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ABSTRACT

The external controller (EC) of a series flexible ac transmission
system (FACTS) device, which is the series capacitive reactance
compensator (SCRC), can provide effective damping of low-
frequency oscillations in a power system. The saturation limiter
in the EC is used to enforce practical limits resulting from the
system restriction such as equipment and component ratings. In
this paper, the effect of saturation limits on the overall system
dynamic behavior is analyzed. Also, a systematic nonlinear
tuning method is proposed to determine the optimal values for
saturation limits.

1. INTRODUCTION

Rapid progress in power electronics has opened up new
opportunities to control power and/or voltages, and this can be
used to increase the capacities of existing power lines. In the last
decade, the series flexible ac transmission systems (FACTS)
devices have been progressively developed to deal with the
above control objectives [1].

Among many power-electronic-based controllers that influence
power flow in power lines, the controllable series capacitive
reactance compensator (SCRC) using a voltage-source pulse-
width-modulated (PWM) inverter has attracted attention for its
rapid response control capability to not only control the steady
state, but also provide damping during disturbances [2]-[3].
Damping is also improved by applying external controller (EC)
to the SCRC with the aid of properly designed supplementary
controls [4].

The control outputs from the EC with high gains can cause
undesirable response in a physical system. To enforce practical
limits resulting from the system restriction, the saturation limiter
following the EC is used. The overall power system structure,
which has the SCRC, EC, and saturation limiter, is shown in Fig.
1.

The optimal maximum (EC.,) /minimum (EC;,) values of
saturation limiter in Fig. 1 can maximize stability immediately
following large disturbance. The resulting non-smooth behavior
is difficult to analyze, as discussed in [5] in the context of power
system stabilizers (PSSs). Therefore, this study gives the
framework of qualitatively assessing the outcomes of the various
cases with saturation limits in the many industrial applications.
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In this paper, the new contribution is made by analyzing the
effects of the saturation limiter (with non-smooth nonlinearities)
on system dynamics of a power network equipped with the
SCRC device. Also, the nonlinear optimization method is
proposed to determine the optimal values for saturation limits.

This paper is organized as follows: Section II presents a
summary of the SCRC and EC. The effect of the saturation
limiter on the system dynamic behavior is illustrated in Section
III. The optimal tuning method for the saturation limits is
described in Section IV. Finally, the conclusions are given in
Section V.

2. SCRC - SERIES FACTS DEVICE
2.1 Internal control for the SCRC

The internal control scheme for the SCRC to drive the voltage-
source PWM inverter is shown in Fig 1. The main objectives of
inner control for the SCRC are to ensure that the injected voltage
at ac terminals of inverter is in quadrature with transmission line
current and to maintain the constant voltage V. in steady state
such as other series FACTS devices.

For the operation of the SCRC, the transmission line currents i,
isp, and i are first transformed by Park’s transformation [1] into
d and g axes components iy and i, in a synchronously rotating
reference frame. Then, the peak value of the current vector is
calculated. The desired magnitude of the compensating voltage
vector is now determined by multiplying the magnitude of the
current vector by the factor 2,2/ Ve and the value of capacitive

reactance x., and the result is the modulation index m; for the

inverter.

Also, the structure of the SCRC in Fig. 1 has two feedback loops,
which are an inner power control loop and an outer voltage
control loop. The outer control loop ensures that no real power is
exchanged between the inverter and the transmission line,
thereby ensuring that the line current leads the injected voltage
by 90° as well as that the dc capacitor voltage V,. is kept
constant. The inner feedback loop effectively reduces the gain
required in the forward paths of internal control to achieve the
overall closed loop bandwidth desired in the SCRC.
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Figure 1. External controller (EC) and saturation limiter for the SCRC in a power system.

The advantage gained by the inclusion of the inner feedback loop
is, therefore, that the necessary bandwidth of the phase-locked
loop can be achieved with less compromise in the response of the
system to a disturbance on the dc side of the inverter.

More details for the internal control of the SCRC are given in [3]
and [4].

2.2 External control for the SCRC

The objective of the external controller (EC) for the SCRC
(dashed block in Fig. 1) is to improve the system damping
performance with the properly chosen external variables. It is
suggested in [4] that the speed deviation signal Aw and active
power deviation signal AP, (which exhibits the derivative

behavior of the A @ ) from a generator could be used to generate
the supplementary control signal AX,. for the EC located close

to that generator. Further explanation for the EC design is given
in [4].

To design controller that satisfies the constraints of physical
systems, the saturation limiter following the EC is now
considered with non-smooth nonlinear dynamic behavior being
the focus in this paper.

2.3 Example system description

The power system in Fig.1 consists of the single generator (160
MVA, 15 kV (L-L)) connected to an infinite bus through two
transmission lines, labeled Line #1 and Line #2. The parameters
of the synchronous generator are given in [6]. The EXACIA
(IEEE type alternator supplied rectifier excitation systems) and
H TUR1/GOV1 (IEEE type hydro turbine-governor) models in
PSCAD/EMTDC® library [7] are used as the AVR/exciter and
turbine/governor systems, respectively.

3. EFFECT OF SATURATION LIMITS ON
SYSTEM DYNAMICS

The effect on the damping performance of the saturation limits is
evaluated by a 100 ms three-phase short circuit applied at the
infinite bus at 1 sec. The generator operates with a rotor angle of
16.38° (P, = 0.25 pu, O, = 0.16 pu) at a pre-fault steady state
operating point, where the same amount of power is flowing in
Line #1 and Line #2 (with the same line impedances).

The simulation results are given in Figs. 2 to 4. It is clearly
shown from Figs. 2 and 3 that the EC improves damping
performance compared to the system without the EC. The
corresponding EC output response (AXc [pu]) with non-smooth
nonlinear dynamics due to saturation limits is shown in Fig. 4.
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Figure 2. Rotor angle response (5[°]).
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Figure 3. Speed deviation response (Aw [rad/s]).
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Figure 4. EC output response (AXc [pu]): supplementary
controls for the SCRC.

4. OPTIMAL TUNING OF LIMTER
4.1 Optimization for non-smooth controller

In multivariable nonlinear problems, numerical optimization
methods play significant role in finding optimal solutions and
selecting parameters by which the objective function J can be
minimized/maximized. The optimal tuning problem for the
limiter described in this paper is of this form.

The speed deviation (AJ) and active power deviation (AP;) from
the generator, which are inputs of the EC, are considered good
indicators of the damping. Therefore, damping improvement is
equivalent to minimizing the objective function

'f
J(A) = I
o

where W is the diagonal matrix of weighting factors and # is an
appropriate final time. The @ and Ps are the post-fault steady

o) -0
P ()= P,

o) -

P(1)~ P} b

state values of w and Pg, respectively. Minimization is achieved
through variation of the saturation limits A=[EC s ECiin]-

4.2 Computation of gradients

Minimization of the nonlinear J in (1) requires knowledge of
derivatives. Parameters A explicitly describe a non-smooth
influence on behavior in a system that already involves switching
devices of the voltage-source PWM inverter. Therefore, it is
impossible to analytically determine the derivative of J with
respect to parameters 4. However it has been shown in [8]-[9]
that the required gradients, also known as trajectory sensitivities,
are well defined for non-smooth, nonlinear systems. Furthermore,
they can be efficiently computed as a by-product of numerical
integration of the nominal trajectory.

Given the availability of gradient information, many numerical
optimization methods based on the first-order gradients can be
applied to minimize the function J in (1). The steepest descent
method, which is the simplest first-order numerical optimization
algorithm, is used to implement in this paper. The cost function
in (1) has the form of a continuous-time nonlinear least-squares
problem. A corresponding continuous-time adaptation of the
Gauss-Newton or Broyden-Fletcher-Goldfarb-Shanno (BFGS)
algorithms [10] is also appropriate, and can be efficiently
applied.

4.3 Results

The damping performance achieved by the optimal saturation
limits (which are [0.0559 —-0.0971] for [EC,.x ECuil) is
compared with that of the initial output limits ([0.05 —0.05] and
[0.1 —0.1]) by a 100 ms three-phase short circuit applied at the
infinite bus in Fig. 1 at 1 sec.

The EC,,. value of 0.0559 has changed little from the initial
positive limit value 0.05, but EC,,;, has moved from —0.05 to —
0.0971, which is close to —0.1. The corresponding result is shown
in Fig. 5. Note that the negative limit EC,,;, is effective to damp
the first swing, and the positive limit EC,,,x improves damping
performance after first swing (see the second swing).

Also, the values of the cost function J are compared in Table 1.
The variations of the cost function J optimized during the 5
iterations are shown in Fig. 6.

5. CONCLUSION

This paper made the new contribution by applying the nonlinear
optimization algorithm to tune the saturation limiter used in the
external controller (EC) for the series capacitive reactance
compensator (SCRC), which is a series flexible ac transmission
system (FACTS) device. Trajectory sensitivities provided the
derivatives of an objective function with respect to parameters
that related directly to the non-smoothness of the limiter. The
optimal limit values determined by the proposed method
improved the overall system damping performance.

The systematic approach proposed in this paper to optimally tune
the limiter can give a framework for industrial applications with
saturation limits that affect the overall system dynamics.
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Figure 6. Values of the cost function J variations.

Table 1: Comparisons of the cost function J

[ECmax  EChinl Cost, J
[0.05 -0.05] 0.1716
[0.1 -0.1] 0.0847
[0.0559 —0.0971] 0.0594

(1]
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