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ABSTRACT

To prevent loss of synchronism, power oscillations should be damped with an adequate damping torque so
that system can regain a new equilibrium point. There are several methods that have been used to improve the
damping such as using Power System Stabilizer (PSS), Flexible AC Transmission System (FACTS) device or
HVDC Transmission system.

The implementation of PSS needs valid and detail power system parameter data such as line data, generator
data, etc. These data are required to get the correct setting of PSS. Un-proper PSS setting can lead to power
system instability instead of strengthen the power system. In Indonesian power system, line data and
transformer data can be easily collected but generator parameters data are very hard to obtain especially for
old generator. The large number of generator installed in the system made the data collections took a lot of time.
These conditions makes implementation of PSS is not a simple task in Indonesia

The main principle of damping controller that is installed in the transmission line such as FACTS device is to
control the power flows. Based on these principles, direct load control can be used to improve the power
oscillation damping. Simulation using a simple Kundur’s two area power systems is conducted as model. Modal
analysis and sensitivity analysis are used to identify the load that having significant effect to the power
oscillations. Phase plane analysis is conducted to identify the switching time of the loads.

Simulation shows with the proper switching time, power oscillations can be damped with direct load control.
Loads in each area are switched off in particular order to control the power flows in transmission line. PMU
measurement data are used as an input. This method can be used for temporary solution as long as damping
controller with PSS has not implemented yet.

KEYWORDS: Power oscillation, direct Load control, PMU, damping ratio

1 INTRODUCTION

Power System is a complex system consisting of generations, transmissions and loads. Load centers are
connected to generator through transmission network. When the growth of demand is not followed by
expanding constructions of new power plants and transmission line, it will possibly make power systems operate
near to its operation limits. Power systems in Indonesia mostly consist of generations that un-evenly distributed.
Large amount of power is flowing in a weak transmission lines between subsystem having surplus of
generations and heavily loaded subsystem. These conditions weakened the power systems and hence becoming
more vulnerable to any disturbance. If a disturbance occurs, generators will oscillate each other. Lack of
damping torque will lead to an un-damped oscillation, and cause loss of synchronism among generators.

2 MAIN CONTENTS

2.1 Damping Enhancement Methods

Damping is defined as the energy dissipation properties of a system. Power oscillation can be damped, when
extra energy is injected or consumed to compensate the decelerated or accelerated system. The damping energy
must have the correct phase shift relative to the accelerated or decelerated system as incorrect phase angles can
even excite the oscillations. Figure 1 shows the different possibilities to damp power system oscillations [1]
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Figure 1 Strategies to damp power oscillations [1]
2.2 Power transfer and Small Signal Stability

To understand the relationship between power flow/load and stability, let’s observe a simple Single machine
infinite bus (SMIB) system. Transfer function of SMIB considering the field circuit dynamic and effect of
excitation system can be seen as follow
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Figure 2 Transfer function SMIB with simple excitation system [2]

With AVR, the field flux variations are caused by the field voltage variations, in addition to the armature
reaction.

Al/)fd — —K3(K4(1+5TR)+K5Gex(S))
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AS (1

Air gap torque due to change in field flux linkage is:
AT, = K,Mpgq (2)

Since the effect of term Kj (K4(1 + sTR)) relatively small compared to term KgG..(s), damping torque is
primary influenced by Ks. Torque due to change of flux linkage is depends on K», K3, K4, K5 and K. The
constant K», K3, K4 and K¢ usually positive, however Ks can be positive or negative depending on the external
network and operating condition (generator output). With Ks positive, the effect of the AVR is to introduce a
positive damping torque component. The constant Ks is positive for low value of external system reactance and
low generator output. High value of external system reactance and high generator output cause Ks become
negative. [2]

2.3 Modal Analysis [2][3]

Modal analysis study requires dynamic modeling of most of the power system components. Dynamic modeling
of power system includes a set of differential and algebraic equation (DAE). A general mathematical model of
power system is given as follow:

x=f(xyLp) (3)
0=g0ylp) “4)
Where x is a vector of state variable, y is a vector of algebraic variables, 1 and p are uncontrollable and

controllable parameter respectively. Machine and control dynamic will be included in the differential equations
while basic load flow and other network equations will be included in algebraic equations. The small signal



stability of the system can be determined by system eigenvalues at an operating point. Once the operation point
is identified, DAE model can be linearized around the operating point.

[51=0: 7[5 ©
Ax = (J; = J-Ji ' J3)Ax = A Ax (6)

Where: ]1 = Vx.f, ]2 = vyf7 ]3 = VX.g, ]4 = Vyg

Matrix A in equation above referred to as reduced system state matrix. Small signal stability of the system can
be analyzed by evaluating the eigenvalue of this matrix.

[4-21]¢ =0 (7
YlA-A1=0 )]

Where A is the eigenvalues, ¢ represents the right eigenvector, and y represent the left eigenvector. In order for
the system to be stable all the eigenvalues should be located in the left side of the y axis in other words all the
real parts of the eigenvalues should be negative. The relative participation of the state variables and their
contribution in oscillation mode is determined by the corresponding element in the right and left eigenvectors.

Py; b1iP1i
Pi — P?l — ¢2i:¢2i (9)
Pni ¢ni¢ni

Element Py; = ¢y Where ¢y is the k™ entry of the right eigenvector with i mode, sy is the k™ entry of
the left eigenvector associated with i™ mode.

2.4 Lyapunov Energy Function

The influence of damping can be demonstrated by the use of energy functions or Lyapunov functions that
quantify the swing energy of the system. By formulating the energy function, it can help to determine if a certain
control action will stabilize the system. Entering the parameters of the single machine infinite bus system with
no load into the energy function in[4] [5]
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When the system is at the equilibrium state V is zero, while an un-damped oscillation gives a constant value

greater than zero. A control action that contributes to damping is characterized by its ability to make V decrease.

2.5 Phase Plane Analysis [4][6]
Phase plane plot shows the trajectory of speed deviation as the function of phase angle. Phase plane plot with
load event can be seen in figure 3. In the first case (red line) 10% of load suddenly added on single machine

infinite bus system, while the other case the load is removed (blue line). Figure 4 shows the phase plane plot
during disturbance
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Figure 4 Speed deviation vs phase angle during
Figure 3 Speed deviation vs phase angle with load event disturbance



When the loads were increased or decreased, the phase plane characteristic will follow the trajectory of the
corresponding angle. In order to decrease the energy of oscillation during disturbance, load must be increased or
decreased in the proper time. Noticing the direction of the phase plane motion above is clockwise, then the
power transfer should increase when the phase plane facing upward (minimum peak of the rotor angle) and the
power transfer should decrease when the phase plane facing downward (maximum peak of the rotor angle) [6]
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2.6 Prony Analysis [7]

Prony analysis is a signal processing method that extracts valuable information from a uniformly sampled signal
and builds a series of damped sinusoids. This method is very useful not only in signal processing but also in
system identification, such as estimation of the frequency, amplitude, phase and damping components of a
signal. Prony toolbox (PT box), an open source MATLAB Toolbox, is used to calculate the frequency and
damping ratio of the oscillation. This toolbox can be downloaded at http://www.mathworks.com. PT box
utilized built in MATLAB Signal Processing function prony to perform the prony analysis. It models a signal
using a specified number of poles and zeros The method uses a variation of the covariance method of
autoregressive (AR) modeling to find the denominator coefficients, the ai, and then finds the numerator
coefficients bi for which the resulting filter's impulse response matches exactly the first (n + 1) samples of the
given data sequence. [7]

2.7 Phasor Measurement Unit

A phasor measurement unit (PMU) or synchrophasor is a device which measures the electrical parameters on a
power system such as voltage, current, frequency, phase angle et cetera using a common time source for
synchronization. Time synchronization allows synchronized real-time measurements of multiple remote
measurement points on the system. [8][9]

A PMU can measure 50/60 Hz AC waveforms (voltages and currents) typically at a rate of 48 samples per cycle
(2880 samples per second). The analog AC waveforms are digitized by an Analog to Digital converter for each
phase. A phase-lock oscillator along with a Global Positioning System (GPS) reference source provides the
needed high-speed synchronized sampling with 1 microsecond accuracy. The resultant time tagged phasors can
be transmitted to a local or remote receiver at rates up to 60 samples per second. [8][9]

2.8 Simulation

2.8.1  The load controller diagram block
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Figure 7 Load controller DSL block



Phase angle measured by Synchrophasor (PMU) being processed by level detector (oscillation detector block)
and (MATLAB Calculation block). Oscillation detection block measure the magnitude of the first swing, and
give order to MATLAB block to start calculate the natural frequency of the phase angle waveform.[10]
Conditions that have to meet in order to trigger the load shed are magnitude of the first swing exceed the set
value, frequency range are 0.2 — 0.7 Hz (Inter-area oscillation), and the damping ratio less than set value

2.8.2 Test Case

Simple Kundur’s two area power system is used as test case. This model consists of four synchronous
generators that grouped into two area. These areas are connected through weak transmission line.

Bus 01

Bus 07 Bus| 09

Load Load
Controller 1 Controller2

Figure 8 Kundur’s Simple Two Area System[2]

Bus 06

Modal analysis in the Kundur’s two area system shows that there are two local oscillation modes are indicated
by frequency more than 0.8 Hz (mode 9 and 11), and an inter-area oscillation with frequency 0.502 Hz.

Table 1 Participation factor of each generator

. Participation factor Most associated
Eigenvalues Real Imag Freq
Syn 1 Syn 2 Syn 3 Syn 4 gen
Eig As #9 -0.5174 6.1412 0.977 0.1948 0.2540 0.0012 0.0076 Syn 2
Eig As #11 -0.5239 6.194 0.986 0.0046 0.0038 0.1776 0.2705 Syn 4
Eig As #13 -0.1329 3.1514 0.502 0.1185 0.0730 0.1754 0.1078 Syn 3
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Figure 9 Participation factor of generators for each oscillation mode




Identification of the load that has significant effect to the stability in practice means determining the
participation factor of all loads in the system. An Accurate and straightforward way to do this is to extend the
model with active power injector at the load bus. [11][12][13]

Table 2 Participation factor of load at bus 7 and bus 9

Load at bus 7 | Load at bus 9

Mode freq
Mag | Angle | Mag | Angle

0.977 | 0,78 | -129.3 | 0,52 | 37
0.98 | 0,78 | -129.3 | 0,52 | 37
0.502 | 0,69 | 159 | 0,67 | 13.4

Since the load cannot turn on and off frequently, load can be turned off but cannot be turned on shortly after that.
The simplest approach to control the power transfer in the tie line is to shed the load at the two locations
corresponding to the inter-area oscillations.
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Figure 10 The speed deviation vs phase angle curve of gen 1 with 1 pu load shed at bus 7 (green curve), and bus 9 (blue

curve)

Based on the phase plane analysis and Lyapunov energy function the proper time to shed the load at bus 7 is
around the maximum peak of phase angle, and at minimum peak of phase angle for load at bus 9. PMU and load
controller are placed on each load for this system, the PMU measures the phase angle of the voltage at the load
bus, and this phase angle measurement is used as a load controller input. To make sure that an oscillation
measured by PMU is an inter-area oscillation, calculate the natural frequency and damping ratio of the voltage
phase angle curve. Controller only gives a trip orders to the load if the criteria of inter-area oscillation frequency
have been met (0.1 to 0.7 Hz).
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Figure 11 Phase angle measured by PMU at bus 7

As seen in figure 7, the voltage phase angle curves measured by the PMU, it appears that the controller gave
the trip order after made calculations of frequency and damping ratio, This calculation is done on a few cycles
after the pickup. Prony calculation will decompose the wave into damped sine waves. Comparison between the
original sample waveform and the prony approximation waveform is shown in figure 8.
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Figure 12 Sampled measured data and the approximation data (bus 7)

Based on the parameters obtained from the Prony analysis calculations it can be identified the parameters of
natural frequency and damping ratio of each component. By using the same analysis of the obtained natural
frequencies and damping ratios for the voltage phase angle curve at the load bus 9, with the following results.
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Figure 13 Phase angle measured by PMU at bus 9

Simulation shows that both load controllers perform very well. Load at bus 7 and 9 is trip/shed at proper
time. Inter-area oscillation between area 1 (generator 1 and 2) and area 2 (generator 3 and 4) can be damped.
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Figure 14 Rotor angle gen 1 (red), rotor angle gen 2 (blue), rotor angle gen 4 (green)
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CONCLUSION

In this paper the small signal stability analysis, modal analysis, and phase plane analysis have been studied to
analyze the damping ratio enhancement using direct load control. From the simulation results are shown that the
direct load control with PMU measurement as an input has a great potential to enhance the oscillation damping.

Damping enhancement based on load control must be able to shed the load at the proper time, incorrect shed
time can make the oscillation even bigger. Proposed controller performs very well and be able to damp the
oscillation.
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