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Abstract: A simple and novel control strategy for damping 
electromechanical oscillations through control of converter firing 
angles a1 and a2 of a Superconducting Magnetic Energy Storage 
(SMES) Unit is proposed. Both active and reactive power 
modulations are used under unequal a-mode of operation. The 
choice of unequal mode is discussed in detail. The gains of the 
proposed SMES controller are determined once off-line depending 
on the power system and the rating of the SMES unit. Simulation 
results show that the SMES unit can effectively suppress system 
oscillations by utilizing its active and reactive power modulation 
capabilities. The control algorithm is simple and its realization will 
require very little hardware. 
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I. INTRODUCTION 

System disturbances such as load changes or faults are 
the main causes of power system oscillations. If no adequate 
damping is available, the oscillations may be sustained for 
minutes and grow to cause system separation [l]. Many 
countermeasures are suggested by researchers to increase 
damping. These include power system stabilizers [2], 
optimal control of the turbine governor system [3], and use 
of static phase shifters [4]. 

Since the successful commissioning test of the BPA 30 
MJ unit [5], Superconductive Magnetic Energy Storage 
(SMES) systems have received much attention in power 
system applications. SMES systems have the capability of 
storing energy in their low resistance coils. This energy can 
be supplied to the power system when needed. The amount 
of energy to be supplied or received by the SMES unit can be 
controlled by controlling the firing angles al and a2 (Fig. 1) 
of the converters of the SMES unit. Also, the SMES 
unit should not consume any active or reactive power under 

normal operating conditions. A number of articles have been 
reported demonstrating the use of SMES unit for power 
system transient stability, load frequency control and 
damping subsynchronous oscillations [6-111. However, when 
equal a-mode i.e. al = a2 = a, is selected, the following 
problems are encountered: 

a) Under normal operating condition, the SMES unit may 
act as an active load, reactive load or both. 

b) During fault condition, there is an improper generation 
of firing angles which makes the SMES unit less effective. 

The first problem has yet to be solved. As for the second, 
additional PID controllers have been proposed in references 
[6,71. 

In this paper, an attempt has been made to show that by 
selecting unequal a-mode to control the firing angles, not 
only the said problems can be alleviated, but also the 
necessity of incorporating extra controller can be 
eliminated. First, the description of the SMES unit and 
problems caused by the equal a-mode of control are 
presented. Then the proposed unequal a-mode of control is 
described in detail. The SMES system is applied to a test 
network and the simulation results are presented and 
discussed. 

11. DESCRIPTION OF SMES SYSTEM 

The SMES inductor-converter unit consists of a dc 
superconducting inductor, a 12-pulse cascaded bridge type 
ACDC converter and a Y-A I Y-Y step down 
transformer(see Fig. 1). Control of the converter firing angle 
enables the dc voltage V,, appearing across the inductor to 
be continuously varied between a wide range of positive and 
negative values. 
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Gate turn off thyristors (GTO) allow us to design such type 
of The converter dc output current I,, being 
unidirectional, the Control for the direction Of the inductor 
power flow P,,, is achieved by continuously regulating the 
firing angle a. 

For initial charging of the SMES unit, the bridge voltage 
Vsm is held constant at a suitable positive value. The 
inductor current I,, rises exponentially and magnetic energy 
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W,, is stored in the inductor. When the inductor current 
reaches its rated value Ism;), it is maintained constant by 
lowering the voltage across the inductor to zero. The SMES 
unit is then ready to be coupled to the power system for the 
stabilization of electromechanical modes of oscillation. 

6-pulse bridge (1) 

I I A -  - 
6-pulse bridge (2) 

Fig. 1 Schematic diagram of the SMES unit 

Due to sudden application or rejection of load, the 
generator speed fluctuates. When the system load increases, 
the speed falls at the first instant, but due to the governor 
action, the speed oscillates around a reference value. The 
converter works as an inverter (90O < 1.1 < 180O) when the 
actual speed is less than the reference speed and energy is 
withdrawn from the SMES unit (Ps, negative). However the 
energy is recovered when the speed swings to the other side. 
The converter then works as a rectifier (0" < 1.1 < 90O) and 
the power P,, becomes positive. 

inductor current is set at 30% of Id [9]. It is desirable to set 
the rated inductor current Is& such that the maximum 
allowable energy absorption equals the maximum allowable 
energy discharge. This makes the SMES unit equally 
effective in damping swings caused by sudden increase as 
well as decrease in load. Thus, if the lower limit is chosen at 
0.31d, the upper limit based on the equal energy 
absorption/ discharge criterion is 1.381d. When the 
inductor current reaches either of these limits, the 
dependence of P, on speed deviation is discontinued till the 
speed deviation swings to the other side. 

The converter currents referred to the generator bus 
reference frame [6] under unequal a-mode are: 

Isd = 0.866 I,, (sinal + sina2) 
I,, = 0.866 I, (COSCX~ + COSOLZ) 

Because of constraints of hardware implementation, the 
voltage V, has also its upper and lower limits [ll]. For the 
SMES unit modeled, the limits are: 

Thus for the particular SMES unit, the power P, has the 
following limits: 

In order to control the power balance of the synchronous 
generator effectively during dynamic period, the SMES unit 
is located at the generator bus [10,11]. 

- 0.2532 P.U. I Vsm I 0.2532 P.U. 

- 0.2532 Ism P.U. S P, I 0.2532 Ism P.U. 

The voltage V,, of the DC side of the 12-pulse converter 111. PROBLEMS ASSOCIATED WITH EQUAL a - ~ ~ ~ ~  
OF CONTROL OF SMES UNIT is expressed by 

v, = V,d (cos a1 + cos a2 ) (1) 

where VSd is the ideal no-load maximum DC Voltage of the 
6-pulse bridges. The current and voltage of superconducting 
inductor are related as 

I 

Under normal operating conditions, there should be no 
active and reactive power transfer between the SMES unit 
and the power system (Ps, = 0, Qm = 0). If the firing angles 
are selected as al = a2 = a, then it is impossible to achieve 
this goal. Rather the following problems will arise: 

1 
= - 3 V,,d.r + I,, (2) i) SMES unit acts as an active load al= a2= Oo, 

ii) SMES unit releases power al= a2=18O0, 
iii) SMES unit acts as a reactive load al= a2 =+ 90°, 
iv) SMES unit consumes both active and reactive load for 

any other value of a . 

sm 
L s m  lo  

where Id is the initial current of the inductor. The real 
power absorbed or delivered by the SMES unit is 

PsIn = v, Is,, (3) 
The problems under the faulty conditions are further 

The energy stored in the superconducting inductor is elaborated below: 

(4) 

where wS, = -L I' is the initial energy in the inductor. 

Let AVl be the voltage deviation at the terminal bus of 
the generator because of sudden change in load. Then the 
desired Q-modulation of the sMEs unit can be derived as 

w s m  = w s m o  + ' Pmd' 
10 

1 
3 sm 

In actual practice the inductor current should not be 
allowed to reach zero to prevent the possibility of 
discontinuous conduction in the eresence of the large * Kvs 

disturbances. To avoid such problems, the lower limit of the 

[lo], 

AVt + Qsmo Q,, =- 
1 + ST,, 

(7) 
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where K, is the amplifier gain and Tdc is the delay time of 
the converter. The corresponding active power modulation 
can be derived as 

where Kps is the gain of the amplifier. The firing angles are 
calculated as 

(9) 
* *  a*' = a*2 = a = tan-' (Q , / P ,, ) 

The active and reactive power consumed by the SMFS unit 
are given by 

P,, = 2 VS& I,, cosa 
Qsm = 2 Vsmo I,, sina 

t Q  

Fig. 2. P-Q modulation of SMES unit under equal 
a-mode of operation 

The value of P, and Q,, may or may not be equal to 
desired Pa,, and Q*,, which can be viewed in Fig. 2. For a 
particular value of inductor current, the locus of P-Q 
modulation is a circle of radius 2Vd I,,. The commutating 
reactance has been neglected. If the variation of the inductor 
current is small, for large value SMES inductance, then one 
can write 

where S,,, is the maximum MVA available in the SMES 
unit. Therefore, P,, = S,,,  COS^ and Qsm = S,, sina. 
Defining S* = d(P*rm2 + Q*,,'), 

If S' < S,, , then P,, > P*,, and Qsm > Q*,. 
If S* > S,,, , then P,, < P*,, and Qsm c Q*,,. 

It means that the active and reactive power consumption 
may not help in power system stabilization. It was demons- 
trated in references [7,8] that there is no improvement in 

the power system unless an extra controller is added. The 
problem becomes more serious when the system approaches 
the stable condition. In fact, the P-Q transfer under these 
conditions should be very small, but under equal a-mode, 
P, and &,, may reach very high values as is evident in Fig 
2. This can be minimized if one can maintain P*, equd to 
P, regardless of the value of Q, [ 113. The firing angle can 
be calculated as 

a = cos-l(P, / 2vs, I , 3  (13) 

The sign of ct should be same as the sign of Q",,. Then the 
corresponding value of Qsm can be determined as 

Q, = 2Vd I,, sina (14) 

Though Q,, is uncontrolled, the overall performance of the 
system can be improved with SMES unit [ 111. 

IV. PROPOSED CONTROL STRATEGY USING 
UIWQUAL a-MODE 

A. Calculation offiring angles of the converters 

Fig. 3 shows the proposed SMES controller for 
simultaneous control of P-Q modulation of the SMES unit. 
The control strategy use the two basic equations (7) and (8), 
which relate the speed deviations with desired P,, and 
terminal voltage deviation with the desired Qs,. Under 
unequal a-mode, the expressions for P,, and Q,, are 
modified as 

P,, = VS& I,, (cosa1 + cosctz) 
Qs, = V,, I,, (sinal + sinaz) 

Qf!m 0 

Fig. 3. SMES controller 

Knowing P,, Q,, and the present value of the inductor cur- 
rent I,, , using (15) and (16), the firing angles of the conv- 
erter under four quadrant operation can be calculated as [5].  

a' = cos-l(P, / S )  + cos-'(S / smx ) 
a2 = cos-l(Pp, / S )  - cos-'(S / s, ) 

The calculation of firing angles for typical values of P',,, 
and Q*sm are shown in the Fig. 4. Unlike the equal a-mode, 
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if S* < Sm,, , then P,, = P*, and Qsm = Q"m. If S* > S, 
, then the magnitude of Qsm can be 
calculated as Qsm = d ( S2 - PlSm2 ) and is always less than 
Q*,,. However the sign of Q,, should be same as Q*sm . 

P,, = P*, , and 

Fig. 4. P-Q modulation under unequal a-mode 

B. Determination of amplifer gains Kvs and Kps 

The disturbance in the system is made significantly large 
so that it is on the verge of instability. The maximum value 
of AVr and Am with SMES unit occurring in the post fault 
period are stored in the memory to obtain the constants I(P, 
and K, as follows: 

(19) 

(20) and KVS = 

where V,,,,, and I, are the maximum voltage and 
current limits for a particular SMES unit. Thus the value of 
Kp, and K, are varied depending on the type of power 
system and the rating of the SMES unit. For the studied 
system, Icp, and K, are found as 80 and 1.4 respectively. 

Vsm,max Ism,max 

A@Lnwx 

Vsm,mx Imw" 

Kps = 

V. DESCRIPTION OF THE SYSTEM 

Fig. 5 shows the studied system, which consists of a 
synchronous generator connected to an infinite bus through 
a transmission line and an SMES unit. Although the system 
chosen is relatively simple, it is sufficient to demonstrate the 
damping eff-ect of SMES [10,1 l].The non-linear dynamic 
behavior of the synchronous generator is described by the 
two axis model [ 11. The generator is equipped with a static 
excitation and governor systems[ll]. The direct and 
quadrature axis current of the generator can be expressed as 

Id = Ird + Isd 
I, = I,, + Is, 

where Itd and It, represents transmission line d-axis and q- 
axis currents, and Isd and I,, come from the SMES unit. 

Syn. Generator Infinite Bus 

Unit 

Fig. 5. The power system with SMES unit 

VI. EIGEN VALUE SENSITIVITY 

Table 1. System eigenvalues 

Without 
SMES 
Po=l.O p.u 
-217.80 
-41.55 
-19.45 
-.09a10.2 
-11.63 
-4.32 
-2.25 
-1.51 
-.13 

Jlectromecha 

With SMES 

-2 17.89 
-41.91 
-20.85 
-15.9317.2 
-38.46 
-8.62k4.46 
-3.18 
-1.78H. 16 
-.13 

Without 
SMES 
P0=1.2 p.u. 
-217.89 
4 1 . 7 0  

+.05~kj10.4 

-4.30 

-19.47 

-11.59 

-2.35 
-1.50 
-.13 

ical modes denoted in bold 

With SMES 

-2 17.89 
-41.93 
-20.88 
-15.9317.0 
-38.46 
-8.75k4.62 
-3.74 
-2.14 
-1.62 
-.13 

Table 1 shows the system eigenvalues for two initial 
operating conditions. It is seen that for Po = 1.0 P.u., the real 
part of the oscillatory mode is very small. The system has 
positive real parts with Po = 1.2 unit. However, the overall 
performance is improved with the SMES unit. For both 
initial operating conditions, the real part of the 
electromechanical mode has been shifted significantly to a 
safe negative value when the SMES unit is added. In order 
to examine the control ability of the proposed controller at 
any other load conditions, the real part of the eigenvalues of 
the electromechanical mode is plotted in Fig. 6.The system 
is stable upto PO =1.128 P.u., without the SMES unit. With 
the SMES unit, the system is highly stable even at Po =1.7 

Wnhout SMES 
c o  
4 
0 
z - 0 . 5 v  , , 1 t - 1 5 F ]  
m 

1-20 

0.5 1 1.5 Aciive Power(p.u) 1 1.5 -25 0.5 
-1 

Active Power(p.u) 

Fig. 6. Real part of electromechanical mode eigen value 
under various load condition 
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- 1.0005 ,0005. 
7 n 

n 

- 
f 1  

P.u.. The proposed controller has extended the stability 
margin considerably. 

' ' ' ' 

1G 

VII. DYNAMIC SIMULATION 

In order to demonstrate the beneficial damping effect of 
the proposed SMES controller, computer simulations based 
on system non-linear differential equations are carried out at 
various load conditions. The differential equations are 
solved by using the 4th order Runge-Kutta method under 
MATLAB environment. All non-linearities such as exciter 
ceiling voltage, SMES voltage limits, inductor current limits 
have been included. The system and SMES parameters used 
are same as [ 111. 

Without SMES With SMES 

Fig. 7. System performance under small disturbance 

Fig. 7 shows the system responses to a step change of 
1.2% in load for a duration of 100ms. This is a small 
disturbance, and so the speed oscillation plots certify the 
damping characteristics of the electromechanical mode as 
given in Table 1. Next the dynamic performance is 
examined for a large disturbance. A 100 ms three phase 
fault is simulated at the middle of the transmission line. The 
system responses are plotted for three different load 
conditions. 

Fig. 8 shows the system performances with and without 
the SMES unit when Po = 0.8 p.u. The damping of the 
system is not satisfactory without the SMES unit. Fig. 9 
shows the system performances with and without the SMES 
unit when Po = 1.0 p.u. The system becomes oscillatory 
without SMES unit. The system becomes unstable when Po = 
1.2 p.u.[Fig. 101 as confirmed by the eigenvalue analysis. 
The corresponding rotor angle variations are also shown in 
each figure. It is observed that the addition of the SMES unit 
improves the system damping and the settling time 
decreases substantially. For the heavy load condition the 
system becomes stable with the SMES unit. It is observed in 
Fig. 8 through 10 that the use of unequal a -mode forces the 
SMES unit P-Q consumption to zero when the system 
approaches stable conditions. The firing angles starts with 
(90°, - 90) and end with the same values. The results are 
compared with those obtained using the conventional equal 
a mode [6,7,8]. The method proposed does not require any 
additional/ supplementary control loops as proposed in [6,7] 

to obtain satisfactory damping. Also for the same fault level, 
the results obtained show measurable improvements when 
compared with the results obtained in our earlier work [SI. 

Without SMES With SMES 
1.02 

9 

rn 
A 9 8  0.98 

0.5 

0' 0 
0 1 2 3 se& 

ru 
2 -100 

-200 -0.4 
-200 0 200 0 1 2 3 4  

Fig. 8. System performance under large disturbance 
P0=0.8 p.u 

Alphal (degree) s e a  

I I " 
O se& 

100 

2 -100 n 
start & end point 

-200 
-200 0 200 

Alphal (degree) 

I " " I  

.... * 0.2 

g -0.2 
Q 

E o  

-0.4 
0 1 2 3 4  secs 

Fig. 9. System performance under large disturbance 
Po = 1.0 p.u 

In the unequal a-mode of control, the converter output 
consists of two pulse trains of different harmonic 
amplitudes, the lowest frequency being the sixth harmonic. 
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s 
2 -100. 
a a 

N 

This will impose slightly higher duty on the associated 
filters and may also necsessitate a small derating of the 
inductor. Since this mode occurs only during transient 
conditions, the benefits derived from this mode of control 
outweights the above setbacks. 

Without SMES With SMES 

v) 
A 9 8  0.98 

I-. . . I 
I 

0.5 

n 

- 1  
a 
p0.5 

0 1 2 3 se& 

loo[ 

-200 1 

6 start & end point 

-200 0 200 
Alpha1 (degree) 

8 -0.2 -0.4 o.l!Ld 
0 1 2 3 4  

se= 

Fig. 10. System performance under large disturbance 
Po = 1.2 p.u 

VII. CONCLUSION 

A method of improving the damping of synchronous 
generator by simultaneous control of active and reactive 
power modulation of the SMES unit under unequal a-mode 
is presented. The control strategy is based on the principle 
that the SMES unit should receive or deliver power 
according to the degree of disturbance. Also under normal 
conditions, the SMES energy transfer should be zero. It has 
been shown that the additional degree of freedom provided 
under unequal a-mode of control, significantly improves 
the system performance. This indicates that the power 
system can be stabilized reliably if equipped with proper 
SMES control circuitry. The proposed controller is very 
simple and does not require additional controller for the 
correction of desired firing angles. This controller would 
require very little hardware to implement. 
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