- ISSN (Print) : 2320 — 3765

s ) . A
7= IJAREEIE §& i
s A% ISSN (Online): 2278 — 8875

International Journal of Advanced Research in Electrical,
Electronics and Instrumentation Engineering
(An ISO 3297: 2007 Certified Organization)
Vol. 2, Special Issue 1, December 2013

A Power System Dynamic Simulation
Program Using MATLAB/ Simulink

Linash P. Kunjumuhammed

Post doctoral fellow, Department of Electrical and Electronic Engineering, Imperial College London, United Kingdom

Abstract: The paper illustrates a procedure to develop a dynamic simulation program for a single machine infinite bus
(SMIB) test system using MATLAB/Simulink software. The program is useful to demonstrate various operational and
stability challenges in power system operations. The method can be extended to make a program to simulate network
having multiple synchronous machines, asynchronous machines, FACTS devices, dynamic load etc.
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I. INTRODUCTION

Modelling and simulation studies are an integral part of power system analysis. They are used in the electricity
related industry from the early days of digital computers. They are used to study the operation and stability of the
system, controllers design and testing, operator training etc.

This paper deals with programming of a single machine infinite bus (SMIB) test system using MATLAB/ Simulink
software and intended for a complete beginner in the field of power system analysis. A basic methodology for
developing a simulation program is discussed without detailing the theory behind the model. The program can be
modified to include multiple synchronous machines, asynchronous machines, FACTS devices, dynamic load etc.

The paper is divided into four sections. Following the introductory section, the Section Il deals with the modelling
aspects of a power system and lists key equations for dynamic model of a synchronous machine. The Section Il
explains the procedure for translating the dynamic model into a Simulink model. Results of an SMIB test system
simulation are discussed in Part IV and several suggestions for possible future work are detailed.

II. DYNAMIC MODELLING OF POWER SYSTEM
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Fig. 1 Overview of power system simulation program

A model of a power system is an integration of several dynamic models such as synchronous generators,
asynchronous generators, load, FACTS devices, etc. Fig. 1 shows a top level view of the model, where various dynamic
models are connected to a network model. The output of the network model is fed back to the dynamic models making
it a closed loop system. The network model consists of all transmission network components except the components
modeled separately. It is represented using an algebraic equation V = Z | where V is a vector of bus voltage, I is a
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vector of injected current at each bus where the dynamic components are connected and Z is a matrix representing the
impedance of transmission line and other components not modelled separately. (In some system studies, a more
detailed model of transmission network using differential equations is used.) The output of the network block, bus
voltage, is fed to the dynamic models. The dynamic models consist of differential and algebraic equations (DAE), and
the outputs are injected current at corresponding buses.

An SMIB simulation presented in this paper contains only a synchronous machine model block and a network model
block. The modelling of synchronous generator is a subject matter of many text books and literatures [1-3]. Models of
varying degree of complexity are reported. Choice of a model is made depending on the type of phenomena being
studied and available computational resource. The DAE equations for a transient model of synchronous machine are
explained here. Theory behind these equations is not explained as it is beyond scope of this paper.

A. Synchronous machine model

M echanical
Torgue (T Speed ()
— E— .
Excitation | Efd S otor Torque
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—» Block | Gfdput
Tenninal current (o J Anguar
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Fig. 2 Block diagram representation of synchronous machine model

A synchronous generator generally has two inputs, a torque input from a turbine coupled to its rotor and an
excitation current to field winding in its rotor. The excitation current produces magnetic poles in the rotor. When the
mechanical torque from turbine forces the rotor to rotate, a rotating magnet field will be created in the air gap which
cuts the stationary coils in the stator, and induces a voltage in the stator winding. Hence the mechanical torque supplied
by a turbine is converted to electrical torque through the flux linkage and transmitted to grid as voltage and current.

Fig. 2 shows an internal block diagram representation of a synchronous machine model. It consists of three blocks,
namely torque-angle loop, rotor electrical block, and excitation system block.

The torque angle loop represents turbine and generator mechanical system. Inputs to this block are mechanical and
electrical torques, and outputs are rotating speed and rotor position. If mechanical torque and electrical torque are
balanced, the rotor will rotate at a constant speed called synchronous speed. A change in either of the torques will cause
the speed to change. Another output of the block is the rotor position. Consider any fixed point in the rotor. For an
outside observer, the point will rotate in a circle and hence the rotor position will change from 0 to 360 degree.
However, if the observer is rotating at the synchronous speed, the point will look stationary. Now the rotor position
represents the relative angle between the observer and the point. When an imbalance occurs in the torques, the observer
will notice a change in the speed and the rotor position. In the dynamic synchronous machine model, parameters are
resolved into the rotating observers frame, generally called rotating reference frame using Parks's transformation [2].
This paper does not describe details of this transformation. Readers are advised to refer relevant literature to understand
this concept.

The rotor electrical block represents flux dynamics in the machine windings. The excitation system block compares
terminal voltage magnitude with a reference voltage, and outputs field voltage. There are two inputs for the
synchronous machine model. One of them is the mechanical torque which is assumed to be constant during the course
of simulation. The second one is terminal bus voltage v; obtained from the network block. The output of the model is
current i; which is fed to the network block.
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DAE equations corresponding to the individual blocks are listed below. This paper does not cover details of these
equation as it is beyond its scope. [1-2] provides detailed analysis of these equations.

1) Equations for rotor electrical block

dd; .
T = Wi We (1)
dw; Wg

= —Dj(w; — w, Tni — T 2
dt 2H; [ ( )+ ) @

for ¢« = 1,2, 3...m, where,
m: total number of generators. In the SMIB system m = 1
d;: rotor angle of i generator
w;i: Speed of i generator
wg: Synchronous speed of generator
H;: Inertia of i generator
D;: Damping coefficient of i™ generator
Tyni: mechanical input torque of i generator
T.:: electrical output torque of i generator

2) Equations for rotor electrical block

One of the inputs to this block is the terminal voltage, V. It is a complex number which can be written as, V; =
VqitjVoi. This voltage is transformed to a synchronously rotating reference frame as vgi+jvai using (3).

(vgi +Jvai) = lfDQ.ie’J‘Si = (vgi + ‘]‘UD:.)E,*J& )
dE], . .
d;h — m[_Eqi + (2g; — xg45)ta + Efdf] )
dEy, 1 , .
= = [ Eu — (g — 2g)iq] )
a Tyio o e
_dE’ i J‘ ! / o,
d:m = T—m[—Edc.; —(zg; — Ty )iqi] ©)

Equation (6) represents a dummy rotor coil used to handle transient saliency. A detailed discussion on treating
saliency is available in [1].

. .. 1 , o , .
(igi +Jiai) = W[qu + J(Egi + Egi) — (vgi + jvai)] (7
ai di
Tei Eclfiid'i + E‘;’? i'qi + (I;it - -T:gi.)idf'iqi (8)
ipgi = (igi +Jipi) = (ig +j'idi)e?’6i ©)
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|
1+sT,
VHMIN
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Fig. 3 Block diagram representation of excitation system model
Ugdi = VUgi + Jvai: voltage i Park’s reference frame
vopi = Vi + jups: voltage in Kron’s reference frame
EQ Di = 1gi + jips: current in Kron’s reference frame
Egi: transient emf due to field flux linkage
E(ﬁ: transient emf due to flux linkage in g-axis damper coil
E,.;: transient emf due to flux linkage in dummy rotor coil
ig4;: d-axis component of stator current
Lgi q:axis component of stator current
Tai, Ty synchronous and transient reactance along d-axis, respectively
Tgi, .I‘Jii synchronous and transient reactance along g-axis, respectively

’

’ - . - - - . - .
T4iT4;, T open circuit transient time constant along q-axis. d-axis and dummy coil, respectively

3) Excitation system block

The block diagram representation of a static excitation system is shown in Fig. 3 [1]. Viand Egp are input, the
magnitude of terminal voltage and output, the field voltage, respectively. The regulator transfer function has a single
time constant T and positive gain Ka.

I11. DEVELOPMENT OF A SIMULINK MODEL

This section explains steps involved in building a simulink model to simulate an SMIB test system. The model
described in the previous section contains several differential equations. Hence to start with, section \ref{sec_secl}
describes how to program a simple first order differential equation using the Simulink. In section \ref{sec_sec2},
programming of the torque angle loop block is explained.

A. Simulating a first order differential equation using Simulink
Let us take a first order transfer function given by (10),
y 1

= 10
x  14+5T, (10)
It can be written as

y+Tesy = w (11)

dy 1
=y = —(r— 12
a Y 7, @Y (12)
y = f;}+ y(0) (13)

where y(0) is an initial value of the state y. The initial value indicates the value of a state under steady state, i.e.
dy/dt=0. From (12), y(0) = x.

Q

Integratc ._V,

Step Scope

FOT

Fig. 4: Simulink representation of a first order transfer function
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Fig. 4 shows Simulink model for the transfer function in (10). The initial value y(0) is specified as a parameter in the
integrator block.

The power system model presented above consists of non-linear equations which call for a numerical solution. It is
assumed that, the system is at a stable equilibrium point (SEP) at time t=0 and a disturbance happens at t>=0. To start
the simulation, it is necessary to calculate the initial value of all machine states, x0 at time t=0.

B. Calculating initial conditions for the SMIB model

The primary step in initializing the model is to obtain a power flow solution of the network. The power flow solution
gives real and reactive power output of generators Pg and Qg, and terminal voltage magnitude and angle Vt and 0t at
buses. At SEP, the change in value of the states with time is zero which means, the d/dt term in all differential
equations can be set to zero and the initial value of states can be deduced. A step by step procedure for initial value
computation for the synchronous machine specific to this work is listed below. A more detailed explanation is available
in [2]. The subscript O in the following equations indicates initial value or steady state value of the state variables.

o Run a power flow model and obtain F. (4. Vo and €4q for the generator bus. For an SMIB test system, power flow
solution can be calculated using a simple calculation. For a large network, power flow programs are used to obtain

this value.
- L Py—j@
, FoJQy
» Compute output CllI‘IEI‘lt, Ty0Z = Vet |
o Compute Fiyq and dy from, FooZdg = VyoL0go + (Re + jz4¢) Tgo Lo

« Compute

ido = —Ig05in (0o — ¢n)
lgn = IQQ(:OS (do - do)
Vdo = *1"'9'081‘7? (dg — )

vqo0 = Vyocos (0o — do)

» Compute
Eran = Eqo — (zq — g) tao
Ego = Efao + (2d — 24 | ido

! ! .
E,=— (;rq — \17(},) iq0
I . ’ . ’ r . .
T = quiqo -+ Ed.ol-dO + (Id — Iq) tdolqn = Tino

The above steps will initialize the rotor electrical block.

C. Simulating torque and loop block using Simulink

The torque angle loop block contains two first order differential equations (1, 2). At steady state, both d&/dt and
dw/dt are equal to zero and the initial value of w and Tm can be computed. Following the method described in Section
[11-A, a Simulink model for torque angle loop can be built as shown in Fig.5.

|2
’ >z
. w
e Tm N . T wows
o e e + 1 \
Tm o= g - v LD
|- L della
L D
" we
< o }‘7

Fig. 5: Implementation of Torque-Angle loop
Similarly, differential equations corresponding to rotor electrical blocks can be programmed as shown in Fig. 6. The
static excitation system block is essentially a first order transfer function and is programmed similar to Fig. 4.

Te|
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Fig. 6: Tmplementation of rotor electrical block shown in Fig. 2

IVV. SIMULATION RESULTS

An SMIB system shown in Fig. 7 is used to demonstrate the programming. In the test system a synchronous machine
is connected to a grid through a transformer and a double circuit transmission line [2]. The grid is represented using
impedance connected to an infinite bus. The infinite bus means that the bus has fixed voltage and frequency. The
system can be used to study the interaction of the generator with the grid.

Ve ) Eg
P h 3¢ Loy 4
R a—
\‘. 4 .‘I C i
Fig. 7: Simulink representation of a first order transfer function

The parameters of the system on a I00MVA system bases are given below.
Generator: Ry = 0.00327, 74 = 1.7572, xq = 1.5845, 2, = 04245, x; = 1.04, Ty = 6.66. Tpo = 0.44, H = 3.542, fp
= 50Hz, D=0.
Transformer: Ry = 0.0, 2y = 0.1364
Transmission line:(per circuit) i) = 0.08593, x; = 0.8125, B.= 0.1184, 7}, = 70.13636
Excitation system: K 4 =400, Ty = 0.025

A. Steady state operating condition of the SMIB test system

Under steady state the active and reactive power output of the machine are assumed as Pt = 0.6, Qt = 0.0228. For an
infinite bus voltage Eg = 1.0, the terminal voltage of the generator is calculated as V; = 1.05< 21.83. Using the method
described in the Section I11-B following initial values are computed. 8,= 61.5 degree, E'qo = 0.9704, E'yo = -0.2314, igo
=-0.3825, i = 0.4251, E¢go = 1.4802, Trp = 0.6011.

B. Response of the SMIB system to step change in infinite bus voltage

A step change in the infinite voltage is applied at time t=1 which is plotted in 8(a). The dynamic response of V,, Pg,
Qg, Te, & are plotted in Fig. 8(b) to Fig. 8(f). The variation in & following the disturbance is with respect to the rotating
reference frame.

C. Suggestions for further work

The simulation set up described in this paper can be used to analyze the response of the machine under various
system disturbances. Few examples are, three phase fault, transmission line trip, change in excitation reference voltage,
change in input mechanical torque. A governor model can be added to the program to study the frequency response of
the synchronous machine.
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A state space model of the system can be obtained using the linmod command and the eigenvalues can be computed
using eig commands available in MATLAB. It is possible to explore possibility of designing a power system stabilizer
for this system.

The concept explained in this paper can be extended to make a multi-machine system simulation with asynchronous
generators and FACTS devices.
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Fig. 8: Response of SMIB system to step change in infinite bus voltage

V. CONCLUSION
A programming approach for simulating a power system using MATLAB/ Simulink is discussed in this paper. The

concept is explained using a SMIB test system simulation. The dynamic response of the test system to a disturbance in
the grid is presented to further illustrate the method and several suggestions for further development are listed.
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