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Abstract

The large penetration of wind farm into interconnected power systems may cause the severe problem of
tie-line power oscillations. To suppress power oscillations, the Superconducting Magnetic Energy Storage
(SMES) which is able to control active and reactive powers simultaneously, can be applied. On the other
hand, several generating and loading conditions, etc., cause system uncertainties. The SMES controller
designed without considering system uncertainties may fail to suppress power oscillations. To enhance the
robustness of SMES controller against system uncertainties, this paper proposes a robust control design of
SMES by taking system uncertainties into account. The inverse additive perturbation is applied to represent
the unstructured system uncertainties and included in power system modeling. The configuration of active
and reactive power controllers is the first-order lead-lag compensator with single input feedback. To tune the
controller parameters, the optimization problem is formulated based on the enhancement of robust stability
margin. The particle swarm optimization is used to solve the problem and achieve the controller parameters.
Simulation studies in the six-area interconnected power system with wind farms confirm the robustness of

the proposed SMES under various operating conditions.

Keywords superconducting magnetic energy storage, power system control, robust control, inverse additive

perturbation, wind farm
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The large penetration of wind farm into interconnected power systems may cause the severe problem of
tie-line power oscillations. To suppress power oscillations, the superconducting :magnetic energy storage
(SMES) which is able to control active and reactive powers simultaneously, can be applied. On the other
hand, several generating and loading conditions, variation of system parameters, etc., cause uncertainties
in the system. The SMES controller designed without considering system uncertainties may fail to sup-
press power oscillations. To enhance the robustness of SMES controller against system uncertainties, this
paper proposes a robust control design of SMES by taking system uncertainties into account. The inverse
additive perturbation is applied to represent the unstructured system uncertainties and included in
power system modeling. The configuration of active and reactive power controllers is the first-order
lead-lag compensator with single input feedback. To tune the controiler parameters, the optimization
problem is formulated based on the enhancement of robust stability margin. The particle swarm optimi-
zation is used to solve the problem and achieve the controller parameters. Simulation studies in the six-
area interconnected power system with wind farms confirm the robustness of the proposed SMES under
various operating conditions.

Vind farm

© 2008 Elsevier B.V. Al rights reserved.

. Introduction

At present, the penetration of wind power generations into
ower systems highly increases because of low impact to environ-
nent and infinite availability. Nevertheless, the wind power is
inpredictable and intermittent in nature, The fluctuation of wind
ower generation may lead to a severe problem of tie-line power
iscillations [1-4]. Additionally, the power oscillations due to wind
jower may violate the transmission capability margin and deteri-
rate the system stability [5,6].

To overcome this problem, a superconducting magnetic energy
torage (SMES), which is able to supply and absorb active and reac-
ive power simultaneously [7.8), can be applied. In the past, SMES
1as been used to solve many problems in power systems such as
n improvement of power system dynamics [9,10], a frequency
ontrol in interconnected power systems [11,12], an enhancement
f power quality [13], a stabilization of sub-synchronous oscilla-
ion in the turbine-generator [14], a load leveling [15], etc. On
he other hand, various generating and loading conditions, wind
ower fluctuations, variation of system parameters and system
onlinearities, etc., result in unstructured system uncertainties.

* Corresponding author.
E-mail address: ngamroo@gmail.com (I. Ngamroo).

921-4534/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
0i:10.1016/j.physc.2008.11.002

The SMES controller designed without taking system uncertainties
into account may fail to operate and stabilize the power system.

To improve the robustness of the SMES!controller against sys-
tem uncertainties, this paper focuses on a robust controller design
of SMES using the inverse additive perturbation [16]. Unstructured
system uncertainties are represented by the inverse additive per-
turbation model and included in the system modeling. The struc-
ture of active and reactive power controllers is the first-order
lead-lag compensator. Controller parameters are optimized by
particle swarm optimization (PSQ) [17] based on the improvement
of the robust stability margin of the control system. Simulation
studies are carried out in the six-area interconnected power sys-
tem with large wind farms. Simulation results under various oper-
ating conditions such as heavy line flow, light line flow-and wind
power fluctuations, confirm that the robustness of the proposed
SMES is superior to that of the SMES designed without considering
robustness. :

2. Study system and modeling

A six-area interconnected power systen:l in Fig. 1 is used as the
study system. The area capacity ratio for areas 1-6 is
20:13.5:6:75:40:6.75:33 with a 1000 MVA base. Each area is repre-
sented by a 5-state transient model [18]. It is equipped with a sim-
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Nomenclature

Kp(s) SMES active power controller

Kq(s) SMES reactive power controller

Kism(s)  SMES coil current controller

Ky (s) SMES voltage controller

K, gain of active power controller

K> gain of reactive power controller
Ti1,Ti2 time constants of the active power controller (s)
T21,T22 time constants of the reactive power controller (s)
AP, active power deviation (p.u.)

AQge reactive power deviation (p.u.)

Kp proportional gain of Pl controller

T time constant of PI controller (s)

Ksm gain of SMES coil controller

Lsm SMES coil current (p.u.)

Ismo initial value of SMES coil current (p.u.)
Eout SMES energy output (J)

Lim SMES coil inductance (H)

Ismpase  SMES current base (A)

P SMES active power output (p.u.)

Qsm SMES reactive power output (p.u.)
Ssmbase  SMES MVA base

Vibase system base voltage

Esm energy stored in a SMES unit (]}

Esmo initial energy stored in a SMES unit (J)

Kvsm gain of SMES voltage controller

Vio initial value of a terminal bus voltage of a SMES unit
(p.u.) ;

Vis bus voltage of SMES (p.u.) !

P, desired active power output of SMES (p.u.)

Q4 desired reactive power output of SMES (p.u.)

AP active power fraction

AQ reactive power fraction

CONV  converter

Tc time constant of converter {(s)

K; gain of SMES controller

T; time constant of SMES controller (s)

Il infinite norm of transfer function

& actual damping ratio of the dommant inter-area oscilla-
tion mode

Lspec desired damping ratio of the dominant inter-area oscil-

lation mode
3 actual real part of the elgenvalue

Ospec desired real part of the eigenvalue
Kimax maximum gain of power controller
Kimin minimum gain of power controller
Tijmax maximum time constant

.min minimum time constant i

2 | 2] 23] 2 5] 2]
11 12 13 14 5
{ 1
Pl 1 | L3 L4 Lis
y Y V
A LU 1 L i !
0~ 2 3 4 s
Y Y Y ‘} ‘}
Ll L2 3 L4 15

Fig. 1. Six-area interconnected power system with wind farms. f

plified exciter and governor [18]. For the study purpose, the elec-
tric power is transferred from areas 1-6. The wind farm is located
at bus 11 in area 1 with maximum generating capacity 450 MW. In
this study, the wind farm is modeled by the random power source.
Based on the residue method [19], the suitable locations of two
SMESs are selected at bus 1 and bus 6. Each SMES has a specifica-
tion of 800 MJ, 40 kA, 1000 MVA [19].

Fig. 2 shows the SMES model with simultaneous active and
reactive power (P-Q) modulation control scheme [20]. In the mod-
el, Kp and Kqfs) are represented by

(14 Tys)

o= 1722 g
1+T.

Ka(s) = Ka(r 7 @

The input signals of active and reactive power controllers of SMES1
and SMES2 are APy, and AQs in a tie-line from bus 11 to bus 1 and
from bus 16 to bus 6, respectively. In this paper, gains and time con-
stants of both controllers are optimized by the proposed method.

As shown in Fig. 2, Kism(s) can be représented by
1

Kism(5) = (K,, s )Km(lsm o) 3

In the SMES model, the effect of I, is considered, since the dynamic
behavior of Iy, significantly affects the overall performance of SMES.
In practice, I;m is not allowed to reach zero to prevent the possibility
of discontinuous conduction under unexpected disturbances. On
the other hand, high I, which is above] the maximum allowable
limit, may lead to loss of superconducting properties. Based on
the hardware operational constraints, the lower and upper coil cur-
rent limits are considered and assigned as 0.30mg and 1.38Iy,
respectively. Here, I, can be calculated from the PEI block which
has a relation as

o = |12 — 2o | (4)
LS"I sm,base :
Eour = /Psmdt . Ssm,base ‘ (5)
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Fig. 2. SMES with active and reactive (P-Q) controllers. |

ubsequently, the energy stored in a SMES unit and the initial en-
gy stored can be determined by

sm = Esmo — Eour (6)

fsmo = 0.5Lsmlog P2 base (7
sesides, Ky(s) can be represented by

v(8) = Kvsm(Vio — Vis) (8)

he desired active and reactive power outputs of SMES can be ex-
wressed as

% = VislmAP ©)
Vg = VislinAQ (10)

ta Fig. 2, P;y, and Qs are the output of the SMES controlled con-
‘erter (CONV). The converter transfer function can be represented
wy the first-order time-lag compensator as

ONV = 1/(1 +T.s) )

K. Proposed robust control design

To improve the robustness of active and reactive power control-
1eT's against system uncertainties, the inverse additive perturbation
16} is applied to formulate the optimization problem of controller
warameters.

The feedback control system with inverse additive perturbation
s depicted in Fig. 3. G is the nominal plant. K is the designed con-
roller. System uncertainties such as various generating and load-
ng conditions, variation of system parameters and nonlinearities,
tc., are represented by 4, which is the unstructured additive

Additivc Uncertainty

?

Input Output

Nominal Plant

J

Controller

Fig. 3. Feedback system with inverse additive perturbation.

uncertainty model. Based on the small gainj theorem, for a stable
additive uncertainty 4,4, the system is stable if

|AG/(1 - GK)j < 1 ; (12)
Then, ,
|84] < 1/1G/(1 — GK)| i (13)

The right hand side of (13) implies the size of system uncertainties
or the robust stability margin against system uncertainties. By min-
imizing |G/(1 — GK)|, the robust stability margin of the closed-loop
system is maximum. This concept can be applied as the optimiza-
tion problem as

Minimize ] = [|G/(1 = GK)||_ ‘
Subject to = lpee, O 2 Oper,  Kimin < Ki < Kimax (14)
le.min < le < Taj,max’ i= ]123 j= 112 |

{spec and Ogpec are desired damping ratio and desired real part of the
eigenvalue corresponding to the dominant inter-area oscillation
mode, respectively. The objective of the optimization is not only
to improve the robustness of the SMES but also to move the domi-
nant inter-area oscillation modes to the D-stability region as shown
in Fig. 4. This optimization problem is solve:d by PSO [17].

gxpec

Imaginary
# axis

Real axis

X : Dominant modcs
! before control

‘ = : Dominant modes
! after control

Fig. 4. D-stability region.
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Table 1
SMES parameters.

Capacity: 800 MJ, 40 kA, 1000 MVA

K,: 40.0 Limo: 0.675 pau.

Ty: 040 Lsm: 10.0H

Kem: 1.00 Ssmase: 1000 MVA
Kysm: 1.00 Vibase: 25 kV

T.: 0.01 Vio: 0.95 p.u.

4. Simulation studies

The parameters of SMES model in Fig. 2 are given in Table 1. For
control parameters optimization of SMES by PSO, the design spec-
ification and ranges of search parameters are set as follows:
Uspec=0.04, 05pec=—0.2, K;€[1 10], T; €[0.0001 1], number
of particles=24, maximum iterations=100, acceleration fac-
tors=2, and the inertia weights mpna=0.9 and Wy, = 0.4. First,
the linearized power system is formulated based on the normal
operating condition (Case 2) in Table 2. By optimizing control
parameters in the linearized system using PSO, the active and reac-
tive power controllers of the robust SMES which is referred to as
“RSMES”, are obtained as

RSMES1:

Kpi(s) = 5.78828:32‘21%}; (15)

Kai(s) = 4.492%2:}; (16)
RSMES2:

Kea(s) = 3.452%2?13 (17)

Koals) = 7.229 075895 + 1) (18)

(025645 + 1)

Table 2
Case studies (MVA base = 1000 MVA).

!
i

The robustness of RSMES is compared with the SMES designed
without considering the robustness which is referred as “CSMES".
CSMES is designed to-yield the damping ratio and the real part of
the dominant inter-area mode same as the design specification of
RSMES. Based on [21], the optimization problem of CSMES is for-
mulated as
Minimize J= 3" [lgee =L+ . |Ospec — O

CSlpec 0> spec
Subject to  Kimin < Ki < Kimax !
ij,min < ij < le,maxy i= 1:2; j= 112

(19)

Note that the objective of the optimization (19) is to move the
dominant inter-area oscillation modes to the D-stability region as
shown in Fig. 4. Solving (19) by PSG, the active and reactive power
controllers of CSMES are obtained as ‘

CSMESI: <

K (s) = 5.7242&%2213 | (20)

Koi(s) = 5.724%?::3 (21)
CSMES2:

K (s) = 4.823 %gg;‘;‘j—i}; (22)

Koas) = 7353073425+ 1) 23)

(049015 + 1)

Table 3 shows the eigenvalues and damping ratios of two dom-
inant inter-area oscillation modes for three case studies. Without
SMES, the damping ratios of two oscillation modes are very poor
in cases 1 and 2 and become unstable in case 3 with heavy tie-line
flow. On the other hand, the damping ratio and the real part of two
oscillation modes are achieved by both CSMES and RSMES in all
cases.

Generation 1. LL (Pge = 1.5) (p.u.) 2. NOC (P = 23) (p.u.) © 3. HL (Pr.=3.0) (pu.). - -

G1 Pg=8,L1=15L11=5+05i Pg=12,11=22,111=7 + 0.7 Pg=16,11=3.0,111=10+1.0i - -
G2 . Pg: 54,12=10,112=42+04i PG=81,12=15,112=63+06f .- - Pg=10.8,12=20L12=84+08i.
G3 . Pc=27,13=06,L13=2.1+02i PG=4.05,13=09, F13=3.2+03i - © P6=54,13=12L13=42+04i"
G4 Pc=16,14=3.0,114=13+13i "Pc=24,14=45,114=185+1.8 Pc=32,14=6L14=26+26i -
G5 © Pc=27,15=06,115=2.1+02i P;=405,15=09, L15=3.2+03i Pg=5.4,15=12, L1542 +04i’
G6 Pc=1155,16=3.0,L16~102+1.0i Pg=164,16=45,L16=153+15i " Pg=23.2,16=6.0,L16 = 20,6 +2.0i

NOC: normal operating condition, LL: light load, HL: heavy load, Pg: generation (p.u.), Li: load at bus i (p.u.), base: 1000 MVA. [

Table 3

Eigenvalues of dominant inter-area oscillation modes. )

Case No SMES CSMES _5 " RSMES

Case 1 (LL) -0.155 + 3.90i —0.402 + 6.31i ’ : ' -03811630i
{=00396 {=0.0635 ; . {=00602 *
-0.117£2.93 -0.255+3.96 -0.348+3.89i
{=0.0400 {=0.0644 | {=0.0892

Case 2 (NOC) -0.104 £ 3.679i -0.321 + 6.65i i —0.279 + 6,63
{=0.028 {=00481 . . - . {=0042 .
~0.074 £2.713i -0218 +3.85i AR .. —0369%378i
{=0.027 "{=0.0567 - 1 © {=0097 -

Case 3 (HL) ~0.0361 +3.413i -0.290+6.81i ' ~0.233 £6.76i
{=0011 {=0.0425 {=0.0345
0.1001 +2.387i ~0.235+3.76i 1 ~0.456 +3.81i
{=-0.040 {=0.0624 P {=0.119 -
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Fig. 5. Wind power generations.

Next, nonlinear simulations of three case studies in Table 2 are

arried out under three patterns of wind power generations [PW1],
®W2] and [PW3] as depicted in Fig. 5. Each pattern of wind power
5 injected to bus 11. To show the frequency components of wind
watterns, Fast Fourier Transform (FFT) is applied. As a result, the
kwequency components of each wind pattern can be shown in
ig. 6. It can be observed that the frequency components of all
wind patterns are dominantly in the low frequency range which
&5 in the same range of inter-area power oscillation (0,2-0.8 Hz).
ws a result, the power fluctuation from wind farms may activate
ke inter-area oscillation modes with weak damping and cause se-

ere oscillation.

Figs. 7-9 show the comparison of the maximum tie-line power
«eviation (Pye) in case of PW1, PW2 and PW3, respectively. With-
ut SMES, the maximum power deviation is very large especially
1 case 3. In contrast, the maximum power deviation is effectively
fuppressed by either CSMES or RSMES. However, CSMES is quite
lensitive to operating conditions in cases 2 and 3. The maximum
vower deviation highly increases in cases 2 and 3. On the other
tand, RSMES is very robust to any operating condition and wind
sattern. The maximum power deviation rarely changes. Fig. 10
‘hows tie-line power deviation of case 3 with wind PW1. Without
'MES, since one dominant mode is unstable as shown in Table 3,
he tie-line power gradually increases and eventually diverges
not shown here). On the contrary, the power fluctuation is signif-
cantly alleviated by SMES. Nevertheless, RSMES provides more
lamping effects than CSMES. These results signify that the robust
tabilizing effect of RSMES against wind power fluctuations is
nuch superior to that of CSMES.

Next, the frequency components of tie-line power deviations
re analyzed by FFT in case of wind power PW2. Fig. 11 shows
he comparison FFT results of tie-line power deviation in case 3
vith wind power PW2. In the left figure, the amplitude of domi-
1ant frequency in case of No SMES is much higher than those of
‘SMES and RSMES. This implies that the amplitude of tie-line
rower deviation is very high and severe. The right figure shows
he enlarged amplitude of dominant frequency. Clearly, the RMES
5 able to reduce the amplitude significantly in comparison to the
'SMES.

To evaluate the robustness of SMES, the peak amplitude of FFT
esult of tie-line power deviation under three operating conditions
s considered. Figs. 12-14 show the comparison of the peak ampli-
ude of FFT result of tie-line power deviation in cases PW1, PW2
nd PW3, respectively. Without SMES, the peak frequency charac-
eristic is very large especially in case 3. In contrast, the peak fre-
luency characteristic is effectively suppressed by either CSMES

a

Amplitude

04
Frequency / Hz

Amplitude

Amplitude

Frequency / Hz

Fig. 6. Frequency component of wind patterns: (a) PW1; (b) PW2 and (c) PW3.

ONoSMES ECSMES @ RSMES

T

Maximum tie line power deviation (pu)

2
Operating Condition

Fig. 7. Maximum tie-line power deviation in case of wind power PW1.

or RSMES. However, CSMES is quite sensitive to operating condi-
tions in cases 2 and 3. The peak frequency characteristic highly in-



1. Ngamroo et al./Physica C 469 (2009) 44-51

0.1

DONoSMES @ CSMES IRSMES1

0.08

0.06

0.04

Maximum tie line power deviation (pu)

2 2

Operating Condition

Fig. 8. Maximum tie-line power deviation in case of wind power PW2.
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Fig. 10. Tie-line power deviation in case 3 with wind power PW1.
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Fig. 15. SMES1 coil current in case 3 with wind power PW2.
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Fig. 16. SMES2 coil current in case 3 with wind power PW2.

The coil currents of SMES1 and SMES2 in case 3 with wind
power PW2 are shown in Figs. 15 and 16, respectively. Both coil
currents of CSMES and RSMES can properly remain within the
allowable limits. For SMES1, the current fluctuation of RSMES is al-
most the same as that of CSMES. However, in case of SMES2, the
current fluctuation of RSMES is much lower than that in case of
CSMES. This indicates that RSMES can appropriately supply and re-
ceive electrical energy with power system. Accordingly, the stabi-
lizing effect of tie-line power flow by RSMES is superior to that of
CSMES.

To evaluate the robustness of both CSMES and RSMES, the
eigenvalue analysis is carried out when Py, is varied from 1.5 p.u.
to 4.0 p.u. as shown in Table 4. Not only the design operating con-
dition, CSMES is able to stabilize the dominant modes at a wide
range of operating conditions. Nevertheless, at the very high power
flow condition Py, > 3.84 p.u., CSMES which is designed without
considering robustness, loses stabilizing effect. It can not stabilize
the oscillation mode anymore. One dominant mode becomes
unstable. On the other hand, RSMES is very robust to this condi-
tion. It can robustly stabilize both dominant modes.

Finally, to investigate the eigenvalue result, nonlinear simula-
tion with wind power PW1 when P, = 3.84 p.u. is performed and
shown in Fig. 17. Clearly, simulation result is consistent with

Tie Line power deviation (pu)

‘reases in cases 2 and 3. On the other hand, RSMES is very robust to
iny operating condition and wind pattern. The peak frequency
characteristic rarely changes.

Time (sec)

Fig. 17. Tie-line power deviation with wind power PW1 when P, = 3.84 p.u.

fable 4

Change in inter-area oscillation modes again variation of Py,

Peie No SMES CSMES RSMES

1.50 -0.1170 £2.9301i -0.155 £3.9021i —-0.2550 + 3.9621i —-0.4022 + 6.3104i —0.3482 + 3.8932i -0.3812 + 6.3232i
1.63 -0.1292 + 2.7302i -0.1437 + 3.8008i —-0.3667 +3.0178i —0.3345 + 5.6906i -0.3978 + 3.3468i —0.3556 + 6.4322i
1.76 —-0.1274 + 2.7301i —0.1443 + 3.8116i —-0.3699 + 3.0189i -0.3310+5.7345i —0.3947 +3.3435i -0.3419+6.4719i
1.89 -0.1257 + 2.7296i —0.1487 + 3.8349i -0.3715 + 3.0109i -0.3271 +5.7739i —0.3894 + 3.3324i -0.3277 + 6.5049i
£.02 —-0.1202 + 2.7125i -0.1479 + 3.8327i -03711 +2.9941i —0.3228 + 5.8085i —-0.3836 +3.3155i -0.3142 + 6.5302i
L15 -0.1110+2.6911i —0.1465 + 3.8273i —0.3686 + 2.9678i -0.3180 +5.8384i -0.3769 + 3.2922i —-0.3017 + 6.5482i
228 -0.0996 + 2.6605i —0.1450 + 3.8166i -0.3636 + 2.9315i -0.3127 +5.8631i —-0.3688 +3.2621i —0.2902 + 6.5592i
L41 —0.0849 +2.6213i —0.1425 + 3.7984i —0.3555 + 2.8847i —0.3069 + 5.8827i —0.3587 +3.2249i —-0.2795 + 6.5638i
154 ~0.0673 +2.5753i -0.1396 + 3.7754i —-0.3435 + 2.8268i —0.3005 +5.8969i —0.3460 + 3.1803i —~0.2696 + 6.5619i
.67 —0.0465 + 2.5223i -0.1359 + 3.7468i -0.3263 +2.7574i —0.2934 + 5.9055i -0.3303 + 3.1280i —-0.2598 + 6.5535i
.80 -0.0227 + 2.4627i -0.1312+3.7126i -0.3029 + 2.6763i —0.2856 + 5.9080i —-0.3109 + 3.0678i —0.2493 + 6.5389i
293 0.0288 + 2.3549i —0.1281 +3.6830i —-0.2719 + 2.5835i -0.2770 + 5.9041i —-0.2873 +2.9992i —-0.2402 +6.5176i
5.06 0.0621 + 2.2823i —-0.1206 + 3.6542i -0.2410 +2.4801i —-0.2676 + 5.8939i —0.2681 + 2.9503i —0.2296 + 6.4915i
519 0.0832 + 2.1998i —-0.1107 + 3.5856i —0.2155 +2.4025i -0.2571 +5.8712i —0.2492 +2.9032i -0.2197 + 6.4562i
3.32 0.0990 + 2.1541i -0.0978 + 3.5151i —0.1649 + 2.2769i —0.2458 + 5.8444i —-0.2254 + 2.8358i -0.2132 +6.4341i
3.45 0.1358 + 2.0541i —0.0829 + 3.4426i -0.1217+2.1727i —-0.2389 + 5.8190i -0.2010+2.7712i -0.2056 + 6.4156i
3.58 0.1693 + 1.9474i -0.0663 +3.3773i —0.0708 + 2.0895i -0.2302 +5.7772i —-0.1732 + 2.6992i —0.1981 + 6.3801i
171 0.2050 + 1.8235i —0.0449 + 3.2979i —-0.01018 + 2.002i —0.2203 + 5.7405i —-0.1522 +2.6512i —0.1908 + 6.3561i
1.84 0.2394 + 1.6787i —-0.0183 +3.2111i 0.0452 + 1.9017i -0.2100 + 5.6915i -0.1252 +2.5902i —-0.1862 +6.3373i
1.00 0.2725 + 1.5020i 0.0143 + 3.1161i 0.1164 + 1.7868i —0.1976 + 5.6444i —-0.1021 + 2.5504i —0.1805 + 6.3283i




1. Ngamroo et al./ Physica C 469 (2009) 44-51

eigenvalue result. CSMES is not capable of damping the tie-line
oscillation while RSMES can significantly alleviate the oscillation.
These results confirm that the RSMES designed with considering
system uncertainties is much superior to the CSMES in terms of
robustness.

5. Conclusions

This paper presents a robust SMES controller design based on
inverse additive perturbation in interconnected power systems
with wind farms. To improve the robustness of the SMES controller
against system uncertainties, the unstructured system uncertain-
ties represented by inverse additive perturbation have been in-
cluded in the system modeling. The configuration of active and
reactive power controllers is the practical first-order lead/lag com-
pensator with single input. Control parameters of power control-
lers are optimized based on the enhancement of the robust
stability margin. Simulation results in the six-area interconnected
power system with wind farms confirm that the robustness of
the proposed SMES under various situations such as heavy line
flow, light line flow and wind power fluctuations is much superior
to that of the SMES designed without considering robustness.
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Stabilization of Tie-Line Power Oscillations by
Robust SMES in Interconnected Power System
with Large Wind Farms

1. Ngamroo', Cuk Supriyadi A.N.'

Abstract—This paper proposes a robust controller design of
Superconducting Magnetic Energy Storage (SMES) for
stabilization of interconnected power systems with wind farms.
The inverse additive perturbation is applied to represent system
uncertainties such as variation of system parameters, several
generating and loading conditions etc. The structure of active
and reactive power controllers of SMES is the first-order lead-
lag compensator. To tune the controller parameters, the
optimization problem is formulated based on the enhancement of
additive stability margin. The particle swarm optimization is
used to solve for controller parameters. Simulation studies in a
six-area interconnected power system with wind farms confirm
the robustness of the proposed SMES against various system
operating conditions.

Index Terms—superconducting magnetic energy storage,
power system stabilization, wind farms, robust control, system
uncertainties, inverse additive perturbation

1. INTRODUCTION

NOWADAYS, the penetration of wind power generations
into power systems increases significantly. Due to the
intermittence in nature of wind, the power output fluctuations
from wind power generations may cause a severe problem of
low frequency oscillation in interconnected power systems
and deteriorate the system stability [1]. To stabilize power
oscillation, a Superconducting Magnetic Energy Storage
(SMES) which is able to control active and reactive power
simultaneously [2], can be used. On the other hand, various
generating and loading conditions, variation of system
parameters etc., result in system uncertainties. The SMES
controller [2] designed without considering system
uncertainties fails to damp the power oscillation.

To enhance the robustness of the SMES controller against
system uncertainties, this paper proposes a robust controller
design of SMES for stabilization of interconnected power
system with wind farms. In the mathematical modeling,
system uncertainties are represented by inverse additive
perturbation [3]. The structure of active and reactive power

This work was supported by the King Mongkut's Institute of Technology
Ladkrabang Research Fund.
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Innovative Energy Systems, King Mongkut’s Institute of Technology
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controllers is the first-order lead-lag compensator. Controller
parameters are optimized by particle swarm optimization
(PSO) based on the improvement of the robust stability
margin of the closed-loop control system. Simulation studies
are carried out in a six-area interconnected power system with
wind farms. Simulation results under :various  situations
confirm that the proposed SMES is superior to that of the
SMES designed without considering robustness.

II. STUDY SYSTEM AND MODELING

Fig. 2. SMES with active and reactive ( PQ) controllers.

A six-area interconnected power system in Fig. 1 is used as
the study system. The area capacity ratio for areas 1 to 6 is 20
:13.5:6:75:40:6.75 : 33 with a 1,000 MVA base [4].
Each area is represented by a 5-state transient model. It is
equipped with a simplified exciter and governor. For the study
purpose, the electric power is transferred from areas 1 to 6.
The wind farm is located at bus 11 in area 1 with maximum
generating capacity 450 MW. In this study, the wind farm is
modeled by the random power source. Based on the residue
method [5], the suitable locations of two SMESs are selected



at bus 1 and bus 6. Each SMES has a specification of 800 MJ,
40 kA, 1,000 MVA [6].

Fig.2 shows the SMES model with simultaneous active and
reactive power modulation control scheme [6]. In the
model, K,.(s) and K,(s) are the active and reactive power
controllers, respectively, which are represented by

Ko (s) = K,(1+ T,,8)/(1 + T,,s) (N

Kp(5) = Ky (14 Tys) (1 + Tops) @
where, K, and K,are gains of active and reactive power
controller, 7, and T;, are time constants of the active power
controller, T, and 7;, are time constants of the reactive power
controller. The input signals of active and reactive power
controllers of SMES1 and SMES2 are AP, and AQ, in a tie-

lie

line from bus 11 to bus 1 and from bus 16 to bus 6,
respectively. In this paper, gains and time constants of both
SMES controllers are optimized by the proposed control
design.

As shown in Fig.2, X,. (s) which is the SMES coil current

controller, can be represented by
1
K =t K.+— K (I -1
wm{S) ( P Y:S) sm( sm smO)

where, K, is the proportional gain, 7, is the time constant
(s),K,,is a SMES coil controller gain; 7_is a SMES coil
current (pu); 1,,, is an initial value of SMES coil current (pu).
In the SMES model, the effect of 1, is considered, since the
dynamic behavior of I, significantly affects the overall

performance of SMES. In practice, 1., is not allowed to reach

3)

zero to prevent the possibility of discontinuous conduction
under unexpected disturbances. On the other hand, high I,
which is above the'maxijmum allowable limit, may lead to loss
of superconducting properties. Based on the hardware
operational constraints, the lower and upper coil current limits
are considered and assigned as 0307,
and .38/, respectively. Here, /,, can be calculated from the
PEI block which has a relation as

Ly =I20=2E,,[(LP,,..) )
Enul = IPmdt 'S:m,baxe (5)
where, E,, is the SMES energy output, (J); L, is the SMES

coil inductance (H); I,,,.. is the SMES current base, (A);
P, is the SMES active power output and S,mpase 15 the SMES

MVA base, (MVA). Subsequently, the energy stored in the
SMES unit (E_) and the initial energy stored (E.no) can be

determined by
E, =E,-E, (6)
)

Besides, X, (s) which is the voltage controller, can be
represented by

E, o= 0-51';”.1:2».0 'Iszm.bm

K, (s)=K,, (V:o_‘Vu) 8

where, K, is the controller gain; ¥, is an initial value of a

2

terminal bus voltage of SMES unit (pu); and ¥, is a bus

voltage of SMES (pu).
The desired active-and reactives power output of SMES
(P, and Q,) can be expressed as *

B =V.1_AP ) %
0, =V.1,40 (]0)

where, AP and AQ are the active and reactive power
fractions, respectively. The SMES active and reactive power
outputs (P, and Q) are the output of the SMES controlled

converter (CONV). The converter can be represented by the
first-order time-lag compensator as .

CONV =1/(1+Ts) (11

where T, is the time constant of converter (s).

III. PrROPOSED ROBUST SMES CONTROLLER DESIGN

To enhance the robustness of active and reactive power
controllers against system uncertainties, the inverse additive
perturbation [3] is applied to formulate the optimization
problem of controller parameters.

Output
Nominal Plant

1Ky

Controller .
Fig. 3 Feedback system with inverse additive perturbation.

The feedback control system with inverse additive
perturbation is shown in Fig.3.G is the nominal plant. X is
the designed controller. For system uncertainties such as
various generating and loading conditions, variation of system
parameters and nonlinearities etc., they are represented by A 4
which is the unstructured additive uncertainty model. Based
on the small gain theorem, for ‘a stable additive
uncertainty A , , the system is stable if
la, G/ -GK)|, <1 (12)
then,
1a.]. <6 -6k, (13)

The right hand side of (13) implies the size of system
uncertainties or the robust stability margin against system
uncertainties. By minimizing|lG /(1 - GK )|, , the robust stability

margin of the closed-loop system is maximum. This concept
can be applied as the optimization problem as

Minimize | G/(1- GK),

Subjectto ¢ > - -

(14

]ci.min < Ki < Ki,max
7'}-"'5" SI;I Sj}.m: i=12, Jj=12

where ¢ and ¢, are the actual and desired damping ratio of

the dominant inter-area oscillation mode, respectively; o and
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Fig. 9. Tie line power deviation in case 3 with wind PW1.

is very large especially in case 3. In contrast, the maximum
power deviation is effectively suppressed by either CSMES or
RSMES. However, CSMES is quite sensitive to operating

4

conditions in cases 2 and 3. The maximum power deviation
highly increases in cases 2 and 3. On the other hand, RSMES
is very robust to any operating condition and wind pattern.
The maximum power deviation rarely changes. Figure 9
shows tie-line power deviation of case 3 with wind PWI.
RSMES provides more damping effects than CSMES.

Finally, the results of eigenvalue analysis when P,, = 3.84
p-u. with CSMES and RSMES are +0.0452 + 1.9017; and
-0.1252 + 2.5902i, respectively. Nonlinear simulation result
with wind power PW1 shown in Fig. 10 is consistent with
eigenvalue result. CSMES is not capable of damping the tie-
line oscillation while RSMES can significantly alleviate the
oscillation. These results confirm that the RSMES designed
with considering system uncertainties is much superior to the
CSMES in terms of robustness.
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Fig. 10. Tie line power deviation with PW1, P, = 3.84 p-u.

V. CONCLUSIONS

A robust SMES controller design based on inverse additive
perturbation for stabilization of an interconnected power
system with wind farms has been proposed. System
uncertainties are represented by the inverse additive model.
The control parameters of active and reactive power
controllers are optimized by PSO. Simulation studies under
various generating and loadings, heavy line flow, weak load
and wind power fluctuations and system faults confirm that
the robustness of the proposed SMES is much superior to that
of SMES designed without considering robustness.
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