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Abstract— The dynamic behavior of power systems is affected by the interactions between linear and
nonlinear components. To analyze those complicated power systems, the linear approaches have been
widely used so far. Especially, a synchronous generator has been designed by using linear models and
traditional techniques. However, due to its wide operating range, complex dynamics, transient
performances, and its nonlinearities, it cannot be accurately modeled as linear methods based on small-
signal analysis. This paper describes an application of the Takaki-Sugeno (T-S) fuzzy method to model
the synchronous generator in a single-machine infinite bus (SMIB) system. The T-S fuzzy model can
provide a highly nonlinear functional relation with a comparatively small number of fuzzy rules. The
simulation results show that the proposed the T-S fuzzy modeling captures all dynamic characteristics for
the synchronous generator, which are exactly same as those by the conventional nonlinear modeling
methods.
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. INTRODUCTION

A synchronous generator in a power system is a nonlinear fast-acting multiple-input multiple-output
(MIMO) device. Due to its wide operating range, complex dynamics, nonlinearity, and the changing system
configuration, the entire system cannot be accurately represented by a fixed model, which is then used for the
design of conventional linear system/controllers.

Otherwise, by using the “IF-THEN rule”, the Takagi-Sugeno (T-S) fuzzy modeling makes it possible to
analyze a nonlinear system by approximating the system as a linear input-output system in certain range [1]-[6].
This range can be expanded over the range defined by other linearization techniques without losing generality
when the system operates in wide range of operating points [7].

Also, the stability of the system can be analyzed by using a linear matrix inequality (LMI) method based on
the Lyapunov condition, which can be formulated by the T-S fuzzy modeling. It has two advantages; one is the
convenience of analysis through linearization, and the other is the accuracy of analyzing nonlinear systems.
Moreover, this LMI technique on the T-S fuzzy modeling can prove the powerful capability to design the robust
controller of any nonlinear dynamic systems.

In this paper, the T-S fuzzy modeling method is firstly applied to model an inverted pendulum system. Then,
it is used to model the synchronous generator, which can be described by the fourth-order nonlinear differential
equations, in a single-machine infinite bus (SMIB) power system. By applying the large (three-phase short
circuit) and small (£ 5% step changes in the reference voltage of exciter) disturbances to the SMIB system, its
effectiveness is evaluated to show the same dynamic behaviors as given in the exact nonlinear model of the
synchronous generator.

Il. T-SFuzzy MODELING
A. Takagi-Sugeno Fuzzy Model

There is needed new model which is different from linear model to analyze more accurate when large
accidents occur. In this paper, the T-S fuzzy method is used to analyze nonlinear system. The T-S fuzzy system
can be represented according to Fig. 1 structure. It is hard to analyze nonlinear system which has a linear and a
nonlinear part. The nonlinear system is converted to T-S fuzzy model to analyze easily.

Nonlinear | - > Stability
system analysis
T-S fuzzy
modeling

Fig. 1. Approach based on the T-S fuzzy modeling
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The i™ rule of the affine T-S fuzzy models are following forms, where continuous fuzzy system (CFS),
respectively.

Model Rule i
IF zy(t) is Mjz and -+ and z,(t) is M;p,
THEN X=Ax+C,, i=12--r
Here, Mj; is the fuzzy set and r is the number of model rules; x(t) € R" is the state vector, A; € R™, C; €

R™™ zy(t), -+, zp(t) are known premise variable that may be functions of the state variables, external
disturbances, and/or time. Each linear equation A;x+C; is represented in (1) [7].

Zr:a)i{AiX+Ci} .
2 Nh{AXx+CY (1)

r .
N
i=1

X:

Where
@, (X)

0,00 =] M (). h() ==
= Za)i(X)

h(x)>0, Zr:hi(x):l )

B. Design Example: Inverted Pendulum

In this section, an illustrative example is provided to demonstrate the validity of the suggested stability
analysis and synthesis method [8].

I
Control DC
voltage motor
4
Fig. 2. Inverted pendulum controlled by a DC motor
L R
. -
I
e + .
v ) v =K, =K,100
O

Fig. 3. Model of an armature-controlled DC motor

The plant to be controlled is an electro-mechanical system as shown in Fig. 2. Motor’s inertia is negligible
when compared with that of pendulum. The equivalent circuit of this system is illustrated in Fig. 3. The torque is
supplied by motor, that is,

T =K,I. 3)
the torque of pendulum is delivered by gear (10:1), that is,
T,=10T, =10K_I. 4

By using Kirchhoff’s loop rule to get equation
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V =LI+RI +K,100 . (5)
The kinetic torque applied pendulum is sum of torque of kinetic energy and torque of gravity.
T, =-1’md +Imgsin @ (6)

where, (-) sign means that the kinetic torque is in opposition to torque of gravity. The dynamic equation is given
by

X=AX+Bu x=[x X x] =[0 6 IT

0 1 0
] 0
A=|K25 o k| B=|0 )
X
1 K5
0 K, K,
where the variable and the parameters are as follows [9].
g 10K, 10K R 1
KIZT,Kzz—Izm ,K3:——LD,K4=—E,K5:I
X, (8, the angle measured with respect to the vertical axis);

X, (6, the time derivative of X, );

u (the control voltage) = 0;

m (the mass of the pendulum) = 1 kg;

| (the distance of the center of mass m from the pivot point) = 1 m;
(gravitational constant) = 9.8 m/s’;

(equivalent resistance) = 1 Q;

(equivalent inductance) = 100 mH;

, (constant value of generator) = 0.1 Vs/rad;

A X 0 «Q

(constant value of mass) = 0.1 Nm/A;

m

In this paper, a controller doesn’t be considered. So, the control input U = 0. It is straightforward to compute

the T-S fuzzy system. In this example, the nonlinear term is only sin X . The system matrix A is separated into
Xl

2 matrix. IF-THEN rules are follows,

Inverted Pendulum Model Rule

IF x,(t) is M,, THEN x=A x

IF x,(t) is M,, THEN x=A,X
0 1 0 0 1 0

A=KM, 0 K,|,A=|KM, 0 K, ®)

0 K, K, 0 K, K,

Nonlinear system equation (7) is the same as the T-S fuzzy equation (8) when it is satisfied follows by (1)-
).
2
Xx=> h()AX=hAX+hAX, h+h, =1 )
i=1
Equation (10) can be rewritten by (8) and (9).

in X
hKM, +hKM, =K, >0

X

hM, +(1—h)M, =22X

1
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sin X,

h(M,-M,)+M, =

1

sin X M
X, :
h=—— (10)
Ml _Mz

Equation (10) is always satisfied regardless of values of M, and M,. Here, M, +M, =1, M, =1 and
M, =0 are assumed.

Xy [rad]

Xy [rad]

Time [sec]

(b)

Fig. 4. Pendulum position (U=0, X;=1.5, X5=10) (a) Nonlinear model (b) T-S fuzzy model

Fig. 4 shows the inverted pendulum pivot angle @ as a time and various initial angle speed (X). Fig. 4 (a) is
the nonlinear model in (7) where the system has different stable points according to various initial angle speeds.
Fig. 4 (b) is the T-S fuzzy model in (8), where its trace is the same as nonlinear model. This example provides
the validity of the T-S fuzzy modeling.

I1l.  SYNCHRONOUS MACHINE MODELING
A. Synchronous Modeling

The SMIB system is shown in Fig. 5. The system is one of the fundamental systems and can be expanded
multi-machine system easily [10]. In this paper, fourth-order synchronous generator model is described by using
the T-S fuzzy modeling method. The state variables are d-axis voltage, g-axis voltage, rotor angle and rotor

speed [11], [12]. The synchronous generator can be expressed by using d-g axis in the phasor diagram of Fig. 6
in steady state [13], [14].
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These mathematical models are given in (11)-(13). Armature and transmission resistance are negligible
compare with reactance. Using Park’s transform, d-q axis voltage equations are follows.

!

dE
Td’o_q:_E(; _(Xd _Xc;)ld +Efd

dt
’ dEd’ ’ ’
TQOT:—Ed—(Xq—Xq)Iq (11)
The rotor angle and rotor speed are described by.
do
—=0-0,
dt
2H da) ’ ’ ’ ’
EE:TM —Eily —Egly = (Xg =X, = Tey (12)
Synchronous
@ y enerator -
9 Infinite bus
r, JX.
Fig. 5. Single-machine infinite bus system
A q.—axis
E, I iX,!
VI
Vb
)

Phasor diagram

|
»
S

d —axi

Fig. 6. Steady state phasor diagram of the SMIB system
In (11) and (12), (I, , 1, ) are the d-g axis components of current in the armature windings,
(Xa/ Xy Xy /X ;) is the d-g axis components of (steady, transient) reactance in the armature windings, E,, is
the field voltage, Tj, and T are time constants of d-q axis transient. In (12), ¢ is the rotor angle with

reference to the infinite bus, @, is the synchronous speed in steady state, T, is turbine output shaft torque, T,

is frictional and windage torque, and H is the polar moment of inertia. By using voltage equation in (11), and
swing equation in (12), the fourth-order set of differential equation can be found for the dynamic model of the
generator.
The current equations for the transmission system (in Fig. 5) are given in (13), which are derived from the
methods of circuit and Park’s transformation theory
_ E,+V,cosS . -E, +V, sind

I, =— = 13
X -x, X, =X, (13)

Where |, and |, are the d-q axis components of transmission current, E, and E, are the d-q axis

components of transient voltage, V, is the infinite bus voltage, X, is the component of transmission line
reactance.
B. T-S Fuzzy to the SMIB System

For the T-S fuzzy modeling, equation (14), (15) are given in below.

x=Ax+C, x=[E, E, & o]
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'L(_l_xd—x;1 0 va(xd—x'd))cow
T, Xg+X, T, X +X,
X, - X, V, (X, — X)) si
0 L‘(—l— . %, L’( b(‘q q))sm§
A= T, Xo+ X, T Xg+X,
0 0 0 1
_&(vasmd) &(vacosé‘) 0 0
2H X, + X, 2H X, + X,
E oT
C=|—2 0 -0, —m (14)
Ty 2H
coso sind

The SMIB system given in (14) has 4 nonlinear terms (

,T, sind ,cos o). Matrix A is divided into

16 linear matrix by the T-S fuzzy modeling. The input-output form of the fuzzy system of (14) is represented as

X:ihi(x){Aix+C}, 0<h(x)<I, ihi(x)zl (15)

Max and Min values of nonlinear terms described in Table 1 are inserted the position of separated matrix by
the T-S fuzzy rule. Each nonlinear terms have 2 values and represented follow IF-THEN rule.

TABLE I. Fuzzy MODEL PARAMETERS OF THE SMIB SYSTEM

Nonlinear ICZ?Gteesd Membership function
terms Max | Min Max Min
0025 1 0 M;:C°;5 M2=1-M!
811515 1 0 M;:S“515 M2=1-M!
siné 1 0 M;=sind | M;=1-M,]
cos S 1 0 M, =coss | M;=1-M,

The SMIB System Model Rule

IF x, is “Max”, X, is “Max”, X, is “Max” and X, is “Max”, THEN X=A x+C, h =M/xM)xMIxM,

IF x, is “Max”, X, is “Max”, X, is “Max” and X, is “Min”, THEN x=A,x+C, h, =M/ xM]xM]xM;

IF X, is “Min”, X, is “Min”, X,is “Min” and X, is “Min”, THEN X=A x+C, h, =M’ xM; xM; xM;

For example, to find A, , nonlinear term cosd /o is replaced by 1, sind/¢J is replaced by 1, sind is

replaced by 1, and cos ¢ is replaced by 1.

L(,l,xd _Xcvj) 0 L Vh(xd_xcyi)
T, Xy + X, T, Xy+X,
o L(,l,xq‘xq) L(vb(xq—xq)
A = T, Xo+ X, T X +X,
0 0 0
. V, . V,
_ % ( : b ) s ( . b ) 0
2H X, +X, 2H X, + X,

) 0

)
1

0

The 16 linear matrixes can be found above method. Rotor angle (6 ) of synchronous generator is bounded
0< 6 <7x/2 by (15) to satisfy the T-S fuzzy modeling method.
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C. Simulation Results

The T-S fuzzy model must have dynamic characteristics the same as nonlinear

validation of the T-S fuzzy modeling. Simulation parameters are given follows.

f

e

L

a a a

a

@

goxX X X x X

)

_Q_[

°

(fundamental frequency) = 60 Hz;
(steady state rotor speed) = 120 7 rad/s;
(steady state d-axis reactance) = 1.8 Q;
(transient d-axis reactance) = 0.3 Q;
(steady state g-axis reactance) = 1.7 Q;
(transient g-axis reactance) = 0.4 Q;
(transmission line reactance) = 0.4 Q;
(transient d-axis time constant) = §;

(transient q-axis time constant) = 0.4;
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model, to confirm the

Two different types of disturbances, namely, a £ 5% step changes in the reference voltage of exciter and a
100 ms three-phase short circuit at the infinite bus in Fig. 5, are carried out to evaluate the effectiveness of the
T-S fuzzy modeling for the synchronous generator.

Terminal Voltage [pu]

11

————— T-S fuzzy model
Nonlinear model | |

0.9

o
)

Rotor angle [rad]
o
~

|
|
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|
| )
0.6 + |
| | |
| | |
0.5 + | |
| | |
| | | |
0.4 SR ] |
| | | | |
| | | | | | |
1 1 1 1 1 1 1 1 1
0 0.5 1 15 2 25 3 35 4 4.5 5
Time [sec]
(b)

Fig. 7. Performance evaluation of the T-S fuzzy modeling: (a) Terminal voltage response when 5(%) step-change is applied to the
excitation system (b) Rotor angle response when 100 ms to the infinite bus three-phase short circuit fault is applied

Fig. 7 (a) shows terminal voltage response of synchronous generator when the exitation voltage changes.
The terminal voltage increases as the exitation voltage increases at 5 sec. When the exitation voltage decreases
to initial value at 25 sec, the terminal voltage decreases, too. The solid line which indicates the nonlinear model
shows same pattern with the dotted line that represents the T-S fuzzy model. Fig. 7 (b) shows the simulation
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result when three-phase short circuit fault occurs for 0.1 sec. The damping effect can be observed because of
system unstability when accident occurs. In this case, the same routines are observed in both models; nonlinear
model (solid line) and the T-S fuzzy model (dotted model). The effectiveness of the T-S fuzzy model can be
checked through these simulation.

IVV. CONCLUSIONS

This paper proposed the new modeling of synchronous generator by applying the T-S fuzzy method in order
to analyze stability of the nonlinear SMIB system. Conventional linear model cannot represent the
characteristics of synchronous generator which has wide operating range, complicated dynamic characteristics,
and nonlinearity. The T-S fuzzy model shows more accuracy than the linear model because it considers
nonlinear characteristics. It will be more easy to analyzing system stability and designing controller by using the
T-S fuzzy model because nonlinear terms can be ignored when applying Lyapunov condition.

Acknowledgment
This paper was supported by Kumoh National Institute of Technology

References

[1] K. Tanaka and M. Sugeno, “Stability analysis and design of fuzzy control systems,” Fuzzy Sets System, vol. 45, pp. 136-156, 1992.

[2] K. Tanaka, T. Ikeda, and H. O. Wang, “Fuzzy regulators and fuzzy observers: Relaxed Stability Conditions and LMI-Based Designs,”
IEEE Transactions on Fuzzy Systems, vol.6, no. 2, pp. 250-265, 1998.

[3] E. Kim and S. Kim, “Stability analysis and synthesis for an affine fuzzy system via LMI and ILMI: a continuous case,” IEEE
Transactions on Fuzzy Systems, vol. 10, no. 3, pp. 391-400, 2002.

[4] E. Kim, M. Park, and S. Ji, “A new approach to fuzzy modeling,” IEEE transactions on fuzzy systems, vol. 5, no. 3, pp. 328-337,
1997.

[S] F. Cuesta, F. Gordillo, J. Aracil, and A. Ollero, “Stability analysis of nonlinear multivariable Takaki-Sugeno fuzzy control systems,”
IEEE Transactions on Fuzzy Systems, vol. 7, no. 5, pp. 508-520, 1999.

[6] C.W. Park, C. H. Hyun, M. S. Park, C. H. Lee, J. Kim, and M. Park, “Control of uncertain flexible joint manipulator using adaptive
Takagi-Sugeno fuzzy model based controller,” Proc. Of the 2001 IEEE International Conference on Robotics & Automation, Seoul,
Korea, May 21-26, 2001, pp. 985-990.

[71 T. Takagi and M. Sugeno, “Fuzzy identification of systems and its applications to modeling and control,” IEEE Transactions on
Systems, Man, and Cybernetics, vol. 15, no. 1, pp. 116-132, 1985.

[8] S. H. Zak and C. A. Maccarley, “State-feedback control of nonlinear systems,” International Journal of Control, vol. 43, no. 5, pp.
1497-1514, 1986.

[9]1 S. Kawamoto, “Nonlinear control and rigorous stability analysis based on fuzzy system for inverted pendulum,” Proc. of the Fifth
IEEE International Conference, New Orleans, LA, USA, Sep. 8-11, 1996 pp. 1427-1432.

[10] J. W. Park, G. K. Venayagamoorthy, and R. G. Harley, “MLP/RBF neural-networks-based online global model identification of
synchronous generator,” IEEE Transactions on Industrial Electronics, vol. 52, no. 6, pp. 1685-1695, 2005.

[11] P. Kundur, Power System Stability and Control, McGraw-Hill, 1993.

[12] P. W. Sauer and M. A. Pai, Power System Dynamics and Stability, Prentice-Hall, 1998.

[13] P. M. Anderson and A. A. Fouad, Power System Control and Stability, IEEE Press, 1994.

[14] Hadi Saadat, Power System Analysis, McGraw-Hill, 2004.

p-ISSN : 2319-8613 Vol 8 No 2 Apr-May 2016 981



	Dynamic Modeling of a SynchronousGenerator Using T-S Fuzzy Approach
	Abstract
	Keywords
	I. INTRODUCTION
	II. T-S FUZZY MODELING
	III. SYNCHRONOUS MACHINE MODELING
	IV. CONCLUSIONS
	Acknowledgment
	References




