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Abstract: Power system oscillations damping is very important in case of inter area connected power system.
This paper proposes a dynamic state estimator method (DSE) for damping oscillations with the aid of SVC type
facts controller. In this paper the state of a system is accurately measured by DSE using PMU and new method.
Proposed method is tested on IEEE 50 generator system, the results demonstrated that the proposed method is
effectively damping the oscillations compared with existing system.
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I.INTRODUCTION

The use of power system stabilizers (PSSs) has been the first measure to enhance small signal stability by
damping oscillations. However, local signal based controls may not always be feasible or effective to damp
inter area modes because of the lack of observability of the system modal characteristics. In such cases, remote
signals are employed [1], taking into consideration the time delay in data communication [2]. This required
remote signal sometimes is not available, or the signal quality can degrade the performance of damping
controllers [3].With the development and installation of PMUs in large scale electric power systems, data can be
available at high sampling rates with high speed communication channels, thus opening the avenue to new
monitoring and control applications [4], [5]. The typical PMU sampling rate of 10 to 120 samples per second
has allowed capturing the dynamics of electromechanical oscillations in near real time. A control scheme to
improve small signal based control using dynamic state estimation (DSE) and utilizing Kalman filter (KF)
theory has been applied to the synchronous machine in [6]. Consequently, the local modes of a single machine
infinite bus sys-tem are improved by the supplementary control of a static var compensator (SVC). The rotor
speed deviation is estimated and utilized as a control signal.

In the literature, the algorithm proposed in [7] by Ghahremani and Kamwa is applied to a multi-machine system
and requires the coordination of the local power system stabi-lizers (PSSs) with wide-area PSS controllers. This
approach requires that control signals are estimated signals from remote generators. This approach is applied to
the Kundur four ma-chine test system in [8]. A decentralized LQG control scheme is proposed in [9]: the DSE
method and the extended linear quadratic regulator for optimal control are applied to those controllable
generators using local measurements. This algo-rithm is applied to a 16 machine 68 bus test system. To pro-vide
damping to the system, these methods coordinate with the automatic voltage regulator of the synchronous
machine, thus the PSSs installed need to be upgraded. In some cases, the supplementary damping controls
(SDCs) are already adjusted for an optimal improvement of local stability.

In a broader context, the power system oscillation problem has also been related to voltage stability [10]. In this
case, the PSS system does not play a significant role as compared to FACTS devices which can increase the
laudability by local voltage control. The control interaction is discussed in [11]-[13].

In this paper, a different approach is taken: a control signal is obtained using an estimated signal from a DSE,
and the supplementary control is implemented using a static VAr compensator embedded in the transmission
network. The proposed approach is detailed in the rest of this paper, which is structured as follows: Section 11
conceptually explains how the damping enhancement is performed by employing an SVC and estimated
supplementary control signals obtained from a DSE. The conceptual approach is mathematically formalized in
Section I11. Section 1V briefly emphasizes the contributions of this paper. In Section V, the performance of the
proposed control scheme is evaluated on the IEEE 50-generator test system through time domain simulation and
small-signal analysis. Finally, concluding remarks are given in Section V.

11.PROPOSED CONTROL METHOD

To obtain wide area signals from the transmission system (e.g., the line current magnitudes), the
power system model is represented by Holt’s exponential smoothing technique [21] as,
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where the subscripts k and £—1 denote two successive discrete time instants separated by T, seconds;  is
the predicted state vector, x;_; is the true state vector composed of phase angles 6;-; (in radians) and
voltage magnitudes V;—; (pu). The model error w;_; is represented by Gaussian noise with zero mean and
covariance matrix Q;-;. Matrix F;_; and vector g,_; are calculated as,

F, =a(l+p)l
Oka = (1+ ﬁ)(l_ a)xk—l -pa, + (1_ ﬂ)bk—z

Qg =a, + (1_ a)xk—l

bk—l = ﬂ(ak—l —a )"‘ (l_ ﬂ)bk—z

O]

where | is the identity matrix; « and f are the parameters lying in the range from 0 to 1. In this
formulation, bold face denotes vectors and matrices. The measurement model is given by,

Zy :hk(xk)+gk 3)

where z, is the measurement vector related to state variables through the nonlinear functions hy. The set
of measurements from PMUs include, the bus voltage phasor quantities Vpyy (pu) and phase angle Gppmy
(rad) in addition to the branch current phasor for the transmission components lpanchr (PU) @and lpranch
(pu) in rectangular form. These measurements have conventional mathematical models as given in [22],
[23]. The measurement error g is represented by Gaussian noise with zero mean and covariance matrix
Ry.

The noise sequences w;_; and g are considered to be white, Gaussian and independent of each other.
Then the extended Kalman filter (EKF) is applied to (1) and (3). The prediction and update steps are [24]
as follows:

1. Initialization of the filter at k = 0, the estimated state vector " ; and the covariance matrix Pq
are computed as

X"y = E[Xo]

4)
.
P = E[(Xo X" )(_ Xo + XAo) ]
Where E indicates the expected value.
2. Prediction: the predicted state x, and predicted covariance Py are calculated as
XMe=FoXMN G0 Wy ©)
- T
P =FuRuFRG +Qy
3. Update: the estimated state vector X, and the covariance matrix P, are give by
XAk:XAk+Kk[Zk _thAk] ©)
Pk = (I - Kka)P{
where the gain Ky and Hy are expressed as
-gT -yT 1
K, =P, H] (H,P H] +R,)
)

oh
Hy = ‘ |XAk—l
OX
3. Finally, at discrete time k, the magnitude of branch current is in function of the state vector is
computed as
VAL £07, VA £0n

qu

ak q,k|

)
Where Z b is the primitive series impedance of the element between the buses p and g. References [25-

26] note that the use of conventional bad data analysis can fail when applied to PMU’s measurements because
their errors have a non-Gaussian distribution. Hence, to identify gross errors in measurements, the EKF
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algorithm can be used to define the innovation process vector and for the ith measurement the normalized
innovation process [27] as

Vi = _hk (Xk )+ Zy

A :V%ki A=12,....... m )

Where

pkz,i =H, ;R HkT,i +O_i2 (10)

in which H,; is the ith row of H, and V;? is the ith diagonal element of R,. In this paper, the criterion for
bad data detection is defined by

i | > A 1 =12, (11)

where the threshold value Ay, is system dependent and deter-mined using offline simulations. The measurement
value with bad data is replaced by the predicted value.

The power system model in (1) has been reported in [21], [28], [29] by assuming a quasi-steady state behavior
of the system and monitored in a time steps of a few minutes. Taking these facts into account, a T, =10 ms is
considered in this pa-per. With a significant variation in the system resulting from a large disturbance, the
performance of the DSE could be affected due to the value of the state prediction in (5) which is based on the
values of state at the time previous to the disturbance. To handle this issue, bad data detection is utilized. A large
disturbance is detected in the above EKF algorithm when those measurements of voltage magnitude Vpyy at
different buses of the network are identified with gross error simultaneously in (10). In this case, the bad data
detection is not considered, and the values of the covariance matrix Q related to the bad measurements are
modified instead of replacing the bad data by predicted values. This means that the model prediction is not
weighted in the estimation process during large variations in the power system.

NEW CONTROL SHEME FOR INTER AREA OSCILLATIONS:

The main advantages of the proposed power system damping controllers are:

e The proposed supplementary damping controller for the large power system is implemented in an SVC
and derives the wide area control input using the estimator. The availability and quality of the wide
area control signal or stailizing signal are ensured by using the DSE method

e The controller does not require any change in the PSS setting at the synchronous machine.

e An alternative control signal can be obtained. This function is useful when the system is not
observable, and the required control signal cannot be estimated due to the PMUs configuration.

e Communication failures and transmissions delay for the stabilizing signal from the estimator are
considered in the robust controller.

As shown in Fig. 1, a, b, ¢ are three nodes. Z; and Z, are the impedance of line 1 and line 2 respectively. S;’
and S,” are the power of the start and the end of line 1 respectively.S,” and S,” the power at the start and end of
line 2 respectively. Sy and S; is the load of node b and node c respectively.

In the power system without PV generation, some equations can be obtained according to the simple power
flow calculation method.
The power at the end of line 2 is

S, =S, (1)

The power loss of line 2 is
N\ 2
AS, :[ij x(R, + jX,) @)
VN

The power at the start of line 2 is written as:

S,=S"+AS, ©)
The power at the end of the line 1 is

S, =S, +5S, 4)

The power loss of the line 1 is
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PN\ 2
S .
AS, = (V—lj X (Rl + Jxl) ®)
N
The power at the start of line 2 is written as:
S, =S, +AS, 6)
The loss of voltage longitudinal component of line 1 is
PR, +Q,X
Avl — 1'1 Ql 1 (7)
VN
V, =V, —AV, 8
The loss of voltage longitudinal component of line 1 is
P,R, +Q,X
AVZZ[ 2'%2 QZ Zj (9)
N
V.=V, -AV, (10)

It is assumed that the voltages of node b, ¢ have meet the error requirements. It is obviously that the voltage of
node c is smaller than b, b is smaller than a. When adding the PV station on node c, in order to clarify the
problem more clearly, we assume that the reactive power of the PV plant Qpy and Q. are both zero, active power
Ppy is larger than P..We can see that PV plant is not only to meet the load demand of node c, but also provide
power to the grid. S,” and S,0 are negative and have the opposite direction with original direction without PV.
S:} and S;0 become smaller than before. Therefore, V; becomes smaller and V, becomes larger, V,becomes
negative. The volt-age of node c is larger than node b. From the above analysis, we can see that the voltage of
node c is larger than node b after the access of PV plant. This is only a simple three-node system analysis. In
fact, the number of network nodes and PV plants are more so that the situation of voltage is more complicated.
The traditional way of voltage regulation, for example, the on-load tap changer, may lead to make a node to
return to normal, while the other nodes are beyond the allow-able range. With the increasing configuration of
DESSs on PV plants, the use of DESS for voltage regulation becomes a new regulated method. DESS can
regulates voltage by a variety of ways, such as absorption or generation of active power, absorption or
generation of reactive power, combination of active power and reactive power [15- 17].

Il . TEST SYSTEM & RESULTS

Fig. 1. One-line diagram of the IEEE 50-generator system with areas of interest encircled
[35].
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A. Robustness at nominal operating condition

The proposed method is applied to the IEEE 50-generator system [30]. The robust SDC associated
with the SVC reported in [17] is considered: this FACTS device is optimally located at bus #44 and its
rating is Qc = QL = £400 MVAr. The SDC limiter bounds are set at Vg, max = 0.1 and Vg min =— 0.1 pu,
and the nominal transmission delay is considered to be 100ms. The impact V of latency of measurements
and missing data are discussed in [31]-[32]. This moderate sized system with 145 buses has all the
modeling features and complexity of a large scale power system. The one-line diagram of the system
with areas of interest is shown in Fig. 3. Six generators are represented by the 2 axis model with the
IEEE AC-4 excitation system and PSS, 44 generators are represented by the classical model. All loads
are assumed to be constant impedance. The dynamic parameters of the system are available in [33] For
the purpose of this paper, the PMUs are located for ensuring system’s observability and the study
reported in [17] is used to determine the suitable location of the SVC for damping out power oscillations.

Study of this system shows that the system has a critical inter area mode near 0.28 Hz and the system
stability limit is identified by adjusting the active power of generators #93 and #110. The SDC control
signal actuates the SVC and the damping provided by the PSS is improved. These statements are
supported by the eigen analysis applied to the test system with program SSAT [34], the results are shown
in Table I. The SDC utilized in this example requires a current magnitude online 63-66 and line 44-45 for
the wide-area control input and local control input z respectively. These signals are identified as the best
candidate by the criteria of residues and observability factor [1] for the design of the controller.

The results of damping control for the cases A, B and C are illustrated in Figs. 2 and 3.
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Fig. 2 & 3. Response of rotor angle of generator at #93& #139 (Area 1) to the large disturbance (2x1700

MW) for the cases A, B and C.
The DSE provides the wide-area signal required by the controller as shown in Fig. 4, the estimated current line
magnitude on line 63-66 is similar to the true signal; however, there is a small difference for a few milliseconds
after the fault is cleared; this error in the estimated signal does not significantly impact the response of the SDC.
The dynamics of monitored variable in case A reflects the lack of damping control provided by the SVC alone.
Fig. 5 shows the output of the supplementary controller of the SVC and reflects the control effort during
the disturbance.

10

: : : : : 045

ol 75 7/-\\ | — (B) true signal

7 ’ ik o~ () estimator
= 85 P I—‘
§ ! — ss—— 005 i |
@ ' ) 46 48 5 52 54 56 5B & b
270 £ g = g ﬂ
= [ a o .
AR S oor ] IR A
Sept i Ma E EHERE Skh
£ W1 8! | 1 —
& L oosk LI _l_f 0.1 7
£ ST o .
: J () without SDC IEE i ] ' B ,r'r/\\“’/
5 I without l ' 1 1
©oar L (B) true signal 1 01f f_i‘-—d J— o1
‘ = = = (C) est. signal - 5 55 6 8.5
N . . . . .
- e . . . . .
0 1a 20 e a0 so &0 0 10 20 30 40 50 60
Time (s) Time ()

Fig. 4 & 5 Response of control & output signals required | lgs.66 | by the SDC to large disturbance (2x1700 MW)
for the cases A and C.

@IJAERD-2018, All rights Reserved 202



International Journal of Advance Engineering and Research Development (IJAERD)
Volume 5, Issue 10, October-2018, e-ISSN: 2348 - 4470, print-ISSN: 2348-6406

160 : . : : : 585
I (A) without SDC

) saf i —(B) true signal

raar i ":; 4 .5 ; = =(C} estimator

wn
=
in

1201 ,

wn
=~
T

100

w
@
T

Active powe of generator #1329 (pu)
B
tn

Rotor angle of generator #93 (degrees)

sofF W |7 (A) without SDC |
(B) true signal 555
= === (C) estimator
40 . . . : - o
0 10 20 30 40 50 60 i 10 20 1 40 50 e
e Time (s

]
Fig. 6&7. Response of active power of generator at #93 and#139 (Area 2) to large disturbance (2x1800
MW) for the cases A, B and C.

10 T T T T T 160
7

i . _,_/JM 140
= w B 4 -
a & _— - 2
g o 55 g 120}
] © 49 5 5.1 52 2
g [ g
_ ! . t
= i 5 1001
§ o :
= L 8
E‘ % 80
- o P RN
& ———— - A T | e A) without SDC
£ - (A) without SDC 3 (A) without
3 4r [C) \1rv| i 1 2 gor (B) true signal

—_— EC; er::e:ilgg:; = = == (C) estimator
3 L L L n N 0 ) ) ) )
] 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (s) Time (s}
Fig. 8 & 9. Response of control signal required | lgs.65 | by the SDC and rotor angle oscillations to
disturbance (2x1800 MW) for the cases A and C.

140

130

120

110

100

() proposaed approach
(D) convenonal SDC

Rotor angle of generator #93 (degrees)

L
o 10 zZ0o =Tu] Ao S0 &0
Tinwe (s)

Fig. 11. Response of rotor angle of generator #93 (Area 1) to large disturbance (2x1800 MW) for the
cases C and D.

B. Robustness to different operating conditions

The response of the system to the large disturbance for the cases A, B and C is illustrated in Figs. 6 and 7. As
shown in Fig. 8, the estimated control signal follows the actual signal in case C quite closely to the response of
the system during the event except during the fault. The oscillations associated with the rotor angle of generator

#93 are shown in Figs. 9 and 10 for each scenario, respectively.
IV . CONCLUSIONS
An alternative control scheme for damping of electromechanical oscillations in a multi-machine
system by means of an SVC and the use of the DSE method to obtain a stabilizing signal has been

presented. PMU measurements and transmission system parameters are employed in the estimator to
provide the required wide area signal to the robust supplementary controller for the SVC. The IEEE 50
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test system was used to illustrate the method. Small signal analysis was conducted to evaluate the
interaction between SDC in a large scale power system. Results for the rotor angle and the active power
of those generators with large participation in the critical mode show satisfactory performance of the
proposed method by improving the damping control afforded by the PSSs. The estimator provided a
control signal accurately as confirmed by the response of the supplementary controller. This
conformation is observed in comparison to control when a true signal is utilized. Furthermore, the
proposed method demonstrates the use of an alternative wide area signal for the SDC. Measurements at
different noise levels, variations of the system operating conditions, as well different locations of fault
were assessed.
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