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ABSTRACT This paper presents a novel nonlinear control strategy for a superconducting magnetic energy
storage (SMES) system during network unbalance. Grid voltage unbalances tend to substantially degrade
the operation of a SMES system; conventional control methods cannot completely address this issue. In this
paper, three selectable control targets for the SMES are identified according to the working principle of the
SMES under an unbalanced voltage condition to reduce the impacts of second harmonics in output power,
output reactive power, and grid-side current. Next, the port-controlled Hamiltonian models of the SMES
are established, and the positive- and negative-sequence interconnection and damping assignment passivity-
based control (PBC) strategies are proposed accordingly. Simulation results show that the PBC has stronger
robustness in both steady and dynamic states compared with the conventional proportional integral method,
which effectively suppresses the oscillations caused by the unbalanced voltage.

INDEX TERMS IDA-PBC, network unbalance, port-controlled Hamiltonian, SMES.

I. INTRODUCTION

In recent years, with the exhaustion of traditional fossil-based
energy sources and the aggravation of environmental pollu-
tion, new energy sources, including wind and solar power,
have achieved rapid development. The energy storage of new
energy sources plays a key role in improving power quality
and enhancing power supply reliability [1], [2]. Of the various
types of energy storage devices, superconducting magnetic
energy storage (SMES) has attracted widespread attention
due to its low dissipation of energy conversion, high power
density, fast response and compatibility with a flexible instal-
lation location [3]-[8].

The energy storage converter of SMES is a complex system
with nonlinear, strong coupling and multi-variable character-
istics. The common control strategies of energy storage con-
verters include proportional integral (PI) control [9], direct
power control [10], sliding mode control [11], neural network
control [12] and fuzzy control [13]. For the conventional
PI method, many parameters must be tuned, and the per-
formance of the PI method typically exhibits unsatisfactory
robustness due to its local stability. For direct power con-
trol, inappropriate selection of the zero vector can result
in the transient out-of-control situation of reactive power;
thus, the establishment of the switch table requires further
research [14]. Sliding mode control offers rapid dynamic
response ability; however, high-frequency oscillation often

occurs in the controlled variable [15]. The neural network
control has a strong fault tolerance; however, the objec-
tive function can easily fall into a local minimum. The expert
system in fuzzy control cannot define the control objective,
and the steady-state accuracy of fuzzy control is low. The
aforementioned control strategies neglect the internal and
external interconnection structure of the nonlinear system and
cannot be applied to an unbalanced voltage condition.
Under the unbalanced voltage condition, the energy storage
converter of SMES outputs active power and reactive power
containing second-harmonic ripple, which affects the steady-
state operation of the system [16]-[18]. If no effective control
strategy exists, then the unbalance grid voltage will greatly
increase the loss of the energy storage converter and can
even lead to the quenching of superconducting magnet; such
quenching will seriously endanger the safe operation of the
power grid. However, if the appropriate control strategy can
be adopted for SMES converters, then the impact of the unbal-
ance voltage on the operation of SMES can be compensated
to a certain extent. Reference [19] proposed a control method
for the rotor side converter of DFIG under the unbalanced
voltage condition based on a two-phase static frame; the
positive- and negative-sequence components are separated
using band-trap filters to remove the oscillating terms and
then controlled using two independent PID controllers. How-
ever, the anti-disturbance performance and dynamic response
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FIGURE 1. Topology of the SMES converter.

of this method must be further improved. Reference [20]
proposed a proportional resonant control method with effec-
tive harmonic suppression ability; however, the significant
gain variation was found to affect the control result when the
frequency of the AC component was offset. Passivity-based
control (PBC), which is a nonlinear control method proposed
by Romeo Ortega, has been widely applied to the PWM recti-
fier and other controlled objects [21]-[24]. The PBC method
elucidates the law of energy flow in the nonlinear system
by considering the interconnection structure of the system,
thereby allowing the energy of the controlled system to be dis-
tributed according to the expectation, and the state variables
are convergent to the equilibrium position. Therefore, the
PBC method has the characteristics of fast response ability,
strong robustness and clear physical meaning. According to
the different modeling methods, the PBC method can be
divided into two types: those based on an Euler-Lagrange
(EL) model and those based on a port-controlled Hamiltonian
(PCH) model. For PBC using EL models, the Lagrange struc-
ture of the system may be broken when the energy function
is constructed; therefore, the stability of the system cannot
be guaranteed. For PBC using PCH models, both damping
injection and energy shaping can be easily conducted, and the
controlled system can rapidly reach the steady state [25], [26].
There is currently a lack of research on the control strategy
for the energy storage converter of SMES during network
unbalance; therefore, it is important to study the PBC method
of SMES under the unbalanced voltage condition.

The significant contribution of this study is the possibility
to control the active and reactive power independently in a
SMES system under the unbalanced voltage condition. First,
the mathematical models and PCH models of SMES in posi-
tive and negative sequences are established. Second, the PBC
method of SMES during network unbalance based on the
PCH model is proposed to eliminate the nonlinearity of the
energy storage converter. Third, the stability of the controller
is analyzed according to the ““second method” of Lyapunov.
Finally, the effectiveness of the proposed control strategy is
verified by simulation.

Il. DYNAMICAL MODEL OF SMES SYSTEMS

Fig. 1 shows the topology of the SMES converter. In Fig. 1,
Uy, Uy, and u represent the grid-side voltage; uia, uip,
and uj. represent the input voltage of the SMES converter;
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R and L represent the value of the AC-side resistance and
inductor, respectively; i,, ip, and i; represent the input cur-
rent of the SMES converter; C represents the value of the
DC-side capacitor; Ug. represents the DC-side voltage; Lg.
corresponds to the inductance value of the superconducting
magnet; and is. represents the current flowing through the
magnet.

The mathematical model of the AC-side converter of the
SMES in the abc reference frame can be expressed as

di, .

E = —Riy — SaUqc + Uga

diy, .

il —Riy — SpUqc + ugp (D
dic .

E = —Ric — ScUqc + Ugc

Using the «f reference frame via Clarke’s transformation,
these differential equations are presented as follows:

. dig
Uy = Riy + L— 4+ uyy
dr )

. dig
ug = Rig +L$ +uig

where 114 = S Uqc, and u1g = SgUyqc.

The symmetric component method specifies that the exci-
tation of each sequence component produces a response in the
respective sequence component only. All the electromagnetic
variables can be decomposed into positive- and negative-
sequence components. Thus, these variables can be expressed
based on the positive- and negative-sequence components
in the positive and negative synchronous reference frame
using Park’s transformation. The method mentioned in [27],
referred to as delayed signal cancellation (DSC), is used to
obtain the positive- and negative-sequence components of the
three-phase quantities.

The positive- and negative-sequence models of the AC-side
converter can be expressed as

P

di
gd+ . .p p
g —ngd++L a)ngqu—i-ulngr
i 3
W =RP ., +L 'zq+ + ol +ub
gq+ leq+ dr gd+ lga+
n dlgd n
Ugq_ = Ri" d— +L— & + legq_ + Ujgd_
- @
n 'eq-
Ugq— = Rigq_ +L—— ar wLigy_ + Ujgq_
p p p P P
where Ugqys Ugqy> Wigdt> Wgqrs lodt and lgq+ represent the

positive-sequence components of the grid-side voltage, input
voltage of the converter and input current of the converter
in the synchronous dq reference frame, respectively. And
ugd_,ugq_, u‘fgd_, u’llgq_, igd and " igq— represent the negative-
sequence components of the grid-side voltage, input voltage
of the converter and input current of the converter in the
synchronous dq reference frame, respectively. The above
positive- and negative-sequence components can be easily
obtained by using the DSC method.
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The mathematical model of the chopper can be expressed
by introducing the duty cycle D of §7 and Sy as

C(dUdc)/dt = ldc — D*isc

) . )
L (digc)/dt = —Rgcise + D*Uygc

where D* represents the average duty cycle of the chopper,
namely, D* = 2D — 1; Ry and Ly represent the resistance
value and inductance value of the superconducting magnet,
respectively, and Ry is taken as zero in this study.

Ill. ANALYSIS OF THE CONTROL TARGET
In [18], the active and reactive power from the network to the
energy storage converter can be expressed as

P = Py + Pin sin 2wt) + P cos c0s 2wt)

6
0 = Qo + Q2sin Sin (2wt) + Q2 cos COs 2wt) ©

where Py and Qq represent the DC component of the active
and reactive power, respectively; Pginp and Pgog» represent
the double-frequency oscillations of the active power; Qgin2
and Qcos2 represent the double-frequency oscillations of the
reactive power.

After coordinating the equations by using the DSC method,

P (i.e., Pg, Psin2, and Peos2) and O (i.e., Qo, Osin2, and Ocos2)
can be given by

r P p n n T

Uy Ugq+ Ugq— Ugq—
P, n _n _.P p
0 g9 Uoa—  THgqt  Ugat
P 2sin n n p P
P cos 3| Yed- Ugq— Ugd+ Ugq+
=5 p _ P n _ N
Qo 2| Uggt Ugdy  Ugq— Ugd—
Q2 sin —u" —un uP uP
0> cos gd— gq- gd+ g9+
n _,n P _ P
Ugq— Ugg—  Ugq+ Ugqt
P
gd+
iP
gq+
X | @)
lgdf
n
loq—

Under unbalanced network condition, we obtain both the
DC components of active and reactive power and the second-
harmonic components of active and reactive power. In light of
the grid requirements, the SMES can be controlled to achieve
one of the following targets:

Target I: Constant output active power, where the active
power of the converter contains only the DC component.

Target II: Constant output reactive power, where the reac-
tive power of the converter contains only the DC component.

Target III: To ensure balanced total currents from the
SMES into the network, the output current contains no
negative-sequence current.

For Target I, to remove the oscillations in the active power
of the converter, based on the 1st to 4th rows in equation (7),
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the equations can be obtained as

p p n n
» Ugq 1 Ugq+ Ugq_ Ugq—
0 un _un P uP
P2 in 3| "ea- gd— gq+ gd+
=5 n n p p
Pg"s 2| Hga  Ugq- Ugat  Ugqt
0 p p n n
Ugq+  THgay  Mgg-  THed-
P
gd+
g
g9
b ®)
log—
n
'eq—

Because the double-frequency oscillations (Pgjnn and Peos2)
in the active power must be zero, the value of the reference
current can be solved as

p p

* 2 Ugdt Ugq+
=2 (=2Ep,+ 0.
lgar =3\ p, Fot Qo
p p
R * 2 Ugq+ Mgd+
b =5\,
9
) I/tgd_P N ugq_Q )
i =-|-— ,
- =3\ "p """ D, *°
n n
L - 2 _ugipo _ Mede
&4~ 3 D D>

where Py and Qg represent the DC component of the active
and reactive power, respectively, and also represent the power

. _.p 2 P 2 _ n 2_.n 2

reference of SN2[ES.D12_ Ugqy T Ugqy Ugq_ Ugg— "
_ P p n 2 n 2. Pk p *
andDz_ugd+ + ugqy +ugd_ + Uy ,andzgd+ s lggy >

n ok
" i

e > gq_* represent the positive-sequence components of
the input current references in the synchronous dq reference
frame.

For Target II, to remove the oscillations in the reactive
power of the converter, based on the 1st and 4th to 6th rows

in equation (7), the following equations can be obtained:

1Y 1Y n n
P Ugqt Ugqt  HUgg—  Ugg—
0 ub —uP u? —u"
0o 3 gq+ gd+ 29— gd—
. =5 _,n _.n p P
82 sin 2 Ugq_ Ugq—  Ugqy Ugqt
2cos n _n p _,P
Ugq— Uga—  Ugqt Uoqy
p
lgd+
i
2q
X | (10)
Tqd—
m
leq—

Because the double-frequency oscillations (Qgin2 and Qcos2)
in the reactive power must be zero, the value of the reference
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current can be solved as
P P
2 [ Usq u
p ok gd+ gq+
e ==|—=—Po+—=—00),
gt T3 ( D, T D QO)
P P
2 (u u
p ok gq+ gd+
= — —P —_—
't T3 ( D, ° D QO)
Sl (an
n % gd— 29—
= P _——— s
‘- T3 ( D, D QO)

2 [ uy Uy
. * gq—
lgqf -3 ( D, 0+ _QO)

For Target III, to remove the negative sequence current of
the converter, based on the 1st and 4th rows in equation (7),
the following equations can be obtained:

l'P
p p n n gd+
[ Po} _ 3| HMear Mear Mea- Mag- Py
Qo 2 | upgy _“gd+ Ugq—  —Ugq 0
0
(12)

Because the negative sequence current (ig 4 and igqf) must
be zero, the value of the reference current can be solved as

= 2 g, Po + “§q+2Q0 ’
3 ”gd+ + ”gq+
Ugqy T Ugqr
"t =0, i _*=0

IV. CONTROL DESIGN

A. PCH MODELS OF THE SMES SYSTEM

The positive-sequence model of the AC-side converter
described by Equation (3) is written as follows:

Lgp ‘fgp + Copdyp + Repqy, = tigp (14)
where

L L o} fad+
gp = s Gep =1 p )
_0 L loq+
[0 —oL R 0
Co=m o) Ra=[G )
rop P
| Yed+ T Miga+
Uegp = | p_ P :
| “eq+ lgq+

The energy function of the AC-side converter of SMES is
defined as

T
Hg, = quLgpqu/2 (15)
Therefore,
0H, L 0 ipd+
gp g
— = ; = Lonq (16)
p
aqu [ 0 L :| foq+ epep
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9ep = Lg_p1 (ang/aqu) (17

By using (14), q'gp can be calculated as

R S Vo o i AP W S B 18

Tep = ~Fop Ceptegp 3o 7 Fop Hep o TLyptep 18
gp

The positive-sequence PCH model of the AC-side con-
verter can be described as

3ng
o = [Jep — Rep] N + 8gpltep
oy 19
T 9
Yep =87y
9ep

where Jgp represents the internal structure matrix, which
reflects the internal energy conversion structure, and R,
represents the damping matrix, which reflects the energy
dissipation characteristics.

Additionally, Jgp = —LglCuply! = —Jg
Ry = lepL RT >0, andg = L_p

By dlfferentlatmg the energy functlon of the AC-side con-

verter with respect to time, Hyp can be calculated as

T
- ‘IgpLgpmgpLgp‘Igp
(20)

. T : T
Hyp = qopLop Ggp = qgpLlopgepliep

Using the integration method, the change of the system
energy can be expressed as

t
Hgp (1) — Hgp (0) = /0 QgpLepg gpttepdT
t
T
- /0 GopLopRepLopqypdt
t T t
:/0 quLgpggpugpdt—/0 Qgpdr

t
< /0 quLgpggpugpdr (21)

where Qgp = quLnggpLgpqu = L2R(igd+2 + igd_z) > 0.
Therefore, we find that the energy stored by the system
is less than the supplied energy, indicating that the positive-
sequence model of the AC-side converter is strictly passive.
In the same manner, the negative-sequence PCH model of
the AC-side converter can be described as

= i~ Rr] 5.2

oH
— ol en
ygn _ggn aqgn

Similarly, it can be proved that the negative-sequence
model of the AC-side converter is strictly passive.

The energy function of the DC-side chopper of the SMES
is defined as

S+ 8gnllgn
b 22)

Hy. = (CUdC2 + Lsciscz) / 2 (23)

The state variables are defined as
= [C Uge Lycisc 1" (24)
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The PCH model of the DC-side chopper of the SMES can
be described as
a SC

sc — s — Ryl — 3q + &sclhsc
T 0Hs s (25)

% 0g.

_D*
where Jo = |:lg)* (? :|,§Rsc = [88:|7gsc = [IO]T

and ug. = igc

Due to the dissipation of energy, the energy stored by the
magnetic field is less than the energy supplied by the AC-side
converter, indicating that the model of the DC-side chopper
is also strictly passive.

Yse =

B. PBC METHOD OF THE SMES SYSTEM

The expected energy function of the positive-sequence model
is defined as

Hypa = qapeLepGape/2 (26)

* .ok

where 9ope ' 'qu — 44’ qgp represents the reference

value of the positive-sequence current of the converter, and
* [ -p P ]

9gp = [lod+ lgq+ ] -

Because of the conservation of the new internal struc-
ture matrix and the old internal structure matrix structure,
the injected internal structure matrix and injected dissipation
matrix of the AC-side converter are determined as

0
27
,2] -

Jin —Ji2 |, | n
Jgpa_Lgp [112 J» :|Lgp’ §Rgpa_|:0

where the injected internal structure matrix satisfies the
requirement of anti-symmetric matrix (Jgpa = gp d)
r1 and rp are the defined positive damping variables. The
injected dissipation matrix also satisfies the condition of the

positive-definite matrix (Rgp = ?R > 0).
IHegp H
Because 7,2 = Lopg,, and 52 = Lopqgpe, 0Hgpa /04y,

can be calculated as

OHgpa _ 0Hgpa _ OHgp —~Lopq* (28)
= - &pigp
9qgp qgp 8qu
0Hgpq 2 : 1
Ty = Lypgepe = 0 and 5 § = Ly, is easily found

at the equilibrium point qu, therepfore, the expected Hamil-
ton energy function Hgpg is minimized at the equilibrium
point gg,.

The energy-matching equation [28] of the positive-
sequence model of the SMES converter can be expressed as
[Jgpd B 0Hgp, 0H,

4 [T gpa—Rgpa| 7
9qgp g gp

Ropd] =ggltsp  (29)

By solving the equation (29), the control law of positive-
sequence model of the SMES converter can be written as

Ugp = ggp [(J g — Rgpa) Lep@yp + (Jepa — Rgpa) Lgpqu]
(30)
where Jgpd = Jgp + J gpa; Rgpa = Rep + Rgpa-
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In the same manner, the control law of the negative-
sequence model of the SMES converter can be written as

Ugn = ggn [(Jgna - §Rgna) gnqgn+(Jgnd - ~SRgnd) Lgnqzn]
(31)

where Jgnd = Jgn +J gna’ §Rgnd = §Rgn + §Rgna-
By substituting variables into (30) and (31), the control law
of the AC-side converter can be described as

ull)gd+ (rlL —J1) <gd+ gd+*>
ngd+ +Ji2 (lgq+ i *) +a)Ligq+*+up
ulfgq+ (rzL —-Ju (lgq+ lgq+*)
_Rigq+ 2(1 d+_ld+ )—legd+ +u gq+ (32)
ulgd = r1L JU) (lgd - ad— *)
—ngd_ +J12 (lgq *) — wLigy, "+ Mg
g = (2L /11 (’gq gqf*)
Rigq *—J12 ( lgd ) + a)Ltgd_ +ugq_

The expected energy function of the DC-side chopper is
defined as
Ui (33)

1 :
Heq = ELSC (lsc - qc) + C(Udc

where i}, is the current reference of the magnet, which is an
intermediate variable that can be eliminated.

The injected internal structure matrix and injected dissipa-
tion matrix of the chopper are respectively determined as

0 0 rn 0
Jsca=|:0 0j|» §Rsca=|:0 "b] (34)

where r, and ry, are the defined positive damping variables;
Jscd = Jsc +Jsca> and Rseq = Rse + Rica

The state variable of the chopper at the equilib-
rium point is g, = [CU%.Lsi%]", and the expected
Hamilton energy function Hycq should have a minimum value
at the equilibrium point g7.

The energy-matching equation of the DC-side chopper of
SMES can be expressed as

3I{sc
aq

sC

[J scd — scd] + [J sca — sca]

SC

8q = Zscllsc (35)

By solving equation (35), the control law of the DC-side
chopper of the SMES can be written as

ise + /liser)? + U lige+ra( Use — U]

S
SC 21"b
=i JOvis0? AU Lot ra(Uae — U]
D* =
22U,

(36)

To verify the stability of the proposed passivity-based con-
troller, the “‘second method” of Lyapunov is used. Because
the Hgpqg of the positive-sequence model is a positive-definite
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J N o
Uggqr Ugaq- Lpdq+ Tpdg-

P n
ui«kﬁ uidq-
»
Py Equations(9) |24, o St
Qo | Equations(i1)| iz, " | Equations32) 0‘0
Equations(13) 20/25—

LI

Isc lde o
edg-

P
Ladq+

Equations (36)
FIGURE 2. Block diagram for the proposed SMES control strategy.
function, this model is directly selected as the Lyapunov

function for analysis. The stability of the controller can be
judged by the derivative of Hgpq given as follows:

dHgpg T e T
dr = [VHgPd] 9ep = [Vngd] [Jgpd — Rgpd]l VHgpd
(37
Jgpd is an anti-symmetric matrix (Jgpa = — Jgp 4); there-

fore, [Vngd]TJ epd VHgpa = 0, and Rypq is a positive-definite
matrix. As a result, the derivative of Hgpq can be expressed as

dH,
d_fpd == [Vngd]TRgpdVngd <0 (3%)

Equation (38) implies that the derivative of Hgpq is
negative, i.€., Hgpq is non-positive and has a value of
zero only at the balance position. Therefore, the positive-
sequence controller exhibits asymptotical stability at the
equilibrium  position. Moreover, when |g,,|| — oo,
Hgpq — 00, that is, the positive-sequence controller can
achieve large-scale asymptotic stability near the equilibrium
position.

Similarly, the negative-sequence controller and the chop-
per controller can also achieve large-scale asymptotic stabil-
ity near the equilibrium position.

Fig. 2 shows the block diagram for the proposed SMES
control strategy.

V. SIMULATION ANALYSIS

The simulation model is implemented using SIMULINK with
MATLAB R2016a and executed using a PC with an Intel Core
(TM) i7-6700K CPU (4.00 GHz) and 32 GB of RAM running
Windows 10.

To verify the effectiveness of the proposed positive- and
negative-sequence PBC method for the SMES system during
network unbalance, a simulation analysis is performed on the
MATLAB/ SIMULINK platform. To illustrate the advantages
of proposed PBC method, a comparison is made between
the PBC method and the traditional positive- and negative-
sequence PI control method.

The model parameters are shown in Table 1.
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TABLE 1. Parameters for simulation.

Parameter Value Unit Parameter Value Unit

Source voltage Magnet

(line to line) 380 v inductance 3 H
. Running 100-

Grid frequency 50 Hz current 600 A
. AC-side 2 mH DC-side 1200 v
inductance voltage

DC-s1de 4000 uF Maximal 09 MJ
capacitor stored energy
x10° ‘
— PBC method
~ 1 J
3
S |
1 o
0.02 0‘.1 0‘.2 0‘.3 0‘.4 0‘.5 0.6
1 x 10" i
—— PBC method
0.5 1
\% 0 A=
S
0.5 1
-1 | | | | |

0.02 0.1 02 0.3 0.4 0.5 0.6
t(s)

FIGURE 3. Power response curves of the SMES system.

Case 1: Since the proposed PBC method is also applica-
ble to the voltage balance condition, the dynamic response
capability of the system under the voltage balance condition is
first tested. In this example, the step-change active power ref-
erences of SMES system are set; specifically, the references
active power 0.1 MW, 0.2 MW and —0.1 MW are applied
to the SMES system at the times of 0 s, 0.2 s and 0.4 s,
respectively. To achieve the unit power factor control of the
SMES system during charging and discharging, the reference
value of the reactive power is set as zero. Fig. 3 shows a
comparison of the power response performance between the
PI method and the PBC method.

The PBC method tracks the power references in a short
time without overshoot, which effectively overcomes the
tradeoff between the overshoot and the adjustment time of
the PI controller. In contrast to the conventional PI method,
the PBC method does not require adjustment of numerous
parameters, thereby efficiently reducing the design complex-
ity of the control system. In the process of a step change
of active power, the reactive power is almost unaffected,
thereby proving that the PBC method can effectively realize
independent control between the active power and reactive
power.

Fig. 4 shows the waveforms of the d-axis current and the
g-axis current of the converter. The PBC method is found to
have excellent characteristics in the transient state and the
steady state.
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0.4r

T T
—Reference current ||
— Actual current

0.2 4

d-axis current (pu)

—Reference current
— Actual current

0.1 T

q-axis current (pu)
=)

0.3
t(s)

02 04 0.5 0.6

FIGURE 4. Waveforms of the d-axis current and q-axis current of the
converter.
1500F — PImethod [
— PBC method
Sw00f
e 1200
= 600 /
500
0 0.02 0.04
0 01 02 03 04 05 06
t(s)

FIGURE 5. Waveforms of the DC-side voltage of the converter.

Fig. 5 shows a performance comparison between control-
ling the DC-side voltage with the PI method and with the PBC
method. The PBC method stabilizes the DC-side voltage at
the reference value rapidly and accurately.

Case 2: To illustrate the superiority of the proposed PBC
method under the unbalanced voltage condition, two types of
control strategies, namely, the traditional PI method and the
PBC method, were adopted to the SMES system. Network
unbalance was created by dropping the voltage of phase A to
80% during the period of 0.1 s to 0.4 s. The SMES selects
different control targets at different time periods. The control
target was initially set to Target I and was then switched
to Target IT at 0.2 s and to Target IIT at 0.3 s.

Fig. 6 shows a comparison of the output current of the
SMES between the PI method and the PBC method. The
output current of PI method with the three control targets
exhibits prominent ripple, and the PBC method can effec-
tively eliminate the ripple of the output current. Fig. 7 shows
the spectral analysis diagram of the phase-A current using the
fast Fourier transform from 0.3 s to 0.4 s; the PBC method
is found to reduce the total harmonic distortion (THD) of
the output current, thereby effectively improving the output
characteristic of the SMES converter.

Fig. 8 shows the waveforms of the active and reactive
power of the SMES converters under the two control strate-
gies. The measured pulsations of active power and reactive
power to the fundamental components for various control
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FIGURE 6. Waveforms of the grid voltage and output current of SMES.
(a) PI method. (b) PBC method.

(50Hz) = 461.9 , THD= 1.93%

1(50Hz) = 461.5 , THD= 0.53%

0.5
0.4
0.3

0.2

Mag (% of Fundamental)

0.1]

0 200 400 600 800 1000 (; " 200 . 460I * I6‘(‘)0I I800 ITOOO
Frequency (Hz) Frequency (Hz)
(a) (b)
FIGURE 7. Harmonic component of the Phase-A current from
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TABLE 2. Comparison of the operation results of the two control
methods under various control objectives.
Control method Target 1  Target2  Target3
PI Active power P (%) +1.47 +15.25 +6.25
method  ReactivepowerQ 1,60 4y45 1705
() i i i
i 9 +0. +6. +3.
PBC Actlve.power P (%) 0.12 6.01 3.25
method Reactive power Q +5.94 £0.07 4315

o)

targets are compared in Table II. Both the PI method and the
PBC method remove the oscillations in the controlled target.
However, the steady-state performance of the PI method is
poorer than that of the PBC method, and the transient process
of the PI method exhibits much worse performance, with an
apparent overshoot.

Relative to the conventional PI method, the reactive power
pulsation component was reduced from +£14.64% to +5.94%
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FIGURE 8. Simulated results with various control targets.

using Target I for the SMES. The active power oscillation
was decreased from £+15.25% to +£6.01%, and the reactive
power oscillations was reduced from +1.15% to £0.07% by
selecting Target II. For Target I1I, the active power oscillation
was decreased from +6.25% to +3.25%, and the reactive
power oscillations was suppressed to £3.15%. Generally, by
adopting the proposed PBC method, the adjusting time and
overshoot of active and reactive power and the harmonic of
the output current are much less than those of the PI method.

VI. CONCLUSIONS

We have presented an analysis of a SMES system operating
under unbalanced network conditions. A PCH model of the
SMES system was established in the positive and negative
sequence, and the PBC method for the SMES under unbal-
anced voltage condition was proposed. During this first stage
of research, the accuracy of the research results was verified
through simulations using MATLAB/SIMULINK. The con-
clusions of this study are as follows:

1) Under the unbalanced voltage condition, the passivity-
based controller has low control complexity, strong robust-
ness, few adjustable parameters and satisfactory performance
in both the steady and dynamic states, thereby effectively
overcoming the shortcomings of the conventional PI method
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and providing a new approach for improving the overall
performance of SMES systems.

2) The SMES system with the designed PBC method can
provide a timely response to suppress the oscillations caused
by the unbalanced voltage and effectively reduce the THD of
the AC-side current.

Because of the current hardware restrictions, future
research will involve additional testing on the general
performance of the proposed SMES system.
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