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Abstract:

Voltage stability and power flow are major concerns in any power system. The following study tries to analyze the effect of some variation in the power system on the voltage stability and power flow. The general system is composed of a three phase utility source, step up and step down transformers, a transmission line and some linear, non-linear, motor loading. In general, the voltages, current and power are measured in order to analyze the voltage stability and power flow. Some real life variations are introduced into the circuit in order to study their effects. First, a normal full load operation is made. Then, some load excursions are introduced to the system which unstable the load voltage and may introduce some disturbance. In Addition, a short circuit fault (3L-G and L-G) is simulated to find out how dangerous this can be on the system. Also, an open circuit fault is studied. Finally, the voltage stability and power flow can be stabilized by using some FACTS devices which is analyzed in this study too. It has been shown that non linear loads introduce a lot of disturbance to the system and motor loads introduce some shots up at the beginning of the cycle as they get started. Also, a short circuit fault can result in a very high current running through the system which can damage the equipments. FACTS can stabilize the voltage and improve the power factor.
Objectives:

-
To model a simple radial power system having a three phase utility source, transmission lines and transformers to supply power to a load (linear, nonlinear and motor) in order to study the system/feeder stability under excursions.
-
To study the normal operation of having a full load (linear, nonlinear and motor).
-
To study the effect of a 3-phase open circuit fault.
-
To study the effect of a short circuit fault (3L-G, L-G).

-
To study the effect of a load excursions (switching ON/OFF).

-
To study the effect of having a Flexible AC Transmission Systems (FACTS) on the power flow and voltage stability under the same above conditions.
Requirements:
· Plotting (V, I, P, Q, and power factor) at [B1, B2 and L-bus].
· Analysing the effect of the load excursions on the system.

· Studying the effect of open circuit and short circuit faults for a period of (50ms).

· Discussing the stabilization of the voltage and power flow over the transmission lines using FACTS-devices.

Introduction:
The following analysis is mainly considering a radial power distribution system. One of the major aspects of distribution systems is power flow and voltage stabilizing. Many factors can affect the power flow and disturb the voltage. One of them is called load excursions where the loading change over the time or switched ON and OFF. That can include the starting of a Motor load or disconnecting it from the system. Another factor can be short circuit or open circuit faults which can happen accidentally. This can happen to one phase only or sometimes to all of the three phases. Also, a non linear load can be a major factor which disturbs the voltage.

Power flow and voltage stabilizing is a major concern of people designing any power system. Therefore, engineers try to find solutions and ways to protect the system components and to reduce the effect of any factor which can change the power flow or disturb the voltage. One of the inventions called Flexible AC Transmission Systems (FACTS) which can stabilize the voltage and improve the power factor.

In the following analysis, a normal condition operation is displayed first. Then, some of the faults mentioned above are simulated to study the effect of each one of them on the whole system. After that is done, the same faults cases are repeated but in this time a FACTS device is added to the system to see how it can make a significant change on the power quality and voltage stability.

Background Theory:
Radial Power Systems:
Radial Power System is a system in which power flows in the direction from the distribution substation to an individual customer. Radial system looks like a branch of a tree with a main line connected to a series of a smaller circuit. From the smaller circuit, the circuit will branch off to contain the customer need. Radial system will have one source of power or a group of power sources in the same area.  Power failure, short circuit, down the power line will cause disruption to the system and the system cannot be restored until the fault is fixed.

Generators:

Generator is a machine that converts the mechanical power produced by the prime movers [such as engines and turbines that convert thermal or hydraulic energy into mechanical power] into electrical power. The machine in general can operate either as a generator or as a motor. That depends on the sign of the mechanical power [positive for generators and negative for motors]. The generator capacity usually ranges from 5MW to 1000MW. Their output voltages rated between 11 and 18 kV this voltage is stepped up, using transformers, to a higher level for long distance power transmission. Generators usually operate under the standard frequency rate, which is 60Hz in North America and it is 50 Hz in most foreign countries. There are many types of generators used and each one of them has its own characteristics and specifications. 
Motor:
A motor is a machine that converts the electrical power into mechanical power. It is similar to the generator except that the sign of the mechanical power is negative while it is positive for generators. There are many types of motors used and each one of them has its own characteristics and specifications. Our focus in this model will be on a Squirrel Cage motor. This type of motors is the most common type of AC motors. Its size can range from less then 1kW up to 30 MW. In this type of motors, the rotor produces a magnetic field by transformer-like AC induction from the armature winding. In normal operation, there are only few volts induced on the rotor conductors and these conductors have much higher conductivity than the steel core. Therefore, there is no need for electrical insulation. However, during the motor starting, there is a reasonable amount of voltage appears on the rotor conductors which will produce a large current through the windings. That may result in a spark. Therefore, in any flammable environment, there will be insulation.

Transmission lines:
Transmission lines are used to deliver the power from the generators to the consumers. It has step up transformers at the source end and step down transformers at the consumer end. The standard transmission system voltages are 69kV, 115 kV, 138 kV, 161 kV and 230kV.

Transformers:
Transformers come in many different sizes. They are used to transform the power from one voltage level to either a higher or lower level.

A Transformer made of a magnetic core with two winding of coils around this core. One of them is called the primary winding and the other one called the secondary winding. Transformers can be only used in alternating current circuits (AC) since the electromagnetic induction can only take place when there is a continuous change in the magnetic flux.
Short Circuit Fault: 

Short circuit fault occurs even in well-designed power systems. It produces a very large transient current which results in electrodynamics and thermal stresses that can be damaging. Usually it is desired to limit this effect only on the faulty section of the system by isolating this section from the rest of the system.

Short circuit faults can be divided into two types. The first one is the symmetrical three phase bolted fault, or the solid fault. This type is uncommon. This fault type happens when three phases are connected together with zero impedance links. The second type is the unsymmetrical fault. This type involves one or more than one phase ground. The line to ground fault current may exceed three phase symmetrical fault current. This type of faults is more common as compared to the three phase fault since about 70% of the faults in power systems are single line-to-ground faults
Open Circuit Fault:
The open fault occurs when one conductor or more is opened because of any damages or so in the circuit.
Flexible AC Transmission Systems (FACTS):

FACTS devices change the impedance of the transmission line or the phase angle between the ends of a specific line to control the power flow. These devices can be used to reduce the oscillations which can be dangerous to any rotating equipments in the circuit such as the generator.

Models Parameters:
Three Phase Source (Utility):

Phase-to-Phase Voltage (Vrms) = 240 kV.

Phase angle of phase A = 0.

Frequency = 60 Hz

Internal connection: Yg.

3-phase short Circuit level at base Voltage = 5 GVA.

Base Voltage = 240 kV.

X/R ration = 15.

Transformer (1):

Nominal Power (Pn) = 50 MVA

Frequency (fn) = 60 Hz

Winding 1 (ABC): Delta connection

Winding parameters [V1 Ph-Ph (Vrms), R1 (pu), L1 (pu)] = [240e3 0.002 0.0]

Winding 2 (abc): Yg connection

Winding parameters [V2 Ph-Ph (Vrms), R2 (pu), L2 (pu)] = [138e3 0.002 0.12]

Magnetization resistance Rm = 500 pu

Magnetization reactance Lm = 500 pu
Transformer (2):

Nominal Power (Pn) = 50 MVA

Frequency (fn) = 60 Hz

Winding 1 (ABC): Delta connection

Winding parameters [V1 Ph-Ph (Vrms), R1 (pu), L1 (pu)] = [138e3 0.002 0.0]

Winding 2 (abc): Yg connection

Winding parameters [V2 Ph-Ph (Vrms), R2 (pu), L2 (pu)] = [25e3 0.002 0.12]

Magnetization resistance Rm = 500 pu

Magnetization reactance Lm = 500 pu

Transmission Line:

Number of phases = 3

Frequency = 60 Hz

Resistance per until length (ohm/km) [R1 R0 R0m] = [0.01273*2 0.3864]

Inductance per until length (H/km) [L1 L0 L0m] = [0.9337e-3  4.1264e-3]

Capacitance per until length (F/km) [C1 C0 C0m] = [12.74e-9 7.751e-9]

Line length = 50km

Linear Load:

Nominal phast to phase voltage Vn (rms) = 25e3

Nominal Frequency fn (Hz) = 60

Active Power P (W) = 8e6

Inductive reactive Power QL (positive var) = 6e6

Capacitive reactive Power QL (negative var) = 0

Non Linear Load:

Nominal phast to phase voltage Vn (rms) = 25e3

Nominal Frequency fn (Hz) = 60

Active Power P (W) = 20e6

Inductive reactive Power QL (positive var) = 0

Capacitive reactive Power QL (negative var) = 0

Motor Load:

Type: Squirrel-cage

Reference frame: Stationary

Nominal Power = 20 MVA

L-L Voltage = 25kV

Frequency = 60 Hz

Stator resistance Rs = 0.435 ohm

Stator inductance Ls = 2*2.0e-3 H

Rotor resistance Rr = 0.816 ohm

Rotor inductance Lr = 2.0e-3 H

Mutual Inductance Lm = 69.31e-3 H

Inertia, friction factor and pairs of poles [J, F, p()] = [0.089 0 2]

Initial Conditions: [ 1.0   0.0.0   0.0.0]
Flexible AC Transmission Systems (FACTS):

Cf = 150 microF

Lf = 10 mH

Rf = 0.2 ohm
Controller:

Kp = 50.

Ki = 5.
B1 Bus:

Base Power = 50MVA.

Base Voltage = 138kV.

B2 Bus:

Base Power = 50MVA.

Base Voltage = 138kV.
L- Bus:

Base Power = 50MVA.

Base Voltage = 25kV.

Results and Analysis:

A) Studying the effect of having a full load (50 MVA) on the system WITOUT FACTS:
See the attached:

Model (1): Normal Full Load [40% Motor, 40% Non-linear, 20% Linear] operation.

1) Normal full load (50 MVA) operation (40% Motor, 40% Non-linear, 20% Linear load):

See the following attachments:

Figure (1-1), Figure (1-2), Figure (1-3) and Figure (1-4).
2) Open Circuit Fault for 50 ms (0.2-0.25 sec):
See the following attachments:

     Figure (2-1), Figure (2-2), Figure (2-3) and Figure (2-4).

3) Short Circuit Faults (L-G for 50 ms [0.15-0.2 sec] & 3L-G for 50 ms [0.3-0.35 sec]):

See the following attachments:

    Figure (3-1), Figure (3-2), Figure (3-3) and Figure (3-4). 

4) Load Excursions:
· Load Excursion as follows:

40% Motor, 40% Non-linear, 20% Linear load. (0-0.1 sec)

20% Linear load. 



    (0.1-0.2 sec)

40% Motor, 20% Linear load.


    (0.2-0.3 sec)

40% Non-linear, 20% linear load. 

    (0.3-0.4 sec)

40% Motor, 40% Non-linear, 20% Linear load. (0.4-0.6 sec)

See the following attachments:

Figure (4-1), Figure (4-2), Figure (4-3) and Figure (4-4).
B) Studying the effect of having a full load (50 MVA) on the system WITH FACTS:

See the attached:

Model (2): Normal Full Load [40% Motor, 40% Non-linear, 20% Linear] operation with FACTS.

5) Normal full load (50 MVA) operation with FACTS (40% Motor, 40% Non-linear, 20% Linear load):

See the following attachments:

Figure (5-1) and Figure (5-2).
6) Short Circuit Faults with FACTS (L-G for 50 ms [0.15-0.2 sec] & 3L-G for 50 ms [0.3-0.35 sec]):

See the following attachments:

    Figure (6-1), Figure (6-2), Figure (6-3) and Figure (6-4). 

7) Load Excursions:

· Load Excursion as follows:

40% Motor, 40% Non-linear, 20% Linear load. (0-0.1 sec)

20% Linear load. 



    (0.1-0.2 sec)

40% Motor, 20% Linear load.


    (0.2-0.3 sec)

40% Non-linear, 20% linear load. 

    (0.3-0.4 sec)

40% Motor, 40% Non-linear, 20% Linear load. (0.4-0.6 sec)

See the following attachments:

Figure (7-1), Figure (7-2), Figure (7-3) and Figure (7-4).

Discussion:
The system under study is made of a three phase utility source supplying power to a hybrid load which is consisted of a 20% linear load, 40% Motor load and 40% Non linear load. The source end and the load are connected through a 50 km transmission line and two-step-down transformers. [See attached Model (1)].
The first case done was to study the operation of the system under normal conditions having a full load connected.

By looking at Figure (1-1), the real power (P) and the complex power (Q) at the source end (Bus 1) and at the load end (Bus 2) can be seen. The first small part of the waveforms is unstable because of the transient action due to the motor load as it takes time to reach a steady state value (at about 0.2 sec). The steady state value of the real power is about 0.2 (p.u.) and the complex power (Q) is about 0.65 (p.u.) at the source end and of course it is little bit less than that at the load end because of the losses through the transmission.

Figure (1-2) shows phase A, phase B and phase C voltages waveforms. They are sinusoidal waves fluctuating between 2 and -2 (p.u.). Figure (1-3) shows phase A, phase B and phase C current waveforms. They are sinusoidal waves fluctuating between 1 and -1 (p.u.). Those values are the study state values because at the beginning the values are not stable yet because of the transient period.
Figure (1-4) shows the voltage value at Bus1, Bus2 and the load bus. At the load bus the voltage is reaching 1 (p.u.) as a steady state value while it is about 1.1 at Bus 2 and Bus 1. This figure shows the power factor also. It is in the range of 0.92 to 0.94. The ideal case is to have a power factor of 1 and a voltage of 1 (p.u.).
The second case was simulating an open circuit fault (3 phases are opened) from 0.2 to 0.25 seconds.

Figure (2-1) shows the real and complex powers. It can be seen that during the fault, the power goes to zero since the circuit is opened so no current will be flowing. It can be seen from the figure that the values of P and Q are zero at Bus 2 during the fault. While P is little bit above zero and Q is little bit below zero at Bus 1 and that will give a total power of zero.

From Figure (2-2), it can be seen how the phase voltages shoots up during the fault since it is an open circuit case. While from Figure (2-3), the current waveforms can be seen to go to zero during the fault as in open circuit case, no current flows. Of course after the fault disappears, there is another transient period until the steady state values are reached again. Figure (2-4) shows how the voltage and the power factor are unstable during the fault.

The third case under study was to simulate a short circuit fault. This was done by connecting one line to ground from 0.15 to 0.2 seconds (L-G) and also by connecting all of the three phases to ground from 0.3 up to 0.35 seconds (3L-G).
By looking at Figure (3-1), it can be seen that the real power tends to go to zero at Bus 2 during the fault while it shoots up at Bus 1. That is the case also with the complex power.

From Figure (3-2) and Figure (3-3), the opposite situation to the open circuit case can be seen. Here, the phase voltages go to zero at Bus 2 during (3L-G) fault while those voltages are just distorted during (L-G) fault. There is till some voltage measured at Bus 1 during the faults since this bus is at the source end. However, the current values shoots up during the short circuit fault since in short circuit case, there will be infinite current flowing. This can be seen from Figure (3-3) as phase A current shoots up twice as a fault is introduced twice in this phase. However Phase B and Phase C currents shoots up once as the fault is happening only once in those phases. Figure (3-4) shows how the voltage flow and power factor are extremely poor during the fault.

The fourth case is introducing some load excursions to the system. This was done by switching ON/OFF some part of the full load. From 0 to 0.1 seconds there was full load connected to the system [40% Motor, 40% Non linear and 20% linear]. From 0.1 to 0.2 seconds, there was only 20% linear load connected. From 0.2 to 0.3, there was 20% linear and 40% Motor load connected. From 0.3 to 0.4 seconds, there was 20% linear but with 40% Non linear load connected. From 0.4 to 0.6 seconds, again a full load was reconnected.

Figure (4-1) shows how the power goes down, from the case when a full load is connected, when only a 20% linear load is connected to the system. Then, when a Motor is added to the linear load, there is a shooting because of the transient period. Then the motor is replaced by a non linear load and here the power value is higher than the value with only a linear load connected and more stable than the Motor case. At the end, the motor is reconnected and that produces a transient period again.

Figure (4-2) and Figure (4-3) show how the voltages and currents waveforms become much smoother when only the linear load is connected. They also show how the waves are distorted when a non linear load is connected to the linear load. In addition, they show how the voltage and current waves shoot up when the motor is connected. Figure (4-4) shows how the voltage flow and power factor are affected by those excursions. The power factor is better having a linear and a non linear load than just a linear load alone.
The fifth case done was again studying the normal conditions operation but this time a FACTS device is connected in parallel to the load to study its effect. [See attached Model (2)].

Figure (5-1) shows the real and complex power with the FACTS device connected. By comparing it to Figure (1-1), it can be seen that the real power is much higher now while the complex power is much lower. The real power is about 0.75 (p.u.) while it was only 0.2 (p.u.) without the FACTS device. The complex power (Q) is about 0.4 (p.u.) while it was about 0.65 (p.u.) without the FACTS device.

Figure (5-2) shows how the voltages at Bus 1, Bus 2 and the load bus are reaching about 1.25 (p.u.) while there values were about 1 (p.u.) before. Also the power factor is much better in this case. It is in the range of 0.95 to 0.995 while it was between 0.92 and 0.94.

The sixth analysis was to study again the short circuit fault but with the FACTS device connected to the system.
By comparing Figure (6-1) and Figure (3-1), it can be seen that during the fault the same thing happens except that it is at higher values of real power and lower values of complex power when the FACTS is connected. The same thing can be said by comparing Figure (6-2) and Figure (3-2) and also by comparing Figure (6-3) and Figure (3-3). The same behaviour is happening during the fault but with different amplitudes because the normal condition values are higher than before. In fact, the same analysis is applied by comparing Figure (6-4) and Figure (3-4).
The seventh case was studying the load excursions case again with the effect of the FACTS device.

By looking at Figure (7-1), it can be seen that the real power is higher and the complex power is lower in general by comparing it to Figure (4-1). Also, when having only a linear load connected, the waveform is little bit more distorted than the case without the FACTS. However it is much smoother when the Motor is load is connected. Again this can be said by comparing Figure (7-2) with Figure (4-2) and Figure (7-3) with Figure (4-3). Other than the amplitude values, the voltages and current waveforms are smoother while the motor load is connected and the FACTS device is connected at the same time. By looking at Figure (7-4) and Figure (4-4), the power factor behaviour changes can be seen.

Conclusions:

By looking at the results of the simulations done, the following can be concluded:
In general, as the real power (P) increases, the complex power (Q) decreases and vies versa since they both make the constant 50 MVA. The ideal power factor value is 1 and in real life it is little bit less than 1 under the best conditions as there are some loses which can not be avoided. In Fact, a long any transmission line, there is always a voltage drop which can be a factor to reduce the power factor. The longer the line, the more is the loss.
An open circuit fault can be a serious problem to some equipment in a power system. The power tends to go to zero since the current goes to zero. The voltage shoots up and that is the dangerous thing which can damage some parts of the system.
A short circuit fault can also be extremely dangerous as during this fault a huge amount of current flows. That can be very serious to the load or even to the source.

The load excursions mainly cause some distortion to the voltage and current waveforms. The load voltage and current waveforms are generally smoothed sinusoidal if the load is purely linear. However, a non linear load can cause distortion which is not good for the generator. A motor load can cause a transient period at the beginning since the motor drives more current to start than normal operation and that causes some distortion to the voltage and current waveforms however adding a linear load to the motor can smooth out the waveforms.

 FACTS devices can be used to stabilize the power flow and the voltage and also to improve the power factor. In general, they increase the real power and decrease the complex power. That improves the power factor and the voltage stability. However, FACTS does not help during faults. By studying the short circuit fault and load excursions cases, it was shown that the FACTS device does not fix the problem while these faults occur. It helps, however, with the load excursions case as it smoothes out the waveforms but not to fix it completely.
Recommendation:

-
Using FACTS devices to improve PF and stabilize the voltage.
-
More analysis should be done to investigate the effect of FACTS devices when the load is 10 percent more than the power supply.
-
Study out phase faults occurs in the transmission line and how it would affect the load.
-
Study the effect of FACTS devices on the total harmonic distortion. 
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Appendix:

See attachments or the following Matlab files:
Final.mdl
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