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Abstract—Superconducting magnetic energy storage (SMES)
systems are getting increasing interest in applications of power
flow stabilization and control in the transmission network level.
This trend is mainly supported by the rising integration of large-
scale renewable energy power plants into the high-power utility
system and by major features of SMES units. In a SMES system,
the power conditioning system (PCS) is the crucial component for
controlling the power exchange between the superconducting coil
and the ac system. The dynamics of the PCS directly influences the
validity of the SMES in the dynamic control of the power system.
This paper describes a novel PCS scheme of SMES to simultane-
ously perform both active and reactive power flow controls. More-
over, a detailed model of the SMES unit is derived and a three-level
control scheme is designed, comprising a full decoupled current
control strategy in the d—g reference frame with a novel controller
to prevent PCS dc bus capacitors’ voltage drift/imbalance. The dy-
namic performances of the proposed systems are fully validated by
computer simulation.

Index Terms—48-pulse voltage source converter (VSC), power
conditioning system (PCS), superconducting magnetic energy stor-
age (SMES), three-level control scheme, three-level dc/dc converter
or chopper, transmission system.

I. INTRODUCTION

N recent years, mainly due to the technology innovation, cost
I reduction, and government policy stimulus, there has been
an extensive growth and rapid development in the exploita-
tion of renewable energies, particularly wind and photovoltaic
(PV) solar ones. Today, there exists an increasing penetration of
large-scale wind farms and PV solar power plants into the high-
power utility system all over the world [1]. This situation can
lead to severe problems that dramatically jeopardize the power
system security, particularly in a weak power system, i.e., Sys-
tem frequency oscillations due to insufficient system damping,
and/or violations of transmission capability margin due to se-
vere fluctuations of tie-line power flow, among others [2], [3].
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Even more, because majority of these renewable energy plants
with high installed capacity are connected to the transmission
power system, their impacts are becoming more widespread.
In addition, as presently deregulated power markets are taking
place, generation and transmission resources are being utilized
at higher efficiency rates, leading to a tighter control of the spare
capacity [4].

To overcome this problem, superconducting magnetic energy
storage (SMES) can be utilized as an effective device with the
ability to rapidly exchange power with the ac power system
[5]. The most important advantages of SMES devices include
high power and energy density with outstanding conversion
efficiency, and fast and independent power response in four
quadrants. In a SMES system, the power conditioning system
(PCS) is the interface that allows the effective connection to
the power system. The dynamics of the PCS directly influences
the validity of the SMES in the dynamic control of the power
system. With the appropriate topology of the PCS and its control
system design, the SMES unit is capable of simultaneously
performing both instantaneous active and reactive power flow
controls [6]-[11].

Various PCSs for SMES systems have been studied in the
literature [5]-[9], including 24-pulse and 48-pulse converter de-
signs among the most adequate for applications in the transmis-
sion network level, i.e., in high-voltage (hundreds of kilovolts)
high-power (several megawatts) levels. However, 24-pulse (or
lower) converter-based SMES systems require capacitor banks
for harmonic filtering, which represents a limitation because be-
sides creating additional power losses and decreasing the system
performance, they usually introduce additional harmonic reso-
nances with the power system line inductances and may become
troublesome. On the other hand, 48-pulse converters employ
eight transformers for coupling eight gate turnoff (GTO) thyris-
tor full bridge inverters, which are bulky, heavy, and lossy. More-
over, all these proposed PCSs use a conventional two-level dc/dc
converter as interface between the SMES coil and the converter.

This paper describes the design and implementation of a novel
high-performance PCS of a SMES and its controller, for appli-
cations in the transmission network level. The proposed con-
verter structure is a 48-pulse one, composed of four magnetic
coupled three-level full bridges that have better dynamic per-
formance than conventional structures and reduce to half the re-
quirement of transformers. A full detailed model of the SMES
controller is derived, including two power converters to pro-
vide the high-efficiency power conditioning system capability
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Fig 1. General components of the proposed SMES unit.

and the superconducting coil (SC), as depicted in Fig. 1. The
PCS consists of a three-phase three-level multipulse ac/dc con-
verter and incorporates a two-quadrant three-level dc/dc con-
verter as interface with the SMES coil. Moreover, based on the
state-space averaging method a three-level control scheme is
designed, comprising a full decoupled current control strategy
in the synchronous-rotating d—q reference frame with a novel
controller to prevent the voltage drift/imbalance of the ac/dc con-
verter dc bus capacitors. The dynamic performances of the pro-
posed systems are fully validated by digital simulation carried
out by using SimPowerSystems (SPS) of MATLAB/Simulink.

II. MODELING OF THE PROPOSED SMES SYSTEM

Fig. 2 summarizes the proposed detailed model of the SMES
controller for applications in the distribution network level. This
model consists of the PCS and the SMES coil with its filtering
and protection system.

A. Power Conditioning System

The PCS provides a power electronic interface between the
electrical grid and the SC, aiming at achieving two goals: one
is to convert electric power from dc to ac, and the other is
to charge/discharge efficiently the SC. The major component
of the proposed PCS is the well-known flexible ac transmis-
sion system (FACTS)-based static synchronous compensator
(STATCOM). The application of FACTS controllers based on
voltage source converters (VSC) has been settled worldwide as
the next generation of fast reactive power compensators for im-
proving both transient and dynamic stabilities [12]. In this sense,
shunt compensation provided by STATCOM controllers has al-
ready proved its benefits on the existing transmission system.

Since they can only exchange reactive power with the electric
grid, which limits its degrees of freedom and therefore its impact
on the power system operation, a STATCOM-SMES combina-
tion (also known simply as the SMES system) has been pro-
posed as an improved controller, allowing simultaneous active
and reactive power compensation with more valuable effects
on counteracting PS disturbances [5], [8], [13]. These bene-
fits include enhancement of reliability, dynamic stability, power
quality, and area protection.

The STATCOM basically consists of the VSC with semi-
conductors devices having turnoff capabilities [emitter turnoff
thyristor (ETO)], step-up transformers, and dc bus capacitors.
High efficiency VSCs with reduced harmonic distortion can
be implemented essentially through three feasible solutions:
the conventional full bridge converter employing pulse width
modulation (PWM), the multilevel converter, and the multi-
pulse converter. In practice, conventional PWM switching tech-
niques are regarded uneconomic for high-power applications
since they produce very high switching losses [14]. The most
relevant topologies of multilevel converters are diode-clamped
(neutral-point clamped or NPC), capacitor-clamped (flying ca-
pacitors), and cascaded multicell with separate dc sources [15].
By increasing the number of levels in the converter, the output
voltage waveforms have more steps generating a staircase ap-
proximation of a sinusoidal waveform, which has a reduced har-
monic distortion. However, a high number of levels increase the
control complexity and introduce voltage imbalance problems,
voltage clamping requirements, circuit layout, and packaging
constraints [16]. In practice, for the case of high-voltage high-
power applications including active power exchange, the num-
ber of feasible voltage levels with adequate results is restricted
to no more than 5. The traditional magnetic coupled multipulse
converter using the harmonic cancellation technique has two or
more bridges and synthesizes the staircase output voltage wave-
form by varying transformer turns ratio with zigzag connections.
The magnetic transformer coupled converter is bulky, heavy,
and lossy. Furthermore, the VSC should have a large number of
bridges and transformers in order to increase the pulses number
for minimizing the harmonic distortion produced. Nevertheless,
practical high-voltage high-power applications in the transmis-
sion level demonstrate the adequacy of this topology [17].

Based on these facts, this study proposes the use of the
fundamental frequency modulated multipulse ETO converter
for building the VSC 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 harmonic filtering and to meet
the voltage total harmonic distortion requirements for transmis-
sion level applications, a pseudo 48-pulse ETO converter com-
posed of four magnetic coupled three-level 12-pulse full bridges
emerges as the most appropriate topology, as described in Fig. 2
(right side). This topology can be applied to reactive power gen-
eration almost without voltage imbalance problems. But when
active power exchange is included, the ac/dc converter 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 [17]. For this reason, the use of an advanced
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Fig. 2. Detailed model of the proposed SMES system, including the power conditioning system and the SC.
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Fig.3. Voltage source converter switching functions. (a) Basic 12-pulse VSC,
S12 . (b) Equivalent 48-pulse VSC, §¢*8.

dc/dc converter as interface between the VSC and the SMES is
required, instead of a standard one.

Fig. 3(a) shows the switching function for phase “a” of each
12-pulse VSC, while the switching function of the resultant
pseudo 48-pulse VSC is depicted in Fig. 3(b), and can be esti-
mated by

, > T2
St~ Z Lka cos (h3) sin (hwt) 1)
h=1

where h =48m + 1 (h=1,47,49,...)and m = 0, 1, 2,
.. kp = 4(na/nq) is the total voltage ratio of the zigzag trans-
formers; and 3 is the dead angle (period) during which the VSC
output voltage is zero (Boptimum = 3.75°).

If the switching functions are averaged, the peak value of the
phase-to-neutral output voltage for the equivalent 48-pulse VSI
can be expressed through

Vinv = S;js V;i (2)
being S¢4® = (2/m)kr cos 3 the average switching function for
the VSC.

The inclusion of a SMES coil into the dc bus of the VSC
demands the use of an improved interface to adapt the wide
range of variation in voltage and current levels between both
devices. Controlling the SMES coil rate of charge/discharge re-
quires varying as much the coil voltage magnitude as the polarity
according to the coil state-of-charge, while keeping essentially
constant and balance the voltage of the VSC dc link capacitors.
To this aim, a two-quadrant three-level ETO dc/dc converter or
chopper is proposed to be employed, as shown in Fig. 2 (upper
left side). This converter allows decreasing the ratings of the
overall PCS (specifically VSC and transformers) by regulating
the current flowing from the SMES coil to the inverter of the
VSC and vice versa. In addition, it allows varying the ampli-
tude of the output voltage of the VSC, keeping constant the
conduction angle o of the ETO thyristors. Major advantages of
three-level chopper topologies compared to traditional two-level
ones include reduction of voltage stress of each thyristor by half,
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TABLE I
THREE-LEVEL CHOPPER OUTPUT VOLTAGE VECTORS AND
THEIR CORRESPONDING ETO SWITCHING STATES

States E; E, E; E, Vo
1 1 1 1 1 +Vy
2 0 0 0 0 Vi
3 0 1 0 1 0
4 1 0 1 0 0
5 1 1 0 0 0
6 1 1 0 1 +Vy2
7 1 1 1 0 +Va2
8 1 0 0 0 V2
9 0 1 0 0 V2

permitting to increase the chopper power ratings while main-
taining high dynamic performance and decreasing the harmonic
distortion produced. Furthermore, it includes the availability of
redundant switching states, which allow generating the same
output voltage vector through various states. This last feature
is very significant to reduce switching losses and VSC dc cur-
rent ripple, but mainly to maintain the charge balance of the dc
bus capacitors, thus avoiding contributing to the ac system with
additional distortion.

Table I lists all possible combinations of the chopper output
voltage vectors V,;, (defining the SMES side of the circuit as
the output side) and their corresponding ETO switching states.
As derived, the chopper can be thought of as a switching matrix
device that combines various states for applying either a posi-
tive, negative, or null voltage to the SC coil. 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 by using the extra switching states, at the same
time acting as an enhanced conventional dc/dc converter. The
output voltage vectors can be selected based on the required
SMES coil voltage and dc bus neutral point (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 V,;/2 produce opposite cur-
rents flowing from/to the neutral point. This condition causes
a fluctuation in the NP potential that 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 abilities is obtained.

The dc/dc chopper has basically three modes of operation,
namely the buck or charge mode, the standby or free-wheeling
mode, and the boost or discharge mode. These modes are ob-
tained in this study by using a buck-boost topology control mode
contrary to a bang—bang control mode [18], [19], which is much
simpler yet produces higher ac losses in the SC. The behavior
of the chopper for each mode of operation can be explained in
terms of operating a combination of three of the switching states
shown in Table I during a switching cycle T. The purpose of the
chopper is to apply a positive, null, or negative average voltage
to the SMES coil, according to the mode of operation.

In the first mode of operation, that is the charge mode, the
chopper works as a step-down (buck) converter. Since power is
supplied to the SC from the electric power system, this mode

can also be called powering mode, and makes use of a com-
bination of positive and null vectors. This is achieved through
the switching states 1, 5, and 6 or 7 in order to produce output
voltage vectors +V, 0, and +V,;/2 with separate contribution
of charge at the NP from capacitors C'y; and Cyo. As can be
observed from Fig. 4(a), in this mode thyristors £, and FEy
are always kept ON, while thyristors E3 and E4 are modu-
lated to obtain the appropriate output voltage, V,3,, 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; this reduces the switching losses
compared to the standard two-level converter and thus also re-
duces the input/output current ripple.

Fig. 5(a) shows the switching function S, of the three-level
chopper operating in buck mode. This function, which is stated
in (3), is valid for the charge mode independently of the switch-
ing states utilized for maintaining the charge balance of the dc
capacitors (state 6 or 7):

Sch = Dl + D2

+Z [ sin hWDQ)Cos [he (t — 7 —271)}]

Z [ 2h7TD1 cos [hw (t — 71)]} 3)
where
h= 1,2,3,...
Dy = ton1/2Ts:  duty cycle for switching state 6 or 7
Dy =ton2/Ts:  duty cycle for switching state 1
=Dy/f: harmonic phase angle due to D,
Yo = Dy /2f: harmonic phase angle due to Dy

with f being the fundamental electric grid frequency.

Once completed the charging of the SMES coil, the operating
mode of the converter is changed to the standby mode, for which
only the state 5 is used. As derived from Fig. 4(b), in this second
mode of operation thyristors F/3 and F4 are switched OFF, while
thyristors Iy and Iy are kept ON all the time. In this way, the
SMES coil current circulates in a closed loop, so that this mode
is also known as free-wheeling mode, and the current remains
fairly constant.

In the third mode of operation, that is the discharge mode,
the chopper works as a step-up (boost) converter. Since power is
returned back from the SC to the electric grid, this mode can also
be called regenerative mode, and makes use of a combination of
negative and null vectors. This is achieved through the switching
states 2, 5, and 8 or 9 in order to produce output voltage vectors
-V, 0, and —V,;/2 with independent contribution of charge at
the NP from capacitors Cy; and Cy2. As can be observed from
Fig. 4(c), in this mode thyristors F's and F/4 are constantly kept
OFF while thyristors E/y and E5 are controlled to obtain the
suitable voltage V ,1,, across the SMES coil. In this way, only
subtopologies closest to the state 2 are used. In consequence, as
in the case of the charge mode, only one semiconductor device
is switched per switching cycle.

Fig. 5(b) shows the switching function S}, of the three-level
chopper operating in boost mode. This function, which is stated
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Fig. 4. Modes of operation and switching states of the two-quadrant three-level chopper. (a) Buck mode. (b) Standby mode. (c) Boost mode.
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¢t = (1 —=Dy)/f: harmonic phase angle due to D,
i fentpg 1, Tom jTon2 ¢ = (1 — D3y)/2f: harmonic phase angle due to Ds.
By averaging the switching functions Sy, and Sy, which is
analogous to neglecting harmonics, a general expression relating
""" ] the chopper average output voltage V ., to the VSC average dc
bus voltage V,; can be derived through
""" W Vab =m V, 5
ab = M V4 ( )
(e} 2.5 5 t [ms] 7.5 . . .
being m the modulation index expressed as
(b) m = (Dy + D3): chopper in buck mode (charge)
Fig. 5. Chopper switching functions. (a) Buck (charge) mode, S}, . (b) Boost m=- (1 —Di - Dy ): chopper in boost mode (discharge).
(discharge) mode, S ;1 -
B. SMES Coil

in (4), is valid for the discharge mode independently of the
switching states utilized for maintaining the charge balance of
the dc capacitors (state 8 or 9):

A SMES system consists of several subsystems, which must
be carefully designed. The base of the SMES unit is a large SC,
whose basic structure is composed of the cold components itself
and the cryogenic refrigerating system, as shown at the bottom
side of Fig. 1. The cold components include the low-temperature



MOLINA et al.: IMPROVED SUPERCONDUCTING MAGNETIC ENERGY STORAGE (SMES) CONTROLLER 449
External Level Control Middle Level Control Internal Level Control
R e e T e N e e e e e B e e e e e e T e 1
1 . 1 [} L Viny, [} } |
| Or max ) lgr max 1! ] Pl4 max al Cartesian a ! 1182 0. |
| — lant 1 gt ) iy Ky | v, V. ! : e _E| i

0 = ][ Ko % ][ —:—:—’@—’ Ko+ 8 il Polar |2 ‘- e :

U O Vil e L W [ | [ 3Level VSl | 12! Bridge 1Y
: Qrm d : : Lnin il Vo [ : : — | ay| Gate Pattern —/—:» Control
| — o X ‘ SR R g2 Logic | Pulses

' P g, 1) . !

! iart i : \ oL ! : !

P, —— j[ : ][ Uit N P : 5 | %[ 3-Level Vsl |12} Bridge 1D
! 1 ar e, — T anp GatE Pattern Control
| va S n|* [ ogic 1
| P, in g - A Kn+ =2 X T { Pulses
| [ (. |
| T T 1 ] a 1 .

! 1 g ! [ L 5| 3-Level VSI |12 1 Bridge 2Y
\ 2" Order | Var 2" Order [—— : : : ayy | Gate Pattern 7 Control
| | LPFilter LPFiter |y, |~ Wi Logic ,  Pulses
| ] | 1 } ]
| | ! Pl3 s 0 e gutedd ) | ! !
] aPlL | . Var k1 L 3| 3-Levelvsi [ 12! Bridge 2D
R vy iy W1 K+ e i azp| Gate Pattern Control
] N T s [ Logic I Pulses
1| dqo dq0 | : v, — : : :
1 1
] abe 2 abe |} : 3-Level :
1 1 Chopper Chopper
i : Y | mere| B TS Gate 4( ! ng
_________ A i : Ver =1 2 Order ngﬁggd : Control
Va Vb Ve 0, iysta ivsiy Tvsie | Vg—s| LPFilter Modulator , Pulses
1 1
o ot T e e SR Bk s i 1

Fig. 6. Control system block diagram of the SMES device.
or high-temperature SC (LTS/HTS), with its support and con-
nection components, and the cryostat.

The equivalent circuit of the SMES coil depicted at the bot-
tom left side of Fig. 2 makes use of a lumped parameters net-
work represented by a six-segment model comprising self induc-
tances (L;), mutual couplings between segments (¢ and j, M;;),
ac loss resistances (), skin effect-related resistances ([2,,;),
turn-ground (shunt—Cl'g},;) and turn-turn capacitances (series—
Cs;). This model is based on the ones previously proposed
in [10], [11], and is reasonably accurate for electric systems
transients studies, over a frequency range from dc to several
thousand Hertz. The inclusion of surge capacitors (C's,; and
Csg2) and a filter capacitor C'r in parallel with grounding-
balance resistors (2,1 and I;9) allows reducing the effect of
resonances. A metal oxide semiconductor protection for tran-
sient voltage surge suppression is included between the SMES
model and the dc/dc converter.

III. PROPOSED CONTROL SCHEME OF THE SMES SYSTEM

The proposed three-level control scheme of the SMES unit
consists of an external, middle, and internal level. Its design is
based on concepts of instantaneous power on the synchronous-
rotating d—q reference frame, as depicted in Fig. 6. This structure
has the goal of rapidly and simultaneously controlling the ac-
tive and reactive powers provided by the SMES. To this aim, the
controller must ensure the instantaneous energy balance among
all the SMES components. In this way, the stored energy is reg-
ulated through the PCS in a controlled manner for achieving the
charging and discharging of the SC. In order to independently
control the exchange of active and reactive powers, the dc bus
voltage must be kept constant and the SMES charge/discharge
is controlled by the chopper switching function. This control
mode of the chopper is called voltage control mode (VCM) and

exhibits a high controllability of the SMES system for meeting
power flow control requirements. However, during off-peak pe-
riods, the SC should be charged as fast as possible to ensure
that it is made ready when is required again. In this particu-
lar case, the VCM can be relatively slow because the rate of
increase/decrease of the SMES coil current depends on the dc
bus voltage and coil inductance, which both are constants. By
controlling the chopper in the current-control mode (CCM), i.e.,
the charging current is forced to ramp up quickly in the SC to
its maximum reference value determined by the critical current
density independently of the dc bus voltage, the charging pro-
cess can be greatly accelerated [21]. Evidently, this advantage
is gained at expenses of not being able to control the SMES
reactive power generated during this process, as can be done in
the slower VCM.

A. External Level Control Design

The external level control, which is outlined in Fig. 6 (left
side), is responsible for determining the active and reactive
power exchange between the SMES device and the utility sys-
tem. The control strategy applied can be designed for performing
various control objectives with dissimilar priorities, as widely
presented in the literature [22], [23]. In this paper, a general ac-
tive and reactive power command to achieve the desired system
response is provided. To this aim, the instantaneous voltage at
the PCC is computed by employing a synchronous-rotating ref-
erence frame. In consequence, by applying Park’s transforma-
tion, the instantaneous values of the three-phase ac bus voltages
are transformed into d—g components, v4 and v,, respectively.
By defining the d-axis always coincident with the instantaneous
voltage vector v, then vy results in steady state equal to |v| while
vy is null. Consequently, the d-axis current component of the
VSC contributes to the instantaneous active power p while the
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@-axis current component represents the instantaneous reactive
power ¢, as stated in (6) and (7). Thus, to achieve a decoupled
active and reactive power control, it is required to provide a
decoupled control strategy for i; and i,:

3. . 3 .

p= §(Udzd+quq) :§|U\ 14 6)
3, . . 3 )

q= i(vdzq —Uglq) = 3 [v] 4. @)

In this way, only v, is used for computing the resultant current
reference signals required for the desired SMES output active
and reactive power. Independent limiters are used to restrict both
the power and current signals before setting the references iq,
and i,,. Additionally, the instantaneous actual output currents
of the SMES, i; and i, are computed for use in the middle level
control. In all cases, the signals are filtered by using second-
order low-pass filters to obtain the fundamental components
employed by the control system. A phase locked loop (PLL)
is used for synchronizing, through the phase 6, the coordinate
transformations from abc to d—g components in the voltage
and current measurement system. The phase signal is derived
from the positive sequence components of the ac-voltage vector
measured at the PCC of the SMES.

B. Middle Level Control Design

The middle level control makes the expected output, i.e.,
positive sequence components of ig and i,, to dynamically track
the reference values set by the external level. The middle level
control design, which is depicted in Fig. 6 (middle side), is
based on a linearization of the state-space averaged model of
the SMES VSC in d—¢ coordinates, as follows:

_Rs . 5548
. I L
1d ‘ ‘
iq — _RS S,648
S = —w //
..... L: LS
Vad | e,
_i €48 _i 48 2
L Cy ¢ Cy RpCd d
Tl
ld L;
x| = 0 3
where

R, equivalent resistance accounting for transformers wind-
ing resistance and VSC semiconductors conduction
losses;

L. equivalentleakage inductance in the d—q reference frame
for the four VSC step-up transformers;

C,; equivalent capacitance of the dc bus capacitors;

w  synchronous angular speed of the network voltage.

The average switching functions for the 48-pulse VSC, trans-
formed into the d—q reference frame, can be defined as

Se48 — G438 cog o 9)
d av

S = §%sinq, (10)
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with « the phase shift of the VSC output voltage from the refer-
ence position set by the instantaneous voltage vector measured
at the point of common coupling (PCC).

Inspection of (8) shows a cross-coupling of both components
of the SMES output current through w. Therefore, in order to
fully decouple the control of iz and i, appropriate control sig-
nals have to be generated. To this aim, it is proposed the use of
two control signals z; and x5, which are derived from assump-
tion of zero derivatives of currents (si; and si;) in the upper
part (ac side) of (8). This condition is assured by employing
conventional PI controllers with proper feedback of the SMES
actual output current components, as shown in Fig. 6. Thus, iy
and i, respond in steady state to x; and x5, respectively, with no
cross-coupling, as derived from (11). As can be noticed, with
the introduction of these new variables this control approach
allows us to obtain a quite effective decoupled control with the
VSC model (ac side) reduced to first-order functions

. oy .

R R N

s | = . .

iq 0 —7]{S iq T
L
The coordinate transformation from Cartesian to Polar yields the
required magnitude of the output voltage vector Vi, produced
by the VSC, and its absolute phase-shift rating a.

The three-level dc/dc converter control is designed by cal-
culating the required voltage at the dc bus, V4, according to
the VSC output voltage vector Vi, earlier set, as stated in (2).
The modulation index m is rapidly estimated through a balance
of actual dc powers in the chopper, taking into consideration
the active power injection/absorption ratings required from the
SMES and the actual current of the SMES coil iy, . The duty cy-
cle of the chopper ETO thyristors is then derived by relying on
the mode of operation of the dc/dc chopper (charge/discharge),
so that an initial value Dj,; is determined for the thyristors duty
cycle. This mode of operation is determined assessing the sign
of the required positive sequence component of iy (iq,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 volt-
age deviations AV caused by actual VSC switching losses and
capacitors power losses can be quickly counteracted. Finally,
duty cycles Dy and D, are computed from D* for balancing
the dc link capacitors, as formerly explained. This novel extra
dc voltage control block provides the availability of manag-
ing the redundant switching states of the chopper according to
the capacitors charge unbalance measured through the neutral
point voltage, Vpx = Vi1 — Veo. This specific loop modifying
the modulating waveforms of the internal level control is also
proposed for reducing instability problems caused by harmon-
ics as much in the SMES device as in the electric system. The
application of a static determination of D; and D5, such as the
case of D; = Dy = D/2 has proved to be good enough for
reaching an efficient equalization of the dc bus capacitors over
the full range of VSC output voltages and active/reactive power
requirements.

(1)
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C. 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 VSC and
the three-level dc/dc chopper. Fig. 6 (right side) shows a basic
scheme of the internal level control of the SMES unit. This level
is mainly composed of a line synchronization module and a
firing pulses generator for both the VSC and the chopper. The
line synchronization module simply synchronizes the SMES
device switching pulses with the positive sequence components
of the ac voltage vector at the PCC through the PLL phase
signal 6.

In the case of the VSC firing pulses generator block, the fun-
damental frequency modulator is made up of four basic twelve-
pulse switching generators with specific phase shifting in order
to obtain an overall 48-pulse structure. The phase shifting be-
tween control pulses of bridges 1Y and 1D makes an equivalent
structure of a 24-pulse VSI. Hence, by lagging the control pulses
of the second equivalent 24-pulse structure by 15° with respect
to the first, according to the phase shifting of zigzag transformers
primaries, an equivalent 48-pulse VSI is reached. Even though
the ETOs conduction angle o can be changed to control the out-
put voltage amplitude of the VSC, in this paper the amplitude
is controlled just by using the duty ratio m of the chopper. In
this way, o is kept constant at 172.5° in order to obtain the low-
est voltage total harmonic distortion (THD) for this topology,
independently of the output voltage amplitude.

In the case of the chopper firing pulses generator block, the
three-level PWM modulator is built using a compound sig-
nal obtained as the difference of two standard two-level PWM
signals. According to the mode of operation of the chopper
(charge/discharge), the switching functions S¢;, and Sy, are
synthesized using (2) and (3).

IV. DIGITAL SIMULATION RESULTS

The dynamic performance of the proposed full detailed mod-
eling and control approach of the SMES system is assessed
through digital simulations carried out in MATLAB/Simulink
[24], by using SPS. Since the detailed model of the proposed
SMES contains many states and nonlinear blocks such as power
electronics switches, the discretization of the electrical system
with a fixed-step of 25 us is required so as to reduce the com-
putation effort and thus to improve the simulation performance
while maintaining accuracy of results. For the power system
simulation, the following assumptions are made: voltages and
currents of the ac source are sinusoidal and symmetrical, gener-
ator dynamics and saturations are neglected, and loads are linear
and balanced. In the same way, for the power converter simula-
tion the assumptions made are the subsequent: ETO thyristors
are represented by ideal switches with resistive snubbers, turn-
on and turn-off times are not modeled, forward voltages of ETOs
and clamping diodes are neglected, and zigzag phase-shifting
transformers are implemented using three single-phase, three-
winding transformers without core saturations.

Bus 1

Bus 2 Bus 3

P, O1

Infinite
Bus

Fig. 7. Test power system with proposed SMES.

Fig. 7 depicts the single line diagram representing the test
transmission system with the SMES unit. This basic three-
bus power grid operates at 230 kV/50 Hz, and implements an
8.5-GW short circuit power level infinite bus through a Thevenin
equivalent. A 120 MW/82 Mvar load modeled by constant
impedances is connected to the grid via a 110-km power line.
A 50 Mvar/86 MW/400 MJ SMES device is connected at bus
3. This SMES system is composed of a HTS coil with a total
equivalent nominal inductance of 12 H operated at 30 K and a
critical current of 4 kA. These SMES arrangement is capable of
developing 96 MW (although restricted via control to 86 MW)
and of storing 400 MJ when is fully charged. Major data of the
test power system including the SMES unit are summarized in
the Appendix.

For full performance studies, independent control of active
and reactive powers exchanged between the SMES and the
electric grid is carried out. To this aim, the SMES system is
first evaluated during the SC charging process with an off-peak
period in the power system, so that both the VCM and the CCM
can be considered, as depicted in Fig. 8. In both control modes,
the SC current is initially 500 A in the standby mode of operation
and is forced to be increased to 750 A at ¢ = 0.1 s for storing
almost 14 MJ of energy, as shown in Fig. 8(a). In the VCM,
given that the dc bus voltage must be kept constant at about 24
kV in order to allow an independent control of the active and re-
active powers exchange, a slower charging response compared
to the CCM is obtained. In the CCM, the SC current is forced to
ramp up quickly to its maximum reference value independently
of the dc bus voltage. Thus, the charging process can be greatly
speeded up although the reactive power generated by the VSC
is dependent on the active power being absorbing. As can be
derived from Fig. 8(b), the charge time is reduced from 740 to
270 ms at the expense of a higher stress in the SC, as a con-
sequence of having to support a larger voltage (around 45 kV),
which is controlled at maximum permissible level. In addition,
the power absorbed by the SC is augmented in the CCM, as
depicted in Fig. 8(c), but the dc link capacitor voltages are bal-
anced and controlled in a more efficient way. Fig. 8(d) and (e)
shows the dc link capacitor voltages balance recovery transient
during the charging process from ¢t = 0.1 s as a consequence
of activating the NP voltage control algorithm in the VCM and
CCM control modes. As can be observed, the higher the stored
current in the SC the greater the effect on the NP voltage equal-
ization capability and then the faster the system recovers the dc
link voltage balance. In both control modes, the proposed NP
voltage balancing scheme ensures an effective transient voltage
sharing between capacitors. Moreover, the dynamic response of
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the equalization method is better than that obtained with other
alternatives proposed in the literature [25]-[27].

The full dynamic response in controlling the active power
flow injected/absorbed by the SMES unit independently of the
reactive power generated is now analyzed through the simula-
tion results of Fig. 9. In this case, an active power command P,
is set to make step changes of 50 MW (maximum compensation
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active power set at 86 MW) during 200 ms as much in the
discharge as in the charge modes of operation with the control
scheme in VCM. Thus, an active power of approximately 40% of
the active power demanded by the load is injected/absorbed by
the SMES coil at bus 3 (PCC) while maintaining null the gener-
ated reactive power. As can be noted from actual and reference
values of i; and i, shown in Fig. 9(a)—(c), only active power
is rapidly exchanged with the utility system, in both discharge
and charge modes of operation, independently of the reactive
power. Since the SMES coil is initially fully charged at 4 kA, the
dynamic response is excellent in both discharge/charge modes
with the controller in VCM. When the SMES is sufficiently dis-
charged (minimum operating current set at 200 A), the charging
process can be quickly changed to the CCM so that the recovery
of lost energy can be regained in the shortest possible time but
with no control of the active power within this period. As can
be seen from Fig. 9(c), there exists a very low transient cou-
pling between the active and reactive powers exchanged by the
SMES due to the full decoupled current control strategy in the
synchronous-rotating d—q reference frame. Fig. 9(d) shows the
phase “a” voltage at the PCC (bus 3), which is in-phase with
the SMES VSC output current during the active power injec-
tion (discharge mode) and in opposite phase during the active
power absorption (charge mode). This active power exchange
produces slight changes in the terminal voltage v41, as seen in
Fig. 9(e). The discharging and charging processes performed
produce a variation of about 10.2 MJ of the energy stored in the
SMES coil, which can be derived from the SC current response
of Fig. 9(f).

The dynamic response in controlling the reactive power lo-
cally generated by the SMES VSC independently of the active
power exchange is now studied through the simulation results of
Fig. 10. In this case, as in the previous case study (with P) but
now with (Q, a reactive power command Q, is set to make step
changes of 50 Mvar (maximum compensation reactive power)
during 200 ms as much in the capacitive as in the inductive
modes of operation with the control scheme in VCM. Conse-
quently, a reactive power of about 60% of the reactive power
demanded by the load is generated capacitively/inductively by
the SMES VSC at bus 3 (PCC) while maintaining null the ex-
changed active power. As can be noted from actual and reference
values of iy and i, shown in Fig. 10(a)—(c), only reactive power
is rapidly exchanged with the power grid, in both capacitive and
inductive modes of operation, independently of the active power.
For this operation, a conventional STATCOM with only reactive
power control capabilities would be adequate [28]. However, the
proposed SMES device with both active and reactive power ca-
pabilities allows performing a superior performance even with
only reactive power generation, as compared to Fig. 10(c). In
this way, the SMES coil is used for maintaining the required
voltage at the STATCOM dc bus and for balancing the capac-
itors charge. This supplementary action allows enhancing the
dynamic performance of the STATCOM and reducing the har-
monics content generated in the VSC ac side. This is a conse-
quence of the ripple reduction in the VSC dc link, which occurs
as much in the charging as in the discharging processes of the
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SMES coil. In this case, the device is switched from the standby
mode to the discharge mode for achieving the reactive power
goals with a higher performance than the conventional STAT-
COM. As can be seen from Fig. 10(c), the decoupling charac-
teristics between the active and reactive powers exchanged by
the SMES are satisfactory because of the full decoupled cur-
rent control strategy implemented in the d—g frame. Fig. 10(d)
shows the phase “a” voltage at bus 3 (PCC), which is 90° phase
shifted in lag with respect to the SMES VSC output current dur-
ing the reactive power injection (capacitive mode) and quadra-
ture phase shifted in lead during the reactive power absorp-
tion (inductive mode). This reactive power exchange greatly
influences the terminal voltage v,;, as seen in Fig. 10(e), con-
trary to former analyses (see Fig. 9). Thus, this approach allows
quickly regulating the voltage at the PCC. This discharging
process causes a slight variation of the energy stored in the
SMES coil, which can be noted from the SC current response
of Fig. 10(f).

Eventually, simulation results of Fig. 11 show the full
dynamic response in controlling the active power flow in-
jected/absorbed by the SMES unit simultaneously and inde-
pendently of the reactive power (capacitive/inductive) locally
generated. In this case, an active power command P, is set to
make step changes at maximum compensation active power of
86 MW during 200 ms as much in the discharge as in the charge
modes of operation with the control scheme in VCM. At the
same time, a reactive power command Q, is set to make step
changes at maximum compensation reactive power of 50 Mvar
as much in the capacitive as in the inductive modes of opera-
tion. As can be observed from actual and reference values of i,
and i, shown in Fig. 11(a)—(c), both active and reactive powers
are effectively exchanged (simultaneously and independently)
with the utility grid in a similar way as in previous studies.
Moreover, at this maximum power compensation the current
control strategy in d—¢g coordinates ensures full decoupled cur-
rent and power control under all conditions. Since the SMES
coil is fully charged, the dynamic response is outstanding in
both discharge/charge and capacitive/inductive modes with the
controller in VCM. Indeed, the active power can be provided
by the SMES during approximately 0.92 s while reactive power
can be constantly generated. The discharging and charging pro-
cesses performed produce a change of around 20.6 MJ of the
energy stored in the SMES coil, as can be noted from the SC
current response of Fig. 11(d).

V. PRELIMINARY EXPERIMENTAL EVALUATION

In order to verify the actual performance of the proposed PCS
of the SMES and its control scheme, a 3-kVA laboratory-scale
prototype was designed and implemented. The VSC converter
was built with insulated gate bipolar transistors (IGBTs) in-
cluding reverse diodes and fast clamping diodes. These power
electronics devices were chosen due to their low conduction
and switching losses. The VSC was connected to the 50 Hz
frequency utility grid at the 380 V line voltage level via four
95/60-V step-up coupling transformers. Since the SMES coil
has a quite large inductance, its behavior was roughly emulated
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using a controlled 20-A dc current source. The bidirectional
dc/dc converter interfacing the current source to the 80-V dc
bus of the VSC was design to operate at 5 kHz and also built
with IGBTs and fast diodes.

The proposed three-level control scheme was entirely imple-
mented on a high-performance 32-bit fixed-point digital signal
processor (DSP) TMS320F2812 of Texas Instruments operat-
ing at 150 MHz. This processor includes an advanced 12-bit
analog-to-digital converter (ADC) with a fast conversion time
which makes it possible real-time sampling with high accuracy
and real-time abc to synchronous d—q frame coordinate trans-
formation, so that the proposed multiobjective control block
can be successfully carried out. The DSP was operated with a
selected sample rate of 160 ksps and low-pass filters were im-
plemented using fifth-order low-pass filters based on Sallen and
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Key designs. The control pulses for the VSC and the chopper
were generated by employing two DSP integrated pattern gener-
ators (event managers). The gate-driver board of the IGBTSs was
designed to adapt the wide differences of voltage and current
levels with the DSP and to provide digital and analog isolation.
All the source code was written in C++ by using the build-in
DSP compiler.

The experimental results of the proposed controller in simul-
taneous active and reactive power control are shown in Fig. 12.
DC time domain waveforms for the PCS prototype with step
changes of approximately 500 W and 500 var are provided.
As can be noted, the independent nature of the control is ev-
ident since the change in the output direct current of around
6.25 A (providing the active power) causes a small response in
the quadrature output current (giving the reactive power) and
vice versa. Moreover, these results of small-scale experiments
obtained are in good agreement with the previous simulated
results of Fig. 11. Nevertheless, some differences would be
expected with a noisy environment of real high-voltage high-
power SMES systems. Further performance tests will be carried
out with a real higher capacity HTS SMES prototype being
currently developed.

VI. CONCLUSION

A novel power conditioning system of a SMES unit to simul-
taneously and independently control active and reactive power
flows in the transmission network level, and its controller has
been studied and implemented in this paper. The use of a three-
phase three-level pseudo 48-pulse ETO voltage source converter
coupled with a two-quadrant three-level ETO dc/dc converter as
interface with the SMES coil allows charging and discharging in
a fast and very controlled manner, and to implement an effective
balancing technique of the dc link capacitors. Moreover, a real
detailed full model of the SMES unit and a new three-level con-
trol scheme have been proposed, comprising a full decoupled
current control strategy in the d—q reference frame with the novel
controller to prevent dc bus capacitors voltage drift/imbalance.
The dynamic performance of the proposed systems has been
fully validated by digital simulations. The results show that the

novel multilevel control scheme ensures fast controllability and
minimum oscillatory behavior of the SMES operating in the
four-quadrant modes, which enables to effectively increase the
transient and dynamic stability of the power system.

APPENDIX
See Tables 11-V.

TABLE II

POWER SYSTEM PARAMETERS
Three-phase ac source Transmission line Load

Rated Freq. S.C. I R b% B P, o
voluage| gz | 1ve | XR | em) | (pau) [ o | (o) | W) | (vvar)
V) (GW) p.u.) | (p.u. u.
230 50 8.5 10 | 110 {0.022]0.123]0.294| 120 82

TABLE III

SMES SYSTEM DATA
Coupling transformers VSC Chopper and SMES coil
Prim. | Sec.

Smax Vorlltl:ge vol::ge Omax | Vi |Car,Caz| Prmax |Escmax| Iscmax |Vscmax
MVAY Gy | vy |MYan| GV | ) fW) ] (M) | (kA) | GeV)
100 230 18 50 24 10 96 400 4 50

TABLE IV
SMES CoIL MODEL DATA
# Seg Li M/ CS'i CShi Rpi Rp CS‘I, CSZ Rg]»RgZ CF
1T E | H @) EH ] ©@ [ ©@ ]| wh) | &) | @)
6 |8.334]3.12 | 0.01 |0.488] 0.05 5 1.1 27.5 6
TABLE V
SMES CONTROLLER PARAMETERS
Internal
External level data Internal level data
level data
Ko Kp |K,PLL| K;PLL| K, 1, Ko | Kni, K | K3 | K o (°)
le-8 | le-8 60 1400 5 40 0.01] 65 172.5
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