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A comparison of the capabilities of two quite distinct power electronics-based ‘flexible
AC transmission systems’ devices is presented. In particular, the damping of low fre-
quency electromechanical oscillations is investigated aiming at improving the performance
of power systems. The comparison is made using frequency domain methods under the
‘individual channel analysis and design’ framework. A synchronous generator feeding into
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a system with large inertia is used for such a purpose. Two system configurations includ-
ing compensation are analysed: (a) in series in the form of a thyristor-controlled series
compensator, and (b) in shunt through a static VAr compensator featuring a damping con-
troller. Analyses are carried out to elucidate the dynamic behaviour of the synchronous
generator in the presence of the power electronics-based controllers and for the case when
no controller is present. Performance and robustness assessments are given particular em-

Thyristor-controlled series compensator phasis. The crux of the matter is the comparison between the abilities of the static VAr

compensator and the thyristor-controlled series compensator to eliminate the problematic
switch-back characteristic intrinsic to synchronous generator operation by using the phys-
ical insight afforded by ‘individual channel analysis and design’.

© 2018 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Active power transfers may be increased and adjusted by varying the net impedance of a series-compensated line.
The thyristor-controlled series compensator (TCSC), a well-developed member of the ‘flexible AC transmission systems’
(FACTS) device family, is the electronically-controlled counterpart of the series bank of capacitors [1,2]. Its major benefits
are its ability to regulate power flows along the compensated line and to rapidly modulate the effective line impedance
in response to dynamic events in the vicinity. On the other hand, the static VAr compensator (SVC), a mature member of
the FACTS technology, provides dynamic reactive power support to enable an effective voltage regulation and to enhance
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Nomenclature
2x2,3x3 2-input 2-output, 3-input 3-output multivariable system;
o SVC or TCSC firing angle;
Bsyc SVC total susceptance;
Gi(s) i th individual channel from input u;(s) to output y;(s);
A incremental change, linearised variable;
di(s) i th external disturbance in a multivariable system;
Eg generator field voltage;
ei(s) i th error in a closed-loop multivariable system;
er generator terminal voltage;
fo Electrical frequency;
yi(s) i th multivariable structure function;
Ya(s) multivariable structure function of a 2 x 2 multivariable system;
Ii(s) i th multivariable structure function (potential performance and coupling);
Gijk transfer matrix with transfer functions associated to Cj(s) in the 1st row;
gii(s) ij th element of a transfer matrix;

Gsvc (), Gresc(s)
H

hi(s)

Isve, Iresc

I

J

kd

Kp(s)

kii(s)

Ksyc (s), Krese(s)
M (s)

Pg, Qg

P

Pgyc(s)

s

o

T1, T2

L

o T
Tw

Ugyc(S), Urcsc(s)
Usvc

Uoo

)

g, Wn

Xe X1

X4 Xq

X X

X, Xy

Xt, Xe1, X2

Xrese

yi(s)

Ysvc (S). ¥resc(s)

¢

transfer matrix of the synchronous generator SVC/TCSC system;
generator inertia constant;

i th closed-loop subsystem in a multivariable system;

SVC output current, current flowing through the TCSC;

current injected at the infinite bus;

complex operator;

damping controller stabiliser gain;

damping controller transfer function;

ij th element of a multivariable controller;

multivariable controller of the synchronous generator SVC/TCSC system;
multiple channel with individual channels i and k;

active, reactive power at the generator terminals;

mechanical power supplied to the generator;
post-compensator matrix of the synchronous generator SVC system,;
Laplace operator;

real part of complex conjugate roots;

time constants of lead/lag compensator (damping controller);
generator open circuit d, g-axis transient time constant;
generator open circuit d, g-axis sub-transient time constant;
time constant of wash-out filter (damping controller);

input vector of synchronous generator SVC/TCSC system;

SVC terminal voltage;

infinite bus voltage;

rotor speed;

damped natural frequency, natural frequency of complex conjugate roots;
capacitive, inductive reactances;

generator synchronous reactance of d, g-axis;

generator transient synchronous reactance of d, g-axis;
generator sub-transient synchronous reactance of d, g-axis;
tie-line reactance, tie-line reactance subjected to X; = X1 + Xi2.
TCSC total reactance;

i th output of a multivariable system;

output vector of synchronous generator SVC/TCSC system;
damping ratio of complex conjugate roots.

transient stability [2]. Moreover, it has been shown that the SVC is able to damp electromechanical oscillations through an
additional damping control loop [3-5].

Notwithstanding that the primary tasks of the TCSC and the SVC differ, their ability to damp low frequency electrome-
chanical oscillations (between 0.1 and 2 Hz) to improve the power system dynamic performance by ameliorating the
switch-back characteristic intrinsic to synchronous generator (SG) operation invites a comparison between these quite dis-
tinct devices. In this paper, the mathematical modelling, analysis, control system design and simulation of electrical power
systems featuring these FACTS devices are addressed. A fifth-order SG feeding into a large system via a tie-line system is con-
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sidered. Two configurations are studied. The first one includes a series compensator in the form of a TCSC. In the second case
a shunt compensator in the form of an SVC is examined. The analysis and control system design are carried out under the
frequency domain in a multivariable context by using the ‘individual channel analysis and design’ (ICAD) framework [6,7].

In ICAD, Bode and Nyquist plots are extensively used, together with a detailed analysis of the multivariable structure
function (MSF) [8,9]. The use of ICAD to carry out dynamical studies and small-signal stability assessments allows the
understanding of the dynamic interactions occurring among different power system components in a clear manner. Through
this approach, physical insight is favoured over mathematical abstraction, aiming at effective evaluations of control system
performance and robustness. For further information on the ICAD framework, the reader is referred to [6], where ICAD is
presented, its use for multivariable control is discussed in detail, and an emphasis on robust stability is made; [7], where
the structural analysis for general m-input and m-output systems is discussed, the influence of right half-plane zeros on
controller design and closed-loop performance is evidenced, and the existence of fixed stabilising controllers in the presence
of system uncertainty is established; [8], where the MSF characteristics for a range of 2 x 2 plants are studied; [9], where
the MSF properties are extended to the general m x m case; and to [10], where the detailed treatment for 3 x 3 and 4 x 4
plants is examined. The framework has been successfully employed in a number of applications, ranging from submarines
[11], induction motors [12,13] and wind turbines [14,15].

The damping capabilities of shunt and series FACTS devices have been studied in the literature and even comparisons
been drawn. For instance, in [16] a time-domain approach is followed, with the main emphasis being on the control of
reactive power to provide damping. In [17], a robust control method in the time-domain is used to design control laws
for the SVC and TCSC based on the definition of energy functions. However, both devices are installed in the same test
system, so it is not possible to examine the damping contribution of each component individually. Reference [18] proposes
an interesting approach to evaluate the damping contribution of FACTS devices. State-space representations are formulated
in terms of synchronising and damping coefficients, leading to a low-order simplified frequency domain model based on
the swing equation of the SG. With such model it is possible to define performance indices key to the analysis. However,
the application of these concepts is done for the TCSC only. The approach taken in this paper to address the damping capa-
bilities of both the SVC and TCSC differs from the aforementioned methodologies since: (a) as opposed to [16,17], the FACTS
devices are analysed using frequency domain tools and, as opposed to [18], the SG representation considers the electrical
dynamics and is not restricted to the swing equation only; (b) contrary to [16-18], the analysis is fully multivariable, where
the nature of the plant is encapsulated in transfer functions; (c) the system dynamic structure (i.e. both poles/eigenvalues
and zeros) is comprehensively analysed, which is something not considered by [16,17] and is restricted to an eigenvalue
analysis in [18]; and (d) the control system performance is made explicitly available with its robustness assessment, which
is only carried out in [17].

Even when a great volume of research work and knowledge concerning power systems oscillations is available in the
open literature, the work presented in this paper goes beyond the state of the art as a thorough comparison of the damping
capabilities of the SVC and TCSC has been presented, for the first time, using a multivariable analysis and control system
design framework that relies entirely on classical control tools. Preliminary results were reported in [19], but now this
paper gives a detailed assessment of the dynamic responses of these devices. Owing to the elucidating properties of ICAD
concerning stability and structural robustness, system performance to meet customer specifications, and the dynamical
structure of multivariable systems (both for minimum and non-minimum phase systems), the knowledge gained by applying
ICAD cannot be achieved with the use of eigenvalue-based analyses. As such, the mathematical approach here presented
provides new analysis tools to generate knowledge in power systems research.

It should be highlighted that this paper builds on work previously published by the authors. The SG - TCSC system
and SG - SVC system models adopted in this work have been previously presented in [20] and [21], respectively, where
individual elements of the frequency domain models as a function of system parameters are explicitly provided. To avoid an
unnecessary duplication of work, the deduction of these models is not included here and only reference to them is made in
Section 2 for completeness. The individual elements of the transfer function matrices are only calculated for specific operat-
ing conditions, but these are provided as supplementary content for the interested reader. In addition, reference [4] builds on
[21] by including a damping control loop to the SG - SVC system. In [4], the damping capabilities of the SVC are compared
to those achieved by a power system stabiliser (PSS), which is a local device installed at the terminals of a synchronous
machine. The PSS does not belong to the family of FACTS devices and is not based on power electronics components.

Although the synchronous generator — SVC system presented in [4] is used in this paper, the emphasis here is placed on
how the abilities of an SVC, a shunt-connected power electronics-based device, measure against those provided by a TCSC,
a power-electronics based device connected in series, to ameliorate the switch-back characteristic introduced by SGs. Given
that ICAD represents an analysis and control system design framework yet to be consolidated in power systems applications,
the scope has been restricted to single-machine infinite bus systems. This way, the effect that FACTS devices have in the SG
dynamic operation can be clearly illustrated without obscuring the analysis if a complex power system configuration was
employed instead. At the same time, such networks with a small number of elements are better placed to introduce key
ICAD concepts. The framework and the concepts here presented should provide the basis for more complex power systems
studies.
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Fig. 1. One-line diagram of a SG - FACTS-upgraded system. Both TCSC and SVC configurations are shown, but a single device is used at any time.

2. SG - FACTS device-upgraded systems

The TCSC and SVC are power electronics-based devices that improve the dynamic operation of power systems. In a
TCSC-upgraded system, the active power flow can be adjusted by controlling the TCSC impedance (Xpcsc). This is achieved
by suitably changing the thyristor’s firing angle (o). Conversely, an SVC is capable of drawing capacitive or inductive current
from the power system. Suitable control of the equivalent reactance allows a continuous voltage regulation at the node of
connection [2].

The main application of each FACTS controller is clearly different; however, both devices can be employed to damp
electromechanical oscillations by acting on the problematic switch-back characteristic exhibited by SGs. Such phenomenon
is caused by a resonance (lightly damped left hand plane pole -LHPP- pair) followed by an inverted resonance (lightly
damped left hand plane zero -LHPZ- pair) present around 7 rad/s, which reduces the SG performance due to bandwidth
limitation [22]. In the case of an SVC-upgraded system with damping capabilities, an auxiliary control loop is included [4,5].

To assess the influence that the TCSC and the SVC exert on the SG dynamic characteristic, the test systems shown in Fig. 1
are employed. The TCSC is connected in series (as enclosed by the black dashed line), whereas the SVC is connected in shunt
(as enclosed by the dotted grey line). Only a single device is connected at any time for the analyses carried out in this paper.

The analyses and results presented in this paper are based on the machine representation provided in [23] (6 p.u. on a
100 MVA base). The SG model corresponds to the fifth-order dynamic model presented in [22]. A TCSC with parameters of
the Kayenta installation [24] is used. The device operates in its capacitive region as it is desirable to decrease the electrical
length of the transmission line in order to increase active power flows [2]. The reader is referred to the supplementary file
accompanying this paper for the parameters of the SG, TCSC and SVC.

Transfer function matrix representations are required for the analysis of a SG - FACTS device-upgraded system under
the framework of ICAD. If a TCSC is employed, this is given by

Vrcsc (8) = Gresc($)uresc(s),
Aw(s) gu(s)  gnr(s) gi3(s)][ APn(s)
Aec(s) | = |8au(s)  8(s) &3(s) || AEp(S) |, (M
Alrcsc(s) 231(5)  g2(s) g3:3(s) || Aa(s)

where Gresc(s) is the transfer function matrix of the 3 x 3 linearised model of the SG - TCSC system. Conversely, the
transfer matrix representation of the SG - SVC system with a damping loop assumes the form

Ysve () = Gy ()usvc(s). (2)

where
Gy (5) = Psyc(5)Gsyc (8).
1 0 O][gn(s) 8&u2(s) 8&i3(s)
- 0 1 0|[gu(s) 8n(s) &a(s)
—Kp(s) 0 1][g(s) gn(s) g1

|:g11 () &gi2(s) g (5):|

£21(5)  g2(s)  &2(s) (3)

85(5)  g5,()  g55(5)

Ggyc(s) is the transfer matrix of the 3 x 3 linearised model of the SG - SVC system and

g5i(5) = g31(s) — Kp(5)gi (5), (4)
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SVC Damping
AU, 4(5) Contro. B
= A®, (s) | Turbine- | AP, (s)
A‘”w/‘(s)_’é > governor > > Ao (s)
Synchronous
Al rer(S) ‘_AI rescen (5)] TCSC Tmpedance / | Aa(s) Generator - Alcs(5)
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AUsycper(s) M AUy 00 () Control TCSC/SVC AUgy(s)
System
Ae,,, (5) Excitation ] 2£u()
Ae,,./(5) »? > Ciystem > > Ae,(s)

Fig. 2. Block diagram of the SG - FACTS upgraded system. If a TCSC is employed, signals are highlighted in red. Conversely, signals are highlighted in blue
for an SVC with a damping loop. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

with i =1, 2, 3. In the non-diagonal post-compensator matrix Pgyc(s) in (3), the cross-coupling element Kp(s) denotes the
transfer function of the damping controller, conventionally given as [3]

STw 1+st;
145ty 145s75°

Kp(s) =kq- (5)
where sty /(1 +stw) is a wash-out filter, (1 +5st1)/(1 +57,) a phase lead/lag compensator, and k; a stabiliser gain.

The individual elements of Grcse(s) and Gsyc(s) can be found in [20] and [21], respectively, where they are obtained
from first principles and described in detail. It should be noticed that transfer functions g;(s) in (1) and (3) are dependent
on system parameters and the operating condition.

Closed-loop block diagrams of the SG - TCSC system and SG - SVC system with a damping loop are shown in Fig. 2.
For the case of the SG - SVC system, the “communicated” SG speed Aw(s) is used as an auxiliary signal. By including this
feedback loop the signal for SVC voltage control is Kp(s) Aw(s) + AUgyc(s). The damping loop transforms a diagonal system
into non-diagonal (a diagonal term plus a post-compensator) [4].

3. Multivariable analysis
Transfer matrix representations are essential for an analysis under the ICAD framework [9]. In ICAD, the dynamical

structure of systems (1) and (2) is determined by individual channels resulting from pairing each input to each output by
means of diagonal controllers [7]. For both cases, the pairing is given as

k11 (S) 0 0 G (S) . APy - Aw
K(s) = 0 koo (s) 0 = {Cz(s) : AEp — Ae . (6)
0 0 k33 (S) C3 (S) . Ao — AUSVC/AITCSC

The diagonal control structure in (6) agrees with conventional control strategies. Notice that individual channels C;(s) and
Cy(s) correspond to the input-output pairing associated to the SG [25], whereas C3(s) is associated to the SVC voltage or
TCSC impedance control loop.

Fig. 3 shows the individual channel representation of the systems featuring FACTS devices. As it can be noticed, the
multivariable system can be re-formulated as three SISO channels, where each channel includes a feedback loop and its
controller. Each controller can be designed to comply with the specifications associated to each channel. Every channel
is subject to a disturbance d;(s) - representing the effects of other channel references. Therefore, the behaviour of an
individual channel will not be only affected by its controller but also by the other individual channels. The individual
channel representation of Fig. 3 is fully equivalent to the original systems of Fig. 2 [6,7]. In general, the ith individual
channel Cj(s) in Fig. 3 has the open-loop SISO transmittance

G(s) = kigi(1 - 1), (7
where
= —i
¥i(s) = —|Gi| /|G|, (8)
subjected to disturbances
di(s) = —|Ri| /2| G |. 9)
with i =1, 2, 3. The multivariable character of the plant is quantified in the freqpency domain by the MSFs y;(s) [7-9].
In particular, for the 3 x 3 systems (1) and (3), the construction of matrices R;, G and G; in (8)-(9) is obtained from the
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Channel 1
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Fig. 3. Individual channel representation of the systems.

auxiliary transfer matrix
_ gu/h 812 813
Gs)=| g1  8n/ha g3 |, (10)
&3 832 g33/h3
where the transfer functions h;(s) are defined as
hi(s) = kigii (1 + kiigii) ™", (11)

and describe the impact of controller k; on the other control loops. G in (8) is obtained from G in (10) by eliminating the
ith row and ith column. Similarly, G; is obtained by setting diagonal element g;/h; of G to zero. R; is defined as the matrix
obtained by replacing the ith column of G by the vector of channel references r and setting r; to zero [7]. For example, for
individual channel C(s), MSF y(s) is expressed as

— —1
y(s) = —[Gi|/gn |G |
0 gn 13
h
=—1g1 &n/h 823 /(gn g2g23/2 2 gi2/3h3 D (12)
831 832 g33/hs

An assessment of coupling between channels is a pre-condition for an effective control system design and can be deter-
mined with auxiliary MSFs I'j(s) [9]. These functions are indicators of the potential performance of feedback control. A
small MSF magnitude indicates low interaction between channels. I';(s) are defined as [7]:

Ty(s) = _|G1}2..,(i—l)|/gii}612...(i—l)i|v (13)

where G12-(-Di is obtained from the plant matrix G(s) by eliminating the 1% row and column and so on up to the ith row
and column. G}z"'("l) is defined as the matrix obtained by setting diagonal term g; of G(s) to zero before eliminating the

rows and columns as in the definition of G'2 (-1, For a 3 x 3 system,
1 0 &2 & 82 823
Ti(s) = —|Gi]/gn |G| =~|gn g2 &3 /(gn T gm D
831 832 833
(812821833 — 823831) + 813(€21833 — 822831)] (14)
811822833 — £23832) ’
1 12 0 &
[2(5) = |G| g G7 | = - |, o7 ‘/(gzz lgss 1)
= 823832/822833- (15)

In order to assess the MSFs it is convenient to introduce the following notation. Transfer matrices in (1) and (3) will be
called from now on Gyy3, where the subscripts indicate that the transfer functions associated to the output of C;(s) occupy
the first row, those of C,(s) the second row, and those of Cs(s) the third row. When analysing Gq»3, ['1(s) quantifies the
coupling between individual channel C;(s) and multiple channel My3(s) [formed by individual channels C,(s) and Cs(s)],
and I',(s) among individual channels C,(s) and C3(s). For a system Gsyq, the first and third rows and columns are swapped
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Fig. 4. I'¢(s) assessment (transfer matrix Gq23): (@) Nyquist plot; (b) Bode plot.

in relation to the original transfer matrix Gqy3. In this case, I'{(s) provides a measure of coupling between C3(s) and My, (s)
and I',(s) quantifies the coupling between C;(s) and Cy(s).

It should be noticed that (14) and (15) have been defined for G553 and will not hold, for instance, for transfer matrix
Gs3y1; thus, I'{(s) and I'y(s) should be constructed accordingly for each new transfer matrix. Moreover, although six possible
combinations of transfer matrices are possible for a 3 x 3 system, the MSFs of some of them offer identical information
(e.g, Giz3 and Gi3p, Gy13 and Gp3y, and Gsqp and Gsp1) [7].

3.1. Comparison between FACTS devices

The TCSC performance is compared with that of an SVC featuring a damping control loop. A weak transmission system
comprising a SG connected to an infinite bus via a tie-line reactance (X; = 0.7 p.u.) is considered. Both devices are connected
at the mid-point of the line. The operating conditions and transfer matrices Grcsc(s) and Ggyc(s) in (1) and (3) evaluated
in those conditions are provided in the supplementary file accompanying this paper. The following SVC damping controller
has been considered:

3.6s5(s +3.333)
(s+04)(s+0.1)°

where k; =30, Tw =10 s, 7y = 0.3 s and 1, = 2.5 s. Kp(s) was designed to modify the SVC's transfer functions g3;(s), g32(s)
and g33(s) to, respectively, (g31 — Kpg11), (g32(s) — Kpgiz) and (g33(s) — Kpgy3). By doing so, the switch-back characteristic
particularly exhibited by g3,(s) and g33(s) is dominated by the inverted notch effect introduced by Kp(s).

A numerical evaluation of MSFs I'j(s) (for relevant transfer matrices Giy3, Gy13 and Gsip) corresponding to Gresc(S)
and Ggyc(s) shows that they are minimum-phase and stable. The interested reader can prove this through suitable use
of (14) and (15) and the transfer functions provided in the supplementary file accompanying the paper. Moreover, their
Nyquist plots start to the left of the point (1, 0). Such features simplify the control system design. Figs. 4-9 show the MSFs
of the TCSC system (1) and of transfer matrix (3) of the SVC system when damping controller (16) is used. The analysis is
described next.

Kp(s) = (16)

3.1.1. TCSC analysis
After assessment of Figs. 4-9 it is observed that:

» With reference to transfer matrix Gip3: Multiple channel M55 (s) is highly coupled with individual channel C;(s) at fre-
quencies around the switch-back characteristic (above 0 dB for frequencies below 11 rad/s) even at high series compen-
sation values, as shown in the plots of MSF I'¢(s) in Fig. 4. C;(s) and C3(s) within My3(s) are also coupled (see Fig. 5).

e Gy13: My3(s) is coupled with Cy(s) due to the high level of series compensation, as evidenced by Fig. 6. C;(s) and Cs(s)
within My3(s) are highly coupled (above 0 dB for frequencies below 11 rad/s), as shown by Fig. 7.

e G312: M5 (s) is highly coupled with C5(s) at low frequencies, as shown in Fig. 8. However, C;(s) and Cy(s) within My;(s)
are weakly coupled due to the effect of series compensation (see Fig. 9).

From the aforementioned remarks it can be stated that the inclusion of the TCSC produces a highly coupled system.
Coupling is high particularly at low frequencies over the range of interest of [1, 10] rad/s where the switch-back character-
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istic occurs. Moreover, the TCSC impedance control loop, represented by C3(s), significantly couples with the speed channel

of the SG; ie., Ci(5).

3.1.2. SVC analysis
The following conclusions can be made:

e Gip3: My3(s) couples with C;(s) around the switch-back characteristic (but below 0 dB), as shown by I'{(s) in Fig. 4. As
seen from [',(s) in Fig. 5, the coupling between C,(s) and C3(s), although it increases around the problematic frequencies,
is affected by the inverse notch characteristic provided by the damping loop.

Gy13: My3(s) is slightly coupled with Cy(s) (near 0 dB at frequencies around the switch-back characteristic), as shown by

I'1(s) in Fig. 6. C1(s) and C3(s) couple around the switch-back characteristic, as evidenced by I',(s) in Fig. 7. However,
coupling is below 0 dB.

Gs12: My, (s) couples with C5(s) around the switch-back characteristic, as shown by I'¢(s) in Fig. 8; however, coupling is

below 0 dB. From I',(s) in Fig. 9, it is noticed that the coupling between C;(s) and C,(s) is weak, but increases around
the switch-back characteristic.

It can be concluded that the SVC and the SG constitute a slightly coupled multivariable system particularly at frequencies
over the range of interest of [1, 10] rad/s. The SVC voltage control loop, represented by Cs(s), couples with the terminal
voltage channel of the SG. The SG inner coupling (between C;(s) and Cy(s)) is not reduced by the use of the damping loop.
However, an immediate benefit brought about by the damping loop lies on the elimination of the switch-back characteristic.
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Such an effect is introduced directly by elements associated to the SVC voltage channel C5(s). Due to the existent coupling
between C;,(s) and C3(s) damping will be indirectly provided to C,(s) and the switch-back characteristic can be substantially
reduced [4,19].

3.2. Analysis with no compensation

The SG dynamics under the influence of the TCSC or the SVC are represented by Mj,(s). The Nyquist and Bode plots
of MSF I',(s) -for transfer matrix Gsjp- quantify the internal coupling of the SG under the influence of the FACTS device
[4,20,21]. Conversely, the uncompensated 2 x 2 system Ggg(s) is described by

Vs (8) = Gsc(s)usc(s),
Aw(s) | _ |8u(s)  8i2(s) || Abn(s) (17)
Aer(s) 821(5)  822(5) || AEs(s) |
The construction of Ggg(s) is provided in detail in [22]. The individual elements of Gs;(s) can be found in the supplementary
file accompanying this paper. Considering the traditional channel pairing as in (6), the MSF for system (17) reduces to

Ya(S) = 12821/811822. (18)

MSFs I'5(s) (using Gsp3) for the systems featuring shunt or series compensation are compared with the MSF y4(s) for the
system with no FACTS device -Ggg(s)- in Fig. 10. It can be noticed that the coupling in the SG with no auxiliary devices,
given by MSF y4(s), changes little around the switch-back characteristic frequencies with respect to that of the system with
SVC. The SVC damping loop does not alter the internal coupling since its direct impact is not on the speed or terminal
voltage channels, as shown by its MSF I';(s). I'5(s) corresponding to the TCSC shows a reduced coupling due to a decreasing
electrical distance of the transmission line. The peak moves on to higher frequencies but it is still pronounced.

It is well-known that the robustness of transmission systems decreases when the electrical distance of the lines is
increased. Moreover, coupling within the SG is low under a lagging power factor operation and relatively short tie-lines;
however, it increases with electrical distance. It has also been shown that the larger the amount of reactive power flow in
the tie-line reactance the higher the coupling between channels [22]. These results are important since they may dictate a
control design strategy shared by the two cases here studied. For instance, M, (s) corresponding to the SG can be designed
independently of the FACTS device associated to C3(s).

3.3. Clarifying observations on the use of ICAD for robust control design

ICAD is not a method for achieving optimal control in a physical system for all sets of operating conditions and will
not provide a set of rules to design optimal controllers. Given that the control design process depends on the dynamic
characteristics of the plant to be controlled, a design strategy may guarantee an excellent performance for a specific system,
but it may not be nearly as effective for another one.

The multivariable analysis afforded by ICAD presented in this section enables the design of highly robust controllers
as long as the frequency domain information provided by the MSFs is interpreted correctly. A detailed analysis has been
performed for SVC and TCSC-upgraded systems and when no compensator is used. By elucidating the restrictions exhibited
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by the uncontrolled plants, highly robust controllers can be designed for each system so that the best performance is
achieved for a given operating condition. This will be examined in Section 4.

It should be highlighted that a loss of effectiveness and performance could be expected as the operating conditions
depart from those under which the control system design is carried out; however, this issue may be significantly limited if
the controller exhibits high robustness measures. If stability and structural robustness are achieved (within the restrictions
set by the plant itself), the control system is expected to operate well under parametric variations, to reject disturbances,
to attenuate high frequency noise and to perform well upon deviations from the nominal operating conditions.

4. Control system design comparison

System performance can be compared using suitably designed controllers. For the SG — TCSC system,

Koeer — dia [5.8(52+6.15+165.5) 76(s+7)(s+1)(s+0.2) —0.07(s +0.2) ] (19)
Tesc =8 T a5 +6) SG+356+3)  SG+NG+07)
is used. For the SG - SVC system,
o 63(s+3.5)(s2+s+30) 107.5(s+043) 400
KSVC = dlag[ 2 (S T 6) (S T 5) s S s T] (20)
and (16) are used. When no compensation is included,
o 2.9(s? +6.1s 4+ 165.5) 7(s +0.43)
Ksc = dlag[ 2G15) , S ] (21)
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Fig. 12. System performance and stability robustness assessment. Bode diagrams: (a) C;(s); (b) Cy(s); (c) Cs(s).

is used. The design of these controllers has been performed in the frequency domain using Bode shaping techniques. Notice
that kq1(s) and kpy(s) in (19)-(21) have a similar structure, with differences arising in gains and lead terms. For all cases,
kq1(s) has two integral actions to cancel out the derivative term present in gq;(s) (see the supplementary file accompany-
ing the paper) and to ensure a zero steady-state error. The inclusion of zero/pole pairs (as lead compensators) ensures high
phase margins. With regards to ko, (s), the basic control structure in all cases is a proportional-integral controller (PI); i.e., an
integral action, a proportional gain, and a suitably placed zero. This basic configuration ensures a zero steady-state error and
is sufficient to achieve a good performance for the SG - SVC system and for the SG without any compensation. However, it
is necessary to include a couple of lead compensators to ky,(s) for the SG - TCSC system to maximise the stability margins.

The structure of ks3(s) is different for each FACTS-upgraded configuration. Although gs3(s) for both systems has a similar
structure (refer to the supplementary file accompanying the paper), it should be noticed that the sign of the transfer func-
tion when a TCSC is used is negative. Therefore, k33(s) should consider this 180 degrees phase shift by including a negative
gain. The overall structure is basically a PI controller that achieves a zero steady-state error and two suitably placed poles
to ensure an adequate roll-off beyond the cut-off frequency. Conversely, the structure of ks3(s) for the SVC-upgraded system
considers just an integral action which ensures a zero steady-state error and a proportional gain to achieve the desired the
bandwidth. The control system performance and robustness indicators for each system are presented in Figs. 11-14. Key
information is summarised in Table 1.

Fig. 11 shows the step responses. The performances of C;(s) (speed) and C,(s) (terminal voltage) are adequate with either
FACTS device (Fig. 11(a)-(b)). The step response of Cs(s) (Fig. 11(c)) shows that for the SVC system oscillations occur due
to the presence of complex poles. Slower step responses in the TCSC upgraded system are due to the chosen bandwidths.
Without series or shunt compensation, the responses are slightly oscillatory even with a bandwidth limitation.
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Table 1
Structural and stability robustness of the channels and control systems.
Device Measure Gi(s) kngn(s) vi(s) Ga(s) k2282(s) 7a(s) Gs(s) k33g33(s) 73(s)
Bandwidth [rad/s] 0.625 0.29 - 4.5 4.7 — 1.67 0.477 —
TCSC Gain margin [dB] 212 60.9 102 00 00 473 00 00 00
Phase margin [deg] 70.6 70.5 54.9 90 105 113.6 68.6 127 102.7
Bandwidth [rad/s] 146 168 - 15.6 174 - 34 342 -
SvC Gain margin [dB] 00 1 2.2 ) ) 14 00 ) 3.0
Phase margin [deg] 85.3 70.8 0o 99.2 91.2 38.6 88.8 84 244
Bandwidth [rad/s] 0.596 0.633 - 141 135 - - - -
No Device Gain margin [dB] 8.18 10.1 4.82 00 00 4.82 — — —
Phase margin [deg] 92.7 67.3 ) 83.3 78 00 — — —

Fig. 12 shows the Bode plots of the individual channels. Together with Table 1 it is observed that both control systems
with FACTS devices offer adequate roll-off and stability margins (i.e., gain and phase margins over 6 dB and 40 deg [25]) for
the speed channel, although the SVC with the damping loop offers the best performance. It is clear from Fig. 12(b) that the
SVC damping loop eliminates the switch-back characteristic in the terminal voltage channel, and as a result, an arbitrary high
bandwidth can be achieved (notice the significantly higher gain of ky,(s) in (20) for the SVC system compared to that for the
SG without compensation in (21)). For the TCSC system, the amount of series compensation has been adjusted to 80%. As it
can be seen the switch-back characteristic is not completely eliminated even when such a high compensation is used. Thus,
the bandwidth has to be reduced producing a slower Cy(s). From Fig. 12(c) it can be seen that for the SVC the inverted notch
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characteristic is dominant around the switch-back characteristic in C3(s); thus, a high bandwidth can be achieved. When the
TCSC is in use, the combination of resonant complex conjugate zero/pole pairs suggests a reduced bandwidth.

When no compensation is used, the bandwidth has to be limited in C;(s) to avoid instability, as shown in Fig. 12(a).
The gain margin is small although still above 6 dB. From Fig. 12(b), the switch-back characteristic featured in Cy(s) is quite
pronounced when no series or shunt devices are included. Thus, the only option for this system configuration is to restrict
the bandwidth, as it can be noticed in Table 1, which is reflected on the slower step responses in Figs. 11(a) and 11(b). This
has been achieved by reducing the proportional gain of k{(s) and ky,(s) in (21).

The structural robustness of the control systems is assessed in Figs. 13 and 14. Fig. 13 shows the Bode diagrams
of the individual channel open loop subsystems h;(s) [i.e., k;g;i(s)]. It can be seen that the SVC fails to eliminate fully
the switch-back characteristic in hy(s) (see Fig. 13(b)) since the damping controller has a direct influence only in g33(s).
Obviously, the problem occurs as well on the uncompensated system. Clearly the TCSC reduces, but does not eliminate
the switch-back characteristic. As shown in Fig. 14, all MSFs y;(s) start to the left to (1, 0) and the roll-off behaviour is
adequate. Due to this condition the small gain margins of the MSFs and their proximities to (1, 0) are irrelevant; i.e., the
electrical distance of the tie-line is considerably long and its reduction would only increase these margins.

A good control system performance with satisfactory robustness margins is obtained with either a TCSC or a SVC with
a damping loop. However, the TCSC effectiveness can be constrained to the amount of reactive power produced by the
SG. Moreover, it is evident from the TCSC characteristic that the higher the amount of compensation required the closer
the firing angle is to the resonant point -with parametric variations capable of leading to series resonance [20]. Extreme
care should be exercised when operating in this area. The use of the SVC with a damping loop allows the switch-back
characteristic elimination -thus enabling a higher disturbance rejection and bandwidth in the terminal voltage channel.
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Fig. 15. Performance and stability robustness assessment (long transmission line). Bode diagrams: (a) Ci(s); (b) Ca(s); (c) Cs(s).

If no compensation is used the performance has to be restricted. As the switch-back characteristic is quite prominent
only bandwidth limitation remains as the only valid option to operate the system while still preserving adequate stability
margins.

Note: The results reported in this section show that the shunt compensator outperforms the series compensator in
terms of damping power systems oscillations in a generic power system. Although the SVC and the TCSC are significantly
different FACTS devices, the comparison is quite fair as a similar design objective has been adopted: the reduction of the
problematic switch-back characteristic exhibited by SGs.

Although it could be argued that the control designs for the SVC and the TCSC may not be optimal, both control systems
exhibit very high stability margins with measures that surpass by far the minimum requirements recommended in power
systems for a good performance [25] - the reader is kindly refereed to the gain and phase margins of the individual chan-
nels in Table 1. The multivariable controllers yield a very satisfactory performance for the set of operating conditions for
which they have been designed. Moreover, the structure of the individual elements of the control matrices is simple: only
integral actions, PI controllers, and PI controllers cascaded with lead compensators have been employed. Admittedly, system
performance could be improved even more, but the marginal benefits for doing this would be at the expense of using more
complex control structures than those in (19) and (20). Very complex controllers are not suitable for practical power systems.

5. A closer look at the TCSC performance

The TCSC impedance control channel can feature right half plane zeros (RHPZ) under certain operating conditions. It
is well known that RHPZs have adverse effects in the control system performance and sensitivity [26]. To avoid such a
scenario, the percentage of series compensation has to be maximised.
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Fig. 16. Stability robustness assessment (long transmission line). Bode diagrams: (a) k11811(s); (b) ka2822(5); () k33833(S).
Table 2
Structural and stability robustness of the channels and control systems. Long transmission line.
Device Measure Ci(s) kngu(s) 71(s) Ga(s) k2282(s) 72(s) Gs(s) k33g33(s) v3(s)
Bandwidth [rad/s] 0.69 0.338 — 8.49 8.1 — 0.715 0.07 —
TCSC Gain margin [dB] 434 40.6 9.6 00 00 34.2 32.6 9] 124
Phase margin [deg] 49.8 67.6 93 97.5 97.1 00 57.2 103 106
Bandwidth [rad/s] 1.59 2.03 — 17.2 19.1 — 383 38.6 —
SvC Gain margin [dB] %) 4.82 195 %) ) 1.21 %) ) 233
Phase margin [deg] 84.5 711 55.13 98.5 91.6 41.53 88.9 84.7 23.77
Bandwidth [rad/s] 0.745 0.79 - 1.65 0.83 - - - -
No Device Gain margin [dB] 2.64 6.03 414 4.25 00 414 — — -
Phase margin [deg] 91.8 67.1 ) 84.7 77.8 ) — — —

In order to have a closer look at the effect of RHPZs the TCSC performance is assessed while considering a longer electri-
cal distance (X; = 0.8 p.u.) and a value of 70% series compensation. The operating condition is shown in the supplementary
file accompanying the paper. System performance is assessed using the same controllers as in Section 4. The control system
performance and robustness indicators are presented in Figs. 15-17. Key information is summarised in Tables 2 and 3. The
responses associated to the system without compensation reflect in a poorer performance than in Section 4 due to the
increase in the transmission line length, but the same conclusions apply. Thus, no further discussion is warranted.

Fig. 15 shows the Bode plots of the individual channels. Notice that the SVC still offers a good performance and success-
fully eliminates the switch-back characteristic in spite of increasing the transmission line length. Although the control design
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Fig. 17. Structural robustness assessment (long transmission line). Nyquist diagrams: (a) y1(s); (b) y2(s); (c) y3(s).

Table 3

C5(s) non-minimum phase assessment.
Non-minimum phase RHPZs Damped natural freq. Natural freq. Damping ratio Bandwidth
term wy [rad/s] wy [rad/s] 4 [rad/s]
(s> —0.8327s + 15.4) 0.41635 +3.8687 3.868 3.891 —-0.107 0.715

for the TCSC system offers adequate stability margins for the three individual channels (see Table 2), C3(s) has an non-
minimum phase complex conjugate zero pair of the form (s> — 2¢ @ps + w?) with roots Z; 5 = 0 % jog = Lwn * jon/1 - 2,
where wjy is the natural frequency, ¢ is the damping ratio and wy is the damped natural frequency. The RHPZs (shown in
Table 3) in the TCSC impedance channel are lightly damped with a small damping ratio. This can be noted in Fig. 15(c): the
magnitude plot shows a significant resonance at w, of the zero pair (&4 rad/s), while 180 deg are quickly lost in the phase
plot. The presence of RHPZs poses a major inconvenience for the control system design: the bandwidth of Cs3(s) should
be kept below w; of the non-minimum phase zero pair; otherwise, instability might arise. Moreover, it is not possible to
arbitrarily reduce sensitivity to uncertainty [26]. While in Section 4 the bandwidth was decreased to avoid an oscillatory
behaviour due to resonant complex zero/pole pairs, in this case the reduction is mandatory to avoid instability.

The structural robustness of the control system is assessed in Figs. 16 and 17. The stability margins of ky;g1;(s) in both
the SVC and TCSC systems decrease due to the effect of a longer transmission line. It can be seen in Fig. 17(c) that MSF
y3(s) of the TCSC system encircles the point (1, 0) in clockwise direction producing a non-minimum phase C3(s) with the
adverse implications previously described.
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6. Conclusion

A detailed comparison of the dynamical impact of two distinct FACTS controllers on a SG is presented - they are the
TCSC and the SVC. Multivariable control system analyses and designs of the SG as affected by these FACTS configurations,
using the framework of ICAD, have been carried out. Key aspects of the SVC and TCSC operation have been revealed by
applying ICAD, which may not have been possible to clarify, at least not as emphatically, by other forms of analysis methods
(e.g., eigenanalysis, block diagrams, synchronising/damping coefficients). Simulation results are in agreement with system
behaviour observed in practice.

The TCSC and SVC abilities to damp low frequency electromechanical oscillations to improve power system performance
by reducing the SG switch-back characteristic have been investigated. It has been shown that although the main task of
the SVC is to enhance voltage regulation, an auxiliary damping control loop yields quite a satisfactory performance. The
SVC damping control loop can be represented as a post-compensator of the speed output. Its success stems from the
exploitation of the SG dynamics in order to overcome the switch-back characteristic, and consequently, a higher bandwidth
can be achieved. The primary task of the TCSC is to reduce the electrical length of the transmission line to maximise
active power transfers. However, the TCSC has also the capacity to damp power oscillations by attenuating the switch-back
characteristic and shifting it to higher frequencies.

ICAD reveals that the TCSC brings fragility to the system as it introduces cross-coupling. It may also introduce RHPZs
in one channel, thus, limiting the performance. Although for very high compensation levels the system remains minimum
phase, the practical significance of this is debatable since it is achieved at close proximity to the resonant point of the TCSC
characteristic - a forbidden area of operation, with the potential to cause permanent equipment damage and injury to per-
sonnel. In addition, a substantial increase of series compensation comes together with other issues, such as the increment in
reactive power supplied by the SG, high fault currents, possible difficulties in power flow control and resonance implications.

Supplementary material

Supplementary material associated with this article can be found, in the online version, at 10.1016/j.apm.2018.02.008.
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