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ABSTRACT

This paper shows that it is possible to use currently available commercial software to model and simulate
the dynamic behaviour of a synchronous Generator for wind energy generation. The resulting system of
ordinary differential equations governing both the electrical and mechanical transients of the generator are
solved numerically using the in-built Fourth-order Runge-Kutta method in the MATLAB® ODE suite. The
computed transient ~response results using this method are not only accurate but also computationally
economical compare 1o the solutions obtained by numerical integration on digital computers via writing of
“programme. The developed model is used to calculate the starting performance of the generator during
load variations.
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INTRODUGTION

In a developing economy, electrical energy demand is usually on the high side. Obviously, a modern
electric power system should be planned to provide electric power at each system bus with & high degree
of reliability. This.implies that, power system planning must consider not only the dynamic stability of the
system but also the dynamic behaviour of the generator that forms the component part of the syster for
improved future performance (Burchett 1977). One of the basic properties of wind energy generation is load
variation. Load variation in wind energy plants usually leads to large inrush transient currents flowing into or
out of the machine during starting conditions. These high inrush currents lead to the heating of the machine
windings and subsequent loss of winding insulation. Most industrial synchronous generators are usually
protected from these inrush currents in order to prevent the machine from continuously starting beyond
spe‘*cifﬁed limits(Ojo and Lipo 1989). This makes the study of the transient behaviour of synchronous
machine imperative as the knowledge of these inrush currents will assist in overall machine protection and
monitoring. Various mathematical models have been developed tc describe the transient behaviour of a
synchronous machine (Harley, Limebeer and Chirricozzi 1980, Shackshaft 1963, Humpage and Saha
1987). The models differ in degree of complexity and accuracy and are computed by numerical integration
on ‘digital computers. This paper shows that it is possible to use a commercially available software
package, MATLCAB® to model and simulate the dynamic behaviour of a synchronous generator for wind
energy generation. The proposed method is not only efficient but also computationally economical as the
time used in writing user's programme for inversion, integration and graph plotting is averted. The paper
presents the d-g modelling of the electrical model of the generator. The mechanical model is developed
“together with the computer simulation and results. Finally, the results are discussed with relevant
conclusion. ' '

~ ELECTRICAL MODEL OF GENERATOR

“In the development of the electrical model, the following simplifying assumptions are made (Adkins 1951):
Negligible magnetic saturation and eddy current effects. "

Windings produce a sinusoidal distribution of mmf and flux density. '

The magnetic circuits are assumed to be symmetrical.

Park's equations for a synchronous generator equipped with two sets of damper windings and one field

winding are as follows (Park 1929):
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In'the above equations, the following parameters and variables are defined as follow;

o =rotor speed, Vy=armature d-axis terminal voitage, V =armature g-axis terminal voltage, ig=armature d-
axis terminal current, i;=armature g-axis terminal current, Vi=field winding terminal voltage, i=field winding
terminal current, ixg=d-axis damper winding current, i,;=q-axis damper winding current, Aq=total armature
flux in d-axis, Aq=total armature flux in g-axis, Rs=armature phase resistance, L=armature phase leakage
inductance, Lmg=d-axis coupling inductance, Ry=field winding resistance, Ly=field winding leakage
inductance, R=d-axis damper winding resistance, Ly=d-axis damper winding leakage inductance, Lng=q-
axis coupling inductance, Ry =g-axis damper winding resistance, Li=q-axis damper winding leakage

inductance

Equations (1)-(12) describe the synchronous generator's equivalent circuit in the rotor reference frame

shown in Figure 1.

For the purpose of this investigation, the voltage equations can be represented in state variable form with
currents as state variables (Adkins and Harley 1975).

2= L' ([]- ]+ 0, + [6 DD

(13)
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Figure 1, Synchranous generator equivalent circuits in rotor reference frame.
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The phase voltages may be consfk:lered as sinusqidal and expressed as
Vi =V, cos w,t . 4 (19)
Vi =V, cos [a),,l - E?J (20)
J
2
Ve =V, cos [w,i+ ] ,; (21)
3 ‘
These voltages are related to the d-q frame of reference by (Krause and Thomas 1968).
V N '
V‘/ £
{ p ] =[c]v., (22)
q V .
Where, _ <
2 . 2; :
5| sin@ sin(0~——£] sin 0+—£]
2 3 3
[c]== . | (23)
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- On simplification of equation(22), we have
V, =1V, sin @ - a),,t) | (24)
V,=1V,kcos (0 -—a),,t) . ~ (25)
But, ;
O =0 — w,t : (26)
Where, ;
8 = rotor angle with reference to infinite bus, o, = synchronous speed, V, = peak value of infinite bus
voltage. ‘
The electromagnetic torque is given by
r. = [il'[c Ii] (27)
The power, P, at the generator terminals and the total stator current, i, are respectively expressed as,
PL‘ = VL‘I i{l + Vq iq (28)

- | .

. .2 .2

l,” = (l‘\\ d + 1 q )/2 (29)
\

\
MECHANICAL MODEL OF GENERATOR

Since the sy%ghronous generator is to be used for wind energy generation, the mechanical model of the
generator shot @ consists of three systems(Wind turbine, Gearbox and Generator) as shown in Figure 2.
The general equ\qtion of the coupled system with damping coefficients can be expressed in matrix form as
{Heier 1998):
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Figure 2. Generator mechanical model schematic with coupling.

Where, ‘

Ti=wind turbine drive torque, T. = electromagnetic torque Ji =moment of inertia of wind turbine, Jg
moment of inertia of generator, 04 = angle of rotation of turbine, 6, = angle of rotation of generator, wy
angular speed of the turbine rotor, w, = angular velocity of the generator, ¢, = torsion resistance, dg; = self-
damping coefficient of turbine, dr, = self-damping coefficient of generator.

The experimental determination of the system torsion resistance as well as the moment of inertia has been
reported by Okoro (Okoro 2002). The values of the damping coefficients were obtamed from the
manufacturer’s data on the test machine.

it

[H

The load torque is assumed to take the form of a square»wave as shown in Figure 3.
1
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Figure 3: Variation of load torque with time.

" EXPERIMENTATION AND COMPUTER SIMULATION RESULTS.

The test machine is a SCHORCH VDE 0530, class F insulation, surfaced-cooled synchronous generator.
The rated power, speed and current are 10hp, 1500rpm and 58.5A respectively. The test machine is a four-
pole generator with 50Hz rated frequency and 250V rated voltage. In order to determine the test machine
parameters necessary to carry out the dynamic studies, the conventional methods of no-load and short
circuit tests as reported by (Ojo and Lipo 1989) were adopted. The method is less cumbersome and
requires little efforts compare to the finite element method of determining the machine parameters as
describe by Ojo (Ojo 1987). The mechanical and. electrical parameters of the test synchronous generator
are given in Table 1. -

MATLAB function program which describes the differential equatioris of the machine model in dynamic
condit: 5 developed and solved usirg the in-built Adams nuraerical n-*nod (The ""ATLAB 18¢77).
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Together with the mechanical model of the machine, the dynamic behaviour of the synchronous generator

~at varying load condition was simulated. Figure 4 shows the graph of mechanical speed against time. The
graph shows that the steady state mechanical speed of the generator: is attained 0.5s after the transient
period. The steady-state period of the electromagnetic torque is distorted due to load variation as shown in
Figure 5. The graph of speed against time in Figure 6 shows that the steady -state speed is not affected by
load apphcanon The time function of the terminal voltage is shown in Figure 7. Figure 8 shows that the
rotor angle rises steadily to its maximum within a shorter time, pen,od It remams constant after 0.5s but
increases beyond its steady state value due to load apphcaﬂ% .,

w

Mechanical speed[rpm]

- Time[s]

Figure 4. Graph of mechanical speed against time.

Table 1: Test machine parameters.

Frequency, f 50Hz -
Rated power, P 10hp
Rated speed, N 1500rpm
Rated current, | 58.5A
Rated voitage, V. . 250V
Armature phase resistance, Rs 0.137Q
Field winding resistance, R¢ 0.02669
Field winding self inductance, Ly 46.57TmH .’
D-axis damper winding self inductance, Lyg | 43.364mH
Q-axis damper winding self inductance, L 21.147TmH
D-axis damper winding resistance, Rya 0.120Q2
Q-axis damper winding resistance, Riq 0.120Q
Armature phase leakage inductance, Lis 0.897H
D-axis coupling inductance, Lmg 43.2mH

" | Q-axis coupling inductance, Lmg . 20.8mH |
Q-axis self inductance, Lq 21.687mH
D-axis self inductance, Lq 44.097mH
Field winding terminal voltage, Via 125V
Number of pole pairs, P 2
Moment of inertia of wind turbine, Ju 0. 6123Kgm
Moment of inertia of generator, Jg 1.050Kgm*
Torsion resistance, cw 1525Nmirad
Démpigicoefficient of gear box, dki 52Nm/radl/s
Self-damping coefficient of turbine, drs 12Nm/rad/s
Self-damping coefficient of generator, dr: 5.0Nm/radls
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Figure 5: Graph of electromagnetic torque against time.
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Figure 6: Graph of speed against time.
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Figure 7. Graph of terminal voltage against time.
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Figure 8. Graph of rotor angle against time.
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Figure 9: Graph of total stator current against time.
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Figure 10. Graph of stator phase current , ias against time.
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Figure 11. Graph of stator phase current ,ibs against time.

The time function of the total stator current is shown in Figure 9. The initial rise o ine total stator current is
instructive. This is expected due to high level of flux in the machine during the transient period. The phase
-currents as a function of time are depicted in Figure 10, Figure 11 and Figure 12. '
Figure 11 shows that the generator experien~ .d higher initial magnitude of current in phase b than in other
phases. The steady-state value of the phase b current is lower than that of the other phases. This was as a
result of the applied voltage and the intermittent load changes which offset the phase currents. The time
functionof the power at the generator terminals is given in Figure 13.

The Figure shows that at about 0.5s, the power at the generator te:.ainals is zero. There is however, an
offset in the power 1s after the load application.
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Figure 12. Graph of stator phase current ,ics against time.
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Figure 13. Graph of electromagnetic power against time.

The results presented in this paper compare favourably in trend with earlizr wwrks on the subject by the
researchers (Ojo and Lipo 1989, Harley, Limebeer and ¢ ‘hnrr cozzi 1(‘58‘:) §h kshaft 1963, Adkins 1951).
However, in contrast, the paper has employed a cormme: sia! scie re, MATLAB® to study the
dynamic behaviour of. synchronous generator for wind ener g,v aens vitier varying load conditions. [t
can be said that:while previous researchers on the subject have developed subroutine programs to handle
the non-linear differential equations, such efforts have been found to be involving, energy sapping and
much prone-4o error than the efficient and faster MATLAB built-in ODE solvers which the paper has avail
itself.

CONCLUSION

This paper has presented a simple method of modelling synchronous generator suited for wind energy
generation. The equations for the model have been derived and then expressed as a state equation which
can be solved by a standard numerical method. The use of MATLAB program as a simulation aid to
demonstrate the dynamic performance of synchronous machine is of academic importance. The
representations which have been developed in this paper for synchroncus generator enable demonstration
of the complete dynamic performance of an important type of electric machine that finds application in wind
energy generation. By studying the response curves, the plant Engineer will be better infermed abaut the
generator dynamics pnor to loadability. 1
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