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Abstract

This paper is aimed to investigate the operating characteristics of a static synchronous
compensator (STATCOM) integrated with superconducting magnetic energy storage (SMES) for
high power applications in the transmission network level. The STATCOM controller topology
comprises multi-level multi-pulse neutral-point clamped-type (NPC) voltage source inverters (VSIs)
using the harmonics cancellation technique, and incorporates a SMES coil. An innovative two-
quadrant multi-level dc—dc converter is proposed to effectively interface the STATCOM with the
superconducting coil using a buck-boost topology with neutral point voltage control capabilities;
thus enabling to simultaneously control both active and reactive power exchange with the high
voltage power system. A detailed analysis of major system variables is presented, including analytical
results and digital simulations using the MATLAB/Simulink environment. Moreover, a three-level
control scheme is designed, including a full decoupled current control strategy in the d—¢ reference
frame with a novel controller to prevent the STATCOM dc bus capacitors voltage drift/imbalance
and an enhanced power system frequency controller.
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1. Introduction

In recent years, it has been gradually seen that energy storage systems (ESS) advanced
solutions such as superconducting magnetic energy storage (SMES), have received
significant interest for high power applications in the transmission network level. The rapid
advances in superconductive technology have permitted such devices of reasonable size to
be designed and commissioned successfully. In this way, SMES coils main features, such as
rapid response (ms), high power (hundred MW), high efficiency, and four-quadrant
control can be effectively used for influencing the operation of the power system (PS), and
consequently its dynamic security [1].

By combining the technology of superconduction with a recent type of power electronic
equipments, such as flexible alternating current transmission systems (FACTS) [2], the PS
can take advantage of the flexibility benefits provided by SMES coils and the high
controllability provided by power electronics aiming at controlling and optimizing the
performance of the high voltage power system.

The application of FACTS controllers based on voltage source converters (VSCs) or
specifically inverters (VSIs) has been settled world-wide as the next generation of fast
reactive power compensators for improving both transient and dynamic stabilities [3,4].
In this sense, shunt compensation provided by STATCOM controllers has already proved
its benefits on existing transmission systems. A STATCOM can only exchange reactive
power with the electric grid. This feature limits its degrees of freedom and therefore its
impact on the power system operation [5]. As demonstrated by various previous studies,
simultaneous active and reactive power compensation has more valuable effects on
counteracting PS disturbances. In this way, a STATCOM integrated with a SMES coil
(also known simply as SMES system) through an appropriate interface, provides
additional benefits and improvements to the PS, since it allows to simultaneously and
independently control both active and reactive power exchange with the electric network
[6]. These benefits include enhancement of reliability, dynamic stability, power quality, and
area protection.

As detailed in [7], various STATCOM-SMES topologies have been studied in the
literature for high power and high voltage utility applications. They mostly include
STATCOMs with 24- and 48-pulse gate turn-off (GTO) thyristor inverter designs among
the most adequate for the transmission network level. However, all the proposed con-
figurations use a conventional two-level dc/dc converter to interface the SMES coil with
the STATCOM. This largely restricts the possibility of employing multi-level converters in
the STATCOM and therefore avoids taking advantage of its benefits for both the
STATCOM-SMES system and the electric network.

This paper presents a novel high performance STATCOM-SMES device based on multi-
level converters for high power utility applications and its control system. Major
characteristics and the analysis of the operation of the integrated STATCOM-SMES
controller is presented, including analytical results and digital simulations of main ac
and dc system variables using SimPowerSystems of MATLAB/Simulink. To this aim, a
detailed modelling approach and a three-level control scheme are firstly proposed,
including a full decoupled current control strategy in the d—¢q reference frame with a unique
controller to prevent the STATCOM dc bus capacitors voltage drift/imbalance. Then, the
dynamic performance of the control algorithms is evaluated using digital simulation on a
test power system in case of a three-phase-to-ground fault.
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2. Modelling and analysis of the STATCOM-SMES controller

Fig. 1 summarizes the proposed detailed model of the STATCOM-SMES controller for
dynamic performance studies in high power applications in the transmission network level.
This model mainly consists of the STATCOM controller, the SMES coil with the corre-
sponding filtering and protection system and the interface between the STATCOM and the
SMES, represented by the dc—dc converter.

2.1. Three-level multi-pulse VSI-based STATCOM

The STATCOM essentially comprises the static power inverter, the dc bus capacitors and
the step-up coupling transformers. Since the SMES coil is basically a stiff current source, the
use of a current source inverter (CSI) would emerge as the natural selection. However, the
wide range of variation of the coil current and voltage would cause the device to exceed its
rating, which makes impractical the use of conventional CSIs. On this basis, an analyses were
performed to evaluate hybrid current source inverters (HCSI) and voltage source inverters
(VSI); concluding that the later ones are a more cost-effective solution for this application.

High efficiency voltage source inverters with reduced harmonics distortion can be
implemented essentially through three feasible solutions: the conventional full bridge
inverter employing pulse width modulation (PWM), the multi-level inverter, and the multi-
pulse inverter.

In practice, conventional PWM switching techniques are regarded uneconomic for high
power applications since the VSI have to withstand many commutations of the power
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Fig. 1. Detailed model of the proposed 48-pulse VSC STATCOM-SMES controller.
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semiconductors in one period of the fundamental output voltage in order to synthesize the
output voltage waveforms and thus produce very high switching losses [8]. This feature and
the unavailability of fast GTOs mostly limit their development in high-voltage high-power
levels.

The multi-level inverter synthesizes the staircase output voltage waveform from dc
capacitor voltages by splitting its dc voltage into several levels. The most relevant
topologies of multi-level inverter are diode-clamped (neutral-point clamped), capacitor-
clamped (flying capacitors), and cascaded multi-cell with separate dc sources [9,10].
By increasing the number of levels in the inverter, the output voltages waveforms have
more steps generating a staircase approximation of a sinusoidal waveform, which has a
reduced harmonics distortion. In theory, ideal output sinusoidal waveform could be
obtained by an infinite number of levels. However, a high number of levels increases the
control complexity and introduces voltage imbalance problems, voltage clamping
requirements, circuit layout, and packaging constraints [11]. In practice, for the case of
high-voltage high-power applications including active power exchange, the number of
feasible voltage levels with adequate results is restricted to five.

The traditional magnetic coupled multi-pulse inverter using the harmonics cancellation
technique have two or more bridges and synthesizes the staircase output voltage waveform
by varying transformer turns ratio with zigzag connections. The magnetic transformer
coupled inverter is bulky, heavy, and lossy. Furthermore, the VSI should have a large
number of bridges and transformers in order to increase the pulses number for minimizing
the harmonics distortion produced [10]. Nevertheless, practical high-voltage high-power
applications in the transmission level demonstrate the adequacy of this topology, especially
for simultaneous active and reactive power exchange with the electric power system.

On the basis of these facts, this work proposes the use of the multi-pulse inverter for
building a STATCOM that interfaces a high-power high-energy SMES coil with the
transmission utility grid. In order to avoid the use of ac capacitor banks for harmonics
filtering and to meet the voltage total harmonics distortion requirements for transmission
level applications, a 48-pulse inverter composed of eight magnetic coupled conventional
6-pulse GTO full bridges would appear as the most appropriate topology [12]. However, since
the eight transformers required for the 48-pulse VSI are quite lossy, the proposal in this paper
is to combine magnetically three-level 12-pulse full bridges instead of two-level ones. In this
way, the number of transformers required is reduced to a half with a pseudo-48-pulse VSI
topology and having the advantages of multi-level inverters [13]. This topology can be applied
to reactive power generation almost without voltage imbalance problems. But when active
power exchange is included, the inverter could not have balanced voltages without sacrificing
output voltage performance and auxiliary converters would be needed in order to provide a
compensating power flow between the capacitors of the dc link [14]. For this reason, the use
of a two-quadrant three-level dc—dc converter as interface between the STATCOM and the
SMES is proposed here, instead of a standard two-level one. This converter makes use of
the extra level to solve the above-mentioned possible voltage imbalance problems. As a result,
the proposed three-level pseudo-48-pulse inverter reduces the excessively large number of
bulky transformers and decreases the harmonics produced as much in the ac as in the dc side
of the STATCOM while permits simultaneous active and reactive power exchange between
the SMES coil and the electric grid.

The proposed three-level VSI structure makes use of the neutral-point clamped (NPC)
topology and employs a line-frequency switching modulation method with selective
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harmonics elimination in order to build the pseudo-48-pulse inverter [7]. This multi-level
inverter topology attempts to address some of the limitations of the standard two-level
inverter such as the difficulty to extend the power capability of the inverter beyond the
ratings of an individual switching device and the need of PWM or pulse-dropping
techniques to improve the poor harmonic performance of the inverter. The three-level
structure offers one degree of freedom through the additional flexibility of the zero level in
the output voltage. This level can be controlled in duration, either to vary the fundamental
output voltage, or to assist in the output waveform construction as is the case proposed in
this work.

2.1.1. Switching functions for the elementary 6-pulse VSI

By considering that the basic three-level 6-pulse voltage source inverter is modulated
with a line-frequency square-wave switching, each phase can be connected to the positive
dc terminal, the midpoint (NP) or the negative dc terminal, as shown in Fig. 2a for phase
‘a’. From this, the switching function expression can be derived as follows:

o0

4
W= {—cos(hﬁ)sin[(hwt + hp)] (1)
= hn
being, A=2m—1 any positive integer, that is, A=1, 3, 5... for all m=1, 2, 3...;  the dead
angle (period) during which the VSI output voltage is zero.
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Fig. 2. Switching functions for an elementary three-level 6-pulse voltage source inverter (phase a): (a) phase-to-dc-
neutral (NP) switching function, (b) phase-to-ac-neutral (n) switching function, and (c) phase-to-phase switching
function.
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The switching functions for phases ‘b’ and ‘c’ are similar but phase-shifted 120° and
240°, respectively. Assuming that the dc capacitors voltages are balanced and equal to
V42, the VSI instantaneous terminal voltages with respect to the neutral point (NP) of the
dc bus can be obtained as

Vinv,a0 hg v
d
Vinopo | = | h§ | =2 )
6l 2
Vinv,c0 hc

In the same way, the instantaneous 6-pulse inverter output voltages with respect to the
neutral (n) of the transformer ‘1Y’ can be expressed as

Vinv,an Sf,
Vinp,bn | = S[? Va (3)
Vinv,cn Sf
where
1 S + b + hS
Sé — _ hé_ a b c 4
0= 5 (- (e @

Substitution of Eq. (1) into Eq. (4) yields the expression of the switching function for
phase ‘a’ with respect to the neutral of the transformers (see Fig. 2b), as follows:

N )
Se=>" [—cos(hﬁ)sin(hwt—i—hﬁ)] (5)
= hn
being, h=6m+ 1 any positive integer, that is, A=1, 5, 7... for all m=0, 1, 2...

In the same manner, the phase-to-phase instantaneous VSI output voltages can be
written as

Uinv,ab H,?
Vinv,be | = Hg Vd (6)
Vinv, ca Hf
where
1
Hy = S(H,—) @)

Eq. (7) can be re-written using Eq. (1) as follows (see Fig. 2c):

o
HS = /; [% sin (l?) cos(hff)cos (hwt + hp— l?)} ®)
being, h=6m =+ 1 any positive integer, that is, h=1, 5, 7... for all m=0, 1, 2...

It is significant to observe the relationship between the fundamental and harmonic
components of the phase-to-phase and phase-to-neutral VSI output voltages, derived from
Egs. (5) and (8). The amplitude of the phase-to-phase voltages is +/3 times the phase-
to-neutral values, whereas the phase-shift is 30°. Harmonic components different from
h=6m+1 are present although with phase opposition and therefore neutralized in the
elementary three-level inverter.
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2.1.2. Switching functions for the proposed equivalent 48-pulse VSI

By applying Fourier analysis to the inverter phase output voltages expressed by Eq. (3),
as can be directly derived from Eq. (5), the peak value of the fundamental and harmonics
components can be found as follows:

vf’m = %cos(hﬁ) Vy 9)
with h=6m+1 (h=1, 5,7, 11, 13...) and m=0, 1, 2... .

The harmonics content of the output voltage waveform, measured through the total
harmonic distortion (THD) of the basic 6-pulse VSI, is higher than 14%. In order to reduce
the voltage THD and thus to fulfill with standards for power electronics equipments applied
to high voltage power systems (IEEE, CIGRE, and UIE), an equivalent 48-pulse VSI
topology is used as shown in Fig. 1. Thus, using zigzag phase-shifting transformers and the
appropriate valves switching phase, the principle of harmonic neutralization can be applied.

The combination of two three-level 6-pulse basic inverters (couples 1Y-1D and 2Y-2D)
through the appropriate magnetic coupling creates a three-level 12-pulse converter. The 30°
phase-shift between the primary and secondary of transformers 1 D and 2 D permits to cancel
harmonics 5+12r (i.e., k=5, 17, 29, 41...) and 7+12r (7, 19, 31, 43...), where r=0,1,2,...
In the same way, by combining two three-level 12-pulse VSIs, phase-shifted 7.5° from each
other, a three-level 24-pulse inverter is build. This structure is able to behave like an
equivalent standard two-level 48-pulse inverter for an optimum setting of . The 15° phase
shift between the two groups of transformers (1Y-1D leading by 7.5° and 2Y-2D lagging by
7.5°) allows cancellation of harmonics 11424r (11, 35,...) and 13+424r (13, 37,...). As all 3r
harmonics are not transmitted by the Y and D transformers’ secondaries, the first harmonics
which are not cancelled by the transformers are 23rd, 25th, 47th, and 49th.

A particular harmonic 4 reaches zero when Eq. (10) is satisfied:

180
2p = i

Thus, by choosing an appropriate conduction angle ¢ for the three-level inverters
(6=180°=2p), that is, Goprimum=172.5" (Boptimum=3.75°), the 23rd and 25th harmonics can
be minimized, as can be observed from harmonic content shown in Fig. 3a. As a result, the
first significant harmonics are the 47th and 49th, so that the inverter acts as a 48-pulse
conventional VSI. This topology permits to generate an almost sinusoidal voltage waveform
consisting of 48-steps, as shown in Fig. 3b for a capacitive operation mode (generating
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Fig. 3. Equivalent 48-pulse VSI-based STATCOM voltage THD and output waveforms for optimum conduction
angle operation: (a) voltage harmonic content and (b) voltage and current output waveforms.
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reactive power). The low harmonic rate of the proposed 48-pulse VSI device is expressed
through the reduced voltage THD, which is less than 3%. Consequently, this equipment can
be used in high power applications without ac filters. Even more, this controller supplies at
the point of common coupling (PCC) to the electric grid an almost sinusoidal current; the
current being smoothed by the leakage inductance of the step-up coupling transformers which
act as a natural first-order low-pass filter.

The switching function for the equivalent 48-pulse voltage source inverter can be
estimated for phase ‘a’ by Eq. (11):

o0
S48 ~ h; [% kg cos(hp)sin(hat) (11)
with h=48m+1 (h=1, 47, 49...) and m=0, 1, 2...; ky=4(n»/n;) the total voltage ratio of
the zigzag phase-shifting transformers.

If the switching functions are averaged, approximating by their fundamental
components (neglecting harmonics), the peak value of the phase-to-neutral output voltage
for the equivalent 48-pulse VSI can be expressed through Eq. (12):

Vinv = S;ig Vd (12)

being, Sz‘gg =(2/m)krcosf is the average switching function for the equivalent
48-pulse VSI.

The current exchange between the VSI and the ac system is straight determined by the
voltage across the tie reactance provided by the leakage inductance of the coupling
transformers. In this way, by varying the amplitude of the output voltages produced by the
STATCOM respect to the ac system voltage (PCC), the current flow can be controlled and
thus the reactive power exchange. The magnitude of the STATCOM fundamental current
component can be derived in the following fashion:

1, = L(Vm—(gkrcosﬁVd)) (13)
ol T

where V,, is the maximum level of the ac system voltage at PCC and L the equivalent
leakage inductance of the four coupling step-up transformers.

It is to be noted that if the amplitude of the inverter fundamental output voltage is
increased above that of the ac system (V),), that is V,<0.6663k cos fV, then the inverter
generates reactive (capacitive) power. In a similar way, if the amplitude of the inverter
fundamental output voltage is decreased below that of the ac system, that is V},>0.6663
krcos ¥V, then the VSI generates reactive (inductive) power. The active power generation
(or absorption) in turns, is accomplished by phase-shifting (leading or lagging) the output
VSI voltage, v;,, by an angle « in relation to the ac system voltage.

The total dc bus current expression can be derived from the contribution of each ac line
current through the switching functions. Thus, by considering a pure sinusoidal current
waveform, as expressed by Eq. (14) for phase ‘a’:

iy = I, sin(wt + @) (14)

being i, and i. phase-shifted successively by 120°. ¢ the phase-shift between the output line
current and the voltage generated by the STATCOM VSI.

The angle ¢ is near equal to +7/2 depending upon whether the STATCOM exchanges
capacitive or inductive reactive power, respectively.
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Fig. 4. Instantaneous dc bus current and voltage for the equivalent 48-pulse inverter in capacitive and inductive
mode: (a) dc bus current and (b) dc bus voltage.

The total dc bus current can be described by Eq. (15):

la
L= SE% S5 S (15)

le

This current waveform is shown in Fig. 4a for the inverter generating (capacitive mode)
and absorbing (inductive mode) reactive power and neglecting losses. The switching
functions can be expressed in Fourier series form, so that Eq. (15) can be re-written as

Le=Ii+ [ﬂ sin(48hwt)] (16)
A |48h

In case that active power is also exchanged, ¢ will differ from + /2 in Eq. (14), being
reduced its absolute value. This feature also becomes evident in Eq. (16) by the appearance
of a constant dc current offset which produces a dc power. This dc current component 1,
accounts for the total actual switching VSI losses and capacitors power losses, as well as
the current provided by the SMES coil linked to the dc bus. On the other hand, the infinite
summation of Eq. (16) describes the reactive power exchanged with the utility system.
It can be noted the presence of harmonic components of order 484 on the capacitors
current, so that the first significant harmonic is the 48th. This feature meets the harmonics
transfer condition from ac-side to dc-side and vice versa. A harmonic on the dc-side is
transferred to the ac-side as two side-bands of order (484 + 1) with positive and negative
sequence components, respectively. In the same way, a given sequence harmonic on the ac-
side transferred to the dc-side gives only one of the side-bands, being the lower order for a
positive sequence and the higher order for a negative sequence.

The previous study supposes a constant dc voltage provided by an infinite capacitor. If a
finite capacitor is considered, a dc ripple appears which depends on the capacitor value and
the current flow. Considering this case, as can be seen from Fig. 4b, the dc bus voltage can
be expressed in a similar way than for the dc bus current as follows:

2 t
Vae = —/ Ljedt+ Voo (17)
Ca Jo

being V4 an initial condition at 1=0.
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Substituting Eq. (16) into Eq. (17) permits to obtain the dc bus voltage expression as

Vae=Va—Y [%zd(h)cosmhwz) (18)
h=1

where Z (h)=(1/48hwC,) is the dc side impedance at harmonic components 484, neglecting
losses.

The dc voltage component, V,;involves initial voltage condition (according to capacitors
initial state of charge) and active power exchanged with the utility system including the
action of the SMES coil. In contrast, the infinite summation describes the reactive power
exchanged with the ac system.

2.2. Two-quadrant three-level dc—dc converter

The inclusion of a SMES coil into the dc bus of the STATCOM demands the use of an
interface to adapt the wide range of variation in voltage and current levels between both
devices. Controlling the SMES coil rate of charge/discharge requires varying as much the
coil voltage magnitude as the polarity according to the coil state-of-charge, while keeping
essentially constant the STATCOM dc bus voltage. To this aim, a two-quadrant three-
level dc—dc converter or chopper is proposed to be employed. This converter (top left-hand
side of Fig. 1) allows decreasing the ratings of the overall power devices by regulating the
current flowing from the SMES coil to the inverter of the STATCOM and vice versa.
In addition, it allows varying the amplitude of the output voltage of the VSI, keeping
constant the conduction angle ¢ of the inverter valves. Thus, the harmonic distortion of the
STATCOM output voltage can be maintained at the lowest level, independently of the
voltage required at the PCC (0,psimun seen in Section 2.1.2).

Major advantages of three-level chopper topologies compared to traditional two-level ones
include reduction of voltage stress of each thyristor by half, permitting to increase the chopper
power ratings maintaining high dynamic performance and decreasing the harmonics distortion
produced. Furthermore, the availability of redundant switching states, which allow generating
the same output voltage vector through various states. This last feature is very significant in
order to reduce switching losses and dc current ripple, but mainly to maintain the charge balance
of the dc capacitors. This condition of NP voltage balancing is crucial for avoiding contributing
additional distortion to the three-level equivalent 48-pulse VSI output voltage.

Table 1

Three-level chopper output voltage vectors and their corresponding GTO switching states.

States G| Gz G3 G4 Vab

1 1 1 1 1 +Vy

2 0 0 0 0 —Va
3 0 1 0 1 0

4 1 0 1 0 0

5 1 1 0 0 0

6 1 1 0 1 + V42
7 1 1 1 0 +Vy42
8 1 0 0 0 —V42
9 0 1 0 0 —V42
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Table 1 shows all possible combinations of the chopper output voltage vectors, V,,
(defining the SMES side of the circuit as the output side) and their corresponding GTO
switching states. The addition of an extra level to the dc—dc chopper allows enlarging its
degrees of freedom. As a result, the charge balance of the dc bus capacitors can be controlled
using the extra switching states, at the same time acting as a conventional dc—dc converter.
The output voltage vectors can be selected based on the required SMES coil voltage and dc
bus NP voltage. In this way, multiple subtopologies can be used in order to obtain output
voltage vectors of magnitude 0 and V,/2, in such a way that different vectors of magnitude
V42 produce opposite currents flowing from/to the neutral point. This condition causes a
fluctuation in the NP potential which permits to maintain the charge balance of the dc-link
capacitors. By properly selecting the duration of the different output voltage vectors, an
efficient dc—dc controller with NP voltage control capabilities is obtained.

The dc—dc chopper has basically three modes of operation, namely the buck or charge
mode, the boost or discharge mode and the stand-by mode. These modes are obtained in
this work using a buck-boost topology control mode in opposition to a bang—bang control
mode [15] that is much simpler yet produces higher ac losses in the SMES coil.

2.2.1. Switching functions for the chopper operating in buck mode (charge)

In the charge mode, the chopper works as a step-down (buck) converter. This topology
makes use of switching states 1, 5, 6 and 7, in order to produce output voltage vectors +V,
0, and + V2 with separate contribution of charge at the NP from capacitors C, and C,,.
In this mode, thyristors G| and G, are always kept on, while thyristors G3 and G, are
modulated to obtain the appropriate output voltage, V,,, across the SMES coil. In this
way, only subtopologies closest to the state 1 are used. In consequence, only one
semiconductor device is switched per switching cycle T5; this reducing the switching losses
compared to the standard two-level converter and thus also reducing the current ripple.

Fig. 5a shows the switching function of the three-level chopper operating in buck mode.
This function, which is stated in Eq. (19), shows an attribute of immutability associated to the
switching states utilized for maintaining the charge balance of the dc capacitors (states 6 or 7):
{ sin(hnD,) x [sm(2h77:D1)

S =D+ Dy + Z 2 o8 [ho(t—y,—2y,)] } Z

cos[ha(t—y))] ]
=1 -

(19)

s

p.u.

0.5

p.u.

002 | /—/

toniy | lon2 loff !
Theigon2, ol

0 25 5 7.5 (o} 25 5 7.5 10 12.5
t[ms] t[ms]

Fig. 5. Chopper switching function and output current for buck mode (charge): (a) chopper switching function
and (b) SMES current.
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where h=1,2,3 ...; Di=(2,1/2T}) the duty cycle for switching states 6 or 7; D, =(t,,»/Ty) the
duty cycle for switching state 1; y;=(D;/f) the harmonic phase angle due to Dy; y,=(D,/2f)
the harmonic phase angle due to D-.

It can be inferred from Eq. (19) the presence of voltage ripples generated by the three-
level dc—dc chopper output. Even though this chopper has an improved harmonic quality
of the output voltage relative to the two-level converter, especially at low frequencies, it is
necessary to provide the SMES coil with a capacitive filter to prevent an excessive stress of
the superconducting coil insulation caused by resonances at certain frequencies.

The relationship between the chopper output voltage V,,, and the VSI dc bus voltage V,
can be derived from Eq. (19), as follows:

Vb= SenVa (20)

In the same fashion, the chopper output current 7, i.e., the current flowing to the SMES
coil, can be estimated as described by Eq. (21):

!
I = %/0 Vapdz (21)

Fig. 5b allows observing the existence of ripple also in the SMES coil current, although
being lower than the case of the output voltage.

Once completed the charging of the SMES coil, the operating mode of the converter is
changed to the stand-by mode, for which only the state 5 is used. In this condition,
thyristors G5 and G4 are switched off, while thyristors G| and G, are kept on all the time.
During periods when the SMES coil is charged but it is expected not to use such stored
energy for a relatively long time, the coil should be shorted by a mechanical switch (S,,) in
order to avoid power dissipation on semiconductors.

2.2.2. Switching functions for the chopper operating in boost mode (discharge)

In the discharge mode, the chopper operates as a step-up (boost) converter in collaboration
with the dc bus capacitors. This topology employs switching states 2, 5, 8, and 9, in order to
produce at terminals ab, vectors —V,, 0, and —V,;/2 with independent contribution of charge
at the NP from capacitors C, and C,. In this mode, thyristors G; and Gy are constantly kept
off while thyristors G| and G, are controlled to obtain the suitable voltage V,;,, across the
SMES coil. In this way, only subtopologies closest to state 2 are utilized.

Fig. 6a shows the switching function of the three-level chopper operating in discharge or
boost mode. From this, the switching function expression can be derived as stated in Eq. (22).

a ? b

2 t 1, ;
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Fig. 6. Chopper switching function and output current for boost mode (discharge): (a) chopper switching
function and (b) SMES current.
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This function exhibits an analogous feature of immutability respect to the switching states
utilized for generating vectors —V,;/2 (states 8 or 9), as in the case of the buck mode:

sin(hn(1—D>)) ., 2, [sin(2hn(1—Dy))
|:2T2005[h0)(17é’2*2g1)]:| + Z {Tl

h=1

o0
Sdeh =1-D1—D> + Z
i=1

coslha(t—{)]

(22)

where =1, 2, 3...; {;=((1—D,)/f) is the harmonic phase angle due to D;; {,=((1—D»)/2f)
the harmonic phase angle due to D,.

As in the case of the chopper working in buck mode, the relationship between the chopper
voltage V,;, and the VSI dc bus voltage V,; can be derived from Eq. (22), as stated in Eq. (23):

Vab = SacnVa (23)

In the same manner, the SMES coil current /. can be estimated as described by Eq. (21)
for charge mode, but substituting V,, from Eq. (23) into Eq. (21).

As can be inferred from previous equations, there exists also voltage and current ripples
generated by the three-level dc—dc chopper output in the boost mode. Fig. 6b shows the
SMES coil current in the discharge or boost mode.

By averaging the switching functions S, and S, which results analogous to neglecting
harmonics, a general expression relating the chopper average output voltage V,,, to the
VSI average dc bus voltage V,;, can be derived through Eq. (24):

Vap=mVy (24)

being m, the modulation index expressed as m=(D+D,) the chopper buck mode (charge);
m=—(1—D;—D,) the chopper boost mode (discharge).

2.3. Multi-segment SMES coil

The equivalent circuit of the SMES coil depicted at the bottom left-hand side of Fig. 1
makes use of a lumped parameters network represented by a six-segment model
comprising self-inductances (L;), mutual couplings between segments (i and j, M), ac
loss resistances (Ry;), skin effect-related resistances (R,;), turn-ground (shunt—Csgy;), and
turn—turn capacitances (series—Cy;). This model is based on the ones previously proposed
in [16,17], and is reasonably accurate for electric systems transients studies, over a
frequency range from dc to several thousand Hertz.

a 1o° b

Parallel Resonances

2
3
[rad]
=]

\ Series Resonances
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Fig. 7. SMES coil terminal impedance Z,, versus frequency: (a) magnitude of SMES coil impedance and
(b) phase angle of SMES coil impedance.
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Fig. 7 shows the frequency domain analysis of the six-segment SMES model (for the coil
detailed in Appendix B), measuring the impedance of the superconducting coil across its
terminals (Z,;). As can be seen from the magnitude of the terminal impedance, the coil has
parallel resonance frequencies at around 70, 120, and 200 Hz and series resonance
frequencies at about 110 and 190 Hz. As expressed in Section 2.2, the Fourier series of the
chopper output voltage V,,, contains both even and odd harmonics of the switching
frequency, which may excite coil resonances and cause significant voltage amplification of
transients with the consequent addition of insulation stress within the coil. Since the SMES
coil has a rather high inductance, these resonance frequencies become lower, turning this
phenomena an issue for selecting the chopper operating frequency. In addition, high power
dc—dc converters utilize low operating frequencies in order to minimize losses, being
significant in consequence to take into consideration the coil resonance phenomena for
choosing a safety frequency band of operation for the chopper.

Fortunately, the negative effects of the harmonic decrease faster than the inverse of the
harmonic order due to the skin effect occurring in the superconductor. Furthermore,
the inclusion of surge capacitors (C,; and Cy,) in parallel with grounding-balance resistors
(Ry1 and Rj) allows reducing the effect of resonances. However, in order to decrease
even more this phenomenon, a filter capacitor Cris proposed to be connected at the SMES
coil terminals. Thus, a reduction of harmonics content of V,, is obtained, also strongly
decreasing the magnitude of the terminal SMES coil impedance at secondary series and
parallel resonances, maintaining constant their frequencies and becoming lower the
frequency of the first parallel resonance, as shown in Fig. 8. In this way, for the case
presented here, the chopper operating frequency can be set as low as 500 Hz without
producing severe voltage amplification inside the SMES coil.

3. Multi-level control scheme of the STATCOM-SMES

The proposed three-level control scheme of the integrated STATCOM-SMES controller
is based on the steady-state average model of the device. This hierarchical control system,
consisting of an external, middle and internal level, is based on concepts of instantaneous
power on the synchronous-rotating d—¢ reference frame [18], as shown in Fig. 9.
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Fig. 8. SMES coil terminal impedance versus frequency with and without input filter.
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Fig. 9. Proposed three-level control scheme of the STATCOM-SMES device.

3.1. External level control design

The external level control, which is outlined in Fig. 9 (left-hand side), is responsible for
determining the active and reactive power exchange between the STATCOM-SMES device
and the utility system in order to reduce the change of determined operating conditions of
the power system in case of large disturbances. This control strategy is designed for
performing two major objectives (control modes) with dissimilar priorities:

e Frequency control mode (FCM). Case of a STATCOM-SMES controller with active
and reactive power exchange capabilities.

e Voltage control mode (VCM). Case of a traditional STATCOM with only reactive
power compensation capabilities.

3.1.1. Frequency control mode

This highest-priority control mode accomplished by the middle blocks of the external level
aims at controlling the PS frequency through the modulation of both, the reactive component of
the output current i, (case of a conventional STATCOM) and the active component i  (case of a
STATCOM-SMES). In the case of controlling #,, the set-point of the VCM, i.e., the voltage
reference signal V., is varied with a stabilizing voltage signal proportional to the PS frequency
deviation Af (defined as the difference between the set reference frequency f, and the actual
frequency f) which directly represents the power oscillation of the PS. This added signal causes
the output quadrature current of the STATCOM, i, to vary around the operating point defined
by V,, the purpose of this variation being to improve the damping of the power oscillations. In
this way, the voltage at the PCC is forced to decrease when the frequency deviation Afis positive
aiming at reducing the transmitted power through the transmission system and thus providing
an effective fast-acting voltage reduction reserve which opposes the deceleration of generators in
the PS. This action is performed in the opposite way when the frequency deviation Af is
negative, and then generators accelerate. Two transfer functions, including a lag-compensator
(LC,), are used to assist in shaping the gain and phase characteristics of the frequency stabilizer
for the case of modulating the output quadrature current of the STATCOM.
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Although the power oscillation damping technique of the standard STATCOM is rather
effective, the most effective compensation action for power oscillations (or swings) damping
and thus for primary frequency control (PFC) is carried out by rapidly exchanging active power
with the utility system, that is to say by controlling the output direct current of the STATCOM-
SMES, i,;. Considering this case, as in the previous case, the reference of the STATCOM-SMES
output direct current is directly derived from Af, representing the power oscillation of the
system. The frequency transducer transfer function is designed to eliminate any dc component
that may be present on the signal Af, by proper setting of the constant 77, of the low-pass filter.
Since a robust and efficient frequency control scheme requires the effective damping of a wide
range of generators power oscillations, ranging from less than 0.2 Hz for global oscillations to
4 Hz for local oscillations of units, a decoupled two-loop control approach with differential
bands of damping is proposed in this work. Thus, a loop is dedicated to low and intermediate
frequency modes of oscillations while the other one covers the high frequency mode.

The first loop is composed of a proportional-integral (PI) controller (PI;) with output
restriction including an anti-windup system to enhance the dynamic performance of the PFC
system. A speed-droop Ry (typically 3%) is also included in order to obtain a stable load
division among several fast-response devices operating in parallel. This characteristic is
analogous to the one included in generators speed governors. Thus, the rapid active power
exchange between the STATCOM-SMES and the PS is controlled, forcing the SMES coil to
absorb active power when generators accelerate (charge mode), or to inject active power when
they decelerate (discharge mode). The PI controller including a droop feedback acts as an
overall first-order lag-compensator. This first loop ensures an excellent performance in damping
power oscillations at low and intermediate frequency modes and then for large-signal stability,
but its response is very poor for the high frequency mode. To this end, a supplementary signal
proportional to the rate of change of the system frequency has been included via the second
loop in order to speed-up the transient response of the controller for managing high frequency
modes of oscillations. A differential signal of the frequency error with restricted high frequency
gain is obtained using a first-order washout filter. A lag-compensator (LC,) is also included into
the loop in order to improve the dynamic response of the controller and to ensure the robust
global damping provided by the proposed PFC mode. This second loop provides an excellent
performance in damping power oscillations at high frequency modes and then for small-signal
stability. Therefore, both loops act independently, so that their effects add up to provide
effective damping of all modes of interest. In this way steady state and transient objectives are
fulfilled by this control strategy almost uniformly. The stabilizer signal composed from both
loops is passed through a final limiter for setting the reference iy,.

In all cases, the frequency signal is derived from the positive sequence components of the
ac voltage vector measured at the PCC of the STATCOM-SMES, through a phase locked
loop (PLL). The design of the PLL is developed in the dg reference frame and incorporates
an adaptive control using a neural network for increasing its capture range [19]. This
device also synchronizes, by providing the phase 6, the coordinate transformations from
abc to dg components in the voltage and current measurement system. These signals are
then filtered using second-order low-pass filters in order to obtain the fundamental
components employed in the control system.

3.1.2. Voltage control mode
This subordinate control mode has the goal of controlling (supporting and regulating)
the voltage at the PCC to the electric grid. It has proved very good performance in
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conventional STATCOM controllers through the modulation of the reactive component
of the output current i,. To this end, in this work the instantaneous voltage at the PCC
is computed using a synchronous-rotating reference frame. In consequence, by applying
Park’s transformation, the instantaneous values of the three-phase ac bus voltages are
transformed into d-¢ components, v, and v,, respectively. By defining the d-axis always
coincident with the instantaneous voltage vector v, then v, results equal to \v\ while v, is set
at zero. Consequently, only v, is used for computing the voltage error vector which is
introduced to a proportional-integral (PI) controller with output restriction including an
anti-windup system to enhance the dynamic performance of the VCM system. A voltage
regulation droop Ry (typically 5%) is included in order to allow a higher operation stability
of the STATCOM-SMES device in cases that more high-speed voltage compensators are
operating in the area. This characteristic is comparable to the one included in generators
voltage regulators [20]. As a result, the PI controller including a droop feedback acts as an
overall first-order lag-compensator.

3.2. Middle level control design

The middle level control makes the expected output, particularly the actual active and
reactive power exchange between the STATCOM-SMES and the ac system, to
dynamically track the reference values set by the external level. The middle level control
design, which is depicted in Fig. 9 (middle side), is based on a linearization of the state-
space averaged mathematical model of the STATCOM VSC in the d—g reference frame
described in depth in [7], as follows:

S
Lqi o (25
AN
RPTJ 0

where R, is the equivalent resistance accounting for transformers winding resistance and
VSI semiconductors conduction losses, L, the equivalent leakage inductance in the d—g
reference frame for the four VSI step-up transformers, C, the equivalent capacitance of the
dc bus capacitors, and w the synchronous angular speed of the network voltage at the
fundamental system frequency f.

As reported by Acha et al. [21], modeling of static inverters using a synchronous-
rotating orthogonal d—¢ reference frame offers higher accuracy than employing stationary
coordinates. Moreover, this operation allows designing a simpler control system than using
a—c or o—f§ stationary components.

The average switching functions for the equivalent 48-pulse voltage source inverter,
transformed into the d—¢ reference frame, can be defined as

S5 = 5B cosa (26)

S = Sei¥ sina (27)
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with o is the phase-shift of the VSI output voltage from the reference position, set by the
instantaneous voltage vector measured at the PCC.

The new coordinate system is defined where the d-axis is always coincident with the
instantaneous voltage vector at the PCC (v,= |v , v;=0). Consequently, the d-axis current
component contributes to the instantaneous active power p- and the g-axis current
component represents the instantaneous reactive power ¢, as stated in Eqgs. (28) and (29).
In this way, in order to achieve a decoupled active and reactive power control, it is required
to provide a full decoupled control strategy for i; and i,

P =3 aia + vgig) =3|v]ia (28)

q =3 (vaig—vqiq) =3|v|i, (29)
Inspection of Eq. (25) shows a cross-coupling of both components of the STATCOM-
SMES controller output current through w. Therefore, in order to decouple the control of
ig and i,, appropriate control signals have to be generated. To this aim, it is proposed the
use of two control signals x; and x,, which are derived from assumption of zero deriva-
tives of currents (siy and si,) in the upper part (ac side) of Eq. (25). In this way, the cross-
coupling effect in steady state can be eliminated. This upper part of Eq. (25) can be
re-written using the relation stated in Eq. (12), transformed into the synchronous rotating
d—q reference frame through Eqgs. (26) and (27), as follows:

—R, "

iq 0 L ia] 1 [ vime—|v] 2

s iq - 0 - —w —R; iq +E Uiny, ( )
L

From Eq. (30), the peak value of the phase-to-neutral output voltage of the pseudo-
48-pulse VSI, transformed into the d-g reference frame, can be directly derived as stated in
Eqgs. (31) and (32):

, Ry . :
Vinvy = L (L’ zd—culq) + |v\ (31)
A
/ RS . .
o, = L (E i+ wzd> (32)

Assigning the proposed control signals x; and x, in order to replace the output current
components i, and i, respectively, in such a way that only the cross-coupling of both
components are left in Egs. (31) and (32), it is obtained:

Vinv, = L;(XZ_wiq) + ‘U| (33)

Vino, = Ly(x1 + wig) (34)
Eventually, substituting Egs. (33) and (34) into the upper part (ac side) of Eq. (25), yields
the expression of Eq. (35) as follows:

_RS
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As can be noticed, i; and i, respond to x; and x,, respectively, with no crosscoupling.
Thus, with the introduction of these new variables this control approach allows to obtain a
quite effective decoupled control with the model (ac side) reduced to first-order functions.
In order to guarantee the decoupled control condition of i; and i, in steady state, two
conventional PI controllers with proper feedback of the STATCOM-SMES output current
components are introduced in order to generate the proposed control signals x; and x», as
shown in Fig. 9 (middle side).

Even though the STATCOM-SMES and the power system are inherently nonlinear,
practical phase-shift ratings o of the VSI output voltage from the reference position are
small enough (typically within +3°) to consider the linearization of average switching
functions as valid. Consequently, linear methods of control yield satisfactory results for a
wide range of disturbances in the PS.

Fig. 9 (middle side) shows the full implementation of the middle level control. The
coordinate transformation from Cartesian to Polar yields the required magnitude of the
output voltage vector produced by the VSI (V;,,) and the phase-shift rating o of this vector
from the reference position, represented by the voltage vector measured at the PCC of the
STATCOM-SMES. From V,,, the required voltage at the dc bus (V) is derived and
the duty cycle of the chopper thyristors (D¥) is estimated through a balance of dc power in
the chopper, taking into consideration the active power injection/absorption ratings
required from the STATCOM-SMES and the actual current of the SMES coil i;. The duty
cycle of the chopper GTO thyristors is then derived by relying on the mode of operation of
the dc/dc chopper (charge/discharge), so that an initial value D,,; is determined for the
thyristors duty cycle. This mode of operation is determined assessing the sign of the
required positive sequence component of iy (i;1) via a charge/discharge selection block and
producing a signal of mode S, that is also required by the internal level control.
A corrective action of integral-type (PI controller) is needed for an accurate tracking of the
actual duty cycle D*, being D* the total duty ratio of the three-level chopper. Therefore, dc
bus voltage deviations AV, caused by actual VSC switching losses and capacitors power
losses can be quickly counteracted. Finally, duty cycles D; and D, are computed from D*
through a novel controller for balancing the dc link capacitors. This novel extra dc voltage
control block provides the availability of managing the redundant switching states of the
chopper according to the capacitors charge unbalance measured through the neutral point
voltage, Vpy =V 1—V . This specific loop modifying the modulating waveforms of the
internal level control is also proposed for reducing instability problems caused by
harmonics as much in the STATCOM-SMES device as in the electric system [22].

3.3. Internal level control design

The internal level provides dynamic control of input signals for the dc—dc and ac—dc
converters. This level is responsible for generating the triggering and blocking control
signals for the different valves of the pseudo-48-pulse three-level VSI and the three-level
dc—dc chopper, according to the control mode and types of valves used. Fig. 9 (right-hand
side) shows a basic scheme of the internal level control of the STATCOM-SMES
compensator. This level is mainly composed of a line synchronization module and a firing
pulses generator for both the STATCOM VSI and the dc—dc chopper. The line synchroni-
zation module simply synchronizes the STATCOM-SMES device switching pulses with the
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positive sequence components of the ac voltage vector at the PCC through the PLL phase
signal, 6,.

4. Computational implementation of the STATCOM-SMES model in MATLAB/Simulink

The full detailed model of the proposed STATCOM-SMES device is implemented in the
MATLAB/Simulink software package [23] and uses the SimPowerSystems (SPS) as shown in
Fig. 10. Since this detailed model contains many states and non-linear blocks such as power
electronics switches, the discretization of the electrical system with fixed-step is required so
as to allow much faster simulation than using continuous variable time-step methods.
Two sample times are employed in order to enhance the simulation, Ts_Power=15 us for the
simulation of the power system, the multi-pulse VSI and the dc—dc converter, and
Ts_Control=100 ps for the simulation of the multi-level control blocks.

The Simulink/SPS libraries offer a variety of models, such as machines, power electronic
devices and control blocks, which make it feasible to straightforwardly develop the proposed
technical models. Thus, the equivalent 48-pulse GTOs voltage source inverter is basically made
out of three-level bridge blocks linked through zigzag phase-shifting transformer blocks
and series branches of RC linear elements, all being ready-built blocks and elements of SPS.
The three-level GTOs dc—dc converter is wisely developed using an original proposal. The
conventional three-level bridge block with just one branch activated is employed in such a way
that simply the required semiconductors are switched while the others are kept off at all times.
In this way, the dc—dc converter implementation is optimizely achieved for discrete simulations,
since the turn-on and turn-off times (fall time and tail time) of the power switching device are
not modelled. This results in a faster simulation when compared to a single GTO mask because
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of the later increased state-space model. Thus, the conventional solution with individual
semiconductors would not be feasible when the power system is also included into the
simulation. The six-segment SMES coil is developed using series branches of RC linear
elements and the generalized model of mutual inductances block existing is SPS, specifying the
inductance matrices that define the mutual coupling relationship between the six windings
(balanced for this application). Protection elements, such as the metal-oxide varistors (MOVs)
are developed via the metal-oxide surge arrester modelled through a highly nonlinear V-1
characteristic. In the same way, the bypass switch is made out of a circuit breaker controlled
from an external Simulink signal.

5. Digital simulation results
5.1. Test system

The test power system used to study the dynamic performance of the STATCOM-SMES
is shown in Fig. 11 as a single-line diagram. This 7-bus transmission system operates at
230 kV/50 Hz, and implements a dynamically-modelled single generator-type small utility
linked to a bulk power system represented by a machine-infinite bus-type used for studies
of FACTS devices. The generator is powered by a steam turbine represented through non-
linear models and the controls of the unit include a dc type-la standard IEEE voltage
regulator and a speed governor. All loads are modelled by constant impedances and are
grouped at buses 6, 4, and 7. The major test system data are summarized in Appendix A.

The performance of the proposed STATCOM-SMES controller is analyzed through
digital simulation carried out using SPS of MATLAB/Simulink during 40 s. To this aim, a
three-phase-to-ground fault is applied at bus 2 in the bulk power system at t=0.1 s, and
cleared 5 cycles later (100 ms) by tripping the tie line with the opening of the circuit breaker
placed between buses 3 and 4. A load shedding scheme (LS) is included in order to prevent
the system frequency collapse during the disturbance, but also to make use of the activated
load shedding steps as a performance comparison index for various scenarios including the
STATCOM-SMES. This integrated controller is placed at bus 4 aiming at enhancing the
dynamic security, in cases that severe disturbances occur.

13.8 kV 230kV
Bus 6 Bus 5 Bus 4 Bus 7
Steam Turbine 120 MW
Generator ®_ _3 45%m kin 32 Mvar
250 MVA with LS
5 MW
1.1 Mvar 3 MW
— 0.95
Bus 1 Bus 2 Bus 3 Mvar
Breaker
170 km — STATCOM/
7 ] SMES
Infinite BUS © Thevenin \ 100 Mvar/
10 GVA 3 Phase Fault 30 MW/400 MJ

Fig. 11. Test system.
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5.2. Base case study

For the topology presented in the test case without the inclusion of the STATCOM-
SMES, also called as base case, in the steady state previous to the fault the utility system
must import about 20 MW from the bulk power system. In this interconnected operation
the system frequency is at its rated value of 1 p.u. After the fault, the tie line is tripped and
the generator operates in island conditions. Under these conditions, only the generator is
able to provide all the power demanded by loads. As can be seen from the simulation
results of Fig. 12, presented the base case using dash-dotted lines, the spinning reserve of
the unit is neither sufficiently large nor fast enough for supporting the system frequency
through the primary frequency control (PFC) and thus avoiding the frequency drop which
causes the system collapse. In this case, the implementation of the automatic LS scheme
with the activation of four (of ten) frequency steps is required in order to recover the
system frequency to its scheduled value. Despite this fact, the generating unit have to ramp
up quickly to decrease the amount of load rejected. Load rejection also permits to improve
the voltage profile at bus 4 in each LS activation step. A transient overvoltage occurs until
unit’s voltage regulators stabilize the bus voltage.

Consider the inclusion at bus 4 of a 100 Mvar STATCOM controller combined with a
30 MW/400 MJ SMES coil. In this condition, two external control modes are studied, namely
the voltage control mode, or VCM (case of a traditional STATCOM without energy storage)
and the frequency control mode, or FCM (case of an integrated STATCOM-SMES controller).

5.3. STATCOM in voltage control mode

The impact of the inclusion of a traditional STATCOM controller at bus 4 operating in VCM
can be analyzed by simulation results of Fig. 12, portrayed this case through dashed lines. The
good performance of the voltage regulator of the STATCOM device is evidently depicted by the
compensation of reactive power, which is shown in Fig. 13 in dash-dotted line. PI controller
gains of the external level control scheme in VCM were determined to give the power system the
fastest possible Bus 4 voltage regulation (the shortest settling time, and therefore rise time) while
keeping the maximum overshoot less than 15%. However, this control objective (VCM) of the
standard STATCOM device comes into conflict with the primary frequency control of the PS.
Thus, by controlling the voltage at bus 4, an augment of the active power demanded of the
generator is obtained which causes an increase of the system frequency drop and its rate of
change. In this way, an extra LS frequency step needs to be activated respect to the base case
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T
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3 098 (AN St 1 :
a ) e 5
09708 oot e e e ot
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=== STATCOM in Voltage Control Mode === STATCOM in Voltage Control Mode
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Fig. 12. Fault results for the proposed case studies: (a) power system frequency and (b) bus 4 voltage.
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Fig. 14. Generator active power for the base case and STATCOM-SMES in FCM.

(five of ten steps) by the PFC in order to recover the system frequency during the disturbance
effect. In the post-fault steady-state, the voltage level at bus 4 is enhanced by the STATCOM
providing a compensation of 47.5 Mvar (Fig. 13).

5.4. STATCOM-SMES in frequency control mode

The effect of incorporating a 30 MW /400 MJ SMES coil into the dc bus of the conventional
100 Mvar STATCOM device, yielding an enhanced integrated STATCOM-SMES controller,
can be studied through the simulation results of Fig. 12, depicted this case through solid lines.
These results clearly show the outstanding dynamic performance of the frequency control mode
of the STATCOM-SMES system. After the fault, when the frequency deviation exceeds the
controller dead-band limits, the SMES device is activated. The rapid active power supply added
to the conventional reactive power compensation, which are shown in Fig. 13 in solid and
dashed lines, respectively, absorbs the sudden power lost occurred after the tie-line tripping.
Thus, the generator is able to find the balance with the load at a lower speed than in the previous
test cases without producing a significant frequency deviation, as can be derived from the
generator active power flow of Fig. 14, for the base case (dashed lines) compared to the case with
the STATCOM-SMES in FCM (solid lines). This condition permits to greatly decrease the
power strain of the generating unit and also the spinning reserve required from this machine.
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In this case, the effects of the disturbance are totally mitigated in a shorter time than in the base
case without being necessary to activate the load shedding scheme. In fact, the frequency drop
is drastically reduced and maintained far away from the load shedding limit. Furthermore,
the maximum reactive power required from the STATCOM-SMES is reduced respect to the
conventional STATCOM device and the voltage profile at bus 4 is preserved without rejecting
load. The improvement of the PFC is obtained by the action of the SMES coil, which provides
active power for about 20 s (approximately 315 MJ of energy). Automatic generation control
(AGC) action has not been shown in order to focusing the study on the primary frequency
control performance.

6. Conclusions

In this paper, the operating characteristics of a static synchronous compensator
(STATCOM) integrated with superconducting magnetic energy storage (SMES) for high
power applications in the transmission network level have been investigated. A detailed
full dynamic model of the integrated STATCOM-SMES device has been proposed,
including a three-level pseudo-48-pulse voltage source inverter and a two-quadrant three-
level dc—dc converter as interface between both devices. Based on the state-space averaging
method a three-level control scheme has been designed, comprising an enhanced frequency
control scheme, a full decoupled current control strategy in the synchronous-rotating d-¢q
reference frame with an effective control approach to balancing the STATCOM dc bus
capacitors voltage. The proposed STATCOM-SMES controller has been implemented and
fully validated by digital simulation carried out using SimPowerSystems of MATLAB/
Simulink. The descriptive digital models proposed have been deeply examined, including
analytical results and digital simulations of main ac and dc system variables.
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Appendix A
A.1. Test system data

Transmission lines are modelled as distributed parameters with lumped losses.
Major lines data are given in Table Al, using p.u. quantities on 220 kV and 100 MVA
base. Table A2 shows the most important transformer data. In this case, all p.u. quantities
are on 220 kV and the generating unit nominal MVA base. Major generating unit data
and the active and reactive power quantities used in the base-case load flow are shown in
Table A3. In addition, main parameters related to synchronous machines, voltage regu-
lator and prime mover systems are shown in Tables A4 and AS5. Finally, in Table A6 the
most important load data are shown.

An underfrequency load shedding scheme is utilized. The scheme is composed of ten
frequency steps, each one rejecting 5 MW and 2 Mvar. Consequently up to 50 MW of
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Table Al

Line data.

ID# From Bus To Bus L (km) R (pu) X (pu) B (pu)
L1 2 3 170 0.0223 0.1227 0.2948
L2 5 4 45 0.0149 0.0818 0.1966
L3 4 7 35 0.0062 0.0341 0.0819

ID#=component identifier; R, X, and B=total positive sequence resistance, reactance and susceptance of
transmission lines.

Table A2
Transformer data.

ID# From Bus Tobus R(pu) X(pu) G(pux107) B(pux107®) Sy (MVA) N,/N, (kV/kV)

T1 6 5 0.00413  0.1653  0.653 3.0976 250 230/18

R and X=winding resistance and reactance.
G and B=magnetizing conductance and susceptance.
N,/Ny=voltage transformation ratio.

Table A3
Generating unit data.

ID# Bus  Unit Type  Unit Size MW) Pz MW) Qg (Mvar) Sy (MVA) Va (kV) Vs (pu)

Gl 6 ST 170 100 15 250 18 1.03

Unit type=ST—fossil-fuelled steam turbine with tandem compound single mass generator.
P; and Qg=generating unit active and reactive power output.
Vg¢=generating unit voltage output.

Table A4
Generating unit data (cont.).

ID#  HMW/MI)  Rs(pw) X;(pw) Xo(pw X, (pw) Xo(pw) X, (pw  Ta)  Tps)

Gl 5.5 0.001 0.14 1.569 1.548 0.324 0.918 5.140 L.5

H=inertia constant.
R, and X;=stator resistance and leakage inductance X, X;, X,, and X =direct and quadrature axis synchronous
and transient reactances T and T =direct and quadrature axis open-circuit transient and subtransient time

constants.

Table AS
Generating unit data (cont. 1).

ID# R (%) DB (mHz) Tsr (ms) T'sar (Ms) Ky T4 (ms) Kr Tr (ms) Tr (ms)

Gl 5 180 1 150 300 1 0.001 100 20

R=speed regulation or governor droop.
DB=dead band of speed regulator.
Tsr=speed-relay time constant.
Tspr=servo-motor time constant.
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Table A6

Load data.

ID# Bus P; MW Q; Mvar LS
Ld7 7 120 32 Y
Ld4 4 3 0.95 N
Ld6 6 5 1.1 N

P; and Q;=load active and reactive power.
LS=1load shedding scheme (Y =included, N=not included).

Table A7

Load-shedding scheme.

Frequency step f (Hz) f(p-u)
1 48.539 0.97078
2 48.512 0.97024
3 48.475 0.9695
4 48.422 0.96844
5 48.369 0.96738
6 48.312 0.96624
7 48.25 0.965
8 48.185 0.9637
9 48.115 0.9623

10 48.042 0.96084

./;nin, Admissible=47.5 Hz=0.95 p.u.

Table Bl
STATCOM-SMES data.

Qmax (Mvar) Pmnx (MW) ESC max (MJ) ISC max (kA) Vd (kv) Cdlﬂch (mF) LT (H)

100 96 400 4 24 10 50

Omaxy=maximum rated reactive power.

P,,.~=maximum rated active power.

Esc nax=maximum rated storage capacity of the SMES system.
Isc max=maximum rated current of the superconducting coil.
V,=rated voltage of the dc bus.

Cq1. Cpp=capacitances of the dc bus capacitors.

Lr=total inductance of the SMES device.

active power can be rejected, representing 41.66% of the active power load. The operating
time delay of each load-shedding step, which utilizes solid-state relays, is 0.2 s (Table A7).

Appendix B
B.1. STATCOM-SMES controller data

Tables BI-B3 summarize the most important data corresponding to the STATCOM,
chopper and SMES sub-systems.
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Table B2

SMES model data.

#Seg. L; (H) M i (H) Cs;i (uF) Csni (LF) Rpi Q) Rp Q)
6 8.334 3.12 0.01 0.488 0.05 5

#Seg.=number of segments of the coil model.
L;=self-inductance per segment.

M ;;=mutual coupling inductance between segments.
Cgj=series stray capacitance between turns of the coil.
Cgj,;=shunt stray capacitance between turn and ground.
R,;=ac loss resistance per segment.

R,=stray resistance between segments due to skin effect.

Table B3

Chopper and SMES filter data.

Tr (ps) Tr (ps) Vea!Vip (V) Ron (mQ) Cs1,Csy (UF) Ry1.R,» (kQ) Cr (uF)
5 10 1/0.6 1 1.1 27.5 6

Tr=fall time of the GTO of the chopper (similar for the inverter).
Tr=tail time of the GTO of the chopper.

Vig, Viep=Fforward voltages for GTOs and diodes, respectively.
Roy=internal resistance of the GTO device.

Cgs1, Cs», Cp=capacitances of SMES filter.

R, Ryp=ground resistances.
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