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Abstract-A discrete state-space model of a two-
area interconnected power system with reheat steam
turbine, governor dead band nonlinearity and
superconducting magnetic energy storage is
developed in this paper. The effect of a small-
capacity superconducting magnetic energy storage
(SMES) system is studied in relation to supplying
sudden power requirements of real power load. The
feasibility of using an IGBT converter instead of a
thyristor converter as a power conditioning system
with the SMES is studied. Time domain simulation
results are also presented which show improvement
of transient response with SMES.

I. INTRODUCTION

It is well known that superconducting magnetic
energy storage is fast acting and might be used
either for diurnal load leveling or for power system
damping [1-5]. In the first case, large sized
(hundreds of meters on diameter) high capacity
superconducting magnets capable of storing 107 -
108 MJ are necessary. For the second application,
very small sized SMES units with storage capacity
in the order of 100 kJ but capable of very high rates
of repetitive field changes would be sufficient.
Slower small sized SMES units have become
commercial recently for single operation
applications as uninterruptible power supplies [6].

In this paper, the area control error is used to
control the SMES, when both load and SMES are
connected in parallel at the generator terminal. In

most automatic generation control (AGC) studies,
the effect of governor deadband and generation rate
constraint are neglected for simplicity. But they are
considered in the present paper. Deadband was
considered for continuous system in [7]. Thyristor or
Gate Turn Off thyristor (GTO) converters have been
proposed in the past for the SMES power
conditioning system [8,9]. A third possibility has
emerged, that is the Insulated Gate Bipolar
Transistor (IGBT) for use in a Pulse Width
Modulated (PWM) converter and chopper of the
power conditioning system [10,11].

II. DISCRETE-DATA CONTROL MODEL
FOR AGC

A typical 2-area power system with reheat
steam turbines and governor deadband non-
linearities is shown in Fig. 1 for AGC studies.

The continuous-time dynamic system is
described by a set of linear differential equations as
follows.

x = [A]x +[Blu + [lip (1)

where x, u and p are state, control and disturbance
vectors respectively; [A], [B] and [F] are constant
matrices associated with the above vectors.
However, if it is assumed that p represents known
load disturbances, then (1) can be written in the
standard state variable form as

x(t) = [A] x{t) + [B] u{t) (2)
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sswhere x (t) = x - Xgg, u(t) = u - u
x(0) = -xss, xH =0
u(0) = - uss, M(°°) = 0

and ss denotes steady-state values of state and
control vectors determined by p.

Using (2) the discrete-time model of the system
can be derived as a set of difference equations:

[Wlu(K) (3)
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Fig. 1. Two-area interconnected power system.
where t = time KT

K = sampling instant 0,1,2 .... etc.
T = sampling interval, s

[<p] and [ip] are the state-, and control-transition
matrices of the same order as that of [A] and [S]
respectively, given by

[AT]2
[4>] = eWT = [Ij + IAT]

xw = - KnACE1 = - Kn (B1AFl+APtlel)

*n = - KI2ACE2 = - Kl2 (B2AF2 + al2APtlel)

whereAPtie2 =

2!
• + -

3!

(4)

[2] = identity matrix

A technique for evaluating the series in (4) as a
finite power series, when it converges for the chosen
value of T, is as follows:

r ( AT , AT
[<p] = |_/+AT (/+ {/+ L/+. .^(^il) . . . ]})]

L-l L

Constants Kn and K\i are integral controller gains,
Bi and B<i are area frequency response charac-
teristics and ai2 — ~Prl/Pv2 with P r i and Pr2 as MW
capacities of area 1 and 2 respectively. In (3) - (5)
the sampling interval T is small enough, as low as
0.1 s, to avoid an aliasing problem. However,
calculating the rate of digital control action could be
much slower. In this paper, the same sampling rate
to approximate the continuous system by a discrete
process and the rate of control action have been
chosen.
x10 (K+1) - xlo(K) -KnT(B tA

ATAT

where L is a suitable number (such as 100) to be
chosen such that the series in (5) converges. For the
2-area system shown in Fig. 1, the state vector is of
9th order.

Since the steady-state errors of frequency and
tie-line powers should be driven to zero by AGC, the
integral controls of the power system can also be
included in the state-space model:

x
u

= xn(K) -KI2T(B2AF2+ a12APtlel) (8)

III. GOVERNOR DEAD-BAND

It has been shown that a governor deadband of
the backlash type can be linearized by the
describing function approach [7]. The transfer
function of the governor Gg(S) is modified as follows
to take into account the deadband nonlinearity B
andDB2inFig. 1).

N2

ACEidt-uiss

GP

(6)
where

wn =

Differentiating (6) w.r.t. time

1 + TgiS

0.8, N2= -0 .2
2nf0, where f0 = Vi Hz for continuous
AGC response.
time constant of speed governor, of
area i, s
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If the deadband effect is neglected then Ni = 1, N2
= 0. The generation rate constraint is shown by
limiter in Fig. 1 and discussed in ref. [5].

IV. CONFIGURATION OF SMES

Fig. 2 shows the basic configuration of a SMES
unit in the power system. The converter consists of a
6-pulse PWM rectifier/inverter using insulated-
gate-bipolar-transistors (IGBT's) capable of switch-
ing at 2.5 kHz interfacing with the ac power system
and a dc-dc chopper interfacing with the SMES coil
(cf. [11]). The PWM converter and the dc-dc chopper
are linked by a dc link capacitor. The IGBT is a new
power switching device, which is basically a hybrid
MOS gated turn on/off bipolar transistor. IGBT's
offer low on-resistance and require very little gate
drive power. In the reverse direction, the IGBT does
not have a conducting body diode but provides
blocking (5-10 V) due to a reverse biased
p+ -n-junction. Therefore, in voltage-fed converter
applications, an anti-parallel diode is connected
externally.

SMES Equations

The energy stored in the SMES coil (Fig. 2 and
Appendix) at any instant is

WL = \ L 1IM ™
where L = inductance of SMES coil

i-SM — direct current in SMES.

Once the rated current in the inductor is
reached, the SMES unit is ready for automatic
generation or load control. The change in ACE is
sensed and used to control the SMES voltage, UgM
by altering the duty cycle of the chopper. During
sudden loading of the system, the generator cannot

pick up the load due to its inertia so that ACE will
be negative, and the SMES will discharge. The
SMES voltage is to be negative since the current
through the inductor cannot change its direction.

The incremental change of voltage across the
SMES coil is

AUSM=[
Ko

1 + STdc
] (ACE) (11)

where

S
ACE

an average incremental change
in SMES voltage (an average
value over T is taken since
chopper cycle time is 0.4 ms)
controller time constant, ms
the gain of the control loop,
kv/PUMW
Laplace operator, d/dt
area control error signal, PUMW

The incremental change in the average current
applied to the inductor is

1
(12)

Power into the inductor at any time,
ISM and initial power flow into the coil is PSMO

 =

USMO ' TSMO. where UgMo and ISMO
 a r e the

magnitudes of voltage and current prior to load
disturbance. In response to the load disturbance the
power flow into the coil can be expressed as:

PSM = (USMO + AUSM) (ISMO + AISM) (13)

(14)

L 2 O

L 3 0

SMES

FILTER PWM CONVERTOR/lNVERTER CHOPPER

Fig. 2. Configuration with SMES in the power system.
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In the storage mode USMO
 = 0, so that

is neglected. The power is expressed in per unit of
rated power capacity of either area, Pr. Therefore,

Chopper Equation

The concept of using GTO choppers is outlined
in [9]. In this discussion we shall use IGBT choppers
T7 and Tg in Fig. 2. The dc voltage across the
capacitor Uz is kept constant throughout by the 6-
pulse PWM converter. To enable charging and
discharging of the SMES, dc voltage UsM °f proper
magnitude and polarity are to be impressed across
the coil. This is accomplished by automatic
adjustment of the duty cycle, D = Ton/Tcycie of the
chopper, (Tcycie = Ton + Toff).

If the two IGBT's T7 and T8 are conducting
simultaneously during Ton period, the diodes Di and
D2 become reverse biased and the coil current \Qm
flows in the direction shown to charge SMES. On the
other hand, if both T7 and Tg are off simultaneously,
then the diodes Dx and H2 become forward biased
and current is returned to the capacitor. Thus
discharge of SMES takes place during the Toff
period. If both Ton and Toff are equal then the SMES
stores the energy. Chopper operation can be
formulated in equation form as follows

or
AUSM =.(!>-0.5) Uz

iz = (D- 0.5) AiSM (16)

0 < D < 1 is decided by T7 and Tg gating signals
iz = dc current returned by the chopper to the 6-

pulse inverter
Uz = dc link capacitor voltage = 800 V dc

Six-Pulse IGBT Voltage Source Converter/Inverter

To start with, the dc link capacitor is charged
through the diodes of the six-pulse voltage source
converter (anti-parallel to Ti-Tg) with gating
signals to the IGBT's being blocked. When the gate
pulses are released, the dc link voltage builds up to
the reference value.

Independent control of real power P and reactive
power Q is possible by adjusting voltage angle and
magnitude respectively at the converter terminal
[8,9]. For a 3-phase ac power system, we have the
following equations

EV
P = 3 sind

X
(17)

(E- Vcosd)

X
(18)

where E — Thevenin source phase voltage
magnitude (rms), V,

V — converter phase voltage magnitude
(rms), V, (Fundamental Fourier
Series Component)

0 = phase angle displacement of
converter voltage phasor w.r.t.
Thevenin source voltage

X = Thevenin source reactance.

The converter operates synchronously with the
power system. P can be independently controlled by
adjusting 0 by a frequency jogging technique [12]. Q
can be independently controlled up to 1 pu by
adjusting V by a small amount up to .01 pu by
varying the amplitude of the modulating sinusoidal
waveform of the converter, operating with sine-
triangle pulse width modulation.

V. DIGITAL SIMULATION

Digital simulation of sampled data control of
AGC and SMES are carried out by putting a step
load increase of .01 PUMW in area 1 of the power
system, shown in Fig. 1. The load change in area 2 is
assumed to be zero. The modified state vector x' can
be expressed as follows:

A' = [AF1AF2 (APG1~APm) (APG2-APm) (APR1 -APm)
(APR2-APD2) (AXE1-APD1) (AXE2-APD2) APtiel

UsMl AUSM2 Alsm AlSM2{u1-APmIN1)
{u%-APmINd\ (19)

Optimization Technique and GRC

The optimal value of Ko, the gain associated
with input signal, AU$Mi, i = 1,2, is chosen as
follows. Define a performance index

PI= / UP . At) + WlAf(t)+w2{ — {APGI-APD1)) \dt

J Ul 10

t = time, s

dt

(20)

Calculate PI for different preset values of Ko and
select minimum PI for the chosen Ko. In our study
Ko = 20 (optimal) with Z/i = KI2 = 0.2.

In order to take the generation rate constraint
into account, a weight factor w2 is associated with it
in (20). A high value of w2 will penalize GRC and PI.
u>i and w2 were chosen 0.3 and 2.5 by a trial and
error method for

Figs. 3 - 6 present digital simulation results of
deviations in frequency and generator power, rate of
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Fig. 3. Transient response of frequency deviation of area-1 Fig. 5. Transient response of rate of generation of area-1

— {APGl - APD1)< O.OOHpuMW/s
dt

deviation in generator real power, and tie line power
with and without SMES when a step load change of
0.01 PUMW occurs continuously in area 1. Fig. 7
shows SMES real power charge and discharge. Figs.
3-6 show significant improvement in response with
SMES.

VI. CONCLUSIONS

Sampled data controls of AGC and SMES are
proposed in this paper. A two-area power system
model connected through a tie-line is used for
simulation purpose. The power system model
includes governor deadband nonlinearity, steam
reheat and generation rate contraint. The SMES
meets sudden requirements of real power load. The
paper demonstrates the possibility of realizing a
SMES with combination of an ac-dc voltage source
PWM converter and dc chopper using IGBT's.
Application of IGBT to the SMES power
conditioning system can provide faster response and

0.0K

t WITHOUT SMES 2. WITH SMES

Fig. 4. Transient response of generator real power deviation of
area-1

wider range of power control characteristics [5].
Sensitivity analysis establishes that 120 kJ SMES
could stabilize power system up to 50 MW capacity.
The economic aspects of SMES is discussed in [13].

Support of the work
gratefully acknowledged.

of S.C.T. by DAAD is

VII. APPENDIX

Power System Data [5]
Area capacity P R I = P R 2 = 10 MW
f0 = 60 Hz, w0 = 3.14 radian
Kp i = Kp2 = 120 Hz/puMW
Ri = R2 = 2.4 Hz/puMW
Bi = B2 = B = 0.425 puMW/Hz

P i
•TRI

T12
KRI

TTI

p2
T R 2 = 1 0 s
0.0707 puMW/rad
KR2 = 0.333
TG2 = 0.20 s
TT2 = 0.30 s

o
Q.

-0-01
10 20

TIME.s
1. WITHOUT SMES 2. WITH SMES

Fig. 6. Transient response of tie line power deviation
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Fig. 7. Transient response of SMES power deviation

SMES Unit Data
Ll = L2 = 2.65 H (each 4 coil solenoid)
AB/At < lOT/s
iSMl = iSM2 = O-2 kA (nominal)
igMlmax = iSM2max = 0.3 kA
WLat300A = 120 kJ
Converter power rating = 80 kW
Frequency of IGBT, fs = 2.5 kHz
Chopper TCyCie = 0.4 ms
Capacitor voltage, Uz = 0.8 kV dc
Tdci = Td c 2= 0.003 s
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