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Abstract: Power system stabilizers (PSSs) are widely used for suppressing low frequency oscillations
in practical power systems. However, according to the requirement of the “guide for setting test of
power system stabilizer” of China, PSS gain is limited to no more than 1/3 of its critical gain. As a
result, PSSs may not provide enough damping to the inter-area mode oscillations. Through analyzing
the Heffron-Phillips (H-P) model of the generator with PSS, it is found that exciter mode will become
unstable when PSS exceeds its critical gain. This exciter mode is formed by the natural characteristic
of the exciter-PSS loop. To address this problem, a novel PSS with a parallel component added to the
conventional PSS is proposed to improve its critical gain. Therefore, large gain can be chosen for the
proposed PSS to meet the critical gain requirements of the guide and provide enough damping to
the inter-area modes simultaneously. Simulation results on the Ximeng coal power station of China
verify the effectiveness of the proposed PSS.

Keywords: low frequency oscillation; exciter mode; critical gain, power system stabilizer;
excitation system

1. Introduction

The interconnection of regional power systems makes the stability of a large-scale power system
increasingly important and challenging [1]. Since the power generation sources are usually far away
from the load centers in China, huge power need to be delivered from the north or southwest to east
China through long transmission lines [2—4]. This situation may increase the risk of low frequency
oscillations (LFOs) occurring [5]. Thus, damping of inter-area low-frequency oscillations is one of the
main concerns in the operation of such power system [6,7].

PSS is a cost-effective way to suppress LFO [8,9]. To improve the performance and adaptability
of PSS, lots of intelligent optimization algorithms, such as genetic algorithm [10], grey wolf
optimization [11], adaptive particle swarm optimization [12], culture particle swarm optimization
co-evolutionary algorithm [13], have been applied for tuning the parameters of PSSs. However, these
methods are based on an accurate model of the power system, which is hard to obtain for a practical
power system. Moreover, numerous advanced control techniques, such as robust control [14], linear
matrix inequality approach [15,16], synergetic control approach [17,18], are proposed to design PSSs,
but the structure and parameter tuning of these controllers are far more complicated than those of the
conventional PSS (CPSS) and hence not preferred by the engineers and transmission system operators.
Consequently, the CPSSs are widely used in the practical power system and still tuned individually by
phase compensate method in China [5,19].
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However, PSS may have limitations in suppressing LFO under certain circumstances [20,21].
Especially in a bulk power transmission system, PSSs may not provide enough damping to inter-area
modes even if they are properly tuned according to the “Guide for setting test of power system
stabilizer” standard of China [19]. To let PSSs provide sufficient damping to the concerned oscillations,
larger gain is required for the PSSs.

Unfortunately, further increase of the PSS gain may decrease the damping of other modes and
results in divergent oscillations [22]. Thus, PSS gain has certain limitations in suppressing LFO. The
setting gain of PSS is recommended to be chosen about 1/3 of its critical gain [23-25]. Therefore, PSS
gain is required to be no more than 1/3 of its critical gain in the “Guide for setting test of power system
stabilizer” [19]. That is to say, in a bulk power transmission system, the chosen gain of PSS may not be
large enough to provide sufficient damping to the inter-area modes owing to the upper limitation of
the critical gain.

To address this problem, mechanism analysis is needed to find out the crucial factors of PSS critical
gain. A new PSS with larger critical gain is also required to provide sufficient damping to the inter-area
modes in such systems. This paper analyzes the above problem and solutions are also provided to
enhance the performance of PSS in suppressing inter-area oscillations. The main contributions of this
paper are as follows:

1.  Mechanism analysis of the phenomenon that PSS may not provide enough damping to inter-area
modes due to the limitation of its critical gain is carried out. The analysis results reveal that the
damping of exciter mode oscillation limits the critical gain of PSS. The increase of PSS gain may
cause unstable exciter mode oscillations because of the natural frequency characteristics of PSS
and excitation system.

2. Anovel PSS (NPSS) is proposed by adding a parallel component on CPSS. It has better phase
characteristics in the frequency range of exciter modes so that damping of exciter modes is
enhanced. As a result, the critical gain of the NPSS is significantly improved so that NPSS can
provide sufficient damping to inter-area modes by increasing its gain.

3. Validations of the analysis and control are undertaken by small signal analysis and time domain
simulations in the Ximeng bulk power transmission system. Results verify the correctness of the
analysis and the effectiveness of the NPSS control. Thus, the problem is solved satisfactorily.

The rest of the paper is organized as follows. The critical gain problem of PSS is described and
analyzed in Section 2. Section 3 introduces the structure and parameter setting of the proposed PSS.
Case studies are undertaken based on the Ximeng coal power station of China in Section 4. Conclusions
are drawn in Section 5.

2. Analysis of the Power System Stabilizer Critical Gain Problem

2.1. Problem Phenomenon

The phenomenon of PSS critical gain problem is described in detail in this subsection. Critical
gain is the largest gain of a controller that can maintain a system stable. PSS exceeding its critical gain
will cause unstable oscillations. In order to ensure enough stability margin for the PSS control, its gain
is restricted to under a certain proportion of its critical gain. According to the “Guide for setting test of
power system stabilizer”, the regulation about putting a PSS into operation is that the PSS gain should
be no more than 1/3 of its critical gain.

However, the PSS whose gain is determined according to this regulation may not always provide
enough damping to inter-area modes. For example, in the Ximeng coal power station of China, if one
of the two 1000 kV AC transmission lines from Ximeng to Beijing is tripped because of a three phase
short circuit fault, there will occur an inter-area oscillation in the system. Although all the generators
are equipped with properly tuned PSSs, power plants in Ximeng will still oscillate against North China
Power Grid with a small damping ratio.
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In that case, the larger gain is required for all these PSSs to provide sufficient damping to this
inter-area oscillation. But if the PSS gain is increased to provide more damping, it will certainly exceed
1/3 of its critical gain. This situation violates the regulations in the guide and the PSS cannot be
put into operation. Moreover, turbine governor system may also bring negative damping torque to
decrease the damping of the LFO [26], and make this contradiction more serious.

2.2. Problem Mechanism

In order to solve this problem, PSS is required to have higher critical gain to maintain flexibility
and adaptability in suppressing LFO. Thus, it is important to investigate the mechanism of destabilizing
effect to the system caused by the increase of PSS gain.

In the following analysis, a self-shunt excitation system with CPSS is used because it is commonly
used for a large capacity generator unit. Under such condition, when PSS gain exceeds its critical gain,
it will cause an unstable oscillation in the frequency range of 3-8 Hz. By using eigenvalue analysis, this
oscillation mode is related to the state variables of PSS and exciter. Thus, it is called exciter mode. That
is to say, the increase of PSS gain will cause unstable exciter mode oscillation. Characteristics of the
exciter mode can be analyzed by using the Heffron-Phillips (H-P) model of the third-order generator
including PSS shown in Figure 1 [8]. The definition of the parameters can be found in [8]. Ge(s) is the
transfer function of the exciter and Gpss(s) is the transfer function of PSS. It can be seen that exciter
is in the loop of AM,», thus it is reasonable to study the characteristics of exciter mode on this loop.
It is called exciter-PSS loop in the later text. This loop is divided into two parts, part 1 is the transfer
function from —AP, to Aus, and part 2 is the transfer function from Al to AMe;.

K, [e
AM., Part 1
)
—AP, 1 [
RQ—— = fe 5 2o As
Y T,s S
AM, A v
6.0 |—& [K+K/00
K i Part2 ~ = Exciter-PSS
G [ SR loop
K Ky P G.(s) 4
1+K, T s ¢ —xAU =0
> K,

..........................

Figure 1. The Heffron-Phillips (H-P) model of the third-order generator including power system
stabilizer (PSS).

In part 1, transfer function Gp(s) is paralleled with transfer function Gpss(s), where Gy, is
represented as:

Gpl(s) = (K5 + fos) ) = )

Since the magnitude of G(s) is far less than that of Gpss(s) in the frequency range of 3-8 Hz, the
influence of Gp(s) can be neglected. Note that the negative sign of —AP, is moved to Aus in Figure 1 in
the later analysis, thus the sign of Aug is regarded as negative later.

The phase-frequency characteristic of part 2 is shown in Figure 2a. The PSS mainly compensate the
phase lag of excitation system in the frequency range of 0.2-2.5 Hz. The phase-frequency characteristic
of part 1 is shown in Figure 2b. It can be seen that the phase of part 1 and part 2 decrease monotonically
and the sum of their phase lag will cross —180° in the frequency range of 3-8 Hz, as is shown in
Figure 2c. The frequency that the phase lag crosses —180° is f.. Taking into account the negative sign
of —AP,, an oscillation with the frequency of f. injecting from the position of U, will have the same
phase when feeds back to signal us after passing part 2 and part 1. If the magnitude response of the
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loop reaches 0 dB at f,, it indicates that the feedback signal oscillates the same as the input signal.
It means an oscillation with the frequency of f. will not decay in the closed loop system. In other
words, an unstable exciter mode oscillation with the frequency of f. will occur in the system. Thus, the
loop will reach its critical gain.
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Figure 2. Phase response of the exciter-PSS loop. (a) Phase characteristics from Al,e¢ to AMgy; (b) phase
characteristics from —AP, to Aug; and (c) the sum of phase lag of part 1 and part 2.

To sum up, the increase of the PSS gains will increase the damping ratio of LFOs while at the
same time it will decrease the damping ratio of exciter mode. This phenomenon is caused by the
phase-frequency characteristics of the exciter-PSS loop in the frequency range of 3-8 Hz. When PSS
reaches its critical gain, it will form a positive feedback on the exciter-PSS loop. Therefore, an unstable
exciter mode oscillation will occur in the system. In other words, damping of exciter mode oscillation
restricts the critical gain of PSS, which further limits the gain of PSS. Consequently, the damping
provided by PSS to inter-area modes will be insufficient. Therefore, the PSS should have a higher
critical gain to ensure that the PSS can provide enough damping to the inter-area modes.

3. Design of the Novel Power System Stabilizer with High Critical Gain

3.1. Structure of the Novel Power System Stabilizer

According to the theoretical analysis in Section 2, it is known that characteristic of exciter mode
is determined by the frequency characteristics of exciter-PSS loop. This loop is formed by part 1
and part 2 in Figure 1. To improve the damping of exciter mode oscillation, the phase-frequency
characteristics of the exciter-PSS loop on high frequencies should be improved. Considering output
of part 2 is generator active power, it is hard to put a supplementary control parallel with part 2. But
output of part 1 is that of PSS, it directly goes into excitation system. Thus, it is convenient to add a
supplementary control on part 1. The diagram of the proposed control is shown in Figure 3.

Supplementary control to provide phase lead on 3-8Hz

Gclrl (S)
—AP, Y+
Gpartl(s) | 3
Au,
+
G part2 (S)

Figure 3. Diagram of the supplementary control for enhancing damping of exciter mode.

The input of the supplementary control is —AP. and its output is Aus. After neglecting
(K5 + %ELS)) 20, part 1 becomes %Gpss(S), so it is reasonable to add this supplementary control
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on the PSS. Therefore, an NPSS by adding a parallel component on the conventional PSS is proposed.
The model of the NPSS is designed as Figure 4 shows.

conventional PSS

: Aw TyS 1+T;s 14T,
| 14T, 1+T,s 1+Ts
L

| _AI; _______________________
|_

: e Gctrl (S)

the parallel componet

Figure 4. Model of the novel power system stabilizer (NPSS).

This parallel component should improve phase lead of PSS in the frequency range of 3-8 Hz but
have little influence on the LFOs. In that case, it is reasonable that this component can be designed as a
high pass filter as shown in Equation (2):

K.T.s
G = 2
ctrl(s) 1+TCS ( )
where K_ is the filter gain and T is the time constant.
The output of the NPSS is:
Tws 1+T151+T3S K.Tes
Aug = K K AP, 3
PSS T Tys 14 Tys o T Kpss T g (FAR) ©)

Tws 1+4Ty5 1+T3s
+Tws 1+T25 1+T4S

Kpgg Xe T S( AP.). The former one is the same as the conventional PSS. The latter one is the
supplementary control provided by the parallel component. When the frequency of oscillation is low,

It consists of two parts, the former one is Kpssi4—~ Aw, the latter one is

s is small so that magnitude of the latter one is small that it has little influence on us. It indicates that
the former one dominates the NPSS characteristics in the frequency range of LFOs. When s gets into
the frequency range of exciter modes, the magnitude of the latter one increases significantly so that it
can provide phase lead on part 1. In that case the phase characteristics of part 1 are improved so that
the damping of exciter mode is enhanced.

3.2. Parameter Determination of the Proposed Novel Power System Stabilizer

The parallel component added to the PSS has brought two new parameters to be set, they are T
and K.. These two parameters can be tuned through Bode analysis. Considering that the component
should have enough effect over 3 Hz and little effect under 2.5 Hz simultaneously, T. should be as
small as possible. It can be set to 0.01 s by taking practical limit into account.

To tune K, its influence on the exciter-PSS loop should be investigated first in a single-machine
infinite-bus system. The sixth-order generator model and its typical parameters are used to calculate
the phase-frequency characteristics of the exciter-PSS loop. The parameters of the generator are shown
in Table A1 in the appendix. The proposed PSS is used and the gain Kpss of the NPSS is set to be 10. The
open-loop Bode diagram of the exciter-PSS loop in 3-30 Hz frequency range versus the variations of
K. is shown in Figure 5. The improvements of the phase characteristics can be seen with the increasing
of K.. According to the analysis in Section 2, the magnitude of the loop at the frequency where the
phase of Aug crosses —180° indicates the critical gain of the system. For example, when K. = 0.05, the
loop magnitude of the frequency where phase of Aug crosses —180° is —15 dB, means the critical gain
Kimax is 56. That is 5.6 times of the current gain.
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Figure 5. Bode diagram of exciter-PSS loop under 3-30 Hz with different K..

When K. increases to 0.1, the frequency that phase-frequency characteristic passes through —180°
suddenly changes from 8 Hz to 27 Hz. At the same time, the loop magnitude changes from —15 dB to
—35 dB. It means that the critical gain of this loop changes from 5.6 times to 56 times of the current
gain. That is to say, with the increase of K, the frequency that loop phase characteristic crosses —180°
gets higher. The magnitude of the loop at such high frequencies is small. Thus, the critical gain of the
proposed PSS is significantly improved.

From the above analysis, phase characteristics of the exciter-PSS loop ¢ are determined by K. K.
has a minimum value Ky, that can change the frequency of exciter mode from 8 Hz to 27 Hz. This
Kemin satisfies the condition that 92/dw? > 0, d¢/dw = 0 have one solution wy, and @(wg)= —180° in
the frequency range of 3-30 Hz. Therefore, K.min can be acquired by solving the former equations.

From Figure 5, it also can be seen that with the increasing of K., the phase lead provided to
the system tends to be saturated while the magnitude response of the loop continues to increase.
It indicates that the parallel component will bring unbeneficial effect to the system when the value of
K. gets too large. Moreover, the value of K. should be as small as possible to prevent this component
from influencing the phase characteristics in the frequency range of 0.2-2.5 Hz. Besides, K. should be
larger than K.min to some extent to ensure its effectiveness. Taking all above into consideration, K.
should be chosen as 1.1-1.2Kpin-

In the above example, it can be calculated that ¢ will be —180° at wy = 69.7 rad/s when
Kemin = 0.091. Then K. can be chosen as K; = 1.1 Kcmin = 0.1. In that case, the exciter mode is
changed from the frequency range of 3-8 Hz to the frequency range that over 25 Hz. Its critical gain
is improved from 5.6 times to 56 times of the current gain. That is to say, critical gain of the NPSS
is significantly improved. It makes the chosen gain of NPSS flexible enough to provide sufficient
damping and do not exceed 1/3 of its critical gain simultaneously.
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4. Case Studies

4.1. Description of the Study System

To validate the effectiveness of the proposed PSS, the Ximeng coal power station of China shown
in Figure 6 is built in Matlab/Simulink environment. This test system is a practical system planned to
be built in North China, and some of the thermal power plants are already under construction. This
system includes four power plants named Duolun, Shengli, Chagan, Keshi, respectively. Duolun and
Chagan power plants have three 600 MW generator sets. Shengli and Keshi power plant have two
1000 MW generator sets. Duolun power plant uses two 500 kV transmission lines to deliver power to
Ximeng substation, and others use one 1000 kV transmission line to deliver power to Ximemg station
each. Those powers are collected in Ximeng station and delivered through two 1000 kV transmission
lines to Beijing station. Then the power goes to two equivalent systems through Beijing station.
The generation capacity of equivalent system 1 and equivalent system 2 are 173 GW and 174 GW,
respectively. The base power of the system is 100 MW.

Duolun 500 kV Ximeng

G3
@_@— 10km 1000 kV
et O-(O)
s |3

Shengli
0s D] _ 22
G7 @_@_ ? 1000 KV ?P Beijing Bus2 Bus3

352km
Il 160km | 1000 kV |
]| ]
Chagan ~ Hng J) 1000 KV |@'@ Gl
G8 @_@’ ¥? ? G2 Equivalent

212km
] } Equivalent system 2

s Q- ) system 1 1746W
1000 kV Y
610 -(Q } 173GW

Keshi
U@ uskm
SAC T

1000 kV

Figure 6. Diagram of the Ximeng coal power station of China.

In this study, generators in Duolun, Shengli, Chagan, Keshi are generating the active power of
5p.u., 10 p.u,, 6 p.u., 10 p.u. The total generation of power is 73 p.u. and about 68 p.u. active power is
delivered through the 1000 kV transmission lines between Ximeng and Beijing.

4.2. Stability Characteristics of the System Using Conventional Power System Stabilizers

As planned, self-shunt excitation system with CPSS will be installed in all these generators.
Through the guide, the phase lead of PSS can be calculated, where T1 = T3 =0.2s, T, =T, =0.02 s,
Tw =10 s. Considering that PSS2A and PSS54B have also been used in practical power system and
are known to have certain advantages towards CPSS [27,28], it is reasonable to firstly compare their
performance with CPSS in this system and study whether they will meet this problem. Thus they are
also tuned for this system. For PSS2A and PSS4B, their structures are shown in Figures Al and A2
in the appendix [29]. Their parameters are also displayed in Tables A2 and A3 in the appendix. For
PS54B, its typical parameters do not provide enough phase lead in high frequency range of LFOs [30].
Thus, the lead-lag parameters of PS54B are retuned.

The phase characteristics of the PSSs and the phase lag of excitation system are shown in Figure 7.
It can be seen that the PSSs well compensate the phase lag of the excitation system.
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PSS gain is tuned at the 1/3 of its critical gain, that is Kpss = 10 for CPSS, Kg; = 14 for PSS2A, and
Ky, =4.28 Ky =17.1 Ky = 68.4 for PS54B. Then small signal stability analysis of the systems is performed
and the results of the inter-area modes are shown in Table 1.

Table 1. Inter-area oscillation mode of the system using CPSSs.

PSS Type Conditions Frequency (Hz) Damping Ratio
crss Singleline 0584 002>
pssza gl line 0599 002
psis Singleline 0596 o0

It can be seen that the damping is strong when the system operates with two 1000 kV lines.
However, the damping ratio of inter-area mode will decrease to 0.023 with the outage of one
transmission line, lower than 0.05 required by the guide. Therefore, the PSS gain needs to be set
larger to provide enough damping to the system. However, such PSS gain will of course exceed 1/3 of
its critical gain and violate the regulations of the guide.

It can also be concluded that PSS2A and PSS4B cannot meet the damping requirement of the
system either. This is because that their gain is also limited by the damping of exciter mode oscillation.
PSS2A and PSS4B are not designed to enhance the damping of exciter mode oscillations. In the
frequency range of 3-8 Hz, frequency characteristics of PSS2A and PSS4B is similar to CPSS so that
they will also meet this problem.

If the gain of PSS is retuned to ensure that the damping ratio of the inter-area mode is over 0.05,
it has to be set at Kpss = 12. Small signal stability of the system is analyzed and results are shown in
Table 2. Results of the small signal stability analysis at three times this gain are shown in Table 3. Note
that there are several unstable exciter modes in the system. That is to say, the CPSSs cannot satisfy the
damping ratio and critical gain requirement in the guide simultaneously.

Table 2. Inter-area oscillation mode of the system using CPSS at Kpss = 12.

Conditions Frequency (Hz) Damping Ratio
Double lines 0.706 0.156
Single line 0.569 0.053
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Table 3. Unstable exciter modes of the system using CPSS at Kpss = 36.

Corresponding State Variables Frequency (Hz) Damping Ratio
7.130 —0.0179
. 7.090 —0.0331
Exciter and PSS 7025 —0.0331
7.130 —0.0390

4.3. Stability Characteristics of the System Using NPSS

All the CPSSs are replaced by the NPSSs. T is set to be 0.01 s, and K. is calculated to be 0.11.
Thus Kc = 1.1 Kcmin = 0.12. Comparisons results of the system small signal stability by using CPSSs
and NPSSs respectively are shown in Table 4.

Table 4. Comparison of dominate oscillation modes of the system using CPSS and NPSS.

PSS Type Kpss Mode Type Frequency (Hz) Damping Ratio

10 inter-area 0.726 0.121
CPSS exciter 5.530 0.358
30 inter-area 0.545 0.405

exciter 6.930 —0.007
10 inter-area 0.714 0.093
exciter 16.30 0.771
NPSs , inter-area 0.553 0.344
exciter 17.50 0.633

350 exciter 27.30 —0.003

For the CPSS, it reaches its critical gain at Kpss = 30. An unstable exciter mode oscillation of
6.93 Hz will occur in the system if Kpss gets over 30. For the NPSS, the critical gain is rather high, and
the system will remain stable until Kpss reaches 350. The frequency of the exciter mode changes from
6.93 Hz to 27.3 Hz.

Figure 8 shows the comparison of bode diagram between the system using CPSSs and NPSSs at
Kpss = 10. Two PSSs have little difference from 0.1 Hz to 2 Hz, it indicates that their performances in
the frequency range of LFO are nearly the same. However, when frequency gets over 4 Hz, phase
characteristics of the NPSS get higher than the CPSS. The frequency that system phases cross —180° is
changed from f1 to f,. At the frequency of f,, the magnitude of the loop is —31 dB. It indicates that the
critical gain is 35 times of Kpss = 10.

20 — —

—~ 0 /\\

g T3 9dB

S \\ 31dB .

=} S

2 40| \

j N

g 60 S ;

s ——— System with NPSS .
-80 || ===~ System with CPSS B
-100 L L -
180 T T

.0

g 90 f

S 180 |

& 270 |
-360 | -
-450 - —

1
10" 10° fi 10! f2 10?
Frequency(Hz)

Figure 8. Comparison of bode diagram between the system using CPSS and NPSS at Kpss = 10.
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Small signal analysis indicates that the gain of NPSS can be set larger to provide more damping
to the system. To make the damping ratio of the inter-area mode over 0.15 under single line condition,
the gain of NPSS Kpss is set to be 20. Small signal stability of the system is shown in Table 5, where
Kmax is the critical gain.

Table 5. Small signal stability of the system using NPSS at Kpss = 20.

Conditions Frequency (Hz) Damping Ratio Kiax Times to Exceed Kpax
Double lines 0.627 0.223
Single line 0.518 0.151 350 17.5

The damping ratio of the inter-area mode is 0.223 under two transmission lines and 0.151 under
single transmission line. The critical gain is 17.5 times higher than 20. That is to say, the NPSS can
satisfy the damping ratio and critical gain requirement in the guide simultaneously.

4.4. Nonlinear Simulation Validation

Time domain simulations are undertaken to validate the former small signal analysis. A three
phase short circuit fault occurs on one of the two 1000 kV transmission lines from Ximeng to Beijing at
t =0.5s, after 0.1 s the faulty line is tripped from the system. Active power of G3 using CPSS, PSS2A
and PSS4B are shown in Figure 9. An inter-area oscillation with weak damping occurs after the fault
with PSSs operating in the system. Neither of CPSS, PSS2A or PSS4B can mitigate the inter-area mode
effectively under 1/3 of their critical gain. Dynamic response of each power plant and the rest 1000 kV
transmission line between Ximeng and Beijing is shown in Figure 10. It can be seen that active power
of G3, G6, G8 and G11 is coherent in the system dynamic response. It is because the N-1 fault on the
transmission line excites the inter-area oscillation between Ximeng power plant and the equivalent
system 2. The power of the rest line from Ximeng to Beijing increases from 34 p.u. to 68 p.u. This makes
the load on the rest 1000 kV line extremely heavy so that the damping of the inter-area oscillation
becomes very poor.

System with CPSS
.......... System with PSS2A
----- System with PSS4B

Active power of
G3(p.u.)

0 2 4 6 8 10 12 14 16 18 20
Time(s)

Figure 9. Active power of G3 during an N-1 fault on one 1000 kV transmission line from Ximieng to
Beijing using CPSS, PSS2A and PSS2B.

This oscillation lasts more than 20 s. If the PSS gain is increased to Kpss = 12 to provide more
damping to the inter-area mode, the exciter mode will get unstable at 3 times of the current gain
(Kpss = 36), as shown in Figure 11.

While using the NPSS, the PSS gain Kps; is set to be 20, and system response after the N-1 fault is
shown in Figure 12. The inter-area mode attenuates fast and disappears in 10 s. Moreover, the system
is stable at 3 times of the current gain (Kpss = 60), as shown in Figure 11.

In conclusion, the NPSS moves the frequency of exciter mode from 3-8 Hz to over 20 Hz while
having the same performance with CPSS under the frequency range of LFOs. Taking the advantage of
low magnitude characteristic of the system on high frequency, the NPSS improves the critical gain
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significantly. Thus, the NPSS can simply and effectively satisfy both the damping ratio and critical
gain requirement of the guide.

©
=3

A U @ N ®
o © © o o

Active power(p.u.)
Active power(p.u.)

w
S

N
o

0 2 4 6 8§ 10 12 14 16 18 20
Time(s)

@)

Figure 10. System response during an N-1 fault on one 1000 kV transmission line from Ximieng to
Beijing using CPSS. (a) Active power of generators in each power plant; and (b) active power of the
rest 1000 kV transmission line between Ximeng and Beijing.
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Figure 11. System response to +0.01 p.u. voltage reference step on G3 (both CPSS and NPSS with
3 times of its setting gain).
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Figure 12. System response during an N-1 fault on one 1000 kV transmission line from Ximieng to
Beijing using NPSS. (a) Active power of generators in each power plant; and (b) active power of the
rest 1000 kV transmission line between Ximeng and Beijing.

5. Conclusions

This paper investigates a problem that PSSs may not provide enough damping to inter-area
modes due to the limitation of its gain in a bulk power transmission system. In such system, PSS gain
is restricted to a certain level and thus limits the damping it can provide to the inter-area modes. It is
because the increase of PSS gain will make destabilizing effect on the exciter mode oscillation. Critical
gain of PSS is thus limited by the damping of exciter mode oscillation. Bode analysis through H-P
model reveals that the natural phase characteristics of PSS and excitation system will form a positive
feedback in the frequency range of 3-8 Hz. This characteristic is responsible for the destabilizing effect
PSS bring to the exciter mode oscillation.
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To solve this problem, a novel PSS is proposed in this paper. Through introducing a parallel high
pass component on a CPSS, the NPSS raises the phase characteristic of exciter-PSS loop in the frequency
range of 3 to 8 Hz and the frequency of exciter mode is changed to over 20 Hz. The magnitude response
of the system is quite low at that frequency. Therefore, the critical gain of PSS is improved significantly.

Simulation results in the Ximeng power system verify the correctness of the analysis and the
effectiveness of the NPSS. Compared to the CPSS whose critical gain is only three times of Kpss = 10,
the critical gain of the NPSS is 35 times of Kpss = 10. The critical gain is significantly improved by using
the NPSS. Thus, it is more flexible to choose the PSS gain to provide enough damping to the system.
When Kpss = 20 is chosen for the NPSS, the damping ratio of inter-area mode can still be 0.15 after one
of the 1000 kV transmission lines from Ximeng to Beijing trips owing to an three phase short circuit
fault. The critical gain of NPSS is 17.5 times of Kpss = 20. Thus, the NPSS can satisfy the critical gain
requirement of the guide. In conclusion, the NPSS can provide enough damping and satisfy the critical
gain requirement in the guide simultaneously.
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Appendix A

In addition to the instructions of the simulation studies, parameters of a typical generator, PSS2A
and PS54B are given in the following tables. Models of PSS52A and PSS4B are shown in Figures Al
and A2.

Table A1l. Parameters of a typical generator.

Xd Xq X’d qu X”d X”q
1.9341 1.9341 0.26 0.42 0.21 0.1985

T' 40 T'qo T4 T"qo T _

9.7s 1s 0.07 s 0.13s 8s -

Table A2. Parameters of the PSS2A.

TWl 10s Tg 0.6s K52 1
Twz 10s Tg 0.12s ng 1
Tws 10s T 02s Usmax 0.1
Twa 10s T, 0.02s Ugmin —-0.1
T6 Os T3 0.2s M 5
Ty 8s Ty 0.02s N 1

Table A3. Parameters of the PSS4B.

KLl KLZ 66 TIl 0.173 s TH3 TH9 0.38 s
KIl KIZ 66 T12 0.2075 s TH4 THlO 021s
KHl KHZ 66 T17 0.2075 s TH5 THll 0.15s
KLll KL17 1s TIS 0.2491 s TH6 THlZ 0.07 s
KIll KH7 1s THl 0.01513 s Ul max ULmin +0.075
KHll KH17 1s TH2 0.01815s Ulmax Ulmin +0.15
TLl 1.73s TH7 0.01815s UHmax YHmin +0.15
Tio 2.075s Ths 0.02179 s Usmax Usmin +0.15
TL7 2.075s TL3 TLg 0.25s - -

TL8 2.491s TL4 TL10 0.2s - -
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Figure A1. Structure of PSS2A.
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Figure A2. Structure of PSS4B.
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