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Abstract: One of the main characteristics of power systems is keeping voltages within given limits,
done by implementing fast automatic voltage regulators (AVR), which can raise generator voltage
(i.e., excitation voltage) in a short time to ceiling voltage limits while simultaneously affecting
the damping component of the synchronous generator electromagnetic torque. The efficient way
to increase damping in the power system is to implement a power system stabilizer (PSS) in the
excitation circuit of the synchronous generator. This paper proposes an enhanced algorithm for PSS
tuning in the multimachine system. The algorithm is based on the analysis of system participation
factors and the pole placement method while respecting the time domain behavior of the system
after being subdued with a small disturbance. The observed time-domain outputs, namely active
power, speed, and rotor angle of the synchronous generator, have been classified and validated with
proposed weight functions based on the minimal square deviation between the initial values in a
steady-state and all sampled values during the transitional process. The system weight function
proposed in this algorithm comprises s-domain and time-domain indices and represents a novel
approach for PSS tuning. The proposed algorithm performance is validated on IEEE 14-bus system
with a detailed presentation of the results in a graphical and table form.

Keywords: multi-machine stability; s-domain analysis; participation analysis; PSS tuning; time-
domain analysis

1. Introduction

Low-frequency oscillations, also known as electromechanical oscillations, were first
noticed in the American West system. They can appear in large interconnected systems
within the frequency range between 0.01 to 3 Hz [1], mainly caused by an imbalance
between energy demand and generation. Electromechanical oscillations represent char-
acteristic system responses (low-frequency modes) to a disturbance in the system and, if
not properly damped, can lead to system instability [2]. PSSs are a practical solution for
electromechanical oscillations damping and their implementation as an additional block in
generator excitation systems is simple. PSS is the most efficient for local oscillatory modes
with frequencies 6-12 rads~! and can also be used to improve transient stability mostly
combined with AVR [3,4] or flexible AC transmission system devices (FACTS) [5-7].

However, PSS tuning is a complex task. One of the most common methods for the PSS
tuning is a pole placement method where the dominant pair of the poles of the observed
power system is damped and shifted to the left side of the S-plane by selecting the proper
PSS parameters. One of the challenges for PSS implementation in a multi-machine system
is to find an optimal PSS location. Participation factor analysis shows the impact of each
generator on the system state variables and thus indicates the location where PSS should
be implemented [8]. Participation factors can be found for both monotone and oscillatory
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modes. In comparison with oscillatory modes, participation factors are very low for
monotone modes [9]. In papers [10,11], the participation analysis is applied on a large
multi-machine system to identify critical generators and modes in the system. Several
papers combine both the participation factor analysis in the multi-machine system and
advance methods for PSS tuning [12-14]. The author [15] presents global pole placement
problems as the composition of separate global and local pole-placement problems used to
solve local oscillatory modes, usually undamped. This solution was applicable for multiple
operating conditions, which led to a robust design technique [16]. In paper [17], extensive
research on system stability for various combinations of system parameters is performed. In
a three-part paper [18-20], PSS application and a complete tuning process are overviewed.
Over the years, application and tuning processes evolved into more sophisticated methods,
mostly heuristic methods [21-23], like genetic algorithms [24], fuzzy logic [25,26], or other
optimization techniques [27,28]. Paper [29] compares three different types of stabilizers,
conventional PSS (CPSS), fuzzy, and adaptive neuro-fuzzy inference system (ANFIS) based
PSS. All three types show appropriate responses to a system disturbance, giving a slight
advantage in performance to ANFIS. Artificial intelligence methods are mainly applied on
single machine infinite bus (SMIB) system models, as in [30-34]. Additionally, many novel
approaches for PSS and AVR tuning are applied on SMIB, for example, nonlinear robust
PSS-AVR controller [35]. However, PSS tuning in multi-machine systems is much more
complex in comparison to SMIB since one generator can deteriorate the performance of
other generators in the system.

In most papers, tuning of the PSS parameters is based on results in the S-domain [36-38],
and, afterwards, results were verified in the time domain by comparing the system response
to disturbances before and after PSS implementation. Due to the possible inertia decrease
with high penetration of converter-interfaced renewable energy sources, the modern power
system may become more vulnerable to disturbances that can initiate low-frequency oscilla-
tions. From the consumer side, the amplitude of active power low-frequency oscillations is
particularly unfavorable since they can lead to load shedding. The PSS parameters obtained
with the traditional pole-placement method show satisfactory results regarding s-domain
system performance measures; however, this paper points to the improvement of damping
of the low-frequency oscillations when the time-domain system performance measures are
included in the PSS tuning too. Hence, the paper proposes the algorithm for the PSS1A
tuning considering both the s-domain and time-domain system performance measures. The
synthesis of these measures is achieved through the proposed weight functions that output
comparable absolute values; the s-domain weight function is proposed as the damping ratio of
the damping oscillatory mode since the damping ratio takes values between 0 and 1; the time
domain weight functions are proposed as the distance between value 1 and the sum of the
square differences from the initial steady-state value and the sampled values of the observed
variable during the time-domain simulation of the disturbance in the system. The proposed
time-domain weight functions are related to active power, speed, and the rotor angle of the
generator where the PSS has been implemented according to the participation factor analysis
and represents the generator with the most significant contribution to the dominant system
mode. The output of the weight functions closer to value 1 indicates the higher function
weight. The sum of the s-domain and time-domain weight functions constitutes a system
performance weight function. The maximum of the system performance weight function
is obtained with the PSS parameters variations in an ascending and a descending order in
separate clusters. The PSS parameters that correspond to the maximum of the system weight
function are classified as optimal.

This paper consists of six sections. The Introduction provides a literature overview of
the PSS tuning techniques and briefly highlights the novelties proposed in the paper. The
second section gives a brief description of the PSS1A structure. The proposed algorithm
for PSS1A tuning, considering both the s-domain and time domain system performance
measures, is the scope of Section 3. In the fourth section, the application of the proposed al-
gorithm is examined on the performance of the IEEE 14-bus system model after initiation of
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Various control signals

the disturbances with a different duration within three case studies. The Discussion follows
the Results, presented in figures and tables for all case studies. Final remarks and possible
benefits from the application of the proposed algorithm are given in the Conclusion.

2. Materials and Methods

The authors conducted an extensive literature review on the topic of PSS tuning,
covering both the fundamentals of tuning and modern optimization methods. Based
on this research, it was found that commonly used PSS tuning procedures based solely
on the s-domain system performance measures can be improved by involving the time-
domain system performance measures. To address this deficiency, the authors proposed a
method that includes both domain system performance measures to find the optimal PSS
parameters. The results were verified on the IEEE 14-bus test system consisting of five
generators with parameters publicly available. All generators are equipped with standard
IEEE AVRs models with parameters available in the Appendix A.

3. PSS Structure

Power system stabilizer provides an additional damping torque in a phase with
generator speed variation and it is simply implemented as a part of the synchronous
generator excitation system [18]—Figure 1.

Voltage <£
reference

A

Synchronous
generator
. oo A . Pover
> AVR | Exciter —Q// > system
Exciter
Controller [

PSS |«

Load compensation/

Limitators

Figure 1. Synchronous generator excitation system.

The main structure of the PSS presented in Figure 2 (also known in [39] as PSS1A),
consists of the gain, wash-out filter, and phase compensation blocks (lead-lag filters). Some
additional blocks, such as high-frequency torsional filters or transducer time constant
compensation, may be implemented [39]. Torsional filter block can be implemented by
defining constants A; and A;. If the torsional filter is to be neglected, these constants are
set to be 1 and this block is used to compensate torsional modes, which are the result of
rotational movement. The first block is used to compensate transducer time constant and
can be neglected by setting time constant Ty to 1.

Transducer filter Gain Wash-out filter Torsional filter Lead/lag filter Limiter
> 1 > K, > 1 > 1 > 1+sT; . 1+5T; > _/_ >
1+s7; 1+sTs 1+A4;5+A4557 1+s7> 1+5Ty

Figure 2. Type PSS1A single-input power system stabilizer. Reproduced from [39], Copyright 2016 IEEE.

Gain Kg defines a circuit gain and damping torque. Gain increase leads to damping
increase until it reaches a maximum point after which a further gain increase results in
less damping torque [40]. Gain should be tuned following the maximum damping but
also all the other limitations need to be taken into consideration. The second block is the
wash-out filter (defined by its time constant T’5). This is a high-pass filter which defines
the operating margin for PSS. PSS should not respond to small and slow changes which



Energies 2021, 14, 5644

4 0f29

are mostly caused by a change of the system operating point. Wash-out filter eliminates
these disturbances and only reacts to transient disturbances [40]. The value of T5 must
be in a range in which it does not change observed frequencies but also does not lead to
unwanted voltage trips. The range for Ts is 1 to 20 s [41]; for local modes, it should be 1-2 s
and 10-20 s for interarea modes [42]. Input in an excitation system and electrical torque as
an output signal has a phase shift, which needs to be compensated. Phase compensation
is achieved with cascade lead-lag filters, which are presented with constants T1-T4. To
simplify the process, it is assumed to be T, = T4 and T = T3. T and T4 usually have fixed
values and the other two-time constants need to be tuned. PSS output voltage needs to be
limited to restrict terminal voltage fluctuations [43]. The output voltage is limited between
values Vgrmin and Vgrmax-

4. PSS Tuning Algorithm

The first step in PSS tuning in the proposed algorithm is the system modal analysis
in order to identify a dominant oscillatory mode since it determines the dynamic system
properties. Each oscillatory mode is the system eigenvalue represented as a complex
pair with the real part—the damping constant, and the imaginary part—the oscillation
(damping) frequency. The dominant system oscillatory mode is identified as the complex
pair closest to the imaginary axis on the system S-plane. The pole placement method used
in this algorithm aims to nullify the imaginary part of the dominant system mode and to
significantly shift it left from the initial location on the S-plane integrating the PSS into
the system [1]. The most efficient PSS application would be for the damping frequencies
range of the dominant system mode within 1.5-12 rads ™!, i.e., for the inter-area and local
oscillatory modes [44]. Hence, the system oscillatory modes with damping frequencies
outside this range will not be the subject for this paper’s analysis.

Once the appropriate dominant system mode is identified, the proposed algorithm
tends to find an optimal location for the PSS implementation in the multi-machine system.
Participation factors determine the contributions of each active component in the system
oscillatory properties [41]. Since the PSS affects the system damping, the participation of
the state variable speed for the dominant oscillatory mode is chosen as a criterion for the
PSS allocation, which implies that the excitation system of the synchronous machine with
the highest participation of the state variable speed in the dominant oscillatory mode is the
most appropriate for the PSS implementation.

The PSS tuning optimization is based on the optimal selection of the PSS parameters:
the washout filter time constant-T5, gain-K, and lead-lag time constants-T, = T4 and
Ty = T3. According to the suggestions in literature [18-20,39,45], the lead-lag-T, = Ty
constants should be set to fixed value T, = T4 = 0.02 s. The washout filter time constant
is set to T5 = 10 s according to the suggested values in [18-20,40]. The initial gain-Kj,,; is
determined according to the damping of the dominant oscillatory mode-u,,,, represented
as [45]:

Ky
— Kdom = 4H (1)
and should be at least equal to coefficient-K;:
Kinit = Ky @)

While coefficient-H represents an inertia time constant of the synchronous machine
with the highest participation in the dominant oscillatory mode.

As recommended in [18-20,39], the initial value for time constants T and T3 should
be T1 = T3 =0.2s.

The PSS tuning procedure proposed in this paper is the optimization problem to find
the PSS gain-K and the PSS time constant-T = T = T3 for the maximal left-shift and the
maximal damping ratio {4, of the dominant oscillatory mode in the S-plane considering
the time-domain behavior of the rotor angle, speed, and active power of the synchronous
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machine with the highest participation in the dominant oscillatory mode after initiating a
(small) disturbance in the system.

The time-domain indices presented in this paper are related to the time-domain
measures of the system performance after initiating a small disturbance. The proposed
measures are based on the sum of the square differences between the initial values of the
rotor angle-d (related to synchronizing torque); speed-w (related to damping torque); active
power-P in steady-state-d;,it, Winit, Pinit; and all of the simulated values é¢, w;, Py during
the time domain simulation period ¢, — ti,;; after a (small) disturbance has been subdued

at the time instant t = f;,;;:
t= tsim b) ) 2
Z ( t— im’t) (3)

t = tinit 5init
t =t 2
ZS’WL <wt - wl}’llt > (4)
Winit

t = tinjt
P (P — P\
L\ ®)
t = tinit init

The smaller outputs of the sum of the square differences (3)—(5) correspond to better
time-domain measures of the system performance. Based on (3)-(5), the weight functions
I's;,[, and I'p are introduced:

b= tsim Y 2
rzS -1 Z (51‘ 5zmt> (6)
t = tinit

A init
Moot Y (wt - wi””>2 %
e
t = tinit Winit
F=tg 2
U e
Tp=1-— ot it 8
P L < Pt ®)

Hence, the output of each weight function closer to 1 represents better time-domain
system performance. Since the damping ratio (4, of the dominant system mode falls into
the interval (0, 1) and indicates better system dynamic properties when it tends to a value
of 1, as the s-domain system performance measure, the damping ratio is comparable with
the proposed weight functions (6)—(8). It follows that a new weight function based on the
damping ratio-I'({) can be presented as:

Tzi = Caom )

Comprising both the time-domain and s-domain measures, the system performance
function can be represented as the weight function-T":

I'= Y Tiswp (10)
,0,w,P

The optimal PSS time constant T is selected as T;; value obtained for the maximal
output of weight function I';(i) which represents the system performance weight function-
I' calculated in the iterative procedure for the j-th cluster composed of five PSS time
constants-T; ; increasing the initial value-T;;;; for the increment of 0.1 s in each subsequent
i-th iteration:

T = T;; for maxT;(i) (11)
i=4
Tij = Tiit + )_1-0,1 (12)

i=0
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Until I';(4) > T;(3), a new cluster, composed of five T; ; will be defined according
to (12), where the initial PSS time constant value will be the last value from the previous
cluster j—1:

Tinit = Taj1 (13)

After the PSS time constant T has been determined, the PSS gain K will be obtained in
iterative procedures with invariant T.
The PSS gain K is chosen as one of the values obtained in the following procedure:

If
maxly ., (i) > maxT;p, (i) (14)
K=Ku
else
K=K

where -K;, is the PSS gain obtained for the maximal output of weight function I'; ,,,,(7),
which represents the system performance weight function-I' calculated in the iterative
procedure for the u-th cluster composed of five PSS gain constants-K; ,,, increasing the
initial PSS gain-Kj,;; for increment 1 in each subsequent i-th iteration:

Ky = K ym for maxT; (1) (15)
i=4

Ki,um = Kinit + Z i-1 (16)
i=0

Until Ty, (4) > T'34m(3), a new cluster composed of five PSS gain constants-K; ,,,, ,
will be defined according to (16) where the initial PSS time constant value will be the last
value from the previous cluster u—1:

Kinit = Kgum—1 (17)

K is the PSS gain obtained for the maximal output of weight function I’; ;,,(i) which
represents the system performance weight function-I" calculated in the iterative procedure
for the I-th cluster composed of five PSS gain constants-K; ;, decreasing the initial PSS
gain-Kj,;; for decrement 1 in each subsequent i-th iteration:

K; = K; 1, for maxT;y, (i) (18)

i=4
Kin = Kinit — Y_ i1 (19)
i=0

Until T'y ;,,(4) > I'31,(3), a new cluster, composed of five PSS gain constants -K; j,,, will
be defined according to (19) where the initial PSS time constant value will be the last value
from the previous cluster [—1:

Kinit = K11 (20)

More detailed insight into the proposed algorithm is presented in Figure 3. The
proposed principle makes both the s-domain and time-domain measures of the system
performance comparable and can be considered beneficial for the PSS fine-tuning.
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Figure 3. PSS tuning algorithm.

5. PSS Tuning Algorithm Impact on the System Performance

The proposed algorithm’s impact on the system performance has been analyzed on the
IEEE 14-bus multi-machine system in DIgSILENT PowerFactory simulation interface. The
single line diagram system model is presented in Figure 4. All the generators in the model
are equipped with AVRs (parameters are given in the Appendix A). Busbars 2, 4, and 5 are
equipped with static compensation devices (parameters are given in the Appendix A).

Modal analysis of the system indicates, on 55 modes (eigenvalues), 22 modes are
oscillatory while 33 modes are monotone. Damping frequencies of five oscillatory modes
fall in the range of 8.6-13 rads ! (1.3-2.1 Hz), which corresponds to local modes and will be
further analyzed in Table 1. Other oscillatory modes correspond to low-frequency modes
mainly caused by AVRs and are supposed to be well-damped after the PSS implementation.
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Figure 4. IEEE 14 bus system model in DIgSILENT PowerFactory simulation interface.
Table 1. Local oscillatory modes for the analyzed system without the PSS implementation.
Mode Number a[s71] +jw [rad s—1] =
Mode 1 —0.6029112884 8.6001286177 0.069933275444
Mode 2 —3.0888275889 9.1371914398 0.32024636109
Mode 3 —3.3668021306 10.953437301 0.30026554697
Mode 4 —3.7886935644 11.819709815 0.30524242934
Mode 5 —4.5222909467 12.584279377 0.33818650996

The root-locus diagram of the analyzed system is presented in Figure 5; monotone
modes are marked green, low-frequency oscillatory modes are marked red, while local
oscillatory modes are marked blue.

The damping closest to the horizontal axis on the S-plane indicates Mode 1 as the
dominant oscillatory mode. According to the algorithm proposed in the previous chapter,
the PSS location will be determined considering the highest participation of the generator
speed state variable in the dominant oscillatory mode. As can be seen in Table 2, the highest
participation, the value of 0.954, belongs to synchronous generator 1 (Genl, highlighted in
Figure 4), which implies that the excitation system of this generator is the most suitable for
the PSS implementation. The participation of other synchronous generators (Gen 2-Gen 5
and External Grid) in the dominant system mode can almost be neglected.
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Figure 5. Root locus diagram of the analyzed system without the PSS implementation.

Table 2. Participation of the generator speed state variable for the dominant oscillatory mode.

Generator Unit Participation in Mode 1
Genl 0.954
Gen2 0.120
Gen3 0.005
Gen4 0.003
Gen5 0.002
External Grid 0.046

After the PSS location has been determined, the tuning process begins with washout
filter time constant setting to Ts = 10 s according to the proposed algorithm, i.e., the
suggested values in [18-20,39]. This value will not affect the regulation loop regarding
the phase shift. According to (1) and (2), the initial PSS gain is set to K = Kj,;;; = 10. The
value for the time constants T7 and T3 is initially set to T1 = T3 = 0.2 s (recommended
in [18-20,39]).

5.1. PSS Lead-Lag Tuning

According to (11) and (12) in the proposed algorithm, modal analyses and time-domain
simulations are made in clusters containing five samples, changing T = T1 = T3 in each iteration
while maintaining the PSS gain as a constant value. Table 3 shows the modal analyses results
for time constants of cluster 1 — T;; = T = 0.2-0.6 s for the dominant oscillatory mode.
Increasing PSS time constants T shifts this pole further to the left side of the S-plane and at
the same time increases the damping ratio. The maximum value of the damping ratio and
the minimum value of the damping are fulfilled with the time constant(s) T =T3; =0.5s. A
further increase of time constant(s) pushes the dominant oscillatory pole back in the right
part of the S-plane while at the same time the damping ratio decreases (Figure 6). Mode T
represents the dominant pole without implemented PSS.
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Table 3. Dominant oscillatory pole for PSS parameters K =10, T = T; 1 = 0.2-0.6 s (cluster 1).
i T;q [s] o [s71] +jew [rad s—1] z
0 0.2 —0.846729311 8.6001286177 0.094299372
1 0.3 —1.306793920 9.1371914398 0.141835333
2 0.4 —2.059476510 10.953437301 0.214871539
3 0.5 —2.442664922 11.819709815 0.507928180
4 0.6 —2.024097138 12.584279377 0.425562142
T2, T ”
e =T To 1
/ — T
/ .-\- 0o )
/ N
//
/
/ 5
&3 e o
2
-25 -2 -15 -1 -05 o
2
\
\\ -
\ "
&__7_,_7_770-—7—*—" .
—10]
—12 ]
—14 ]

Figure 6. Dominant oscillatory pole movement in the S-plane after the PSS implementation with
K =10 and the increasing time constants from T =0.2sto T = 0.6 s.

The observed variables in the time-domain simulations are rotor angle, speed, and
active power of Gen 1 after initiating a (small) disturbance (3-phase short-circuit) on BUS
4 with the duration of 30 ms at the time instance ¢;,;; = 0.1 s from the simulation begin-
ning. Figure 7 shows the rotor angle response with different PSS time constant(s)-T = T}
setting. As can be seen from the figure, increasing the PSS time constant(s) results in a
shorter settling time and decreased overshoot and undershoot of the rotor angle during
the transitional process. Similar behavior is shown by the generator speed (Figure 8) and
the active power (Figure 9).
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Figure 7. Genl rotor angle response on a small disturbance with PSS parameters K =10, and T =T;,; = 0.2-0.6 5.
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Figure 8. Gen1 speed response on a small disturbance with PSS parameters K =10, and T = T},; = 0.2-0.6 s.

Visual observation of the mentioned figures implies the most favorable time-domain
system performance measures with PSS gain-K = 10 and time constant(s)-T = T4 1 = 0.6 s.

Table 4 shows results of the weight functions calculated following the proposed
algorithm for the first cluster.
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Figure 9. Genl active power response on a small disturbance with PSS parameters K = 10, and

T=T;1 =02-06s.

Table 4. Weight functions for K =10, T = T; 1 = 0.2-0.6 s (cluster 1).

i T; [s] I Lwi Ts;i I'p; 1E10)

0 0.2 0.094299 0.999995596 0.989720196 0.936069374  3.02008453797
1 0.3 0.141835 0.999996902 0.991708475 0.955296445  3.08883715433
2 0.4 0.214872 0.999997748 0.993060487 0.968084688  3.17601446330
3 0.5 0.507928 0.999998262 0.993814845 0.976163024 3.47790431049
4 0.6 0.425562 0.999998447 0.993415907 0.980405629 3.39938212468

Except for I';, the time-domain weight functions-I',; and I'p; increase with increasing
the PSS time constant(s)-T; 1. However, the system performance weight function-I'; (7)
obtained maximum for I'1(3), which corresponds to PSS parameters K=10and T =T3, =
0.5s. Since I'1 (4) < I'1(3), a new cluster (cluster 2) of five samples of PSS time constant(s)-T; »
will not be created, T3 will be selected for the PSS time constant(s)-T:

max I'1(1) =T1(3) — T3,1 =T=05s

The weight functions from Table 1 are illustrated in Figures 10-14.
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Figure 10. I';; for PSS parameters K =10, T =T, 1 = 0.2-0.6 s.
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Figure 11. T, for PSS parameters K = 10, T = T;,; = 0.2-0.6 s.
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Figure 12. T's; for PSS parameters K =10, T =Tj,; = 0.2-0.6 s.
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Figure 13. I'p; for PSS parameters K =10, T =Tj,; =0.2-0.6 s.
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I, vs PSS time constant(s) -T
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Figure 14. Ty for PSS parameters K=10, T =Tj;,; =0.2-0.6 s.

5.2. PSS Gain Tuning

Performed time-domain simulations imply the insignificant influence of the (small)
disturbance duration on the PSS time constant tuning. However, the PSS gain tuning will
be studied for different durations of the same (small) disturbance (3-phase short-circuit)
on BUS 4.

5.3. Case Study 1—Disturbance Duration 30 ms

Following the proposed algorithm, the PSS gain is varied from the initial value K
= Kjpit = 10. Table 5 presents the dominant oscillatory pole s-domain measures for the cluster
where the PSS initial value is decreased by 1 in each subsequent iteration (lower cluster).

Table 5. Dominant oscillatory pole for PSS parameters T = T1 = T3 = 0.5 s, K;,, = 6-10, n = 1 (lower
cluster 1).

i Kin a[s71] +jw [rad s~ 1] 3

NO PSS —0.602911288 +8.600128618 0.069933275
0 6 —2.044897210 +9.123657619 0.218705293
1 7 —2.323979821 19.251852650 0.243622413
2 8 —2.615513529 49.361915009 0.269074414
3 9 —2.536071719 +4.118411476 0.524347042
4 10 —2.442664922 14.142534779 0.50792818

Table 6 presents the dominant oscillatory pole s-domain measures for the cluster where
the PSS initial value is increased by 1 in each subsequent iteration (upper cluster).

Table 6. Dominant oscillatory pole for PSS parameters T = 0.5 s, K; ,,,,, = 10-14, m = 1 (upper cluster 1).

i K a[s71] +jw [rad s—1] £

0 10 —2.442664922 +4.142534779 0.50792818
1 11 —2.350630618 +4.154693103 0.492426473
2 12 —2.262346344 +4.156618791 0.478053895
3 13 —2.179202113 +4.150363212 0.464877617
4 14 —2.101785372 +4.137873414 0.452866896

Increasing the PSS gain in the lower cluster 1 resulted in the initial dominant system
oscillatory pole (system without the PSS) better damping ratio and movement to the left
side of the S-plane until a complex pair of the eigenvalues obtained for PSS gain K3y =9
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became a new dominant oscillatory pole. However, the further increase of the PSS gain in
lower cluster 1 resulted in the dominant system oscillatory pole decreased damping ratio
and movement to right-side on the S-plane, which was continued in the first upper cluster 1

too (Figure 15).
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Figure 15. Dominant oscillatory pole before the PSS implementation-K g and after the PSS imple-
mentation with T = 0.5 s, PSS gain increase in the lower cluster 1-K; , = 6-10 and the upper cluster
1 Ky = 10-14.

On the other hand, a continual increase of the PSS gain in both lower cluster 1 and upper
cluster 1 resulted in better time-domain measures of the system performance (Figures 16-18).
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Figure 16. Genl rotor angle response on a small disturbance with PSS parameters T = 0.5 s, the PSS
gain increase in the lower cluster 1-K; j,, = 6-10 and the upper cluster 1 K; ,,,, = 10-14.
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Figure 17. Genl speed response on a small disturbance with PSS parameters T = 0.5 s, the PSS gain
increase in the lower cluster 1-K; ;, = 6-10, and the upper cluster 1 K; ,,,,, = 10-14.
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Figure 18. Gen1 active power response on a small disturbance with PSS parameters T = 0,5 s, the PSS
gain increase in the lower cluster 1-K; ;,, = 6-10 and the upper cluster 1 K; ,,,, = 10-14.

Tables 7 and 8 give an overview of the proposed weight functions. The damping ratio
of the dominant oscillatory mode reached the maximum in the lower cluster 1 for the PSS
gain K3 ;; = 9. Weight functions representing the generator speed-I'y,; and active power-I'p;
increase with the PSS gain increase. The weight function representing the rotor-angle-I's;
increases with the PSS gain increase before it reaches the maximum in upper cluster 1, for
Ky =11

Since I’; j; (i) reached the maximum for I'; j;(1) and I'y j;(4) < I'31(3), according to (18),
it follows:

Ki=Kin =9

Further, I'; ;1 (i) reached the maximum for I'g ;1 (0) and I'y ;1 (4) < I'3,1(3), according to
(15), it follows:

Ky = KO,ul =10
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Further, according to (14):
maxT (i) < maxT;p, (i)
Which implies that the PSS gain K is chosen as:
K=K =Ky =9

Table 7. Weight functions for PSS parameters T = 0.5 s, K; j,, = 6-10, n = 1 (lower cluster 1), t = 30 ms.

i Kin Tzin Twin Tsin I'pin T; ()

0 10 0.507928 0.9999982622 0.9938148445 0.9764722440 3.8037042787
1 9 0.524347 0.9999981598 0.9937118105 0.9749639780 3.8180089833
2 8 0.269074 0.9999980102 0.9934398148 0.9729530840 3.5597830173
3 7 0.243622 0.9999978261 0.9930707387 0.9705117330 3.5307066213
4 6 0.218705 0.9999976055 0.9926580155 0.9675305460 3.5014016407

Table 8. Weight functions for PSS parameters T = 0.5 s, K; ,,,, = 1014, m = 1 (upper cluster 1); t = 30 ms.

i Kin Teim T wim Tsium I'pi | FRC))

0 10 0.507928 0.9999982622 0.9938148445 0.976472244 3.80370427871
1 11 0.492426 0.9999983415 0.9938523457 0.977678002 3.78984782950
2 12 0.478054 0.9999984003 0.9938187092 0.978677412 3.77677422066
3 13 0.464878 0.9999984437 0.9937383989 0.979498216 3.76461208143
4 14 0.452867 0.9999984808 0.9936327709 0.980223698 3.75346307772

It can be noticed that the overall weight functions I'; ,,,,, and T’; ;,, are mainly influenced
by the s-domain system performance measures. However, the weight functions related to
time-domain system performance measures increase with the PSS gain increase, resulting
in better over-shoots and under-shoots of the simulated variable after initiating a (small)
disturbance. High amplitudes of the active power oscillations can cause the loss of load
and trigger the protection devices in the system. Decreased amplitude of the active power
oscillations obtained with the PSS gain increase supports the idea of tuning PSS taking into
consideration both the s-domain and time-domain system performance measures.

The weight functions from Tables 7 and 8 are presented in Figures 19-23. For the sake
of better visibility, the results for both lower cluster 1 and upper cluster 1 are shown on a
single diagram.

/—C vs PSS gain
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Figure 19. I'; (I'z; 1 and I';,,1 from Tables 7 and 8) for PSS parameters T = 0.5 s, K = 6-14.
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Figure 20. I, ([;;1 and Iy, ;1 from Tables 7 and 8) for PSS parameters T = 0.5 s, K = 6-14.
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Figure 21. I's (I's; ;1 and I's; ,,1 from Tables 7 and 8) for PSS parameters T = 0.5 s, K = 6-14.
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Figure 22. I'p (I'p; ;1 and I'p; ;1 from Tables 7 and 8) for PSS parameters T = 0.5 s, K = 6-14.
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Figure 23. Genl rotor angle response on a small disturbance with PSS parameters T = 0.5 s, the PSS gain increase in the
lower cluster 1-K; j, = 6-10, and the upper cluster 1 K;,,,,, = 10-14.
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Due to protection activation time and circuit-breaker opening time, in the real power
system, disturbance duration lasts longer than the one simulated in this case study, hence
the proposed algorithm performance will be examined for longer disturbance durations.

5.4. Case Study 2—Disturbance Duration 150 ms

The observations from the aforementioned case study will be supplemented with the
new time-domain system performance measures for the disturbance duration of 150 ms. The
simulation results for the lower cluster 1 and the upper cluster 1 are presented in Figures 23-25.

2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time [s]
K=7 K=8 —K=9 —K=10
—K=12 —K=13 —K=14

Figure 24. Gen1 speed response on a small disturbance with PSS parameters T = 0.5 s, the PSS gain increase in the lower
cluster 1-K; j,, = 6-10, and the upper cluster 1 K; ,,,, = 10-14.
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Figure 25. Genl1 active power response on a small disturbance with PSS parameters T = 0.5 s, the PSS gain increase in the

lower cluster 1-K; ,, = 6-10, and the upper cluster 1 K; ,,,,, = 10-14.

Genl rotor angle settling time and the maximal undershoot increase with the increase
of the PSS gain in both upper cluster 1 and lower cluster 1 in this study case. The active
power and the generator speed undershoot decrease with the PSS gain increase while
the settling times remain almost the same. Tables 9 and 10 give an overview of the
proposed weight functions.

Table 9. Weight functions for PSS parameters T = 0.5 s, K;;,, = 6-10, n = 1 (lower cluster 1), t = 150 ms.

i Kin Tein T'win Tsin Ipin I;n0)

0 10 0.507928 0.9999717530 0.8671126304 0.6144343930 2.9894469569
1 9 0.524347 0.9999706671 0.8723687207 0.5977923551 2.9944787854
2 8 0.269074 0.9999693749 0.8766792552 0.5791968020 2.7249198464
3 7 0.243622 0.9999679219 0.8801760142 0.5594264612 2.6831928107
4 6 0.218705 0.9999662783 0.8826227186 0.5379485031 2.6392427924

Table 10. Weight functions for PSS parameters T = 0.5 s, K; ,,,,, = 10-14, m = 1 (upper cluster 1);

t =150 ms.
i K Teim T wim Tsiut I'piut [0
0 10 0.507928 0.9999717530 0.8671126304 0.6144343930 2.9894469569
1 11 0.492426 0.9999726603 0.8609451785 0.6293255630 2.9826698748
2 12 0.478054 0.9999734435 0.8539854267 0.6432479360 2.9752607011
3 13 0.464878 0.9999741856 0.8468810809 0.6563139020 2.9680467857
4 14 0.452867 0.9999748504 0.8395454183 0.6686698430 2.9610570069

Speed weight function I', as well as active power weight function I'p increase with
the PSS gain increase. As in the previous study case:
I'; ;1 (i) reached the maximum for I'y ;; (1) and I'y j1(4) < I'31(3), and according to (18),
it follows:

K, =

Kin=9
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I'; 41(i) reached the maximum for I'y ;1 (0) and I'y ;1 (4) < I'3 4,1(3), and according to (15),
it follows:
Ky = Ko1 =10

Further, according to (14):
maxT (i) < maxT;p, (i)
Which implies that the PSS gain K is:
K=K =K,nn=9

The difference between the maximal outputs of the T;,,,(7) and T'; ;,,(i) functions is
smaller than in the previous case study, implying that the disturbance duration affects the
weight functions related to the time-domain system performance measures and emphasize
their significance in the PSS tuning process. As in the previous case study, the weight
functions from Tables 9 and 10 are illustrated in Figures 26-29.

I'z vs PSS gain
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Figure 26. I'; (I'z;;1 and I'; ;1 from Tables 9 and 10) for PSS parameters T = 0.5 s, K = 6-14.
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Figure 27. T, (I';;1 and T'y;; ;1 from Tables 9 and 10) for PSS parameters T = 0.5 s, K = 6-14.
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Figure 28. I's (I'5; ;1 and T';,,1 from Tables 9 and 10) for PSS parameters T = 0.5 s, K = 6-14.
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Figure 29. I'p (I'p; ;1 and I'p; ;1 from Tables 9 and 10) for PSS parameters T = 0.5 s, K = 6-14.

5.5. Case Study 3—Disturbance Duration-220 ms

New time-domain system performance measures for the (small) disturbance duration
of 220 ms are obtained from the simulations presented in Figures 30-32.
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Figure 30. Genl rotor angle response on a small disturbance with PSS parameters T = 0.5 s, the PSS gain increase in the
lower cluster 1-K; j,, = 610, and the upper cluster 1 Kj,y, = 10-14.
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Figure 31. Gen1 speed response on a small disturbance with PSS parameters T = 0.5 s, the PSS gain increase in the lower
cluster 1-K; ,, = 6-10, and the upper cluster 1 K;,ym = 10-14.
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Figure 32. Genl active power response on a small disturbance with PSS parameters T = 0.5 s, the PSS gain increase in the

lower cluster 1-K; ,, = 610, and the upper cluster 1 Kj,y, = 10-14.

Tables 11 and 12 give an overview of the weight functions. As in the previous
case, the weight functions related to generator speed and active power increase with the
PSS gain increase in both lower cluster 1 and upper cluster 1 while the rotor angle weight
function decreases.

The damping ratio of the dominant oscillatory mode reached the maximum in the
lower cluster 1 for the PSS gain K j; = 9.
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Table 11. Weight functions for T = 0.5 s, K; j,, = 6-10, n = 1 (lower cluster 1); t = 220 ms.

i Kin Tzin Twin Tsin Ipin I @)

0 10 0.507928 0.9999430777 0.7031884278 0.211588861 2.42264854628
1 9 0.524347 0.9999411008 0.7163057813 0.183731701 2.42432562562
2 8 0.269074 0.9999389630 0.7280097024 0.154920355 2.15194343419
3 7 0.243622 0.9999366821 0.7383721799 0.124432751 2.10636402651
4 6 0.218705 0.9999341808 0.7469502268 0.091936998 2.05752669831

Table 12. Weight functions for T = 0.5, K; ,,,, = 1014, m = 1 (upper cluster 1); t = 220 ms.

i K;n Teim T wim Isim I'pin T

0 10 0.507928 0.9999430777 0.7031884278 0.211588861 2.42264854628
1 11 0.492426 0.9999449201 0.6889357381 0.238297313 2.41960444481
2 12 0.478054 0.9999466013 0.6733378546 0.263934882 2.41527323297
3 13 0.464878 0.9999480314 0.6559384555 0.286974980 2.40773908371
4 14 0.452867 0.9999493362 0.6376144533 0.308911693 2.39934237831

I'; 11 (i) reached the maximum for I'; 1 (1) and I'y ;1 (4) < T3;1(3) and, according to
(18), it follows:
Ki=Kyn=9

Further, I'; ;1 (i) reached the maximum for I'g ;1 (0) and I'y ;1 (4) < T'3 ,1(3) and, according
to (15), it follows:
Ky = Kp1 =10

Further, according to (14):
maxly (i) < maxT;p, (7).
Which implies that the PSS gain K is chosen as:
K=K =Kn=9

Here, it can also be noticed that difference between weight functions I' j;(1) — Ky 3 =9
and Iy ,1(0) — Ko = 10 becomes smaller as the fault duration increase. The weight functions
from Tables 11 and 12 are presented in Figures 33-37.

I'z vs PSS gain

K=6 K=7 K=8 K=9 K=10 K=11 K=12 K=13 K=14

Figure 33. I'; (I'z; ;1 and I'g; ;1 from Tables 11 and 12) for PSS parameters T = 0.5 s, K = 6-14.
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Figure 34. T, (I',;1 and I'y,; ;1 from Tables 11 and 12) for PSS parameters T = 0.5 s, K = 6-14.
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Figure 35. I's (I'5; ;1 and I's; ;1 from Tables 11 and 12) for PSS parameters T = 0.5 s, K = 6-14.
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Figure 36. I'p (I'p; ;1 and I'p; ;1 from Tables 11 and 12) for PSS parameters T = 0.5 s, K = 6-14.
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Figure 37. Weight functions: I';,;; (i)—(i = 04 for K = 6-10), I'; ,1({) (i = 0—4 for K =10-14), T =0.5s.

The difference between the outputs of the weight functions I'; ;1 (i) and I'; ,,1 (i) becomes
insignificant with further PSS gain increase after the maximum has been reached for K =9
(Figure 37).

Hence, the weight functions representing the time-domain system performance mea-
sures have a more significant influence on the PSS parameters selection. The weight
function associated with the generator active power oscillations is of particular importance
since the active power oscillations can lead to the load loss. All the simulation results
indicate the lower amplitude of active power oscillations if the PSS parameters are selected
according to a higher value of this function. Therefore, the impact of the proposed weight
function associated with the generator active power oscillations can be emphasized by mul-
tiplying it with the corrective factor. Even multiplied with value 1.1, the weight functions
I'p; ;1 and I'p;,,1 will increase the PSS gain from K = 9 to K = 10. With the further increase of
this corrective factor, the reduction of the active power oscillations amplitudes will be more
emphasized. The decision of the most appropriate corrective factor value will be subjected
to future works applying machine learning methods.

6. Conclusions

In this paper, an algorithm for the PSS1A tuning comprising both the s-domain
and the time domain system performance measures was proposed and tested on multi-
machine IEEE 14-bus system model. The location of the PSS implementation is determined
by analyzing the participation of the generator speeds state variables in the dominant
oscillatory mode of the analyzed system. The well-known phase compensation method
for the PSS tuning based on the s-domain system performance measures has only been
upgraded with the time-domain system performance measures incorporating the weight
functions comparable with the damping ratio of the dominant system mode as the proposed
weight function related with the s-domain system performance measures. For different
system disturbance durations, three case studies were examined. As the duration of system
disturbances increases, the impact of the time-domain system measures on PSS tuning
increases as well. Besides the damping of the electromechanical oscillations in the power
system, the implementation of the PSS, according to the proposed algorithm, can reduce
the amplitudes of the active power oscillations to which the modern power systems with
possible inertia reduction are particularly vulnerable. Hence, the PSS implementation and
tuning, according to the proposed algorithm, can be beneficial for both small-signal and
transient stability in the power system.
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Appendix A
AVR parameters (AVR, IEEE URST5B):

AVRI, AVR2, AVR3: T =0.01s, Tp1 =10s, Te1 =25, Tpp =15, Tep =15, Ky =200 p.u,,
T1=001s,K.=01p.u, Vi, = =3p.u., Viyaxr =34 p.u.

AVR4, AVR5: Ty =0.01s,Ty1 =10s,Te1 =25, Tpp =15, Tep =15,K, =150 p.u., T1 =0.01 s,
Ke=01pu, Vi = =3 pu., Vi =34 pau.

Static compensation devices parameters:

SC: Sp =100 MVA, Up = 13.8 kV, Uy = 1.07 p.u., Quax = 0.24 p.u., Qpin = —0.06 p.u,,
Vinax =12 pu., Vi, = 0.8 pou

SCI: Sp = 100 MVA, Up = 69 kV, Uy = 1.01 pu., Quax = 0.4 p.u., Quin = 0.00 p.u,,
Vinax =12 pau., Vi = 0.8 pou

SC2: Sp =100 MVA, Up =18 kV, Uy = 1.09 p.u., Quax = 0.24 p.u., Qi = —0.06 p.u,,
Vinax =12 pau., Vi, = 0.8 pou
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