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REPORT SUMMARY

EPRI invented Voltage Instability Load Shedding (VILS) as a special protection scheme to
prevent voltage collapse.

Background

Under Voltage Load Shedding (UVLS) has been used as an economic means of avoiding voltage
collapse. The UVLS scheme is only used when all other means of avoid voltage collapse are
exhausted. The UVLS scheme sheds load in pre-defined blocks that are triggered in stages when
local voltage drops to various pre-defined levels. In most currently deployed UVLS schemes,
voltage magnitude is the only triggering criteria. However, past research has demonstrated that
voltage magnitude alone is not a satisfactory indicator of the proximity to voltage instability
under all circumstances. In fact, voltage stability is determined by the power system’s ability to
supply and deliver reactive power. A new method is required to enhance the effectiveness of the
Under Voltage Load Shedding (UVLS) scheme in both ensuring its safety net function and
taking advantage of wide area coordination.

Objectives
This project aims at developing a new control scheme to enhance the conventional UVLS.
Approach

EPRI project team first reviewed the latest research and development work in UVLS area.
Through this effort, the project team found the Voltage Instability Predictor (VIP) method. After
having performed further investigation on the VIP method, the project team recognized the
drawbacks of the VIP method. Thereafter, the project team developed the new voltage stability
margin index and proposed using Kalman Filter to replace Least Square approach used in the
VIP method. The project team named this invention as “Voltage Instability Load Shedding”.

Results

A new control scheme named Voltage Instability Load Shedding has been developed to enhance
the conventional UVLS. This smart control scheme uses local measurements to estimate voltage
stability margin. When it detects that the voltage stability conditions cross a warning threshold,
this smart device will send an alarm signal to inform system operators. When it detects that the
voltage stability conditions cross an emergency level, it will perform local load shedding
function. In addition, with wide application of this smart control devices across the transmission
network, system operators can monitor system stability condition in a wide-area perspective.

EPRI Perspective

EPRI launched multi-year research efforts titled “Coordinated Wide-Area Voltage Instability Load
Shedding Helps Prevent Voltage Collapse”. This project, as the first step of the multiple-year
research efforts, focuses on the theoretical investigation and methodology development on the
VILS control scheme. The overall efforts aims at enhancing UVLS scheme, therefore, improving
the reliability of the local and wide area transmission grid.



Keywords

Under Voltage Load Shedding
Voltage Stability Monitor and Control
Voltage Collapse

Voltage Instability Load Shedding
Voltage Stability Margin Index
Wide-area Protection and Control

vi



ABSTRACT

A new control scheme named Voltage Instability Load Shedding (VILS) has been developed to
enhance the conventional UVLS scheme at designated locations (such as major load centers). This
smart control scheme computes Voltage Stability Margin Index (VSMI) continuously to track the
voltage stability margin at local bus level. The VSMI expressed as active, reactive, and apparent
power is used as an adaptive triggering criterion for load shedding. This VILS control scheme
comprises the steps of, or means for, measuring current and voltage waveforms at the local load
bus, therefrom estimating Thevenin equivalent admittance (Y), then calculating the VSMI, and
finally comparing the VSMI with the pre-set threshold to decide whether to initiate a load shedding
action.
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1 INTRODUCTION

A power systems are pushed to transfer more and more power, voltage stability now becomes a
major concern in planning and operating electric power systems. Load increases and/ or
generation rescheduling stress the system by increasing power transfer over long distances and/
or by drawing on reactive power reserves. It is critical to track how close the transmission system
is to its loadability limit. If the loading is high enough, actions (such as load shedding) have to be
taken to relieve the transmission system. A problem associated with tracking the loadability limit
of the transmission system is that such limit is not a fixed quantity, but rather depends on the
network topology, generation and load patterns, and the availability of VAR resources. All of
these factors can vary with time due to scheduled maintenance, unexpected disturbances, etc.

There is still a need at the local substation level to mitigate local voltage instability. The function
can be incorporated into the protective relays that only use local measurements. These relays will
only be operated when other controls can not mitigate the aggravating situation. They also form
the fall-back position for any global protection scheme when communication channels fail.
Control schemes that only use local data provide an attractive approach because they are fast,
low cost and simple to build. The most common form is to shed load based on voltage level —
Under Voltage Load shedding (UVLS) [1].

Under Voltage Load Shedding scheme is receiving attention as a means of avoiding voltage
collapse. This scheme is only used when all other means of avoiding voltage collapse are
exhausted. Since load shedding results in high costs to electricity suppliers and consumers,
Under-Voltage Load Shedding (UVLS) schemes have been deployed as a ‘Safety Net’ to prevent
voltage collapse following an extreme event. UVLS sheds load in pre-defined blocks that are
triggered in stages when local voltage drops to various pre-defined levels.

Tuan etc [2] proposed a load shedding algorithm that is based on the indicators of risk of voltage
instability and on the sensitivities of these indicators to the changes of loads to be shed. However,
the analysis is based on the static models and the dynamic aspects associated with voltage
stability are not taken into account. Tso et al. [3] presented a load shedding scheme taking into
account the generator dynamics. The load shedding scheme is based on extended fuzzy reasoning.
However, the amount of load to be shed is fixed. Arnborg et al [4] proposed a method for UVLS.
The method took into account the generator and load dynamics and focused on long-term voltage
stability, assuming the generator transients have settled when the load dynamics are dominating.
A UVLS criterion was developed using a dynamic load model. Their studies showed that an
iterative load shedding scheme could be successful in avoiding voltage collapse.

In those proposed UVLS schemes, voltage magnitude is the only triggering criteria. However,
past research has demonstrated that voltage magnitude alone is not a satisfactory indicator of the
proximity to voltage instability under all circumstances. In fact, voltage stability is determined
by the power systems’ ability to supply and deliver reactive power. In actual systems, the
computation of actual system PV curves may be very complicated due to the large number of
generators, the widespread applications of capacitor banks, the uncertainty about the dynamic
characteristics of system loads, and the variability of power flow pattern. In addition, operation

1-1



Voltage Instability Load Shedding

of under load tap changers, the actual dynamic reactive capability of generators and accurate
reactive reserve monitoring all affect the ability of the system to supply and deliver the reactive
power.

Currently, settings of UVLS are determined by system engineers through extensive network
analyses using computer simulation packages. However, simulated system behaviors do not
usually coincide with actual measured system responses due to data and modeling issues.
Developing appropriate settings for the under voltage levels and time delays are challenging
problems faced by system engineers. Inappropriate settings can result in unnecessary shedding or
failure to detect the need for load shedding.

After having recognized this challenge, EPRI launched a multiple year research efforts titled
“Coordinated Wide-Area Voltage Instability Load Shedding Helps Prevent Voltage Collapse”. The
overall efforts aims at enhancing under-voltage load shedding design, therefore, improving the
reliability of the local and wide area transmission grid. As a result, a new control scheme named
“Voltage Instability Load Shedding” has been invented. This report summarizes the theoretical
investigation and methodology development on the VILS scheme.

This report is organized as follows: Section 2 reviews the voltage instability predictor (VIP)
method. In Section 3, a new voltage stability margin index is proposed for VILS and IEEE test
systems are used to demonstrate the proposed method. Section 4 describes and compares two
estimation methods to track the Thevenin equivalent: Least Square techniques and Kalman Filter
techniques. Section 5 summarizes the research results and presents the future work.
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2 VOLTAGE INSTABILITY PREDICTOR METHOD

Vu and Begovic et al.[5] have proposed Voltage Instability Predictor (VIP) method to estimate
the proximity of a power system to voltage collapse. The VIP only uses the local measurements
(voltage and current) at the bus terminal to estimate the Thevenin impedance and calculate the
apparent impedance of local load, then detects the proximity to voltage collapse by monitoring
the relationship between those two impedances.

2.1 Voltage Instability Predictor Method

Figure 2-1 shows a load bus and the rest of the system treated as a Thevenin equivalent.

E Z ey I?
&F—h—

F+ 0

Thevenin Equivalent of the System

Figure 2-1
Local bus and the rest of the system treated as a Thevenin equivalent.

Equating the receiving and sending currents, we have

P+ JQ =I—* :(E—VJ*

\Y

ZThev (2_ 1 )

= (P+jQ) Zme =V(E-V]

For a given power transfer P+jQ, there at most two voltage solutions. Observing the symmetry
in Equation (2-1), we can find that, if V is one solution then the other solution can be found

simply by computing (E—\7) As the load increases to the maximum value, the two solutions
become one. Further increase in load will yield no solution. In summary, the maximum power
transfer happens when V = (E -V)*

Maximal power transfer < V= (E —\7)* (2-2)
Therefore,
Maximal power transfer < Zapp 1= (ZThev I_)* (2-3)

Finally,

= ‘Z Thev

Maximal power transfer < ‘Z app (2-4)
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Voltage Instability Load Shedding

Tracking closeness to voltage instability, therefore, becomes tracking the distance of the present-

time apparent impedance ‘Zapp

to the Thevenin circle, as shown in Fig. 2-2. This circle is by no

means a fixed object because it represents the rest of the system lumped together. Such collection
involves thousands of equipments, any of which can change at a given time. More likely, when
approaching to voltage instability, the circle expands (transmission system becoming weaker)

and the impedance ‘Zapp

moves toward it (load becoming heavier).

Y

Circle of radius

ne

Figure 2-2
Maximal power transfer (voltage instability) is reached when the apparent impedance of
the load bus hits the Thevenin circle.

2,2 Implementation of VIP
The flowchart depicted in Fig. 2-3 summarizes the process of the VIP method.

Step 1: The measurement of voltage and current samples are acquired at the local bus.

Step 2: Calculate the voltage and current phasor.

Step 3: Te local load apparent impedance ‘Zapp

can be calculated using measured voltage and

current. The Thevenin equivalent impedance ‘ZThev can be estimated using the Least Square

method.

Step 4: ‘Zapp are then compared with the threshold, ¢, to determine whether load

shedding or other action should be taken.

and ‘Z Thev
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Measured Voltage and Current

Voltage and Current Phasor Calculation

Al
y y
Thevenin Equivalent
V/I=Zapp 7 theqv

ES

Y
Action
(e.g., Load Shedding)

Figure 2-3
The process of VIP method

2.3 Use of VIP algorithm in Load Shedding

In order to make the algorithm practical, it is necessary to act on the conservative side. That is,
one should set a margin and the device acts when the margin is violated. The choice of margin,
of course, depends on the bus; it also involves heuristics. For example as Fig. 2-4, one may want
to set the margin for a certain bus to be 0.15 (per unit impedance); with this choice, the voltage
collapse is “detected” when the load reaches 125%. Thus, the load at this bus is deemed
excessive when the power margin is violated. Load can be shed so as to restore the margin.
Clearly, the amount of load to be shed is not fixed and thus, VIP algorithm provides a form of
adaptive load shedding.
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Figure 2-4
Maximal power transfer is reached (voltage instability) when the apparent impedance of
the load bus hits the Thevenin circle.

VIP method indicates that, at the point of maximum loading, the absolute value of the apparent
load impedance and the equivalent Thevenin impedance are equal. Based on the closeness
between those two impedances, VIP method will determine whether need to shed load. However,
VIP method does not provide any information about how much load should be shed in order to
bring the system back to voltage stable. Moreover, VIP method uses the Least Square technique
to determine the Thevenin equivalent impedance. The Least Square technique makes use of
measurements taken at different time instant to estimate the equivalent source impedance.
Protective relay impedance comparators have been able to estimate the source impedance with
some accuracy during faults, but this is primarily due to the fact that there is a significant
difference in measurements between pre- and post-fault conditions. During power swings, this is
not necessarily the case, and unless the measurements have changed sufficiently from one
measurement to the next, the accuracy of the Least Square technique may be questionable.
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3 VOLTAGE INSTABILITY LOAD SHEDDING

We propose an innovative control scheme named “Voltage Instability Load Shedding” (VILS) to
enhance traditional UVLS scheme. VILS method computes Voltage Stability Margin Index
(VSMI), which express voltage stability margin in terms of active, reactive, and apparent power,
in order to continuously track the voltage stability margin at local bus level. Compared with the
VIP method, VILS method can determine how much loads need to be shed at local bus level in
order to prevent voltage instability or collapse.

3.1 Voltage Stability Margin Index

For the Thevenin Equivalent system as shown in Figure 2-1, we derived an analytical expression
of the critical condition of static voltage stability in power injection space.

The real and reactive power transferred from the system to the load is

P =EVYcos(x -5 - p)-V?*G (3-1)
Q, =EVYsin(a-5-p)+V°’B
where Y is the magnitude and £ is the angle of the series admittance G + jB.
Dividing E°Y on both sides of Equation (1), it can be reformulated as:
=vcos(a — & — ) — Vv’ cos
p=ve (« ) _ B (3-2)
q=vsin(a -5 - B)+v’sin g
P Q \Y
where p=—r—,q=—-—,v=—
= E

Moving v’ cos £ and v’sing to the left sides and taking the square of the right and left sides and
adding, the following equation is obtained:

(p+VvZcos B)° +(q-vZsing)® =v? (3-3)

Substitute g with p - tan ¢ where ¢ is the power factor. From equation (3-3), we can get:

p = —Vv? cosgcos(p + B) + cos¢\/v2 —Vv*sin®(¢+ ) (3-4)

Taking the derivative and setting it equal to zero, we get the normalized critical voltage and the
maximum power.

%p=1—4v2+4v4sin2(¢+ﬂ)=0 (3-5)
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2 l—cos(g+ ) 1

Vcritical = -2 = (3'6)
2sin(p+f)  2[1+cos(¢+ B)]
COosS
Pmax = ¢ (3_7)
2[1+cos(p+ )]
The maximum active and reactive transfer power can be obtained as:
Prax = E2Y « Prax =V 2Y COS
max pmax ¢ (3—8)

Q.o =E?Y Q.. =V?Ysing

Therefore, as shown in Fig. 3-1, tracking closeness to voltage instability becomes tracking the
distance of the current load level to the maximum power transfer point.

F 3

Q
- —
"'\-\.\\
o Maximum transfer P
: ke
l"::' : -~ - l“\-___
]
Current Load Leswel |y ".I
|
|
|
|
|

P
Figure 3-1

Voltage Stability Margin is expressed in P and Q plane. Tracking closeness to voltage

instability becomes tracking the distance of the current load level to the maximum power
transfer point.

As illustrated by Equations (3-9 ~ 3-11), the VSMI can be expressed in terms of the apparent,
active and reactive power. The closer the margins are to zeros, the more imminent is the voltage
instability.

VSMI in terms of active power:

I:)Margin = I:)max - I:)L (3'9)
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VSMI in terms of reactive power:
Qutargin = Qmax = QL (3-10)

VSMI in terms of apparent power:
Swargin = Prax + JQumax = S0 (3-11)

The maximum transfer power point is by no means a fixed object. As the system approaches
voltage instability, the maximum transfer power point and the current load level moves toward
each other.

The VILS method provides the load shedding information in the injection plane instead of the
impedance plane. Displaying the voltage stability margin in the power injection space provides
voltage stability margin in terms of MW, MVar and MVA. As a result, it not only judges
whether load shedding action should be taken place but also provides the information about how
much loads need to be shed.

In addition, according to Equation (3-8), we can obtain that
P + Qoo = (V2Y)? (3-12)

Due to this relationship between Pmax and Qmax, the voltage stability margin boundary for a
given network configuration is shown as the red line in Figure 3-2. This boundary is independent
of local load characteristic, in particular the power factor of load.

3.2 Voltage Instability Load Shedding

To apply VSMI to VILS, a stability margin ¢ is set as the threshold and the load shedding acts

when the threshold is violated for a certain time. The flowchart depicted in Fig. 3-2 summarizes
the process of VILS.

Step 1: The voltage and current at load bus are measured.
Step 2: Calculate the voltage and current phasor.

Step 3: Calculate the local real and reactive power load P, and Q, can be calculated. Thevenin
equivalent admittance Y can be estimated using the Kalman Filter method described in the next
Section.

Step 4: The voltage phasor and estimated Thevenin equivalent admittance are used to predict the
maximum power load at this operating point by using equation (3-8).

Step 5: With the predicted maximum transfer power and the local load,
Pmargin/Qmargin/Smargin can be calculated by using equation (3-9, 3-10, 3-11). These margins,
then, compared with the user defined threshold, ¢, to determine whether the load shedding or
other action should be taken.

Step 6: If the calculated margin is large than £ , which means that the system is voltage stable. If
the calculated margin is less than & , which means that the system is close to the voltage
instability point, the load shedding action should be taken place to restore the margin.
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Measured Voltage and Current

A

Voltage and Current Phasor Calculation

\A

A

Estimation of Thevenin Equivalent

A v A A
Vv Y P factor PL &Q,
[ J

Calculation of
Pmax & Qmax

Pmargin/Qmargin/Smargin< €

YES NO

Action . . .
( (e.g., Load Shedding) ) (lee Margin Informann)
Figure 3-2

A flowchart of the operation of the Voltage Instability Load Shedding algorithm.

3.3 lllustrative Example
3.3.1 IEEE 39-Bus System

IEEE 39-Bus system is the equivalent system of New England transmission network. Figure 3-3
shows the system diagram. For the steady state simulation, the iterative power flow program is
used to simulate the voltage instability phenomenon.

e The base load at Bus 26 is 139+j17 MVA.

e Gradually increase load at bus 26, 27, 28 and 29 at10 MW per step.

e Reactive power increases correspondingly according to the base case P/Q ratio.

e Governor power flow is used to calculated generators’ output in order to balance the
increasing load.

e Generator reactive power output limits are also considered.
e The simulation ends when the power flow calculation failed to converge.
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16 24

T T n ]
T arn %
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Figure 3-3
IEEE 39-bus System

Governor Power Flow:

Governor power flow allows governor distribution of the mismatch caused by increasing loads.
All generators will participate in proportional to their governor gains.

G(i)=— (3-12)

where
M is the generator number;
Ci is the MW capacity of generator i;

The governor gain can be calculated as:

G(i) = b (3-13)

>4

i=1

where £, s the frequency response characteristic of generator i;
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Bi=— (3-14)

where
@, 1s the nominal system frequency in redians/second;

R is the system regulation coefficient (R = 0.5).
The generator MW capacities and their governor gains are listed in Table3-1.

Table 3-1
MW capacity of generators and governor gains

G30 | G31 | G32 | G33 | G34 | G35 | G36 | G37 | G38
MW 1 350 114555 | 750 | 732 | 608 | 750 | 660 | 640 | 930
Capacity

G‘gggor 0.0533 | 0.1745 | 0.1142 | 0.1115 | 0.0926 | 0.1142 | 0.1005 | 0.0975 | 0.1416

Generator Reactive Power Output Limits:

Generator VAR output limits are considered in the simulation. The reactive power limits are set
as the half value of the generators’ active power capacities. The iterative power flow is used to
compute the PV curves. Table 3-2 summarizes the voltage magnitude and VAR output of
generator buses at the critical point. The PV curves at bus 26 with and without VAR limit are
shown in Fig.3-4. Table 3-3 compares the active power and the voltage magnitude of bus 26 at
the critical point between with and without consideration of reactive power limits. From Table 3-
3, we can see that system with consideration of generators VAR limits will reach voltage
instability point earlier than the ones without considering generators VAR limits.

Table 3-2
Generator bus voltage and VAR output
Voltage Var Output VAR Limit Reach VAR
Magnitude (MVAR) (MVAR) limit?
Bus 30 0.9850 175 175 Y
Bus 31 0.9820 565.5 572.8 N
Bus 32 0.9692 375 375 Y
Bus 33 0.9972 328.9 366 N
Bus 34 | 1.0123 | 275.3 304 N
Bus 35 | 1.0347 | 375 375 Y
Bus 36 1.0635 285.1 330 N
Bus 37 0.9818 320 320 Y
Bus 38 1.0265 465 465 Y
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Figure 3-4
Comparison of PV curves at bus 26 with and without VAR limits
Table 3-3
Critical points with and without VAR limit
Without VAR Limit With VAR Limit
Bus 26 MW atbus 26 = VM atbus26 | MW atbus 26 = VM at bus 26
495.10 0.7410 412.57 0.8703

Figure 3-5 shows voltage stability margin in P-Q plane. The voltage stability limit is shown as
the green curve in Figure 3-6. The current active power of the load at bus 26 is 261.3 MW. At
this point, the P margin and Q margin are 844.2 MW and 103 MVar respectively.
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Voltage Stability Margin expressed by P and Q
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Figure 3-5
Voltage stability margin in terms of P and Q

Figure 3-6 shows that, as the local load at bus 26 increases, the voltage stability margin will
shrink.

Voltage Stability Margin expressed by P and Q

10

gk

8 R i

7 e W

"

6 .
= -
s .
8 N
a \\

\‘.
\
\\
\I
\
\I
1F Smargin
4 A .1
c L L L L
0 2 4 6 8 10
P (100 MW)

Figure 3-6
Voltage stability margin circle changes

Figure 3-7 shows the voltage stability margin as a function of local load at bus 26. It is clearly
indicates that as the load at bus 26 increase, the voltage stability margin will decrease.
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Figure 3-7
Voltage stability margin as a function of local load at bus 26
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Current load and the corresponding maximum transfer power
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Figure 3-8
voltage stability margin during fault
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We also analyzed the voltage stability margin during a fault. A fault at bus 26 is simulated with
line 26-29 tripped to clear the fault. Figure 3-8 (a) shows the voltage stability margin without
blocking the fault during the simulation and Figure 3-8 (b) shows the voltage stability margin
with blocking the fault during the simulation. Because voltage stability margin reduce
dramatically during the transient stage and could potentially lead to misoperation of VILS, we
suggest that VILS should be blocked during the transient stages.

3.3.2 IEEE 118-Bus system

IEEE 118-Bus system is the equivalent system of a portion of the American Electric Power
transmission network in Midwestern of US. Figure 3-9 shows the one-line diagram. Table 3-4
shows the partition of this system. Lists case is a transaction between area 2 and area 1.

The load at Bus 22 in base case is 10+j5 MVA.
The total load in area 1 increase 5 MW per step.

The reactive power of load in area 1 increases correspondingly according to the power factor
defined in the base case.

Governor power flow is used to calculated generators’ output in order to balance the
increasing load.

Generator reactive power output limits are also considered.
The simulation ends when the power flow calculation failed to converge.

Figure 3-9
IEEE 118-Bus System
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Table 3-4
Partitioned IEEE 118-bus system
Area/Lines Area/Buses
Area 1 Area 2 Area 3 Area 1 Area 2 Area 3
1~29 46~53 109~115 1~23 33~69 24
31~43 55~107 117~118 25~32 116 70~112
178~182 183 120~125 113~115 118
184 127~177 117
185~186

Figure 3-10 shows the voltage stability margin as a function of local load at bus 22. It is clearly
indicates that as the load at bus 22 increase, the voltage stability margin will decrease.

Current load and the corresponding maximum transfer power
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(a) Voltage Stability Margin in terms of P

3-12



Voltage Instability Load Shedding

Current load and the corresponding maximum transfer power
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Voltage stability margin as a function of local load at bus 22
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4 THEVENIN EQUIVALENT ESTIMATIION
TECHNIQUES

4.1 Introduction

VILS control scheme requires estimating the Thevenin Equivalent using local measurements.
This chapter will describe and compare two estimation techniques: Least Square approach and
Kalman Filter approach.

4.2 Calculation of the Actual Thevenin Equivalent

If the entire system data is known, the actual Thevenin Equivalent at load bus can be calculated.
The calculated actual Thevenin Equivalent value is used as the benchmark to verify the accuracy
of the estimation approaches.

YU = | (4-1)

where U is a vector of voltage magnitude, / is a vector of current injection, Y is admittance
matrix. Yisnx nmatrix, Uisnx1, /isnx1, where n is the number of buses.

Suppose we want to obtain the Thevenin Equivalent at Bus p. Move the row and column of Bus
p to the last row and last column. The U and I are bus voltage vector and injection current vector.

Y11 le Yln Ylp U1 I1
Y21 Y22 an Y2p U 2 I2
o AN B (4-2)
Ynl Yn2 Ynn an U n In
L 'p1 p2 " an pp__Up_ _Ip_

Representing Equation (4-2) as following:

e
YPN Ypp Up Ip

where Yy isa (n—1)x(n-1) matrix, Yy, is a (n—1)x1matrix, Y, is a 1x(n —1) matrix.

Eliminate the first n column and row by Kron’s reduction.

pp=p = 'p (4-4)
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whereY =Y —YpNYN’,iYNp is the Norton equivalent admittance, |, =1,

Norton equivalent source current.
Then Thevenin Equivalent at Bus p can be expressed as:

1
Thev — -~

Y

pp

yA

EThev = ZThev I

p

~Yo Yo is the

(4-5)

(4-6)

4.3 Estimation of the Thevenin Equivalent using Least Square Method

Based on the Thevenin Equivalent diagram as shown in Figure 3-1,

E=V+Z,,]|
Denote E =E, + JE,,V =u+ jw and | = g + jh.

Equation (4-6) is rewritten as:

O M m
I

1
-
L=

1 0 —-g h
X
0 1 -h —g

Thev

X

Thev

(4-7)

(4-8)

Note that g, i, u and w can be calculated, using local measurements. The unknowns are R, ,

Xy and E, and E; . Since there are four unknown variables and two equations, two or more

measurements are required to solve the unknowns.

For example, if we have three measurements, (4-8) can be rebuilt as:

10 -9, h Uy

0 1 - hl -0, Er W,

10 -g, h E, u,

X =

01 - hz -9 RThev W,

10 - O3 h3 XThev Us
0 1 —h; -g,] C | W; |
—

A B

Express Equation (4-9) as;
AxC =B

4-2
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Least Square approach uses the following equation to compute Thevenin equivalent source
voltage and impedance.

C=(AA"AB 4-11)

In this study, we used 4 measurement points as a sliding window to continuously track the
Thevenin Equivalent. Least Square approach is based on the assumption that the Thevenin
Equivalent value will remain unchanged during the measurement time period. The accuracy of
Least Square approach will be degraded if there is a dramatic change of network topology.

4.4 Estimation of the Thevenin Equivalent using Kalman Filter Method

Kalman Filter is a set of mathematical equations that provides an efficient computational
(recursive) means to estimate the state of a process, in a way that minimizes the mean of the
squared error. Kalman Filter is very powerful in two aspects:

e [t supports estimations of past, present and even future states

e It can do so even when the precise nature of the modeled system is unknown [6].
Assume the estimation equation is:

7=HX+V (4-12)

where 7 is the measurement vector. X is the state vector to be estimated, and H is the
observation model. V is the observation noise.

To minimize the estimation error, we are trying to minimize a cost function that
1 o T ra an
J= E(Z —HX) (z-HX) (4-13)

The criterion to minimize the J is that its derivative equals to zero

Z—; =—(Z-HX)'H=0 4-14)

At that time the estimation of X is given as
ey =(HTH)"HTZ (4-15)

Now deriving a recursive equation to estimate the X . Let P be the covariance of the error in the
estimator as

est “est
=(H'H)'H'RHHH)™ (4-16)
— (H T R—lH)—l

P=E[R.%,]

where X, = X— X, , R is the covariance matrix of measurement error.
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Represent Equation (4-16) using the samples, we get
Pn = (Zn: HiT RiilH i)_l
i=1
= (EHiTRi‘lHi +H,"R,"H )™
=P, +H,R'H )™

If consider R as a weighting matrix, Equation (4-15) at time instant n can be written as

n

= HRH, )‘1(ZH R Z,)

i=1 i=1

= [Z zi+HnTRn‘1zn}
1

=P (P, "% _,+H "R'z)

Define
Kn = Pn H r‘:— Rn_l
Then Equation (4-18) will be

~

X =PP2X  +K 7
Since
PPl=1-KH,
Then, the recursive equation to estimate X is
X, =X, +K,[z,-H,X ,]
Now apply the above method in our load shedding problem. From Fig. 3-1, we can see
E-jy 1=V
where,
V and I are from the measurements from the local relay;

DenoteE =E, + JE;,V =m+jn, | =p+]jq, Z=1/Y =R+ jX.

Then, in according with Equation (4-12), we have

4-4
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(4-19)

(4-20)
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N m
7= { } (4-24)

n
10 -
H{ P q} (4-25)
01 —-q —-p
Er
E.
R=| (4-26)
R
X

When applying the recursive Equation (4-22), several parameters need to be initialized. Based on
our studies, we suggest that the initial value of Xis set based on the calculated Thevenin
Equivalent in base case power flow. For the covariance matrix of measurement error R, it can be
obtained from the accuracy of the measurement device. In this study, we set it as a diagonal
matrix with the element value equal to 0.01. For covariance matrix of the estimator error P , we
set the initial value of P as a diagonal matrix with the element value equal to 0.00001.

We set the sampling rate as 0.01s or 1 cycle based on 60Hz. It is set based on consideration of
calculation as well as providing enough time to detect a fault then block the load shedding
function during the fault. To continuously track the Thevenin Equivalent using Kalman Filter,
we use four measurement samples as a sliding window.

4.5 Comparison between the Least Square and Kalman Filter Approaches

For Least Square approach, it makes use of measurements taken at different time instant to
estimate the equivalent source voltage and impedance. Please note that this is primarily based on
the assumption that there will be no change of the Thevenin equivalent between the
measurements taken at different time steps. Otherwise, the accuracy of this technique may be
questionable. Moreover, at each time instant, the calculation will repetitively involve the
calculation for inverse matrix for the entire updated data window. The convergence rate is
relatively slow.

However, Kalman Filter approach proposed in this invention derives a recursive set of equations
for state estimation. When the new measurements are fed in, the calculation only updates the K,
in Equation (4-22). The calculations in the previous steps will still have a contribution to the

final true value of the estimated vector. It usually has a fast convergence rate hence it is suitable
for on-line application.

In order to compare the two estimation techniques, numerous steady state and dynamic
simulations have been conducted. Section 4.5.1 will show the results of steady state simulations.
Section 4.5.2 will show the study results of dynamic simulations.
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4.5.1 Comparison between Least Square Approach and Kalman Filter Approach
based on Steady State Simulation

The simulations are based on the IEEE 39 bus system. For the steady state simulation, the
iterative power flow is used to simulate the voltage collapse phenomenon. The load at bus 26
increases until voltage instability reaches.

e The load at bus 26 increases 10 MW per step.
e Reactive power increases correspondingly according to the base case P/Q ratio.

e Governor power flow is used to calculated generators’ output in order to balance the
increasing load.

e Generator reactive power output limits are also considered.

e The simulation ends when the power flow calculation failed to converge.

Figure 4-1 and Figure 4-2 show the steady state simulation results. The red line shows the
apparent impedance of load. The pink line shows the calculated Thevenin impedance. The blue
line shows the estimated Thevenin impedance using Least Square approach. The black line
shows the estimated Thevenin impedance using Kalman Filter approach. We can see that both
Least Square approach and Kalman Filter approach produce the estimation results close to the
actual Thevenin Equivalent. In comparison, Kalman Filter approach provides more accurate
results than Least Square approach.

IEEE 39bus system Bus 26 voltage collapse simulation
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Figure 4-1
Estimation results of Thevenin Equivalent in steady state simulation
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Estimation results of Thevenin Equivalent (Zoomed Area) in steady state simulation

4.5.2 Comparison between Least Square Approach and Kalman Filter Approach
based on Dynamic Simulation

Dynamic simulation is performed to compare the accuracy of these two estimation methods. In

the dynamic simulation, generators’ exciters and governors have been modeled. We gradually

increase the load at Bus 26 of IEEE 39-bus system at a rate of S0OMW and 6.7Mvar per second.
Figure 4-3 shows the current and voltage magnitudes at bus 26.
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Current and voltage profile during dynamic simulation

Figure 4-4 and Figure 4-5 show the estimation results. We can see that the estimation value using
the Least Square approach is incorrect. The estimated values when there is no load change are
totally incorrect. This confirms that the Least Square approach is effective only when the system
condition is changing. In contrast, the Kalman Filter based estimation method produces much
more accurate results.
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IEEE 39bus system Bus 26 voltage collapse simulation
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Estimation results of Thevenin Estimation in dynamic simulation
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Estimation results of Thevenin Equivalent (Zoomed Area) in dynamic simulation
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We also compared Least Square approach and Kalman Filter approach during transient stages.
Three phase fault at the end of line 29-26 is simulated at 1.0s and the line 29-26 is tripped at 1.1s
to clear the fault. Figure 4-6 shows the current and voltage magnitudes at bus 26.
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Figure 4-6

Current and voltage profile during fault at bus 26

Figure 4-7 and Figure 4-8 show that Kalman Filter approach can produce much closer estimation
results to the actual Thevenin Equivalent compared with the Least Square approach.
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|IEEE 3%bus system Bus 26 voltage collapse simulation
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Figure 4-7
Estimation results for Thevenin Equivalent during fault
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Estimation results for Thevenin Equivalent during fault (Zoomed Area)
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In summary,
e For steady state simulation, both Least Square approach and Kalman Filter approach can
produce accurate result.

e During small disturbances, Kalman Filter approach produces more accurate results than Least
Square approach.

e The study results confirm that load shedding scheme should be blocked during fault.
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5 SUMMARY AND FUTURE WORK

5.1 Summary

A new control scheme referred as “Voltage Instability Load Shedding” (VILS) is disclosed in
this report to enhance the conventional UVLS at designated location, such as major load centers.
The VILS control scheme uses local measurements to continuously compute Voltage Stability
Margin Index (VMS]I) to track voltage stability margin at local bus level. The VMSI is expressed
in terms of active, reactive and apparent power, which indicates how much load to be shed to
bring the system back to voltage stable region. When this smart device detects that the voltage
stability conditions cross a warning threshold, it will send an alarm signal to inform system
operators. When it detects that the voltage stability conditions cross an emergency level, it will
perform local load shedding function.

VILS method also has two advantages over the VIP method.

e The VIP method uses the Least Square technique to determining the Thevenin equivalent
source impedance. The Least Square method makes use of measurements taken at different
time instant to estimate the equivalent source impedance.. Least square approach is based on
the assumption that the Thevenin Equivalent value will remain unchanged during the
measurement time period. The accuracy of Least Square approach will be degraded if there is
a dramatic change of network topology. The VILS uses Kalman Filter technique to track
Thevenin Equivalent which is a recursive method that has the fast convergence property,
Time domain simulation results clearly indicates that Kalman Filter method provides more
accurate results than Least Square method.

e The VIP method propose using the closeness between the the apparent load impedance and
the equivalent Thevenin impedance to initiate load shedding, which can not provide and the
information of how much load should be shed. The VILS method uses VSMI as the
triggering criteria to shed load. The VMSI is expressed in terms of active, reactive and
apparent power, which indicates clearly how much load to be shed to bring the system back
to voltage stable region.

5.2 Future Work

In terms of near-term future work, we will focus on the validation of VILS using field
measurement data. We will also develop the special protection relay using VILS control scheme
and demonstrate the effectiveness of this device through field installation and test.

In term of long-term future work, we will install VILS devices across the entire transmission
network and develop the visualization tool to help system operators to monitor system voltage
stability conditions. We will also investigate and develop control algorithms at control center
level to use the real-time data collected from VILS devices and EMS system to control system
voltage stability margin and initiate coordinated load shedding to prevent wide-area voltage
collapse.
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