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Abstract: The Static Synchronous Compensator (STATCOM) provides shunt compensation in similar
way to the Static VAR Compensator (SVC) but utilizes a voltage source converter rather than
capacitors and reactor. In practice systems use simple Proportional-Integral (PI) controllers for control
of STATCOM. However, since the PI control parameters were usually tuned based on classical or
trial-and-error approaches, they were incapable of obtaining good dynamic performance for a wide
range of operation conditions and various loads in power system. For this problem, in this research a
robust control approach based on the Quantitative Feedback Theory (QFT) method was proposed for
the design of STATCOM controllers (AC-voltage regulator and DC-voltage regulator) and also
supplementary damping controller for increase of power system oscillations damping is developed. A
Single-Machine Infinite-Bus (SMIB) power system installed with a STATCOM with system
parametric uncertainties were considered for case study. The system parametric uncertainties were
obtained by changing parameters and load by 45% simultaneously from their typical values. To show
effectiveness of QFT method, the proposed method is compared with a conventional method (classical
P-1 controller optimized by Genetic Algorithm (GA)). Several linear and non-linear time-domain
simulation tests visibly show the validity of proposed method in compare with traditional method.

Key words: Flexible AC transmission systems, static synchronous compensator, power system
oscillations, quantitative feedback theory, decentralized control

INTRODUCTION for this configuration. PID is the most commonly used
control algorithm in the process industry. Also, this
technique is used to control the FACTS devices!".
However, the nonlinear nature as well as the
uncertainties that exist in the system make it difficult to
design an effective controller for the FACTS that
guarantees fast and stable regulation under all operating
conditions. A major source of difficulty is that open-
loop plant may change. In particular, inaccuracy in
plant may cause problems because the plant is part of
the feedback loop. To deal with such a problem, instead
of using a single model plant, an uncertain model
should be considered. This problem has led to the study
of applying adaptive controllers for instance!'*'",
nonlinear controllers for instance!'® in the power

The Flexible AC Transmission Systems (FACTS)
based on power electronics offer an opportunity to
enhance controllability, stability and power transfer
capability of AC transmission systems''. The Static
Synchronous Compensator (STATCOM) is based on
the principle that a voltage-source inverter generates a
controllable AC voltage source behind a transformer-
leakage reactance so that the voltage difference across
the reactance produces active and reactive power
exchange between the STATCOM and the transmission
network. The STATCOM is one of the important
FACTS devices and can be used for dynamic
compensation of power systems to provide voltage
support and stability improvement™”. In"""! a unified

Phillips-Heffron model!? of power systems installed
with a STATCOM is established. STATCOM has
developed from a switch mode voltage-source converter
configuration with an energy-storage device (DC
capacitor).

However, after modeling of power system with
STATCOM, next step is design of proper controllers

system stability control. Also, during past decade, the
H, optimal robust control design has received
increasing attention in power systems. Most of the
above methods have been applied in power systems and
some of these efforts have contributed to the design of
supplementary control for SVC wusing mixed
sensitivity!'”), applying p-synthesis for SVC in order to
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voltage control design''® and supplementary control
design for SVC and STATCOM!",

The objective of this research is to investigate the
STATCOM control problem for a SMIB power system
installed with a STATCOM taking into consideration
the uncertainties in the parameters of system. A robust
decentralized control scheme is designed using QFT
method for the design of STATCOM controllers (AC-
voltage regulator and DC-voltage regulator). QFT is a
robust control method which deals with the effects of
uncertainty systematically. It has been successfully
applied to the design of the both SISO and MIMO
systems. It has also been extended to the nonlinear and
time-varying case. Often, results of QFT method is a
simple controllers, which is easy in
implementation'®**",  To show effectiveness of
proposed method, the proposed method is compare to a
classical P-I type controller optimized by GA.
Simulation results show the QFT controllers guarantee
the robust performance for a wide range of operating
conditions and have best performance in compare to
optimal controllers.

MATERIALS AND METHODS

Figure 1 shows a Single-Machine Infinite-Bus
(SMIB) system equipped with a STATCOM.

The static excitation system, model type IEEE-
ST1A, has been considered. The STATCOM is
assumed to be based on Pulse Width Modulation
(PWM) converters.

In dynamic of power systems, it is usually
important to aim for decentralization of control action
to individual areas. The advantages of this operation
philosophy are reduction in the controller complexity
and suitability for practical implementation. It is shown
that each decentralized controller can be designed
independently such that performance of the overall
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Fig.1: A SMIB power system installed with

STATCOM
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closed loop systems is guaranteed. In this research, in
order to reduce the controller complexity, a
decentralized control method based on robust QFT
method is used for STATCOM controller.

Dynamic model of study system:

Non-linear dynamic model: A non-linear dynamic
model of the system is derived by disregarding the
resistances of all components of the system (generator,
transformer, transmission line and shunt converter
transformer) and the transients of the transmission lines
and transformer of the STATCOM. The nonlinear
dynamic model of the system is given as below!'":

o= (P, -P,-Do)/M

8=0,(0-1)

E, =(-E,+E,)/T,

E,=(-E,+K,(V,-V))/T
m

V‘ _3 h(sin(ﬁt)lhd+C05(E‘}t)ltq)

M

de T

d

Linear dynamic model: A linear dynamic model is
obtained by linearising the non-linear model around an
operating condition. The linearised model is given
below:

AS = Am
Ad =(-AP, - DA®)/M

AE, =(-AE_+AE,)/T,

AEfd = _(I/TA)AEfd _(KA/TA)A\]t

AV, =K,A8+KAE, ~K Av, +K _Am, +K A3,

2

Where:

AP, =K A8 +K,AE] +K pqAvy, + K peAmp + K j5p A
AE = K4A8 +K3AE] + K gqAv g + K goAmp +K g5 A
AV, =K 5A8 +KAE] +K ygAv 4o + K cAmp + K 55 ASg

Figure 2 shows the transfer function model of the
system including STATCOM. The model has 20
constants denoted by K. These constants are functions
of the system parameters and the initial operating
condition.

The control vector U in Fig. 2 is defined as
follows:

U=[Amg A8g]" 3)
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Fig. 2: Linearised dynamic model of the SMIB power system with STATCOM

Where:
Amg = Deviation in pulse width modulation index

myg of shunt inverter. By controlling mg, the
output voltage of the shunt converter is
controlled

A8y = Deviation in phase angle of the shunt inverter
voltage. By controlling 8, exchanging active

power between the STATCOM and the power
system is controlled

It may be noted thatK,, Ky, ,K,, andK in

Fig. 2 are the row vectors defined below:

pu :[er KpSe];Kqu:[qu Kq8e]
Ko =[Kye Kygeli Koy =[Kee Kesel

Dynamic model in state-space form: The dynamic
model of the system in state-space from transfer-
function model is as (4):

AS 0 w, 0 0 0 AS
Aw - % 0 - % 0o - % A
AE, |= —%: 0 —% % —I;J” x| AE,
AE,| |_ % 0 KK, TL - KATKM AE,
ave | | & 0 k0 K Av,
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0 0
M M
+ _& _ Kq5° x ArnE (4)
T, T, A8,
_ KAch _ KAKvSe
TA TA
| Kce Ke |

The typical values of system parameters for
nominal operating condition are given in Appendix.
The system parametric uncertainties are obtained by
changing parameters and load (active and reactive
power) by 45% simultaneously from their typical
values.

STATCOM controllers: The STATCOM control
system comprises three controllers:

e AC-voltage regulator (generator terminals voltage
regulator)

e DC-voltage regulator

e Power system oscillations damping controller

AC-voltage and DC-voltage regulators: Figure 3
shows the structure of the AC-voltage regulator. AC-
voltage regulator controls the generator terminals
voltage and it is regulated by modulating the magnitude
of the shunt converter voltage (mg). DC-voltage
regulator controls the DC-voltage across the DC
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Fig. 5: Structure of damping controller

Table 1: Eigen-values of the closed-loop without damping controller

-18.3561
0.041843.4357i
-0.5689+0.46701

capacitor of the STATCOM and it is regulated by
modulating the phase angle of the shunt converter
voltage (8g). Figure 4 shows the dynamic model of the
DC-voltage regulator. The DC-voltage regulator
functions by exchanging active power between the
STATCOM and the power system.

Power system oscillation-damping controller: A
damping controller is provided to improve the damping
of power system oscillations. This controller may be
considered as a lead-lag compensator'®2% or a fuzzy
controller block””). However an electrical torque in
phase with the speed deviation is to be produced in
order to improve the damping of the system
oscillations. The transfer function block diagram of the
damping controller is shown in Fig. 5.

Analysis: For nominal operating condition, the eigen-
values of the system (Table 1) are obtained usage state-
space from transfer-function model of system in (4) and
it is clearly seen that the system is unstable.

Design of damping controller for stability: The
damping controllers are designed to produce an
electrical torque in phase with the speed deviation
according to phase compensation method. The two
control parameters of the STATCOM (mg and 8g) can
be modulated in order to produce the damping torque.
In this study mg is modulated in order to damping

69

=)

r(t) - G I P .
R T

Fig. 6: The MIMO control structure (2X2) system

vty

Table 2: Eigen-value of the closed-loop with damping controller

-18.457,-15.3678, -3.7891
-0.8932 +0.5341i
-0.7301,-0.118

controller design. The speed deviation A is considered
as the input to the damping controller. The structure of
damping controller is shown in Fig. 5. It consists of
gain, signal washout and phase compensator blocks.
The parameters of the damping controller are obtained
using the phase compensation technique. The detailed
step-by-step procedure for computing the parameters of
the damping controllers using phase compensation
technique is presented in®>?%. Damping controller mg
was designed and obtained as follows (wash-out block
is considered). Damping controller of AC-voltage
regulator with damping ratio of 0.5 is:

412.721s (s +4.01)

Damping controller =
(s+0.1) (s+5.573)

®)

After employ this damping controller to system,
the eigen-values of the system with damping controller
are obtained (Table 2) and it is clearly seen that the
system is stable.

Design of statcom controllers: After stability of
system using damping controller, The STATCOM AC-
voltage and DC-voltage regulators are designed
simultaneously based on QFT technique. Because two
controllers must be designed simultaneously, therefore,
there is a 2x2 MIMO system and the technique of
desi%n for MIMO systems is necessary. According to
QFT"*** method and using fixed point theory™>*/ the
MIMO problem for a 2x2 system can be decentralized
into 2 equivalent single-loops MISO systems. Each
MISO system design is based upon the specifications
relating its output and all of its inputs. The basic MIMO
compensation structure for a 2x2 MIMO system is
shown in Fig. 6. That consists of the uncertain plant
matrix P and the diagonal compensation matrix G.
These matrices are defined as 6.

(6)
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Fixed point theory develops a mapping that permits
the analysis and synthesis of a MIMO control system
by a set of equivalent MISO control system. For 2x2
system, this mapping results in 2 equivalent systems,
each with two inputs and one output. One input is
designated as a desired input and the other as a
disturbance input. The inverse of the plant matrix is

represented by 7:
P P2
P*21 P'»

The 2 effective plant transfer function are formed
as 8:

p(s) )

1 det-p

B = e adj- pjj

. ®)
P’

There is a requirement that det. P be minimum
phase. The Q matrix is then formed as 9:

R R S

Q:|:(l11 q12:|: P11 P12 9)
d21 922 P _1
P21 P'»

The matrix P~ is partitioned to the following
form:

p-! :[P*ij]:{i}:A+B (10)
ij

where, A and B are the diagonal and balance parts of
p'According to Fig. 6 the system control ration relating
r to y is T = [P+PG]"". Pre multiplying of system
control ration by [I+PG] yields: [I+PG]T = PGF.

When P is nonsingular, pre multiplying both sides
of this equation by P yields:
lP_l + GJT =GF

Using (10) and with G diagonal, P~ +GJr=GF can
be rearranged as (11):

T=[A +G]'[GF-BT] (11)

This Eq. is used to define the desired fixed point
mapping where each of the 4 matrix elements on the
right side of this Eq. can be interpreted as a MISO
problem. Proof of the fact that design of each MISO
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system yields a satisfactory MIMO design is based on
the Schauder fixed point theorem™!. For each MISO
system there is a disturbance input which is a function
of all the other loop output. The object of the design is
to have each loop track its desired input while
minimizing the output due to the disturbance inputs.

Based on this description, in 2x2 system that we
need to design of 2 controllers for STATCOM, the
plant matrix P is a 2x2 matrix and the diagonal
compensation matrix G contain two compensators of G,
and G,.

Using dynamic state-space model for the SMIB
system presented in (4) and defined uncertainties in
Appendix, plant matrix P shown in Fig. 7 is obtained as
an uncertain plant. According to QFT method and
Fig. 7, the structure of control system may be shown as
Fig. 8.

Where, P is the plant transfer function matrix
which contain uncertainty parameters and can be
obtained using state space form (4) for any operating
point, G; and G, are cascading compensators. The
object of the design of G; and G, is to have V, and Vpc
track its desired input while minimizing the output due
to the disturbance inputs for all family of plants (system
uncertainties). System operating conditions were
defined in Appendix, according to this operating
conditions and corresponding plant transfer functions,
the effective plant transfer functions defined in (9) (qi;
and @) can be obtained for any operating condition.
Then according to fixed point theory, AC-voltage
regulator (G;) designed based on the effective plant
transfer function of q;; and DC-voltage regulator (G,)
designed based on the effective plant transfer function

of J22.
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Fig. 7: Open-loop system for AC and DC-voltages
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Fig. 8: Closed-loop system for AC and DC-voltage
control
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Design of AC-voltage regulator: Structure of control
system for AC-voltage regulator is shown in Fig. 9. It
can be seen clearly that the system is a MISO system
and compensator G| will be designed based on effective
transfer function of qy;.

Based on QFT technique, the first design step, is
plot of plant uncertainty in Nichols diagram. This
diagram is known as system templates. Templates of
qu: for all operating conditions were obtained by using
Matlab™ software®® in some frequencies and shown in
Fig. 10.

G is the cascade compensator and will be designed
as which V, track its desired input (Vi) while
minimizing the output due to the disturbance inputs
(D(S)), for all uncertainties in the effective plant
transfer function of qy;.

In this case, because input (Vy.r) does not change
in practice, so just disturbance rejection bounds are
considered for design and considering the tracking
bounds (Br(joi)) are not necessary for this design.
Output response (generator terminals voltage) is
acceptable if the magnitude of the output to be below
the limits given by disturbance rejection models. Based
on desired performance specification, the disturbance
rejections bounds obtained based QFT technique. In
this case, because there is not tracking bounds
therefore, the disturbance rejections bounds or Bp(jmi)
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Fig. 12: Structure of closed-loop system for DC-voltage
control
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are considered as composite bounds Bg(jwi). Also
minimum damping ratios { for the dominant roots of
the closed-loop system is considered as = 1.2, this
amount on the Nichols chart establishes a region which
must not be penetrated by the template of loop shaping
(L) for all ®. The boundary of this region is referred to
as U-contour. The U-contour and composite bound
Bo(jo;) and an optimum loop shaping L,; based these
bounds, are shown in Fig. 11. And in turn, the
compensator G; obtained as follow:

_ Lm(s)
q.(s)

2
Gl(s) :>G1(S):S 95.67 (S +5.?9SS+10.895)
(S+23.456) (S +2S+24.654)
Design of DC-voltage regulator: The structure of
control system for DC-voltage regulator is shown in
Fig. 12. It can be seen clearly that the system is a MISO
system and compensator will be designed based on qs;.

G, is a cascade compensator and will be designed
as which Vpc track its desired input (Vpcrer) while
minimizing the output due to the disturbance inputs
(D(S)), for all uncertainties in the effective plant
transfer function of q. Templates of qp, for all
operating conditions in some frequencies are shown in
Fig. 13.

Because G, is a regulator controller like as Gy, thus
the process for design of G, is as former section and
like design of G;. In this case, because input (Vpcrer)
does not change in practice, therefore just disturbance
rejection bounds are considered and considering the
tracking bounds are not considered for this design.
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Fig. 14: Bounds and loop shaping for q,,

Output response (DC-voltage of shunt converter) is
acceptable if the magnitude of the output to be below
the limits given by disturbance rejection models. Based
on desired performance specification, the disturbance
rejections bounds are obtained based QFT technique.
Because there is not tracking bounds Therefore, the
disturbance rejections bounds Bp(jwi) are considered as
composite bounds Bo(joi). The U-contour and
composite bound Bo(jwi) and an optimum loop shaping
Ly, based these bounds, are shown in Fig. 14. And
eventually base QFT technique the compensator G,
obtained as follow:

1457.0.85(S +1.34)(S + 4.333)(S + 0.133)
S(S +24.05)(S +2.12)(S? +89.765S +1.234¢2)

LUZ (s) —

G.(s) =
) 4, (5)

RESULTS AND DISCUSSION

In this research different comparative cases are
examined to show the effectiveness of proposed QFT
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controllers. These cases have been evaluated
extensively by non-linear and linear time domain
simulations, using commercially available software
package™. For comparative studies, each simulation
result presented in this research consists of two
different plots as optimal controllers and QFT
controllers. In the optimal method, P-I type controller is
considered for AC-voltage and DC-voltage regulators.
Figure 15 and 16 show the transfer function of the P-I
type DC-voltage regulator and P-I type AC-voltage
regulator, respectively. The parameters of the AC-
voltage regulator (K,, and K, and DC-voltage
regulator (Kg4, and Kgy) are optimized and obtained
using GA’!. Optimum values of the proportional and
integral gain setting of the AC-voltage regulator are
obtained as K,, = 5.56 and K,; = 5.86. When the
parameter of AC-voltage regulator are set at their
optimum values, the parameters of DC-voltage
regulator are now optimized and obtained as
Kgp = 0.5778 and Kg; = 0.398. It should be noted that,
the damping controller designed in section V, is
considered in the process of optimal controllers design.

In this research time domain simulations based on
small disturbance (linear simulations) and large
disturbance (non-linear simulations) are shown. The
performance of the designed QFT controllers and
optimal controllers for STATCOM with same damping
controller, after sudden change in mechanical torque
(Tm) and short circuit faults were compared and shown
in Fig. 17-21.

Linear simulation results: Figure 17-19 show the
dynamic responses for a 10% step change in
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Fig. 17: Dynamic response at nominal load (operating condition 1), following 0.1 step in mechanical torque (Tm),
(a): Speed deviation, (b): Terminal voltage deviation and (c): DC-voltage deviation
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Fig. 18: Dynamic response at very heavy load (operating condition5), following 0.1 step in mechanical torque (Tm),
(a): Speed deviation, (b): Terminal voltage deviation and (c): DC-voltage deviation
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Fig. 19: Dynamic response at very heavy load (operating condition5), following 0.1 step in mechanical torque (Tm),
(a): Speed deviation, (b): Terminal voltage deviation, (c): DC-voltage deviation

mechanical torque (Tm), with QFT controllers and the loads, the dynamic response for heavy load
optimal controllers, simultaneously. (operating condition 3) and very heavy load (operating

Figure 17 show the dynamic response at nominal condition 5) are shown in Figs. 18 and 19. Results show
load (operating condition 1), following 0.1 step in  that QFT controllers have a robust performance under a
mechanical torque (Tm). In this case the proposed  wide range of parameter uncertainty and load
method compared with optimal controllers, which have conditions, but optimal controllers with increasing the
the best stability and performance in power system. To  load do not have a good performance and more have the
study the performance of controllers against increasing oscillation.
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Fig. 20: Dynamic responses for ® with considering 5 cycle duration transitory 3-phase fault at the infinite bus,
(a): Nominal operating condition (operating point 1), (b): Heavy operating condition (operating point 3)
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Fig. 21: Dynamic responses for o with considering 5 cycle duration transitory 3-phase fault at the generator
terminals, (a): Nominal operating condition (operating point 1), (b): Heavy operating condition (operating

point 3)

For robustness evaluation of the
controllers non-linear simulation is required.

designed

Nonlinear simulation results: Non-linear simulations
are need for study of large disturbance such as short
circuit in power system. To study the effectiveness of
proposed QFT controllers for large disturbance, the
performance of the designed QFT controllers and
optimal controllers after short circuit in infinite bus
and generator terminals, were compared and shown in
Fig. 20 and 21. Results show that the proposed QFT
controllers compared to optimal controllers have the
best ability to control of power system under large
disturbance and clearly observed that system with
optimal controllers going unstable for a 3-phase short
circuit. But, QFT controllers are able to stability of
system and reduce the power system oscillations.
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CONCLUSION

In this research a robust decentralized STATCOM
controllers design based QFT method has been
proposed. Design strategy includes enough flexibility to
setting the desired level of stability and performance
and considering the practical constraint by introducing
appropriate uncertainties. The proposed method was
applied to a typical SMIB power system installed with
an STATCOM including uncertainty parametric and
various loads  conditions.  Simulation  results
demonstrated that the designed controller capable to
guarantee the robust stability and robust performance
under a wide range of parameter uncertainty and load
conditions. Also, linear and nonlinear simulation results
show that the proposed method is robust to change in
the parameter of the system and has an excellent
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capability in damping of power system oscillations and
enhance of power system stability under small and large
disturbances.
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