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Abstract

Background/Objectives: Designing a large interconnected system and to guarantee the system stability at a minimum
cost is of very challenging task. From control theory point of view, a power system is a higher order multivariable process
which operates constantly in a changing environment. Hence, it is necessary to perform the order reduction, for such a
complex system. Methods/Statistical Analysis: In this paper order reduction techniques i.e. Modal Analysis Approach
and Aggregation methods have been used to diminish the stable higher order system to a stable demoted order model.
Findings: During approximation, the uniqueness of the original system are conserved in its demoted order model.
Application/Improvements: The response of the demoted order model has been improved by designing a controller

using pole placement technique.
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1. Introduction

Forecasting and process of modern power systems have
become difficult due to a large number of interconnec-
tions involved in the system. When a system is subjected
to a disturbance, the behavior of the system related to
stability is considered. Generally depending on the input
the stability of a nonlinear system is known, whereas for
the linear system it is self determining'. The stability of a
nonlinear system is classified as follows.

o Local stability (or) stability in small
o Finite stability
o Global stability (or) stability in large

The performance related to stability is considered as
case study in this paper when a single machineis con-
nected to a large system through transmission lines.

*Author for correspondence

Generally, during normal operation small signal stabil-
ity refers to the system dynamics. The ability of a system
to maintain synchronism even when subjected to small
disturbances is said to be as Power System Stability. The
insufficient damping of system oscillations is treated as
one of the small signal stability problems in power sys-
tem. In the design of power system, small signal analysis
using linear techniques provides a valuable information
about the inherent dynamic characteristics. This paper
reveals the order reduction techniques in time domain
approach applied to power systems and also designing of
a controller to improve the performance of the system.
There are two types of order reduction methods i.e.
classical approach and Modern approach. If a system is
in the form of frequency domain (or) transfer function
it comes under classical approach. Similarly, if it is in
the form of Time domain (or) state space, then it comes
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under Modern Approach. The difference between two
approaches is that by using Modern approach the interior
of the system can be known at any instant.

The outline of this section includes four sections.
Problem Statement will be discussed in Section 2.
Different Model reduction techniques are discussed in
Section 3. Design of a controller via Pole Placement tech-
nique is described in Section 4. The SMIB Power System
has been represented in state space for which the reduc-
tion procedure is applied in Section 5. In the last section,
i.e. Section 6 conclusion is stated.

2. Problem Statement

Most of the model reduction methods focus on linear
time invariant and discrete time systems. Here in this
paper Linear time invariant systems are described by the
following equations.

%t = Axit) + Bu(t) (1)
yit) = Cxit) + Duft)

Here =it} is state vector of nx1 dimension
uti is input vector of m inputs
vit} is output vector of p outputs
A is known as state or plant matrix of order nxn
B is known as control or input matrix of order nxm
C is known as output matrix of order pn
D is known as Transmission matrix of order pxm
Its corresponding reduced model state equations is
represented as

= A xit+ Boult) 2)

Wwith = Cx,it) + Douft)

The task of reduction process is to determine a stable
reduced model of order r.{r =< =} where it should retain
the properties of original system.

3. Different Model Reduction
Methdologies

Most of the model reduction methods focus on linear sys-
tems, which in many cases provide accurate descriptions
of the physical systems*>. There are two methods which
are used in this paper to reduce the order of the system.

A Modal Analysis Approach
B Aggregation Method
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Modal Analysis Approach

Modal reduction methods based on modal analysis
approach identify and preserve the important properties
of original system. The objective of this method is to elim-
inate the eigen values, which are far away from the origin
and retain only the dominant eigenvalues**. This method
can even be applied to uncertain systems®. There are few
applications of Modal analysis approach i.e to overcome
the vibration problem in ship mast using participation
factor” and to know the performance parameters of PZT
based impulse hammer®.

The algorithm of the proposed method is given below:
Step I: Find the Eigen values of the original system using
Eqn. (1).

Step II: The Eigen vectors can be known using Step L.
Step III: The Eigen vectors which are obtained from Step
IT are arranged to form a modal matrix (M) and arrange
them into sub matrices as shown below.

_ My Mz]

M=10m, M,

3)
Where dimension of My isirx I

dimension of Mg is {n—rjx in—rj

Here ‘n’ is the order of original system

" is the order of demoted model

Step IV: Partition the matrices A.E, Cinto sub matrices as
shown below

_[31 42
A7 |, AJ (4)
E
B= [131] 5)
c=[¢ C] (6)

Where dimension of 44 is (r x I'j
dimension of Ag isin—rix {n—r)
dimension of By isirx= 1}
dimension of By is{in—rix1
dimension of €4 isil xrj
dimension of Cz is 1 x in— 1}
Step V: The reduced order state matrix ‘A’ can be calcu-
lated using Eauations (3) and (4) as
A, = A+ a;MM [t )
Step VI: The reduced order input matrix ‘By’ can be
obtained from Equation (5) as
B, = By (8)
Step VII: The reduced order output matrix ‘C,.’ can be
calculated by using Equation (6) as
=0 (9)
Step VIII: The reduced order state model as shown in
Equation (2) can be represented from the above data.
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Aggregation Method
This method focuses on preserving the important prop-
erty of the original system such as stability in the demoted
order model with less computational effort™*.
The algorithm of the Aggregation method is shown below.
Step A: Repeat Steps I to III.
Step B: Calculate the inverse of modal matrix (M)
which is represented by

_ [N Nz]
N_[NJ Ny
Where Ny =irx=rj
Ny=in—rixin—r}

Step C: Calculate the regular arbitrary matrix (M)
using the equation as shown below

0pn-11]

(10)

My = [I (11)

Step D: Compute the aggregation matrix ‘K’ using the
equation
K= M;MyN (12)

Step E: The demoted order matrices are represented as

A, = Kak'[RIKT]i (13)
B, = KB (14)
¢, = cKT[RIKT]it (15)

Step F: The state model matrices of reduced order
as known through Equation (2) can be formed from the
above information.

4, Design of a Controller via Pole
Placement Technique

The performance of the demoted (or) reduced model
can be improved by designing a controller using pole
placement technique. Pole placement method is a devise
approach of locating the closed loop poles at desired loca-
tion on s-plane’%.
The sufficient conditions that has to be satisfied before
designing controller.
o The system should be completely state controllable.
o The state variables are measurable and available for
feedback.
o Control input is unconstrained.
During design of controller the choice of closed loop
poles should satisfy the following
o Not only the dominant poles, but all the poles are
forced to lie at desired locations.
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« The poles which we choose should be close to the open
loop poles.
The Block Diagram representation of state variable
feedback system is shown in Figure 1

Figure 1. Block Diagram of state variable feedbacksystem.

The state model of a system without using state feed-
back is given by Equation 1

From the block diagram

q = system input when state variable feedback is
employed

& = Feedback signals obtained from state variables

u = Scalar control vector

The feedback signal 7 is obtained from state variables
and it is given by 7 = Kx

Where K is the feedback gain matrix of order 1 x r
and itis givenas K= [x; K, K]

If the system employing state variable feedback then,

u=g—e (Or)g—- Kx (16)
The state equations of the compensated model is
obtained by substituting Equation (16) in Equation (1) as
x( = (A — BK)x(t) + q®
y(t) = (C — DK)x(t) + Dq(t)
Steps to Design the controller using Pole Placement
technique
Step A: Check controllability of the system by using

Ar-ig]

(17)

0., =[e ap a’B

Step B: Consider the desired poles g, *=i, at
which the system is to be placed

Step C: By using Step B, we obtain the desired charac-
teristic polynomial as

(s—p)--..(s—p,)=s"+a,s " +a,s 7 +..+a,
Step D: By using state variable feedback, the charac-
teristic polynomial of the system is given by
lsi—A+BEl=s" 4+ bys™ +hys™ 44 b,
Where K= [K; K K,]
Step E: Equate Steps C and D to know the values of &

Step F: The state equations using feedback is obtained
from Equation (17)
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5. Case Study

Analyze the Small Signal Stability of a Single Machine
Infinite Bus (SMIB) power system consisting of four ther-
mal generating stations of 555MVA, 24KV at 60Hz. The
Schematic diagram of SMIB system is shown in

— N+
LT
Transtormer
. . Infinite
«p ~
-
[ -
Fr j0.15

cCrz g
P—> i0.93 s

Q—>

Figure 2. Schematic diagram of SMIB system.

The network reactance is taken in p.u and the resis-
tances are to be neglected. Here the transmission circuit
2 is out of service, P= 0.9, Q=0.3(Over excited), E, =
1.0£36% E, = 0.99520°. The p.u fundamental parameters
of the equivalent generator are L , = 1.65, L.=1.60,R;
=0.0006, R =0.003 L, = 0.153.

The Block Diagram representation of Figure 2 is rep-
resented in

Voltage Transducer

Figure 3. Block Diagram representation of Figure 2.

The state space form of Figure 3is represented as

B, a;; app A3 11
AS a,4 0 0 bay
LY 0 azy az; aas 335 C':"d bay
Ay [T] 0 a;m ag au Arry + byy (ATl
J.5N d57 dgp ds3 Avg bgy
Av, 61 dg2 Ag3 365 aged L 41 by

Or s =Ax 4+ Bu
A,
Al

Ags
[n1nuuu]W

Ory=Cx+ Du
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The Elements of Matrix “A” can be known by using
shown in Table 1

The Gain and Time constants of the system can be
known by using shown in Table 2

Table 1. Elements of Matrix A’
—KEp —Ey
Ryg — = Bym = —
7 2H 7 2H
P —K; G.g = wp = 27fp
‘18 2H
_ —uwRey . 133 = (—w,0 R fd)/
i3g = ————myL . _— Tr
I_fﬂ I_Lfd _'1 (I___El.dS _IJI'
Lfd + m,2 I_Ladsr’]
—wpReg —wpRea .
G34= —bpKy = ——Ky |63 =—K,
L:ﬂu I-:u:1u
Kg K
fgm = — fgm = —
-k TR - TR
_ 1 fs3 = KsrapQu
Gig = —
Tg
Gsz = Ksrapfyz fsz = Ksrapfaz
-1 Ty
e = — Ggqg = —0Q
s _[m &1 -[2 t1
Ty T;
fge = —0 Gen = —0
&2 -[2 E2 &3 -[2 E3
T]_ + _1 _1
Gz =—a — Bgg — —
i5 -[2 1 --l--2 =1 -[2
Table 2. Gain and Time constants of the system
Gain Constants
Ky=0.7643 K, = 0.8649
Ky=0.3230K; = 1.4187
K:= —0.1463K; = 0.4168
KET.—'LE = Q.SI{A: 200
Time Constants
Ty=10 4 (s) T;=0.033 (5) T3=2.363 (s)
T,=1.4 () Tp=0.02 (s
H=3.5(MW.s/MVA), K = 0

Modal Analysis Approach
The matrices from the above equations are
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0 —0.1092 —-0.1236 0 i} i}
376.99 0 i} 0 i} i}
A= 0 —0.1938 —-0.4229 -—-27.3172 i} 27.3172

- 0 —7.3125 20.8391 —50 i} i}
i} —1.0372 —-1.1738 0 —0.7143 0
i} —4, 8404 —5.4777 0 26,9697 —30.303
0.1428
0
_ 0 _ _
B= o c=[o 1 0 0o o o]D=I[0]
16,625
77,5833

The matrix “A” has Eigen values as follows -39.0967,
19.7970+j12.8224, -1.0055+j6.6073, -0.7385

The Modal matrix consists the elements of Eigen
vectors which is obtained from Eigen values as shown
below

(00014 -0.0024+00160 -0.0024-0.0160i -0.0012 0.0036-+0.0020i  0.0036-0.00201 |
-0.0133 09145 09145 06138 -0.0311-00587i -0.0311+0.0587i
04474 0.0290+0.2608 0.0290-026081 -0.4%5 08193 08193

08639 01072401254 0107201254 03236 04905-0.1940i  0.4905+0.19401
00133 -0.0397+0.1505 -0.0397-01505 -0.3444 -0.0350+0.0203 -0.0350-0.0203i
| 02305 -0.1645+0.1268i ~0.1645-0.1268F ~0.3129 -0.0908+0.1902i -0.0908-0.1902i

From Equation 3

M, = [ 0.0014 —0.0024 + 0.01601
-0.0133 0.9145
0.4474  0.0290 + 0.2608i

_ |0.8639 —0.1072 + 0.1254i

M= 10,0133 -0.0397 + 0.1505i

0.2305 —0.1645 + 0.1268i

Similarly from Equation’s (4), (5) and (6) the demoted
order model is represented as

a, = [—33.9? —ZSUS.E'B]

B, =[""*%c, =0 1D, =[0]

Under steady state conditions s = 0, then

A, = [—33.9? _ZSUS'QB]BL. _ [E]
¢, = [0 -10253]p, = [0]

The Step response of Original (6") order and reduced
(2") order system using Modal Analysis Approach
method is shown in Figure 4
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Figure4. Step response of Original (6™) order and reduced
(2") order system using Modal Analysis Approach method.

Design of a Controller

From Steps A and B the system is state controllable
and the desired poles are -8.0256, -10.0562

The desired characteristic polynomial from Step C is
{s® +18.1098s + B0.98861)

By using state variable feedback, the char-
acteristic polynomial of the system is given by
{(s* +(39.97 + Kyis + (255.98 + K,))

The gain values K1 and Kz is obtained from Steps C
and D as K= [-21.8602 -174.9913]

The compensated state equations are obtained from
Equation 17 as

A= [—18.11098 —BUEIE'SB?] B, = [3]

C.=[0 -10253]D,, = [0]
Under Steady State Conditions s>0, then

A= [—18.11098 —BCI.E‘IBSB?] B, = [3]

C.=[0 -3237.3]D,. = [0]

The Step response of Compensated (2°) order model
using Modal Analysis Approach method is shown in
Figure 5

Step Response
T T

------- mEE

A - ——Original System Response
Reduced Model Response
e o —-— Compensated Reduced Model Response

Amplitude
IR
S
»

L ]
.

4 5
Time (sec)

Figure 5. Step response of Compensated (2!) order model
using Modal Analysis Approach method.
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Aggregation Method
Consider the same original system of 6™ order, by using
the aggregation method algorithm the matrix “A” and “M”
is known.
The inverse of modal matrix can be obtained by using
Equation (10) as
3113 0329 04195 L0511 09157 13032
-99586-3L02311 05703-00918i  0.0805+026455 ~00636-0.1391i  08696-05461i  0.1244+021891
-99586+3L02311 0.5703+009181  0.0805-0.26455 00636 +0.139%i 08696+0.5461i  0.1244-02189%
T s 00571 00030 00017 3119 00028

1.1080+2.8966i  -0.1567-0.1144i  0.8073-0.88861 —0.3295+0.9436i —0.9985+2.0950i -0.2896-1.9571i
1.1080-2.89661  -0.1567+0.1144i 0.8073+0.88861 —0.3295-0.9436i -0.9985-2.0950i -0.2896+1.9571i

The regular arbitrary matrix using Equation (11)

[t 0 0 0 0 0

M=Zlo 10 0 0 0

The aggregation matrix using Equation (12)

K_[ 0.3159 — 0.08491 0.0006 + 0.00931 —0.0050
T 1-9.0658 — 28.37061 0.3172 — 0.08391 0.0792

+ 0.0007i 0.0038 — 0.00071 0.0034 + 0.01521
+0.24221 —-0.0722 - 0.12721 0.8074 — 0.4994

—0.0020 + EI.EIEI‘lSi]
0.0964 + 0.20021

Similarly from Equation’s (13), (14) and (15) the
demoted order model can be obtained as

_ [—40.63953 -—239.6297 _Ii
A= o |Be=]o]
C, = [6.9781 45.6059]D, = [0]

Under steady state conditions s — 0, then

_ [—40.63953 -—239.6297 _Ii

A= o |Be=]g]

¢, = [-1586 -10366]D, = [0]
The Step response of Original (6") order and reduced
(2") order system using Aggregation method is shown in
Figure 6

Step Response

f emmmwsn s WEHEEE
-35F PEE A p
] o Original System Response
E - Reduced Model Response 4
300 R
g
@ -25 - R
2 g
= 20f S 4
£ .
15| - E
[
1of _
»
I _
0
of L+ 4
0 1 2 3 4 5 6 7 8 9

Time (sec)

Figure 6. Step response of Original (6™) order and reduced
(2") order system using Aggregation method.
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Design of a Controller

From Steps A and B the system is state controllable
and the desired poles are -9.854, -7.689

The desired characteristic polynomial from Step C is
(s +17.5435 + 75.7674)

By wusing state variable feedback, the char-
acteristic polynomial of the system is given by (
s +(40.6395 + Kq)s + (259.6297 + K, ))

The gain values K1 and Kz is obtained from Steps C
and D as K= [-23.0965 -183.8623]

The compensated state equations are obtained from
Equation 17 as

_ [—17.343 —75.7674 I
AL‘E - [ 1 0 ]EL'E - [u]
C,.= [-1586 —10366]D,, = [0]

Under Steady State Conditions s>0, then

_ 1-17.543 —75.7674 i
AL‘E - [ 1 0 ]EL'E - [l]]
C,.= [-461.9 —3018.6]D,, = [0]

The Step response of Compensated (2™) order Model
using Aggregation method is shown in Figure 7

Step Response

mm
-
-asfl 4 PEE A —
- o Original System Response
_30| o Reduced Model Response
o Compensated Reduced Model Response

Amplitude
R
S
»

Time (sec)

Figure 7. Step response of Compensated 2" order Model
using Aggregation method.

6. Summary and Conclusion

The increase in power system dimensions posses higher
order transfer function. Behaviour of such systems makes
it difficult to analyze. In the past, many methods have
been developed to approximate the large order system
to lowest order. In this paper, modal analysis approach
and aggregation methods areused to reduce the system to
its lowest order. The performance of the demoted order
model has been improved by designing a controller using
pole placement technique. The simulation results of both
the methods are presented in this paper.
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