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Research into Combination of Synchronized Phasor Measuring Technique and

Flexible AC Transmission System Devices Applied to Improvement of Power
System Stability (2/3)
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Abstract: In this project, a self-correction reduced order model
for thyristor controlled series capacitor transient stability control is
proposed. The construction of the reduced order model needs only
the real-time measurements by the Synchronized Phasor
Measurement Units (PMUs). and the mismatch terms can be self
corrected to match the real system performance. In addition,
linearity approximation is not necessary in developing the model.
Thus. the reduced order model is suitable for multimachine transient
stability control. Feedback linearization control low based on the
reduced order model is proposed to demonstrate the effectiveness of
the reduced order model and good system performance can be easily
achieved. This approach is used to design two thyristor controlled
series capacitor (TCSC) controllers for a three-areas six-machine
test system after a severe fault. All the feedback signals for the
controller can be real-time measured from PMUs. The simulation
results show the self-correction reduced order model is effective and
robustive for stabilizing transient stability swings of interconnected
systems under various conditions including various system
uncertainty and post-fault change of network configuration.

Keyword  : Self-correction reduced order model, feedback
linearization. Synchronized PMUs, TCSC
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A~ Lelf-Correction Reduced Order Model
Al Reduced Order Model

Considering the interconnected power system transient
stability regulation control, there need the information of COI
state variables and their derivatives [1]. In addition, for the
multi nachine applications, there also need the reduced order
model to reduce the computation burden in controller. In
considering the muitimachine power system including n
generator bus and n +m bus, 3" order generator model [7] is
used to develop the reduced order model and the model
including transmission line and load are written follows,

Si =w, i=1l,..,n
M;o; =P - D0, —EyV, sin(5,
E;i :(Ef(t)_Ei]i +l(xg —
lg = (Ey =V, cos(§,

~0,)/X}y, i=1,.n

Xdl))/ do"— -+,
=0,/ xy, =10

=;VNK&0mw.—Q)+h§m@|—Q»,Fhwm

Q= ;V,\/J(gu sin(0, —=0,) - b, cos(6, -6))), i=1,..m (1)

where

M; - inertia of each generator i,

P, D;- the desired mechanical power input and damping of
genera:or i,



Figure | + Two-area interconnected system with a weak tie-line
P — the constant real power injection of bus i.
Q! - the constant image power injection of bus i..
E;, - the transient EMF in the g-axis of the generator i
Ty, - d-axis transient short circuit time constant of the generator i

Xgi- Xg- synchronous and transient d-axis reactance of the
generator i,

&, ), - the power angle and angle speed of the generator i,

V.. 6,-the voltage magnitude and angle of bus i.

g, - by — the conductance and susceptance of transmission line
between bus i and bus j.
the network algebraic equations are denoted at the nodes
l,..m, and the generator internal nodes are denoted at the
nodes m+1,..,m+n.

Considering  the inter-area  dynamics of the
interconnected system, the interconnected system can be
divided into two areas interconnected by a relatively weak tie
such as Fig.1, and a TCSC has been placed in series with the
transmission line to increase the power transfer capability,
and to provide additional damping to the inter-area mode
oscillation in this system.. In [1], one reduced model has been
proposed for the multimachine inter-area mode oscillation.
However, the parameters of the internal voltages of this
model corresponding to the COI are not measurable variables.
Therefore, there needs another reduced order model suitable
for real-time application. In developing the reduced order
model, the following central of inertia (COI) variables should
be defined first

M =3M, M3 = SM,
et =kl
< k 2
6]’:ZMi6i/M,S 8 = ZMiBi/Mi
P i=k+1
k i n
o =YMo, /M 0y = Mo, /M; 2)
1=l

, where indices i=1..k refer to the generators in subsystem 1,
and indices i=k+1..n denotes generators in subsystem2.
Therefore, two-machine equivalent of the inter-area dynamics
is given by

8 =) ,i=1,2
. ] ‘
@ =—APS | i=12 3)
Mo (
h AP =S (P —P ) j=1k fori=1 @
where = -P, 9. 4
S j=k+l.n fori=2

P, : the real power output of generator j .

Due to the highly inductive nature in transmission lines,
the interconnected transmission line can be approximated as
lossless network. Then the model of (3) of subsystem 1 can
be reduced as

\AY%

~—J—"25in(6, -0,) (6)
XL

, where 0, and 0, are the phase angles of the tie-line terminal

AP, =P

spec

bus voltages, V, and V, are the magnitudes of the tie-line
terminal bus voltage, x, is the transmission line equivalent
impe lance between two tie-line terminal bus, and Py is the
desired real-power transmission between the interconnected
systen in steady state. Thus, the dynamic behavior of
subsystem | can be represented with the real-time
meas Jrements of the tie-line terminal voltage phasors.

Now, the dynamic behavior between two subsystems can

be fu ther reduced as the following reduced order model:

N a8
Ocor =Wcol |
NS 7
Wcop = = APgje +—— APr;,
My M;
wherc
as _sS s 5 _ .5 s
dcor =87 - 63 Weop = W) —0 (8)

and can be further simplify as

Stor = Ogor ©
Ogor = — APy
M7
where:
1 1 1
— = I
M5 M Mg
Thus, one can note that the dynamic performance
between two subsystems can be controlled by suitable tuning
APy,.. In addition, the can be APy, further controlled by
suitatle tuning transmission line impedance (TCSC) or
terminal voltage (SVC) ... etc. In this project, the series
comp:nsator device of TCSC is preferred and the
transriission line impedance x; can be replaced as XU FXeq 5
where x,, is the equivalent impedance of the variable
impecance model of TCSC device. In addition, if the terminal
voltage phasor is measured just beside the TCSC device
termiral, the x, will equal to X¢q The reduced order model
proposed in this project can be applied to any control strategy
such as optima aim strategy, time optimal bang-bang
contrcl...etc. Moreover, the reduced order model proposed in
this p-oject is only used for the controller design. In time-
domain simulation, the Eq.(1) model or more higher order
model in [6] of interconnected multimachine system is
needed. In section IV the 6-order model is used on test
systeni to demonstrate the robustness of the proposed model.

A2 Self-Correction Reduced Order Model

Ir developing the proposed reduced order model, we
need tie following assumptions:
® T-ansmission line is lossless.
® Load model is assumed as constant power load.
® Local mode oscillation in each subsystem well damped

and could be ignored in reduced order model.

In the normal systems, the above assumptions might be
reasonable, and the errors between the reduced-order system
and th: real system can be neglected. While the systems are
different from the above assumptions, the errors between the
reduced order system and the real system can't be neglected
no mo-e and will take the majority effect in transient period.
Thus, the response of the real system would not follow the
desired response and remains some uncontrolled transient.
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Figure 2 - Self-Correction reduced order model block diagram

Therefore, there must find some strategies to quantified the
above errors and tuning the reduced order model to follow the
real system.

To quantified the above errors caused by the above
assumptions, we can replace the Eq.(6) as

V2 ingo, -6,)  (10)

eq

P..=(P_ . +AP

spec spec )

where the mismatch term AP, represents the un-modeled

real power oscillation between the generator side and the tie-
line side generated by the transmission line resistance, local
mode oscillation power and load bus, and the un-modeled
oscillation term will become zero while the system states all
reach their equilibrium point. While the system be perturbed
by sever fault and their states does not reach their equilibrium
point, the un-modeled mismatch term AP__ will cause the

spec
COI accelerate signal @g;of the reduced order model
contains some errors and will not equal to the COI accelerate
signal o ., of the real system. Thus, one can use the errors of

the 0¢, to adaptive correct the un-modeled mismatch

term AP___ as follows

spec

APE! =Mo", — AP! (11)

co1
. where @, represents the COI speed deviation calculated
from the signals measured from PMUs
(0o =d’8;,, /dt*), and the superscript k+1 and k represent

phasor

the variables at time instant k+1 and k. The result self-
correction reduced order model is illustrated in Fig.2.
Therefore, the parameter AP of the proposed reduced order
model can be self-correction to follow the real system, and

the un-modeled errors caused by the above two assumptions
can be almost eliminated.

B Feedback Signal Synthesis

In considering the proposed reduced order model, the
state variables of the reduced order model are the COI power
angles and speed signals in each subsystem. Instead of
meas iring COI power angles, which are difficult to measure,
we t1y to find the buses whose voltage angles are most
sensitive to the COI power angle of the reduced order model
to achieve the output feedback control.

I previous work of [2], optimal placement of PMUs has
been developed based on coherency variables analysis. In
considering the reduced order model application, PMUs
place nent strategy based on COIl variables is necessary.
Therefore, the relationship between COI aggregate state
variables and output variables is needed. We may first
linearize the power system model around the normal
opera ing point and one can get the linearized state equations
as fol ows

X =Ax+Bu (12)
=Cx (13)
where x is the state vector of the system, y and u are the
syster output vector and command vector respectively. In
this study, x is the generator power angle, y is the bus voltage
angle measured by PMUs, u is the command generated from
the TCSC controller. Matrices A ~ B and C are the constant
matrices evaluated at the normal operating point, respectively.
In considering the slow coherency decomposition proposed in
(3], “he dynamic behavior of the system could be
appro:iimated using the slow coherency aggregate variables,
and the inertia weighted aggregate slow coherency variables
are defined as follow.
Xeor = Gx (14).
, whetre the non-zero entries of G are ratios of inertias, We
could ‘hus define a m X r selective matrix as H, where H; =<
Ci. G;>, ris the number of coherency areas, n is the number
of out])ut variables, C; is the ith row of matrix C, and G; is the
Jth row of matrix G. For selecting the PMUs bus, one could
further normalize each column of matrix H to get the
norma ized selective matrix R.

For each COI aggregate variable x'cq,, the preferred bus to
install PMU will contains the largest dynamic information of
the considered COI aggregate variable and the least dynamic
information of the other COI aggregate variables. Thus, the
procedures of selection the PMU bus are as follows

1. Definea vector SeR™ for X', as follow

when Rji = max Rjk

Isks<r

S- =0, otherwise

2. The PMU is installed at bus j, when S;= max S

I<k<m
Onc: the bus has been selected to install PMUs,
the 8; cynamic  behavior of subsystems i could be

approx mated by the dynamic behavior of the selected bus
voltage angle 8, (where bus k € subsystem i). To simplify the

representation of bus voltage angle, one could define variable
07 =6} to represent the bus voltage angle. In considering the

inter-area mode between subsystems 1 and 2, &%, could be
approx:mated by 0,, =6} - 65, and the relationship could be
thought as élz = 8152 +¢&, wheree is a small random variable.
If the PMUs bus have been selected properly, one could have



the following relationship & << 8,52, and ¢ will decay to

zero while system state reach its equilibrium point. Thus, the
dynamic behavior of the COI power angle between two
subsystems could be approximated with the bus voltage
phasors measurements.

C ~ Reduced Order Model Based Controller Design

Up to now, the self-correction reduced order model has
been proposed. In this section, the nonlinear control strategy
is discussed to demonstrate the effectness of the proposed
reduced order model. Due to the direct feedback linearization
(DFL) control law [4,5] has been proven as a powerful
technique for transient stability control in single machine
infinite bus system, the DFL is also used in this project for
reduced order model based multimachine controller design.
By using the proposed reduced order model, DFL control law
can be easily applied to multimachine system.

From the proposed reduced order model, the
multimachine power system can be reduced to a nonlinear
two orders system. Then, the problem is to find a nonlinear
feedback such that the closed-loop system is equivalent to a
system whose input-output map is linear and decoupled. In
this section, the design principles using a direct feedback
linearization (DFL) technique to design a nonlinear controller
for the multimachine power system.

Considering the reduced order model of Eq.(5,10), the
nonlinear terms of this equation can be replace with
command v(t) and rewritten as follows:

8 ; 1 =0 ; i
iy = V(1) (1s)
] 1 V,V,
V() =— AP =— (P, +AP_)-—2sin@ -0,)| (16
( ) M—sr Tie M%— {( spec spev) Xeq 6] 2 )} ( )

- Then, the linear control technique is used to design the
command v(t) as follows:

v(t) = ~Kok, (17)
and the resulting system can be written as

{SCOIJ:[O I :I{SSCOI:I (18)
d‘)SCOI 0 -K O‘)SCO!

Then, substitute Eq.(17) into Eq.(16), the TCSC
equivalent impedance can be designed as follows:
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Figure 3 + 6-machines, 14-bus test system

ijzxmzr{VVﬁmQQ/k%m+ARM)+M}K@MH (19)

It is observed that Eq.(17) is a pure linear state equation,
If K s chosen, all the parameters of the linear state equation
are known. The behavior of the nonlinear system is just
equivalent to a linear one by adding the DFL based TCSC
controller. Therefore, one can use the linear control technique
to design parameters K, and the relationship between the
settling time t, and parameter K can easily be described as
t;=4/k (steady state error =2%). In addition, the selection of
parameter K is independent on system operating point, and
the ccntrolled system can be thought as a global stable system.
Moreover, all signals involved in Eq.(19) are available from
PMU:;, and the real-time application can be easily achieved.

The design process of the reduced order model based
DFL TCSC controller is very easily and straightforward by
prope-ly choosing parameter K. In addition, due to the
linear ty of the closed-loop system, the linear control theory
can be easily applied in the selection of parameter K.

D~ Robustness Discussion

Tie most important issues of DFL controller are
eliminated the nonlinear terms in the model and tuning the
perfor nance of the system as specified linear system by using
the coatroller command. Therefore, the most important issue
in the controller designing is the validity of the system model.
If ther: exists some un-modeled mismatch terms between the
syster model and the real system, the DFL technique can no
longer be used and. Furthermore, while the mismatch terms
can not be ignored, the un-modeled terms will cause some un-
contro led oscillation and the system response will become
un-cortrolled.

In considering the robustness of the reduced order model
based :ontroller, the above three assumptions of the reduced
order 1nodel can be all considered as the mismatch terms of
Eq.(11). Thus, the reduced order model will be thought as
validit:’ and the robustness of the reduced order model based
DFL controller can be easily achieved, and some simulation
in next section will be shown.

I #&Hani
A. ~ Simulation Results

In tis section, the reduced order model based DFL
controler is applied to a three-areas, six-machine
multimachine power system with two TCSC devices shown
in Fig.Z. The transmission system data, the data of generation
and load are the same as [6] and no power system stabilizers
(PSS) ere installed for subsystem local mode oscillation. For
demonstrate the robustness of the reduced order model, all
generators are identical and modeled with 3 state variables [7]
instead of classical model, and the exciter model block
diagran and the machine and exciter data are the same as [6]1.
Constar t impedance load model are also used instead of the
constan: PQ load model. Compensation range of TCSC1 and
TCSC2 are x™*=0.2pu (25% compensation), x™"=-0.5p.u.
(62.5% compensation) and equilibrium operating point X =-
0.4pu (0% compensation). The three areas of machines in
the system are circled in Fig.3.

Many simulation studies have been carried out on the test
system. Due to the space constraints, only one example has
been prasented. A three phase fault occurs at the tie line
between Bus9 and Busl0 near Bus9 without TCSC at the



instant t=0.167sec. Fault cleared after six cycles, and
transmission line is disconnected. The COI speed of all three
areas are defined as

COl speed of area 1 = (® ,+ ®,)12

COI speed of area 2 = (® ;+ ® ,)/2

COl speed of area 3 = (© + ®,)/2

, where @, is defined as the power angle speed of generator i,

In order to analysis the three areas system, two COI
subsystems speed signals of Speed, and Speed, are defined
for applying the proposed controller
Speed, = (COI speed of area 1 + COI speed of area 2)/2 —

COl speed of area 3,
Speed, = (COI speed of area 2 + COI speed of area 3)2 -

COlI speed of area 1.
Thus, the three-areas two TCSCs controller system can be
divided into two independent subsystems by using the
proposed reduced order model. In addition, if three TCSCs
are considered in the system, the original system can be
further divided into three subsystems by using the same
strategies. According to the proposed reduced order model
based DFL design procedures, the controller parameters K of
two TCSC all setting as 5 while the settling time of two COI
variables are all settling as 0.8sec (K=4/t,=4/0.8). The
simulation results of the Speed, and Speed, speed signal are
shown in Fig.4(a) and Fig.4(b), respectively. In Fig.4, the
solid line show the controlled case and the uncontrolled case
are shown as dashed line for comparison. One can see that the
system have good performance under severe fault by using
the proposed reduced order model based controller, and the
response of the system can follow the specified sefting.

In the following simulations, the robustness and accuracy
of the reduced order model based DFL controller is discussed.
Considering the robustness of the reduced order model based
controller, system uncertainty will be thought as represented
by using two parameters as k, and cPQ, and the definition of
two parameters written as follows

® k = R/X, the transmission line resistance and

inductance ratio (in the normal case, k=0.1).

® cPQ~=1, Load bus modeled as constant PQ model

cPQ = 0, Load bus modeled as constant impedance
model

One can note that the un-modeled mismatch term between
the proposed reduced order mode] and the real system would
be vanished while k=0 and c¢PQ=1. The robustness
discussion of the reduced order model will include k=0, 0.05,
0.1, 0.15, 0.2 and cPQ=0, 1. The simulation results with and
without self-correction are shown in Fig.5(a) and Fig.5(b)
respectively. In Fig.5(a), the simulation results are not depend
on the system uncertainty, and the system response will
always follow the specified performance. In Fig.5(b), the
simulation results are depend on the variation of System
uncertainty, due to the un-modeled mismatch terms will take
the majority effects while the major transient response has
been nearly damped out. One can note that the special case of
¢PQ=1 and k=0 in Fig.5(b) may follow the specified setting.
Considering the accuracy of the reduced order model based
DFL controller, different settling time (t=0.2, 0.4, 0.8, 1.4
sec) is used. Fig.6 shows the system response of different
settling time of DFL, and Fig.6(a) and Fig.6(b) show the
reduced order model with and without self-correction
respectively. In Fig.6(a), system response of different settling
time are all follow its specified setting and accuracy.

Othe ‘wise, In Fig.6(b), system response are effect by the
systen uncertainty (k=1, cPQ=0) and will become un-
controlled. In addition, the errors will become larger while
the settling time becomes larger (K becomes smaller), due to
the un-modeled mismatch terms will take majority effects
while K becomes smaller. In addition, while the setting time
becomes very small (K becomes very larger), the system
response is almost follows the specified setting, due to the
systein transient can almost take the majority effect.

B ~ Conclusions

The self-correction reduced order model has been
propcsed for transient stability controller design. The shaping
of the proposed model needs only the real-time measurements
from PMUs and needs no linearize approximation. Thus, the
propcsed model can be easily applied to the nonlinear
adapt ve controller. For demonstration of the proposed model,
the reduced order model based DFL controller also has been
proposed. By using the proposed controller, the response of
the system can be easily specified. In considering the
robus ness of the proposed controller, the un-modeled
mismatch terms between the proposed reduced order model
and tte original system also can be easily corrected by using
the real-time measurements. The simulation results also show
that tt e reduced order medel based DFL TCSC controller are
effectve and robustive for transient stability control of
interconnected systems under various mismatch conditions or
post-fiult change of network configuration. In addition, due
to the reduced order system always remains as a two order
systen, reduced order model based controller design can
easily be applied to other larger interconnected systems. In
the future, the proposed reduced order model based controller
will be tried to apply on actual interconnected power systems,
such as Taiwan power system (which is a longitudinal
interccnnected power system).

(a) (b)

tigure 4 ~ (a) transient response of Speed,

(b)transient response of Speed,
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(a) (b)

Figure 5 ~ (a) robustness analysis with self-correction

(b)robustness analysis without self-correction
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