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Abstract—In this paper, using a dynamic phasor model of
static VAR compensator (SVC) a method to determine the
phase response of a system analytically is presented. Then using
the phase compensation method a subsynchronous damping
controller (SSDC) for SVC is designed to mitigate subsynchronous
resonance (SSR) in series capacitor compensated power systems.
The designed SSDC is validated using detailed time-domain
simulations in PSCAD/EMTDC. The case studies are carried out
on the IEEE first benchmark system.
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I. INTRODUCTION

Fixed series capacitor (FSC) compensation is the econom-
ical means of enhancing the power transfer capacity of long
transmission lines. However, such an FSC compensated power
system connected to turbo-generator may lead to shaft damage
due to subsynchronous resonance (SSR) [1]. SSR occurs when
the complement of the electrical natural frequency matches
with any of the torsional mode frequencies of the turbine-
generator system [2]. This kind of SSR is called as torsional
interaction (TI). In [3], using a two-mass model, TI has been
demonstrated systematically.

Various countermeasures have been suggested and even
some of them have been applied in practice to solve the
problem of SSR [4]-[6]. Application of flexible ac transmission
systems (FACTS), namely, static VAR compensator (SVC) [7]-
[11], thyristor-controlled series capacitor (TCSC) [11]-[16],
static synchronous series compensator (SSSC) [17],[18], static
synchronous compensator (STATCOM) [19], [20], UPFC [21],
etc. for the SSR mitigation has been extensively investigated
and reported. Further, it is well established in the literature
that these FACTS devices must be provided with a supplemen-
tary controller known as subsynchronous damping controller
(SSDC) to provide adequate damping for SSR oscillations [9]-
[24]. Various techniques such as residue method [16], [25],
[26], pole-placement technique [27], modal control theory-
based method [28]-[30], eigen-structure assignment technique
[31], etc. which have been used to design SSDC demand
a complete state-space modeling of the system. Sometimes
eigenvalue and time-domain simulation based methods [8],
optimization techniques [32]-[34] have been used to obtain
the SSDC parameters. SSDC design using these techniques
are analytically intensive. However, the well-known phase
compensation (PC) technique [16],[23]-[24] is a straightfor-
ward method to design SSDC. In this approach, the phase
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response of the open-loop system needs to be determined.
The PC method needs an accurate and reliable analytical
model of FACTS devices which is not easy to derive when
they involve switching devices like thyristors. Test signal (TS)
method [23]-[24] employing detailed time-domain simulations
provides accurate phase response. However, this method is
computationally demanding and also time-consuming. Using
discrete-time (DT) model [16], [27], [35] of FACTS devices
the phase angles can be obtained analytically. However, the
DT model derivation is complex.

In this paper, the application of a dynamic phasor (DP)
model of SVC [9] is proposed to obtain the phase response an-
alytically. The PC technique is employed to design SSDC of an
SVC-based SSR mitigation scheme. From various continuous-
time (CT) models [36]-[38], in this paper, the DP-based CT
model of SVC is used due to its modularity and accuracy.
Though the SVC DP models and the SSDC design are not
new, this paper discusses the usage of the DP-model of SVC
to obtain accurate phase response of the system.

The phase-frequency characteristic obtained using the pro-
posed approach is compared with that determined using the TS
method and the designed SSDC is validated using time-domain
simulations in PSCAD/EMTDC. In this regard, the paper
presents a promising analytical tool alternative to time-domain
simulation-based TS method/ DT model-based analytical tool
for the SSDC design. All case studies are conducted on the
IEEE first benchmark system (FBS) [39].

II. CoONTINUOUS-TIME MODEL OF SVC

In this section, the dynamic phasor model of SVC [9], [40]
is presented. Fig. 1 shows the circuit diagram of a single-phase
SVC. The model is derived in detail in [40]. The dynamics of
phase-locked loop (PLL) is also included in the model.

The state-space model for SVC is given in (1). The
switching function, ¢, denotes the status of thyristor: g=1 when
one of the thyristors is on, and ¢g=0 with both thyristors off.

dv . . di
CTC% =4 — 1 LTCR% =qu (1)

The DP-model of the SVC for fundamental frequency is
given by (2). In (2), V4 and I; denote the fundamental phasors
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Fig. 1. SVC circuit diagram.

of v and ¢, respectively.

A% .
CTCd_tl I — I — jwoCrcVr
dl .
LTCRd_tl = (qu)1 — jwoLrcrli (2)

The linearized model of the power system including SVC
(without SSDC) is given by (3).

AX =[AJAX + [B]Aa 3)

where X is the state vector.

III. SSDC DESIGN
A. SSDC Structure

Since the SVC voltage regulation function has little in-
fluence on the improvement of the power system damping
[11], the SVC is assumed to be operating in fixed firing angle
control (FFAC) with no voltage regulator action. However, a
subsynchronous damping function is assumed with a controller
structure as depicted in Fig. 2. The generator rotor speed
deviation is used as the control signal for SSDC [14], [16],

[19], [23].
5T, sty | Aa() o
u 14T, o K1+5T2
Washout Compensator G.(s)
Qo
Fig. 2. SSDC for SVC.

B. Determination of the Phase-Frequency Characteristic

The phase angle through the generator (G), static VAR
compensator (V), and power system (P) in the open-loop mode
(i.e., without SSDC) is required to be determined. Equivalently,
the transfer function GV P(s) [AAT;((;))] is to be computed. The
phase response can be determined by substituting s = jw, with
w in the range of torsional mode frequencies. The procedure
to obtain GV P(s) using the proposed approach is outlined
below.

The state-space model given in (3) is reduced to provide

AXp = [Ar]AX , + [Br]Aa 4)

where AX , denotes the state vector excluding the state
variables of the mechanical system.

Writing the above equation in s-domain
-1
AXa(s) = (51 14)) [Brldal O

The electromagnetic torque can be expressed as

AT, = [Cr]AX R (6)

Using (5) in (6), the desired transfer function GV P(jw) is
obtained as

AT, (jw)

GVP(jw) = Aa(jw)

~ Cul (ot - 4] B @

Once the the phase response of the GV P(jw) is deter-
mined, the compensator G.(s) is designed as follows [41]:

1 — sin ¢

po= 1+ sing;’

1
T = B’ Ty, = BTy ()

where ¢, is the compensator phase angle at the desired center
frequency w; (rad/s). Design of the compensator should be
such that the phase angle of the compensated GV P(jw),
which is equal to /GV P(jw)+ /SSDC(jw), is within £90°
in order to ensure positive electrical damping torque in the
torsional mode frequency range [42].

IV. CASE STUDIES

The case studies are carried out on the IEEE FBS [39].
The operating conditions are set as V,=1.0 pu, E,=1.0 pu,
P,=0.5 pu and zrc=0.19 pu (38% of xr). A single time
constant static exciter is enabled on the generator. For this
FSC compensation, the system is found to be SSR unstable as
the frequency of the network subsynchronous mode is close to
that of torsional mode-4 [43], —see the first column of Table I
(without SVO).

Now, an SVC with Br=0.075 pu and B-=0.05 pu
[case (a)] is connected at the generator terminals as shown
in Fig. 3. Employing the SVC model presented in section II,
the eigenvalues (for the nominal operating reactive power,
@s0=0 pu, which corresponds to a=105.36°) are evaluated
as indicated in the second column of Table I. From Table I it
is observed that the SVC alone is insufficient for enhancement
of the torsional modes damping and as a result, the system
remains SSR unstable. An SSDC is, therefore, required for
this purpose.

A detailed time-domain simulation is carried out in
PSCAD/EMTDC to verify the eigen-inferences. With the SVC
in service, the disturbance in the form of step reduction in the
input mechanical torque at 3.5 s and clearing time of 0.075 s is
considered. The simulation result is shown in Fig. 4. After the
disturbance the shaft torque oscillation grows with time with
the dominant frequency of 202 rad/s (see expanded view). This
is in agreement with the eigenvalues given in Table I.
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Fig. 3. The IEEE first benchmark model with an SVC.
TABLE 1. MODES OF INTEREST (F4=0.5 PU, zpc=0.19 PU,
B1,=0.075ru, Bc=0.05 PU, ap=105.36°)
without SVC with SVC with SVC and Comments
without SSDC SSDC (K=60)
-4.648F j553.55 | -4.709E j553.55 | -4.868E j553.48 | Supersynchronous
network mode
-4.5244+ 5200.81 -4.602+ 5200.72 -3.405+ 5200.52 Subsynchronous

network mode

1.096+ ;202.41 1.068+ 5202.44 -0.135+ ;203.19 | Torsional mode-4

0.008+ ;160.72 0.007+ 5160.72 -0.011+ 5160.71 Torsional mode-3

0+ j127.04 0+ j127.04 -0.005+ 5127.04 Torsional mode-2

-0.017+£ 599.28 -0.017+£ 599.28 -0.061+£ 599.31 Torsional mode-1

-0.649+ 59.52 -0.645+ 59.51 -0.556+ 79.41 Swing mode
3.2
Shaft 4
torque (pu)
24 1 1 1 1
3 3.5 4 4.5 5
21 " Expanded view
Shaft ¢4 i
torque (pu)

1.3 I I I I I I I I
73 732 734 736 738 74 742 744 746 748 75

Time (s) —

Fig. 4. Shaft torque between LPA and LPB turbines (FP;=0.5 pu,
zrc=0.19 pu, Br,=0.075 pu and Bc=0.05 pu) —without SSDC.

A. Determination of GV P(jw) and Design of SSDC

The phase response of the GV P(jw) is shown in Fig. 5.
The figure also shows the phase angle of the GV P(jw)
obtained using the TS method. The CT model yields phase
angles which are slightly higher than those of the TS method
due to approximations made in the derivation of the CT model
of SVC which is a highly non-linear device. Yet, the difference

in the angles is mostly within 10° in the torsional frequency
range, i.e., 100 to 205 rad/s. Further, in Fig. 5, the phase
response of the GV P(jw) for two more quiescent points such
as @40=+0.02 pu (inductive) and @Q4,=-0.02 pu (capacitive)
are also given to show the effect of the operating point of the
SVC on the GV P(jw).

50

-100

- = — TS method

Q=0 Qg,=+0.02

100 120 140 160 180 200
Frequency (rad/s) —

Fig. 5. Phase angle of GV P(jw) (Py=0.5 pu,  p¢=0.19 pu, B1,=0.075 pu
and Bc=0.05 pu).

From the phase angles of the GV P(jw), it is decided to
design a lead compensator, G.(s), which offers a phase lead of
¢+=40° at the center frequency w;=300 rad/s. This is necessary
to satisfy the ¢.-angle criterion (i.e., ¢, is between +90° and
-90°) in the torsional frequency range. This resulted in the
following transfer function:

(1+ 50.007148)

(s) = Ko 2 2000)
Gels) = K5 0.00150)

An SSDC has been realized with this compensator in con-
junction with a washout transfer function (7°,=5 s). The phase
angle of the compensated GV P(jw) is shown in Fig. 6.

(C))

20

Phase
(Deg.)

- = = TS method

Qso=0 QSD=+0.02

100 120 140 160 180 200
Frequency (rad/s) —»

Fig. 6. Phase angle of the compensated GV P(jw) (Py=0.5 pu,
zrpc=0.19 pu, Br=0.075 pu and Bc=0.05 pu).

In order to decide the quiescent operating point, ()59, and
the SSDC gain, K, Q) is varied and its effect on the torsional
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mode-4 damping is studied. From the analysis, the quiescent O <038 pu X.o=0.28 pu ‘ ‘ ‘

operating point of the SVC is fixed at Q)40=0 pu as it provides
maximum damping and offers better utilization of the device

ratings. It is noted that an increase in the gain of the SSDC *
deteriorates the damping of the subsynchronous network mode T
and the swing mode. Reduction of swing mode damping is not 0
of major concern as it can be exclusively adjusted using a PSS. (P[;‘:gsj
Therefore, for a good enough damping for the mode-4 and to
stabilize all other torsional modes, K is chosen to be equal to 45
60.

For this gain, the eigenvalues obtained are listed in Table 1. -90

Evidently, all the torsional modes are stabilized using this
SSDC. The simulation result shown in Fig. 7 for 2 p=0.19 pu - - P=1.0pu, with DPOPSS : :
validates the designed SSDC. 1% 00 120 140 160 180 200

Frequency (rad/s) —

0.6

Shatt o4 Fig. 8. Phase angle of the GV P(jw) for different zpc and Py
torque (puf (B1.=0.075 pu and B-=0.05 pu, Qs0=0 pu).
02
3 90
06
Shaft 0.4
torque (pu) 45
0.23 T
06
Phase
(Deg) O
Shaft 0.4
torque (pu)
02,
-45
Time(s) —
Fig. 7.  Shaft torque between LPA and LPB turbines for P;=0.5 pu and - - - P,=1.0 pu, with DPO P -
different z po (Br=0.075 pu and Bc=0.05 pu) —with SSDC. -90— 00 120 140 160 180 200
Frequency (rad/s) —
B. Higher Series Compensation Levels Fig. 9. Phase angle of the compensated GV P(jw) for different x pc and

In this section, the effectiveness of the proposed approach ~ Fo (Br=0.075 pu, Bc=0.05 pu, Q50=0 pu).

is examined at different series compensation levels. It is

X . X TABLE II. MODES OF INTEREST (Py=0.5 PU, B;,=0.075 PU,
noted in [43] that the torsional modes have their largest SSR Bc=0.05 PU AND Q40=0 PU)
interaction at certain values of the FSC compensation. The
critical compensation levels for the torsional modes-3 and -2 2ro=0.29 pu 2rc=038 pu
are £rc=0.29 pu (58% of z) and 0.38 pu (76% of zr), without SVC with SVC and without SVC with SVC and
respectively. The lowest torsional mode, i.e., mode-1, is tuned SSDC (K=85) SSDC (K=140)

only at a very high FSC compensation level (above 90%
compensation) which is more unlikely to be employed in
practice [44], [45]. Therefore, in this study, x c=0.46 pu (92%
of xy,), the critical xp¢c for mode-1 is not considered.

From Fig. 8 it can be seen that the GV P are different
for different compensation levels. However, it is seen that the
designed SSDC meets ¢.-angle criterion for all the FSC com-
pensation levels as is evident from Fig. 9. The corresponding
eigenvalues are listed in Table II. It is to be noted that the
required gain differs for each of the FSC compensation level.

The simulation results obtained for different series compen-
sation levels are shown in Fig. 7. From the figure, it can be

-4.689+ j595.14
-4.036 j159.25
0.005+ ;202.81
1.207+ ;160.20
0.003+ 5127.08
-0.016£ j99.49

-0.817+ j10.26

-5.036+ j595.07
-2.820+ 5159.25
-0.048+ ;203.34
-0.171+ j160.57
-0.002+ ;127.06

-0.067+ j99.45

-0.672+ ;510.07

4717 j626.71
22790+ j127.14
-0.001+ j202.87
0.009+ j160.43
0.717+ §127.07
0+ 5100.03

-1.009+ ;11.05

-5.284+ j626.62
-2.196+ j128.14
-0.071+ 5203.63
-0.097+ ;160.93
-0.086+ ;126.86
-0.044+ 599.53

-0.752+ j10.69

. . C. Higher Loading Level
seen that the designed SSDC stabilizes the system successfully 1gher Loading Levets

at different critical xp¢. This study implies that the model
provides reliable phase angles of GV P(jw) over a wide range
of series compensation.

In this section, the GV P(jw) is determined for P,=1.0 pu
(with Delta-P-Omega PSS [43]) and is compared against that
obtained for F;=0.5 pu —see Fig. 8. From the figure it can

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY SURATHKAL. Downloaded on September 23,2020 at 08:50:33 UTC from IEEE Xplore. Restrictions apply.



be seen that the GV P differ by at most 20°, for any FSC
compensation levels. Hence, the compensator G.(s) designed
for P;=0.5 pu is found to be adequate even for F,=1.0 pu
which is evident from Fig. 9. Through eigenvalue analysis,
it is determined that P,;=1.0 pu operation requires gains of
56, 82.5 and 147.5 for xpc=0.19 pu, 0.29 pu and 0.38 pu,
respectively, to stabilize all the modes. These observations are
verified through time-domain simulation as shown in Fig. 10.
From this study it can be inferred that the proposed approach
provides reliable phase angles of GV P(jw) even at other
loading conditions.

Shaft 0.8
torque (pu)

0.6
3

1

Shaft g
torque (pu)

0.6
3

1

Shaft g
torque (pu)

0.6
3

Time (s) .

Fig. 10.  Shaft torque between LPA and LPB turbines for Py=1.0 pu and
different o (Br,=0.075 pu and Bc=0.05 pu) —with SSDC.

D. Performance of the SSDC for a Fault

The designed SSDC is investigated for its robustness by
considering a single-line-to ground (LG) fault at the generator
terminals at 3.5 s and cleared at 0.05 s. The operating condition
is chosen such that P;=1.0 pu, xrc=0.38 pu. Fig. 11 shows
that the system is unstable without the SSDC. On the other
hand, the designed SSDC successfully stabilizes the system
—see Fig. 12.

25 T T
TNP—IP oF
(pu)
25 i i i i i i i i i
3 4 5 6 7 8 9 10 1" 12 13
5 T T T T T T T T T
TIP-LPA\ oF
(pu)
5 1 1 1 1 1 1 1 1 1
3 4 5 6 7 8 9 10 1" 12 13
8 T T T T T T T T T
TLPA-LPE oF
(pu)
8 i i i i i i i i i
3 4 5 6 7 8 9 10 1" 12 13
15 T T T T T T T T T
TLFE—GEN 1
(pu)
05 1 1 1 1 1 1 1 1 1
3 4 5 6 7 8 9 10 1" 12 13
8 T T T T T T T T T
Toen-exc 0
u,
8 1 1 1 1 1 1 1 1 1
3 4 5 6 7 8 9 10 1" 12 13
Time (s) —»

Fig. 11. The shaft torsional torques for an LG fault at the generator terminals
—without SSDC.
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Fig. 12. The shaft torsional torques for an LG fault at the generator terminals
—with SSDC.

V. CONCLUSIONS

In this paper, the use of a dynamic phasor model of SVC
to obtain the phase response of a system, analytically, is
demonstrated. Such an approach offers a way to design an
SSDC reliably by employing the widely used PC approach.
From the case studies it is seen that the phase angles obtained
using the proposed approach are in close agreement with those
obtained using the TS method. With the proposed method, the
SSDC design becomes very straightforward for different series
compensation levels and loading conditions.

In a TCSC-based SSR mitigation scheme [42], the com-
pensator phase angle requirements were found to be quite
different at different quiescent firing angles at higher series
compensation levels, which in turn demand a multi-stage
compensator-based SSDC. Since an SVC is a shunt device in
comparison to TCSC, the level of FSC compensation does not
greatly influence the typical frequency characteristic. Hence,
SVC-based SSR mitigation scheme requires a simple single-
stage SSDC for most of the FSC compensation levels.

The proposed approach can also be used to design SSDC
for other FACTS devices such as STATCOM, SSSC, etc.
Further, the method being general can be applied to large
power system configurations as well. These studies will be
taken up in the future work.
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