voltage drop during a disturbance and reduce the
oscillation post-disturbance.
The last optimal trajectory, determines the amount of DG penetration. When ¢ > ¢y, DG

penetration is reduced. It continues in this way until the optimal amount of Ppg is zero.
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Figure 28: Goal Function Weights

6.1.7 Step Size

The control multiplier («) is applied to obtain a faster convergence. The OCDG
algorithm is based on a gradient search method, and the control multiplier is used to accelerate
the convergence. Usually, the control multiplier value is determined by experiment. Figure 29

shows the effect of step size on the convergence of the algorithm.
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Figure 29: Step Size
For a large step size (1.25a,) the algorithm oscillated near the optimal solution,
overshooting it on every iteration. For a small step size (0.5a,) the algorithm reach the optimal
solution in eight (8) iterations, slowing down the performance of the algorithm. A right choice
produces faster convergence. In this particular case (,), convergence was achieved at a
minimum of 4 iterations. This test was performed on the IEEE 14-bus test system with DG

penetration of 8.75%.
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6.2 Simulations of the Electrical System of Puerto Rico

The following section summarizes results and analysis obtained from the application of

the OCDG algorithm to the electrical system of PR. The investigation focused on three (3)

strategic cases. The overall goal was to obtain the optimal conditions necessary to improve

stability, with DG, during and after a disturbance. The electrical system of PR was simulated

under different faults, to determine the optimal amount and location of distributed generation.

The OCDG algorithm determined the optimal capacity of each DG based on stability

criterion. The disturbances occurred at the 230kV transmission system. In order to determine the

DG locations, all 115kV buses have DG connected. Each DG was connected to a transformer.

Table 4 shows the location of the DG connected with the 115kV buses.

TABLE 4: LOCATION OF THE DG CONNECTED

From Bus To Bus From Bus To Bus From Bus To Bus From Bus To Bus
96 45 107 56 118 67 129 80
97 46 108 57 119 68 130 81
98 47 109 58 120 69 131 82
99 48 110 59 121 70 132 83
100 49 111 60 122 71 133 84
101 50 112 61 123 72 134 85
102 51 113 62 124 73 135 86
103 52 114 63 125 74 136 87
104 53 115 64 126 77 137 88
105 54 116 65 127 78 138 89
106 55 117 66 128 79 139 90

The power rating and the terminal voltage of each DG are 12.5 MVA and 11.4 kV,

respectively. All the DGs and centralized generators were modeled with a 4™ dynamic order

system. Additionally, each synchronous machine has an excitation system and governor. The

number of DG connected was 44 and each case has a total penetration of approximately 14.65%.
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In order to determine the optimal capacity of each DG, the real and reactive powers were not

constrained.

TABLE 5: COMPONENTS IN THE ELECTRICAL SYSTEM OF PUERTO RICO

Base Case
Bus Number 95
Transformer 39
Centralized Generators 29
Load 56
Transmission Lines 89
State Variables 261
Algebraic Variables 364
DG Connected

Bus Number 139
Transformer 83
Centralized Generators 29
DG 44

Load 56
Transmission Lines 89
State Variables 710
Algebraic Variables 713

The number of components connected in the electrical system of Puerto Rico is
summarized above (Table 5). Simulation complexity increased significantly with the added
number of DGs and other components. Due to the complexity of the electrical system, only 230
kV buses were considered for the voltage stability analysis. To analyze rotor speed stability,
only the impact of DG on centralized generation was considered. To improve accuracy, loads
were modeled as function of frequency and voltage. Typical load coefficients for industrial
loads are available elsewhere [15].

Under typical loading conditions, a base case was simulated without DG. Figure 30, 31,

32 and 33 show power flow simulation results (voltage magnitude, voltage angle, real power and

60




reactive power) for the base case. These were used to determine critical areas of the electrical
system. The weakest areas were found near the northeast and eastern sections of the island.
Disturbances were applied over those zones, because they may inflict the most severe

contingences to the network.
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Figure 30: Puerto Rico Power Flow Solution - Voltage Magnitude
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Figure 31: Puerto Rico Power Flow Solution - Voltage Angle

0.1

o

0 [rad]

61



Real Power Profile
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Figure 32: Puerto Rico Power Flow Solution - Real Power
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Figure 33: Puerto Rico Power Flow Solution - Reactive Power

6.2.1 Case #1: Fault at Bus 41, then open breaker between buses 35 and 41

The first case analyzed the stability response to a disturbance over a main transmission

line. A three phase fault was applied at bus 41 (See Figure 16) with duration of 0.0167 seconds,
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and later cleared opening breakers between buses 35 and 41. The disconnection of the
transmission line produced a serious contingency in the electrical system because it transported a
vital amount of electrical energy from south to the north of the island. Figure 34 shows rotor

speed response for the base case and the case with DG connected.

1.001
=)
RS>
2 1
S,
wn
3
0.999
0
__ 1.001
)
&
© 1.0005
=
o 1
3
0.9995
0
1.001
S 1.0005
R
N 1
c
@ 0.9995
S 0.
0999 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
time (s) e Bgse === DG

Figure 34: Case 1 - Rotor Speed Response
The disturbance produced an imbalance between the mechanical and electrical power on
the centralized synchronous generators. Maximum oscillations occurred at the generators
connected to buses 13, 15 and 27. The base case shows that rotor speed continued oscillating 7
seconds after the disturbance and then reached a new stable condition. The maximum frequency

change produced by the disturbance was 0.0011 Pu which represents 0.066 Hz. DG reduced the
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magnitude of the oscillation during the fault. The maximum frequency change with DG was
0.0007 Pu which represents approximately 0.042 Hz. Additionally, DG reduced the oscillations
and a new equilibrium point was obtained faster than the base case. DG improved rotor speed
stability during and after the fault.

A similar behavior occurred to bus voltages. Figure 35 shows voltage stability response

before and after DG was added.
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Figure 35: Case 1 — Bus Voltage Response
Initially the system was stable (0 to 1s). During the disturbance (1.0s to 1.03s) the maximum
voltage drop occurred at buses 42 and 43, which were located in the north of the island (closest

to the fault). After the fault (1.03s to 10.0s) the disturbance produced voltage oscillations lasting
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4 seconds followed by a new stable condition. The base case also shows that transmission buses
have voltage problems, pre-fault bus voltages were near 0.9 Pu. However, DG increased the
steady state voltage in the transmission system, improving voltage regulation. Additionally, DGs
were able to reduce the voltage drop during the fault and reduce the post-fault voltage oscillation.

Figure 36 and 37 show the real and reactive power produced by DG and centralized generation.
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Figure 36: Case 1 — Real Power

The maximum DG penetration occurred at buses 120, 121 and 125 which were connected
to the 115 kV system through buses 69, 70 and 74, respectively. Those buses were located in the
east and north of the island. DG penetration was approximately uniform with an average DG

real power of 16 MW. DGs produced a power reduction on the centralized synchronous
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generators. The main reduction occurred on the synchronous generators connected to buses 1, 2,
15 and 16, which were located in the south of the island. Figure 37 shows the reactive power

produced by the centralized and distributed synchronous generators.
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Figure 37: Case 1 — Reactive Power

The main production of DG reactive power occurred at buses 114, 117, 122 and 123
which were connected to transmission buses 63, 66, 71 and 72, respectively. Those buses were
located in the south-east and east of the island. The penetration of DG reactive power increased
the post-fault bus voltage, in order to improve the performance of the electrical system. Thus,
DG penetrations supported the electrical system to maintain viable operation condition before,

during and after a disturbance. DG also reduced the reactive power produced by the centralized
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synchronous generator. The main reduction of reactive power was approximately 72 MVAR at

buses 1, 2, 19 and 20. Those buses are located on the south and north of the island.

6.2.2 Case #2: Fault at bus 39, then open breakers between buses 36 and 39

The second case studies the transient response to a disturbance over parallel transmission
lines. The disturbance was produced when a three phase fault was applied at bus 39 with
duration of 0.016 second, later cleared opening breakers between buses 36 and 39. Figure 38

shows rotor speed response before and after DG was added.
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Figure 38: Case 2 — Rotor Speed Response
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The maximum oscillations occurred in the synchronous generators connected at buses 3,
5 and 21. Base case shows that the disturbance produced a maximum frequency change of
0.0031 Pu, which represent approximately 0.186 Hz. The rotor speeds of the synchronous
generator continued oscillating 8 seconds after the disturbance. The optimal DG penetration
estimated with the OCDG algorithm damped the oscillations and led the system to a stable
condition faster than the base case. DG improved the system stability reducing the maximum
frequency change to 0.0015 Pu, which represent 0.09 Hz. The main improvements from the
optimal DG penetration occurred in the synchronous generator connected at bus 21, because the
magnitude of oscillation was reduced significantly when the DGs were connected. Figure 39

shows voltage stability response before and after DG was added
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Figure 39: Case 2 — Bus Voltage Response
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During the disturbance, DG improved significantly the voltage (about .1 Pu increase) at
buses 37 and 43. The base case shows that the disturbance produced voltage oscillations lasting 5
seconds after the fault and then reached a new stable condition. DG improved the bus voltages
before, during and after the disturbance. The reactive power supplied by the DG helped to
increase bus voltages on the transmission system. Hence, the case with DG produced a better
voltage regulation than the base case. Figure 40 and 41 show the real and reactive power
supplied by the synchronous machines.
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Figure 40: Case 2 - Real Power

The main DG penetration was at buses 122, 123 and 128, which were connected to the
transmission buses 71, 72 and 73, respectively. Those buses were located in the north and north-
east of the island. The maximum real power produced by a DG was 21 MW, while the minimum

was 18 MW. In comparison with case #1, this case shows a higher DG penetration and produced
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a higher reduction on the power output of the centralized generations. DG penetration reduced
approximately 108 MW from the synchronous generators connected at buses 1 and 2. The
removal of the parallel transmission lines between buses 36 and 39, produced a power output
reduction of the centralized generation connected in the south of the island. DG connected at the
north of the island supported the electrical system supplying the necessary energy to the load.
Hence, DG helped the electrical system to maintain a stable condition during and after the

disturbance. Figure 41 shows the effects on DG reactive power.
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Figure 41: Case 2 — Reactive Power

The maximum production of reactive power occurred between buses 113 and 123, which
were located in the east of the island. The base case shows that those buses had voltage
regulation problems (see Figure 30). DG supported the electrical system, principally in the east
of the island, supplying reactive power to maintain an acceptable condition before, during and
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after the disturbance. DG penetration produced a reduction of approximately 73 MVAR of the
centralized synchronous generators connected at buses 1, 2, 19 and 20. DG penetration reduced

the reactive power supplied by the centralized synchronous generators to prevent excessive rotor

heating.

6.2.3 Case #3: Fault at bus 44, then open breaker between buses 35 and 44

The third case studied the transient response to a disturbance applied in the west of the
electrical system of PR. A three phase fault with duration of 0.1 second was applied at bus 44,
and then the transmission line was removed opening breakers between buses 35 and 44. Figure

42 shows rotor speed response before and after the optimal amount of DG was added.
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Figure 42: Case 3 — Rotor Speed Response
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The disturbance produced maximum oscillations over the synchronous generators
connected at buses 3, 13 and 21. The base case showed continued rotor speed oscillation lasting
8 seconds after the disturbance followed by a stable condition. Additionally, the base case shows
a maximum frequency change of 0.0029 Pu (0.174 Hz), while the case with DG connected shows
a maximum frequency change of 0.0016 Pu (0.096 Hz). Optimal DG reduced oscillations and
reached a stable condition faster than the base case, thus improving rotor stability response.

Figure 43 shows the voltage stability response for the base case and the case with DG connected.
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Figure 43: Case 3 — Bus Voltage Response
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The base case shows a bus voltage of 0.92 Pu (211 kV) at the bus 38, while the case with
DG connected shows a bus voltage of 0.95 Pu (218 kV). The reactive power supplied by the DG
improved the bus voltage to maintain a better regulation. The base case shows a high voltage
drop during the disturbance than the case with DG connected. Additionally, DGs reduced the
post-fault voltage oscillation, obtaining a stable condition faster than the base case. Figure 44

shows the real power produced by the synchronous generators.
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Figure 44: Case 3 — Real Power

The main production of real power occurred at buses 133, 134, 135 and 136, which were
connect to transmission buses 84, 85, 86 and 87, respectively. Those buses are located in the
center of the island. The maximum real power produced by a DG was 15 MW, while the

minimum was 0.63 MW. The main DG penetration was in the center and north of the island
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close to the main concentration of load. This case shows a lower DG penetration than case #1
and #2. Hence, the real power reduction of the centralized generation was lower for this case.
DG penetration reduce approximately 56 MW on the synchronous generators connected at buses
1 and 2. That reduction was half than the case #2. The removal of the transmission lines between
buses 35 and 44 produced lower effect on the stability of the electrical system. Figure 44 also
shows the location capabilities of the algorithm. Initially, the programmer chooses all busses
where DG is to be evaluated. After the initial results, when a DG is located at a bus where its
output is negligible, see busses 96-102 on Figure 44, the programmer could label those locations
as not suitable for a DG installation. A second output could be generated, neglecting the
locations previously identified, to fine-tune the remaining locations. Figure 45 shows the

reactive powers supplied by the synchronous generators.

150 y

100 - 1

Q. (MVAR)
(@)
o

0 5 10 15 20 25 30
Bus #

Q, (MVAR)
3

95 100 105 110 115 120 125 130 135 140
Bus #

Figure 45: Case 3 — Reactive Power
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This case is similar to the case #1 and #2. The main production of reactive power was
located in the east of the island. DG penetration improved the voltage regulation over that zone.
The case with DG connected reduced approximately 70 MVAR on the centralized synchronous
generators connected at buses 1, 2, 19 and 20. Similarly than previous cases, the reactive power
produced by DG helps to regulate the bus voltage on the transmission system, thus improved the

voltage stability in the electrical system.

6.2.4 Summary of the Electrical System of PR

The investigation studied several cases in order to obtain the optimal conditions to
implement distributed generation and improve the stability of the electrical system of Puerto
Rico. DGs were connected to generate electrical power, closer to consumption areas, taking
advantage of the maximum efficiency of energy production. Figure 46 and 47 show a summary
of real and reactive power produced for each case.

Figure 46 shows DG penetration reduced the power output of the centralized synchronous
generator and the losses in the transmission lines. Case #2 produced the maximum DG
penetration, reducing 30% the power output of the centralized generation. Case #3 showed the
minimum DG penetration with a reduction of 14% on the centralized generation. Stability is a
function of disturbance type and location to which the system is exposed. The disturbance for
case #2, had greater effect on the stability of the electrical system than the disturbance for cases
#1 and #3. The disturbance for case #2 was the worst case, removing a parallel circuit, equivalent
to two transmission lines limiting the transfer capability to the centralized synchronous
generators connected in the south. Hence, DG penetration increased in the north of the island to

supply the necessary power.
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Figure 46: Real Power Summary

The OCDG algorithm could be used to control the location of DG assets (see Section
6.1.6). Increased weights on Ppg (Q,) reduce DG penetration on the specified zone or busses.
Figure 44 proves the algorithm is location sensitive when busses with lower DG values are
interpreted as non suitable for DG installation.

Figure 47 shows that cases with DG connected significantly reduced the reactive demand
from centralized generators. The three (3) cases with DG connected reduced, approximately,
45% of the reactive power supplied by the centralized generations. Hence, DG reduced the
reactive power supplied by the centralized synchronous generators preventing excessive rotor
heating and maintaining a better regulation on bus voltages. Additionally, DG improved the
performance reducing losses in the electrical system. Figure 48 shows the real and reactive
power losses for each case.
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The cases with DG show a significant loss reduction of the electrical system. DG reduced
real power losses by 45%. It also improved the reliability and power quality of the electrical
system reducing congestions in transmission lines. Additionally, DG reduced by 35% the
reactive power losses. The MVAR reduction on the reactive power losses was higher than the
real power losses because of the inductive characteristic of transmission lines. Hence, the

reduction of real and reactive power losses caused a reduction in the production from the
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Figure 47: Reactive Power Summary

centralized synchronous machines.
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7 Conclusion and Future Work

7.1 Conclusion

This document presented an optimization technique to determine the optimal location and
capacity of distributed generation in order to improve the stability response during and after a
disturbance. The OCDG algorithm has been developed as a nonlinear programming tool. In this
approach, dynamic trajectories of a power system were discretized and used as equality
constraints, together with algebraic equations representing the network interface. The
methodology presented in this work was shown to be robust enough to handle a small 14 bus
system and a complex system, the Puerto Rico power system.

The IEEE 14-Bus test system was used to validate the convergence of the OCDG
algorithm. Simulation results were presented in several plots to show the convergence and
dynamic response of the electrical system. The OCDG algorithm was able to reach the optimal
solution for each case. Minimal values of the goal function meant fewer oscillations of rotor
speed and voltage. The OCDG algorithm determined the optimal localization and capacity to
connect DG based on stability criteria.

As expected, results have shown that negligible effects from DG are seen at low
penetration values. However, increased DG penetration improved the stability response of the
electrical system. When a disturbance, known to be critical without DG, was applied to the
electrical system, DG supported the network and avoided the collapse of the system. DG
penetration improved the stability of the electrical system during and after a disturbance,

reducing rotor and voltage oscillations. Simulation complexity increased significantly with added
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number of DGs. Higher order of state variable and algebraic variables limited the computation
performance during simulations.

Several test cases, focusing on system stability, demonstrated the advantages of
distributed generation in the electrical system of Puerto Rico. The OCDG algorithm was used to
determine the optimal location and capacity of DGs in the electrical system of Puerto Rico. The
investigation focused on three (3) strategic cases. Power flow solution showed that weak bus
voltage areas were located in the northeast and east of the island. Results showed that the main
penetration of DG was in the northeast and east of the electrical system of Puerto Rico.
Simulations results showed that the reactive power supplied by DG supported the electrical
system in order to maintain an acceptable operation condition before, during and after the
disturbance. Higher DG penetration increased the steady state bus voltages and reduced the
voltage drop during the disturbance. It also reduced voltage oscillations after a disturbance
reaching a new steady state condition faster than the base case.

Additionally, optimal DG penetration improved the rotor angle stability in the electrical
system. Lower inertias allowed DGs to respond faster than centralized generation. All cases
showed greater oscillations occurring on centralized synchronous generators connected in the
south of the island. Optimal DG penetration reduced the magnitude of the oscillations during and
after a disturbance. Hence, optimal DG penetration supported the electrical system in order to
maintain the frequency closer to its nominal value.

The results by the OCDG algorithm showed that the main DG penetration was in the
north and east of the island. Power flow studies from the optimal DG penetration showed

reduced flows between transmission buses producing a significant loss reduction of electrical
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system. In general the study demonstrated the advantages of distributed generation in the

electrical system of Puerto Rico, with a principal focus on system stability.

7.2 Future Work

The following are recommendations for future work:

e The model of the electrical system of Puerto Rico was created using actual cable data,
while loads were determined through a power flow solution. Future models should
include actual parameters for synchronous machines, excitation system and governor in
order to improve accuracy (collaboration with PREPA).

e Consider the effects of DG on short circuit currents and system protection.

¢ Include renewable energy models.

e DG Cost Analysis.

e Environmental Considerations (noise and emissions).
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Appendix A: IEEE 14-Bus Test System Data

BUS DATA
Bus Number Voltage Base (kV) Vo (PU) 0o (rad)
1 69 1 0
2 69 1 0
3 69 1 0
4 69 1 0
5 69 1 0
6 13.8 1 0
7 13.8 1 0
8 18 1 0
9 13.8 1 0
10 13.8 1 0
11 13.8 1 0
12 13.8 1 0
13 13.8 1 0
14 13.8 1 0
SLACK GENERATOR DATA
Bus Power rating | Voltage rating | Vo 0o Q max Q min V max V min
Number (MVA) kV) (Pu) | (Pw) (Pu) (Pu) (Pu) (Pu)
1 100 69 1.06 9.9 -9.9 1.061 0.8
PV GENERATOR DATA
Bus Power Rating Voltage Active Vo Qmax | Qmin | Vmax [ V min
Number (MVA) Rating (kV) | Power (Pu) | (Pw) (Pu) (Pu) (Pu) (Pu)
2 100 69 0.4 1.045 0.5 -0.4 1.0451 0.8
6 100 13.8 0 1.07 0.24 -0.06 | 1.0701 0.6
3 100 69 0 1.01 0.4 0 1.0101 0.6
8 100 18 0 1.09 | 0.2517 | -0.06 | 1.0901 0.6
TRANSFORMER DATA
. Frequenc Voltage Fix Ta
From | To | power Rating || Voluge | Tpoing” | Raio | R(Pw) | X(Pw) | Ratio
(Hz) (kV/kV) (Pu/Pu)
5 6 100 69 60 5 0 0.25202 0.932
4 9 100 69 60 5 0 0.55618 0.969
4 7 100 69 60 5 0 0.20912 0.978
8 7 100 18 60 1.304348 0 0.17615 0
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BRANCH DATA

F];lolrsn BT;)S Pov(vl\e/lr \5;1‘;111{; R;:iiléagv) Freque(ng;/)Ratmg R (Pu) X (Pu) B(Pu)
2 5 100 69 60 0.05695 | 0.17388 | 0.03400
6 12 100 13.8 60 0.12291 | 0.25581 | 0.00000
12 13 100 13.8 60 0.22092 | 0.19988 | 0.00000
6 13 100 13.8 60 0.06615 | 0.13027 | 0.00000
6 11 100 13.8 60 0.09498 | 0.19890 | 0.00000
11 10 100 13.8 60 0.08205 | 0.19207 | 0.00000
9 10 100 13.8 60 0.03181 | 0.08450 | 0.00000
9 14 100 13.8 60 0.12711 | 0.27038 | 0.00000
14 13 100 13.8 60 0.17093 | 0.34802 | 0.00000
7 9 100 13.8 60 0.00000 | 0.11001 | 0.00000
1 2 100 69 60 0.01938 | 0.05917 | 0.05280
3 2 100 69 60 0.04699 | 0.19797 | 0.04380
3 4 100 69 60 0.06701 | 0.17103 | 0.03460
1 5 100 69 60 0.05403 | 0.22304 | 0.04920
5 4 100 69 60 0.01335 | 0.04211 | 0.01280
2 4 100 69 60 0.05811 | 0.17632 | 0.03740
5 6 100 69 60 0.00000 | 0.25202 | 0.00000
4 9 100 69 60 0.00000 | 0.55618 | 0.00000
4 7 100 69 60 0.00000 | 0.20912 | 0.00000
8 7 100 18 60 0.00000 | 0.17615 | 0.00000

PQ LOAD DATA
Bus Power Rating Voltage rating | Active Power | Reactive Power | V max V min

Number (MVA) (kv) (Pu) (Pu) (Pu) (Pu)
11 100 13.8 0.035 0.018 1.2 0.6
13 100 13.8 0.135 0.058 1.2 0.6

3 100 69 0.942 0.19 1.5 0.8
5 100 69 0.076 0.016 1.2 0.6
2 100 69 0.217 0.127 1.2 0.8
6 100 13.8 0.112 0.075 1.5 0.6
4 100 69 0.478 0.04 1.2 0.6
14 100 13.8 0.149 0.05 1.2 0.5
12 100 13.8 0.061 0.016 1.2 0.6
10 100 13.8 0.09 0.058 1.2 0.6
9 100 13.8 0.295 0.166 1.2 0.6
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SYNCHRONOUS MACHINES DATA

Power

Voltag

Frequency

Number g\j[‘{i,‘g e(rlf{i;)’g r(ag;)g Mol (i%) ra (Pu) (DISS) (ﬁ) g)u(; T(S)0 T(SO (?1?) (iil?) (>1()13 T(2)0 T(SO (kl\v/\lfs_/kz\}/{A) ettt
1 615 69 60 5.2 0.2396 0 08979 | 0.6 | 023 | 74 | 0.03 | 0646 | 0646 | 04 | 0 | 0.033 10.296 2
3 60 69 60 6 0 00031 | 1.05 | 0185 | 013 | 61 | 0.04 [ 098 | 036 | 013 | 03 | 0.099 13.08 2
2 60 69 60 6 0 00031 | 105 | 0185 | 013 | 6.1 | 0.04 [ 098 | 036 | 013 | 03 | 0.099 13.08 2
8 25 18 60 6 0.134 | 00014 | 125 | 0232 | 012 | 475 | 006 | 122 | 0715 | 0.12 | 1.5 | 021 10.12 2
6 25 13.8 60 6 0.134 | 00014 | 125 | 0232 | 012 | 475 | 006 | 122 | 0715 | 0.12 | 1.5 | 021 10.12 2
TURBINE GOVERNOR DATA
Generator number Governor Type oref0 (Pu) R (Pu) Tmax (Pu) Tmin (Pu) T2 (s) T1 (s)
3 2 1 0.05 1.2 0.3 0.1 0.45
1 2 1 0.05 1.2 0.3 0.1 0.45
EXCITER SYSTEM DATA
Generator | Exciter | VrMax | VrMin Ka Ta Kf Tf Te (s) | Tr(s) Ae-1st C.eiling Be-2nd C.eiling
Number Type (Pu) (Pu) (Pu/Pu) (s) (Pu/Pu) (s) coefficient Coefficient
1 2 7.32 0 200 0.02 0.002 1 0.2 | 0.001 0.0006 0.9
3 2 4.38 0 20 0.02 0.001 1 1.98 | 0.001 0.0006 0.9
2 2 4.38 0 20 0.02 0.001 1 1.98 | 0.001 0.0006 0.9
4 2 6.81 1.395 20 0.02 0.001 1 0.7 | 0.001 0.0006 0.9
5 2 6.81 1.395 20 0.02 0.001 1 0.7 | 0.001 0.0006 0.9
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Appendix B: Puerto Rico Electrical System Data

PV BUSES DATA
. Rated
Bus Number Rated Czti)amty Rated Voltage Active Power
(MVA) (kV) (MW)
448 22 380.8
100 13.8 80
5,6,7,8,9,10,11,12,17,18, 23,24, 25,26 51.2 13.8 40.96
13, 14, 21, 22, 27, 28, 29 75 13.8 60
410 24 369
233 20 198.05
PQ BUSES
Voltage Active Reactive Voltage Active Reactive
Bus . Bus .
Number Rating Power Power Number Rating Power Power
(kV) MW) (MVAR) (kV) MW) (MVAR)
35 230 80.6 62.4 62 115 36.1 10.5
36 230 410.3 53.2 63 115 21.7 7.6
37 230 4233 90.5 64 115 47.7 17.3
38 230 294.3 19.7 65 115 71.9 17.6
39 230 256.5 50.5 66 115 5 9
40 230 25.1 80.4 67 115 0.7 2.7
41 230 31 33.6 68 115 20.4 8.4
42 230 37.1 1.4 69 115 2.2 2.1
43 230 33.6 0.5 70 115 43.2 16.1
44 230 74 42.6 71 115 45 17.6
45 115 36 17.7 72 115 49 20.9
46 115 37.9 19.2 73 115 1.3 7.1
47 115 1.3 0.2 74 115 40.2 29.3
48 115 2.2 0.3 76 115 110 31.3
49 115 1.2 2.8 77 115 0.6 5.8
50 115 3.6 6.3 78 115 1.1 1.9
51 115 6 1.5 79 115 125.3 32.2
53 115 27.5 8.7 80 115 25.5 26.1
54 115 75.1 4.3 81 115 25.1 17.8
55 115 87.1 0.9 82 115 25.1 24.3
56 115 18.2 1.9 83 115 23.4 2.7
57 115 3.6 1.1 84 115 27.7 4.4
58 115 7.2 5.1 85 115 19.6 5.5
59 115 60.6 0.6 86 115 21.8 6.1
60 115 5 34 87 115 31.3 8
61 115 78.6 2.1 88 115 8.4 3.1
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BRANCH DATA

Line From To Power Rating Voltage Line length R X
Name Bus Bus (MVA) (kV) (km) (ohm/km) (ohm/km)
50300 35 36 462.11 230 49.18 0.05 0.48
37100 35 50 239 115 18.51 0.14 0.26
36900 35 57 231.1 115 11.73 0.05 0.44
37000 1 24 290.8 115 17.70 0.12 0.50
37300 35 53 137.4 115 43.13 0.13 0.27
50200 35 41 462.1 230 56.73 0.05 0.48
50400 35 44 462.1 230 60.35 0.05 0.48
50700 36 37 924.2 230 65.26 0.03 0.35
50900 36 39 924.2 230 42.66 0.03 0.35
51000 36 39 924.2 230 42.66 0.03 0.35
40300 36 60 231.1 115 17.98 0.05 0.44
40100 36 61 462.1 115 14.00 0.05 0.48
40200 36 61 462.1 115 14.00 0.05 0.48
50800 37 38 462.1 230 53.11 0.05 0.48
36300 37 63 231.1 115 7.53 0.05 0.44
41000 37 66 231.1 115 3.86 0.05 0.44
36300 37 66 231.1 115 4.44 0.05 0.44
51000 38 39 924.2 230 20.49 0.03 0.35
41200 38 72 145.4 115 12.25 0.12 0.47
36800 38 72 145.4 115 12.23 0.12 0.47
37900 38 80 145.4 115 18.07 0.12 0.47

38900-2 38 79 231.1 115 2.72 0.05 0.44
50900 39 40 924.2 230 17.27 0.03 0.35
39000 39 80 358.5 115 14.24 0.01 0.18
39000 39 65 239 115 8.05 0.14 0.26

39000-3 39 82 145.4 115 27.78 0.12 0.47
50200 40 41 462.1 230 59.71 0.05 0.48
37400 40 74 231.1 115 13.02 0.05 0.44
36100 40 89 121.5 115 10.46 0.13 0.30
36100 40 80 145.4 115 10.28 0.12 0.47
37500 40 80 145.4 115 9.17 0.12 0.47
37600 40 75 358.5 115 8.22 0.06 0.23
37700 40 75 462.1 115 8.22 0.05 0.48
38600 40 76 231.1 115 9.50 0.05 0.44
50100 41 42 462.1 230 32.52 0.05 0.48
37400 41 56 239 115 19.83 0.14 0.26
37400 41 73 231.1 115 10.91 0.05 0.44
50500 42 43 462.11 230 56.23 0.05 0.48
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Line From To Power Rating Voltage Line length R X
Name Bus Bus (MVA) (kV) (km) (ohm/km) | (ohm/km)
41300 42 55 462.1 115 241 0.05 0.48
50500 43 44 462.11 230 16.87 0.05 0.48
39100 43 45 462.1 115 17.70 0.05 0.48
36700 44 47 239 115 5.57 0.14 0.26
37200 44 47 145.4 115 5.57 0.12 0.47
36700 44 51 137.4 115 20.44 0.13 0.27
37200 44 46 145.4 115 6.50 0.12 0.47
37200 45 46 137.4 115 11.27 0.13 0.27
39800 47 48 145.4 115 24.14 0.12 0.47
37100 48 49 137.4 115 21.73 0.13 0.27
37100 49 50 137.4 115 20.28 0.13 0.27
36600 51 52 91.6 115 32.67 0.24 0.29
36600 52 53 91.6 115 5.63 0.24 0.29
37400 53 55 145.4 115 18.75 0.12 0.47
36400 53 90 83.7 115 18.43 0.24 0.31
36100 53 84 91.6 115 27.31 0.24 0.29
39100 54 55 231.1 115 17.70 0.05 0.44
37400 55 56 239 115 13.62 0.14 0.26
36900 57 58 231.1 115 4.97 0.05 0.44

39000-1 58 59 145.4 115 4.83 0.12 0.47
40300 58 60 231.1 115 24.62 0.05 0.44
36400 58 90 83.7 115 39.61 0.24 0.31

39000-7 59 81 145.4 115 16.87 0.12 0.47
36300 61 62 231.1 115 36.93 0.05 0.44
37800 61 64 231.1 115 24.66 0.05 0.44
36300 62 63 231.1 115 7.52 0.05 0.44
37800 64 65 145.4 115 19.71 0.12 0.47

37800-4 65 83 145.4 115 16.58 0.12 0.47
41400 66 67 145.4 115 17.06 0.12 0.47
36300 66 68 239 115 12.55 0.14 0.26
36200 68 69 145.4 115 26.14 0.12 0.47
36200 68 80 145.4 115 41.52 0.12 0.47
36200 69 70 145.4 115 5.23 0.12 0.47
36800 70 71 145.4 115 34.52 0.12 0.47
36800 71 72 145.4 115 241 0.12 0.47
37400 73 74 239 115 14.48 0.14 0.26
41500 74 88 231.1 115 11.80 0.05 0.44
38200 75 80 358.5 115 20.12 0.03 0.22
38400 76 77 231.1 115 5.63 0.05 0.44
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Line From To Power Rating Voltage Line length R X
Name Bus Bus (MVA) (kV) (km) (ohm/km) | (ohm/km)
38100 76 77 231.1 115 5.65 0.05 0.44
38500 76 78 231.1 115 5.39 0.05 0.44
38300 76 80 358.5 115 9.66 0.03 0.22
38800 77 78 290.8 115 5.63 0.12 0.50
38900 78 79 231.1 115 9.02 0.05 0.44

37800-4 80 83 145.4 115 16.09 0.12 0.47
39000-2 81 82 145.4 115 16.09 0.12 0.47
36100 84 85 91.6 115 6.23 0.24 0.29
36100 85 86 91.6 115 7.61 0.24 0.29
36100 86 87 121.5 115 5.95 0.13 0.30
36100 87 88 121.5 115 5.87 0.13 0.30
36100 88 89 121.5 115 4.83 0.13 0.30
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SYNCHRONOUS MACHINES DATA

Power Voltage | Frequency | Machine XL ra Xd X'd X"d T'd0 T"d0 Xq X'q X"q T'q0 T"q0 M=2H Damping
Rating Rating Rating Model (Pu) (Pu) (Pu) (Pu) (Pu) (s) (s) (Pu) (Pu) (Pu) (s) (s) (kWs/kVA) coeffiecient
(MVA) (kV) (Hz)
448 22 60 4 0.1861 0 1.803 0.2802 0.2341 5.21 0.042 1.738 0.4479 0.215 0.578 0.068 6.08 0
100 13.8 60 4 0.1 0 1.98 0.208 0.165 12.9 0.05 1.81 0.3 0.145 3.9 0.05 112 0
51.2 13.8 60 4 0.1 0 1.36 0.199 0.158 5.99 0.037 1.312 0.312 0.116 0.425 0.057 5.42 0
75 13.8 60 4 0.063 0 1.26 0.17 0.107 8.1 0.05 1.21 0.315 0.135 1 0.05 8.08 0
410 24 60 4 0.14 0 1.55 0.245 0.19 3.8 0.032 1.48 0.438 0.215 0.46 0.061 5.58 2
233 20 60 4 0.2 0 1.694 0.317 0.23 5.36 0.0437 1.666 0.454 0.248 1.5 0.141 5.14 2
EXCITER SYSTEM DATA
Generator Number Vr Max Vr Min Ka Ta Kf Tf Te Tr Ae-1st Ceiling Be-2nd Ceiling
(Pu) (Pu) (Pu/Pu) (s) (Pu/Pu) (s) (s) (s) coefficient Coefficient
1,2 432 -4.32 50 0.06 0 1 0.52 0.001 0.0012 1.2639
3,4,23,24,25,26 3.438 -3.438 25 0.2 0 0.35 0.6544 0.06 0.0015 1.5833
5,6,7,8,9,10, 11, 4.13 -4.13 400 0.05 0 1 1.37 0.001 0.0137 0.6774
12,17, 18
13, 14,27, 28, 29 3.18 0 20 0.05 0 0.1 1.98 0.001 0.0016 1.7128
15,16 3.29 0 400 0.02 0 1 0.92 0.001 0.1658 0.391
19, 20 348 0 250 0.06 0 0.33 0.613 0.001 0 3.7884
21,22 4.38 0 20 0.05 0 0.1 1.98 0.001 0.0016 1.7128
TURBINE GOVERNOR DATA
Generator number wref0 R Tmax Tmin T2 T1
(Pu) (Pu) (Pu) (Pu) (s) (s)
1,2 1 0.05 0.87 0 1 0.3
3,4, 23,24, 25,26 1 0.05 1.05 0 0.9 0.3
56,7,8,9,10,11,12,17,18 1 0.05 1.03 0 2 0.3
13, 14, 15, 16, 21, 22, 27, 28, 29 1 0.05 1 0 0.9 0.3
19, 20 1 0.05 0.9 0 15 0.3
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Appendix C: Distributed Generation Data

DG 1- SYNCHRONOUS MACHINES DATA [27]

Power Rating \I/{Oaltt;ge Frﬁgltliincy Machine XL ra Xd X'd X"d
(MVA) (kv)g (Hz)g Model (Pu) (Pu) (Pu) (Pu) (Pu)
7 4.16 60 0.1 0 1.654 0.3 0.2
T'd0 T"d0 Xq X'q X"q T'q0 T"q0 M=2H Damping
(s) (s) (Pu) (Pu) (Pu) (s) (s) (kWs/kVA) | coefficient
1.94 0.033 0.99 0.243 0.4 0.033 7 0
DG 2 - SYNCHRONOUS MACHINES DATA [28]
Power Rating \I/{(;Itti?lge Fr;gltl;ncy Machine XL ra Xd X'd X"d
(MVA) (kv)g (Hz)g Model (Pu) (Pu) (Pu) (Pu) (Pu)
12.5 11.4 60 0.217 0 2.4 0.34 0.23
T'd0 T"d0 Xq X'q X"q T'q0 T"q0 M=2H Damping
(s) (s) (Pu) (Pu) (Pu) (s) () | (kWs/kVA) | coefficient
3.8 0.044 1.32 0.715 0.12 1.5 0.089 6 1
TURBINE GOVERNOR DATA
G"TV;;gor oref0 (Pu) | R (Pu) | Tmax (Pu) | Tmin (Pu) | T2 (5) T1 (s)
2 1 0.05 1.2 0 0.2 0.3
EXCITER SYSTEM DATA
Exciter Vr Max .
Type (Pu) Vr Min (Pu) | Ka (Pu/Pu) Ta (s)
2 4 -4 200 0.1
Kf Tf Te Tr Ae-1st Ceiling Be-2nd Ceiling
(Pu/Pu) (s) (s) (s) coefficient Coefficient
0 1 1.37 0.05 0.0137 0.6774
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