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This paper contributes to a modeling part of singly-fed induction generator
(SFIG) systems driven by constant wind turbines of generation capacity of 2.5
kW. As a consequence of some physical domains present in wind turbine, that
are aerodynamical, mechanical and electrical, the modeling of wind turbine is
challenging; therefore, modeling based on physical techniques has a higher
credibility in these conditions. One of these ways is Bond-Graph modeling
those representations the systems developed from the law of conservation of
mass and energy covering in the systems. Bond graph uses causal analysis
which is a process for identifying and addressing the causes and effects of a
problem; moreover, the model is presented visually so that they are easier and
more user friendly. In this paper, modeling the parts of among blades, tower,
gearbox, and induction generator are based on the bond-graph method. The
blades are modeled based on aerodynamic force model, both tower and
gearbox are modeled based on rigid components model, and generator is
model based on hybrid mechanic-electric model. Then, all of parts are
connected together to accomplish the entire model of wind turbine for
simulation based on 20-Sim software. The proposed wind turbine is the 2.5
KW variable speed with three blades, two-mass gearbox, tower, and a singly-
fed induction generator type which is used in small and isolated category
power generation systems. The model consists of realistic parameters. Using
the Bond-Graph modeling method makes it easier to know what is actually
happening in the system, for example the direction of energy movement in the
system. Simulation results point out better performance of wind turbine with
singly-feed induction generator, namely a more constant output current under
constant wind conditions compared to varying wind conditions.

Document Citation:

S. Kadiman, O. Yuliani, and D. Suwarti, “Bond Graph Dynamic Modeling of Wind Turbine with Singly-feed
Induction Generator,” Buletin Ilmiah Sarjana Teknik Elektro, vol. 6, no. 4, pp. 381-391, 2024, DOI:

10.12928/biste.v6i4.9409.

Journal Website: http://journal2.uad.ac.id/index.php/biste/

Email: biste@ee.uad.ac.id


https://doi.org/10.12928/biste.v6i4.9409
http://journal2.uad.ac.id/index.php/biste/
http://journal2.uad.ac.id/index.php/biste/
mailto:biste@ee.uad.ac.id
mailto:sugiarto.kadiman@itny.ac.id
https://creativecommons.org/licenses/by-sa/4.0/deed.id
https://creativecommons.org/licenses/by-sa/4.0/deed.id
https://creativecommons.org/licenses/by-sa/4.0/deed.id
http://journal2.uad.ac.id/index.php/biste/article/view/xxx
http://journal2.uad.ac.id/index.php/biste/article/view/xxx
http://journal2.uad.ac.id/index.php/biste/article/view/9409

382 Buletin [lmiah Sarjana Teknik Elektro ISSN: 2685-9572

1. INTRODUCTION

Wind turbine is a multi-domain and complicated system that numerous methodical areas are implied, such
as aerodynamic, mechanical, and electrical. Latterly some publications deal with this matter. Renewable energy
sources are the most attractive substitutions to declining the after-effects of climate issues. Throughout clean
energy, wind energy has the quickest and most relevant evolution [1]-[5]. Wind energy is the second foremost
favorite of renewable energy for electricity generation after hydro power caused by its relatively simple
substructure, cost-usefulness, and maturity of technology. A massive portion of the established explanations is
recognized over typical of wind turbine constructions. Their typical structures become an important attraction
a part of the discourse.

Stand-alone wind turbines propose an attracting renewable energy source for isolated or remote areas.
These wind turbines reduce the pollution, decreasing the need for diesel generators which burn up a lot of
polluting fuel; and it can be allocated wherever wind resource is acceptable and there is no get into to the grid
[6]. The recent researches in wind turbine are debating the idea of using induction generator in stand alone
small wind turbine as a consequence their advantages over synchronous generators, such as smaller size, lower
cost, and lesser maintenance [7]-[8].

Throughout number of years, it was a number of discourses involving modelling of wind turbine
accurately. Many scholars carry out studies on the dynamic analysis of model wind turbine using one-mass and
two-mass models [9][10]. Generally, the abridged two-mass model is the most utilized in the literature to
signify the forces applied to the transmission drive train of the wind turbine. These studies exposes the
importance of having an accurate model of the wind turbine, as a way to dynamic studies of a system. Being a
self complexity, it looks to using a general method for modeling the whole of wind turbine.

Under this context, for the purpose of analyzing the system in the equal reference frame, the Bond-Graph
methodology can embody the whole structure. This methodology offers some correctness that can be functional
at once to the model. A Bond-Graph comprises of sub-systems coupled together by power bonds. They
exchange instantaneous power at ports. The variables that are forced to be the same, when two ports are linked
are the power variables, counted as functions of time. The important gains of the Bond-Graph tool for modeling
purposes are a unified graphical language aims to depict with physical perception power interactions, energy
dissipation and storage phenomena in dynamic systems of each physical domain and also the visualization
instrument of causality properties for writing equations equivalent to chosen modeling guesses. More
information can be found in [11].

The model of Bond-Graph based wind turbine can be acquired in various studies [12]-[16]. A
comprehensive model of a blade is suggested in the first. The aerodynamic forces are regarded, and for the
purpose of evaluating the output power and blade characteristic, real data of a wind turbine are applied. Also,
it is a general model that can be applied to each wind turbine blade. In [17], an accomplish wind turbine based
on parameters taken from a real turbine is proposed. The model expresses whole components of the wind
turbine, nonetheless the aerodynamics are not reviewed in feature. The study is concentrating on monitoring
the wind turbine geared systems beneath hybrid unpredictability.

Many wind turbines employ an induction machine to work as generator [ 18]-[21]. The induction machine,
namely a squirrel cage induction machine or singly-fed induction generator is applied as an aim to permit an
easy connecting to the external power network. The singly-fed induction generators used in smaller systems
are unmatched relating to cost and low maintenance and do not necessitate a complex blade pitch control
procedure. Small singly-fed induction generators have relatively high nominal slip values which deliver
adequate compliance to the grid. And its comportments the wind turbine without the power electronics
converters requirement in other arrangements.

In this study a model of Bond-Graph based wind turbine has three blades, gearbox, tower, and singly-fed
induction generator 2.5 kW. The framework of this study is as follows: first, the wind turbine model is
developed. Then, the comprehensive model is simulated based on 20-Sim software [22]. Following section
defines result and analysis. Finally, conclusions of the study are presented.

2. METHODS

Figure 1 shows a portrayal of a wind turbine [23]. It includes of six inertias which are the three blades,
hub, gearbox and a SFIG. The inputs are wind speed and electromagnetic torque. To accomplish the dynamic
equations for this wind turbine model applying Newton’s second law can be fairly difficult, and some faults
can be easily made. This is why the differential equations are added for the simplified case. Figure 2
illustrations a simplified wind turbine model using a three-mass diagram of wind turbine, where J¢, [y, Tom,
and T, denote generator inertia, hub inertia, electro-magnetic torque, and aerodynamic torque, respectively.
While Figure 3 depicts mechanical diagram of wind turbine with blade, gearbox, and induction generator. All
parameters are described in Table 1.
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Figure 3. Mechanical diagram of wind turbine with blade, gearbox, and generator

Table 1 Abbreviations in relation with Figure 1, Figure 2, and Figure 3

Abbrev. Information Abbrev. Information
Tg1 Blade torque-1 from wind Kucs Stiffness between hub and gearbox
Tp> Blade torque-2 from wind K¢pe Stiffness between gearbox and generator
Tg3 Blade torque-3 from wind Dycr Damping between hub and gearbox
Ju Hub intertia D¢pe Damping between gearbox and generator
Dy Hub damping Je Generator inertia
Jep1 Gearbox-1damping Tom Electromagnetic torque
. T, Aerodynamic torque
Jeg2 Gearbox-2 damping F, Wind thrust
. Kr Tower stifness
N¢p Gearbox-1 ratio D, Tower damping

All physical model of the blade is created on Rayleigh beam structure and blade element momentum
(BEM) method [24][25]. These methods adapt the blade as stiffness frame dynamics where its sections are
basically detached structure frameworks, achieved by partial differential calculation, and are massed in space
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by finite elements, shown in Figure 4. Every section has own displacement and this movement can be expressed
as generalized Newton forces and displacements.

Leneth of blade
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Figure 4. (a) Blade form of wind turbine; (b) N-sections of blade; (¢) Beam with force and displacement

The blade beam section based on Bond-Graph is formed by massing part inertias on center of gravity of
the sections and linking it to the 1 — junctions characterizing movements and rotates at gravity center of the
element. The blade construction is made by using C — field and R — field elements. Both elements
characterize the rigidity and the physical absorbing mode between gravity center of neighboring sections. The
boundary form of the model is designated between Sy = Vj5ynq and S, sources. Assembly between blade and
hub is assumed to be stiff, explicitly, Sy = Vjounq = 0. Apparently, the blade generates one degree of freedom,
Se. = 0. To end, the rotating inertia ;. 118 the stiffness frame of a whole blade.

The rotating inertia J,,,,;. displays a derivative causality as rotational speed is identified with bond /.
Factually, blades generate the torque as output; its necessities the rotational speed as input. Moreover, bond /
necessitaes a connection alongside the hub. The reduced Bond graph shape of a ductile blade is seen in Figure
5. In Figure 5, the parameters of Vg, wg, and B are wind speed, rotor revolving speed, and pitch angle,
respectively.

A picture of a two-mass gearbox model is shown in Figure 6. In this study, the assumption for using a
two-mass model is enough. Through using Newton’s second law on rotational procedure of the wind turbine
drawing in Figure 6, it would be got up with the following equations.

wp I]B

B Rpy R pgy
Figure 5. Turbine blade-based Bond-Graph model
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Figure 6. Bond-Graph representation of gearbox model

To =Ju®y + Dywy + Dygp(@y — w¢p) + Kngpb (1)
As for speed difference between hub and gearbox

0, = oy — dgp 2
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While for the gearbox, it will apply
]GB(’:)GBI = DHGB (wH - (’:)GB) + KHGBel - DGBGNGB(NGB(DH - (DGB) - KHGBNGBQZ (3)
And speed difference between gearbox and induction generator denotes
92 = NgpWep — Wg “4)

The mechanical system can be transformed in Figure 3 into a Bond-Graph description.

It is supposed that the tower fluctuation does not effect the mechanical system, it only influences on its
input, such as the wind speed [26][27]. The Bond-Graph model of the tower fluctuation can be viewed in Figure
7. The graph in Figure 8 is a cut down of Figure 7. It is assumed zero input force from the ground and each
time there are get ahead of bonds on a junction that can remove them.

The Bond-Graph model embodying the mechanical system depicted in Figure 1 can be viewed in Figure
9 [26]. Later, the inputs are wind speed containing tower movement on every blade and generator torque. The
wind speed is deliver for through a modulated gyrator which transforms flow into effort corresponding to a
formula set in within the gyrator. This conversion is dependent on the blades pitch angle, consequently the
modulated gyrator. It can be also noted that all the R, I and C-elements comprise the same causality,
respectively. Every element has their chosen causality.
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Figure 7. Bond-graph of tower fluctuation Figure 8. Simplified of tower fluctuation
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Figure 9. Bond Graph representation of wind turbine model

In a singly-fed induction generator, such as squirrel cage induction generator, the three energy ports are
stator, rotor, and shaft. Stator collects its energy delivery from the mains; the rotor may also be provided with
electric energy from mains as in induction generator or share the electric energy with stator as in squirrel cage.
The shaft distributes mechanical energy to the joined load. The energy conversation between the three ports
performs in the air gap.

The dynamic mathematical model of a singly-fed induction generator is usually a set of fifth order non-
linear differential equations [29][30]. Karnopp [31] suggests a Bond-Graph model describing these equations.
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The hypothesis viewed for the SFIG model that the joint inductances containing armature, dampers, and field
on direct axis windings are identical is the basis of standard theory of the generator model. Besides, both copper
losses and machine slots are unobserved and the un-restrictedness distribution of the stator fluxes and apertures
wave are sinusoidal wave forms. The damper winding that are sited next to air-gap present flux involving
damper circuits whose value is around equivalent to flux linking armature.

To represent real system elements decidedly, certain Bond-Graph elements should be attached. In Figure
10(a), @ and B phase stator resistance elements, R, and Rgg should be split into three stator coil resistances
Rg4, Rgp, and R, to make obvious the resistance of each stator coils. This was accomplished without altering
the dominant equations which is under conventions of a spatially sinusoidal distribution of MMFs, and
disregarding magnetic losses and saturation [32][33], Eq. (5) relates stator voltages to stator and rotor currents.
Besides, necessary is the electro-magnetic motor torque for a P-pole machine, stated as

R, +L d/dt 0 Ly, d/dt 0 las

Vﬁs Ry + Lgd/dt 0 Lyd/dt ||igs 5)
Ly d/dt Lnw, R.+L.d/dt L,w, ior
—L,, L, d/dt L, R, + L. d/dt]lig,

Terms of Eq. (6) to Eq. (7) symbolize rotor inertial torque, shaft damping torque, and load torque,
respectively. While, V¢ and Vg, describe a and f axis stator voltages; i,s and igs denote a and f axis stator
currents; i, and ig, indicate & and 8 axis rotor currents. R, Ry, L, L, and L., mean stator and rotor resistances,
stator self-inductance, mutual inductance, and rotor self-inductance, respectively. Then, T,, T}, ], ¢, v, v, and
P are electro-magnetic torque, mechanical load torque, moment of inertia of the rotor, viscous resistance
coefficient, electrical, mechanical angular velocities of the rotor, and number of pole pairs, repectively.

P
T, = E [Ias(Lm[/?s + Lr[Br) - IBr(LmIas + Lrlar)] (6)
This motor torque is balanced contrasted to other torques through
dw
Te=]d—tm+cwm+TL )

The enhanced Bond-Graph model is shown in Figure 10(b) which moved Ry, and Rgg back-over the
transformers in front of the phases. The Bond-Graph in Figure 10(b) depictions the interaction both stator coils
and rotor bars with 2-port /-elements in the electrical energy area. An inductance only describes storage of
magnetic energy. Overlooked are power losses and leakage effects in the magnetic area.
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Figure 10. (a) Park reference frame of singly-fed induction generator; (b) Enhanced model
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3. RESULT AND DISCUSSION

With the view to demonstrate the performance of the steady state condition of the proposed Bond-Graph
model, the wind turbine system simulation using the software 20-Sim with the numerical parameters that has
been given (Table 2) is presented. The setup for simulation is as follows: a constant wind of 2 m/s is utilized
at the simulation start. A wind turbine system comprises of 2.5 kW wind turbines is linked to a tower and a
two-mass gearbox system to a RL load. The 2.5 kW wind turbine is simulated by three blades turbines. The
induction generator is a SFIG. The blades, gearbox, tower, and SFIG are connected for the purpose to make
the complete model of a constant-speed wind turbine as is shown in Figure 11.

Table 2 The SFIG parameters [34]-[36]

Components Values
Rated power 2.5kW
Rated voltage 220/380 V
Number of pole pairs 2
Rated speed 1420 rpm
Moment of inertia 0.2 kg.m?
Stator resistance 2.30Q
Rotor resistance 6.95 Q
Stator inductance 0.040 H
Rotor inductance 0.036 H
Mutual inductance 0.061 H

At Figure 12(a) a measured wind speed reach 2 m/second. It will be observed that the singly-fed induction
generator speed reaches steady-state condition in approximately 4.6 seconds, seen in Figure 12(b). On the
contrary to a constant wind input, the stator currents decline to a steady value, and generator velocity oscillation
disappear. The stator currents oscillate at the input frequency with initial large amplitude, their response reflects
their variability with wind, from 56 p.u. to 138 p.u., seen in Figure 12(c).
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Figure 11. Constan wind speed simulation model with a SFIG

Figure 13 describes a wind turbine system comprises of 2.5 kW wind turbines is linked to a tower and a
two-mass gearbox system to a RL load. Variable wind profile data is used. At Figure 14(b), measured gearbox
speed reaches with a value of 120 N and it decreases to 95 N. Initially, the wind speed increases abruptly in
the same ratio as the gearbox speed, i.e., up to the maximum value (around 1 p.u.) when the wind speed exceeds
2 m/s, shown in Figure 14(a). While the stator currents oscillate at the input frequency with initial small
amplitude. After about 7.6 seconds, the generator reaches steady state. Here the stator currents increase to a
steady value, and the value varies according to the loading value, from 76 p.u. to 116 p.u., seen in Figure 14(c).
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Figure 12. Responses for a constant wind profile (a) wind speed, (b) gearbox speed, (c) stator current of a
SFIG
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Figure 13. Variable wind speed simulation model with a SFIG

20-sim 5.0 Personal (c) Controllab Products B.V. 2022
3

2 : 1 . ’ Y

15 |

15
= SFIG speed

1
0.5 /
0 +

0 2 4 8 8 10
time {s}

Figure 14. Responses for variablewind profile (a) wind speed, (b) gearbox speed, (c) stator current of a SFIG
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4. CONCLUSIONS

The aim of this paper is to make a nonlinear model of a wind turbine generating system with singly-fed
induction generator by using the Bond-Graph approach. With the view to implement the aerodynamic force,
blade structure is considered to be a flexible body. BEM theory has been applied for the wind aerodynamic
force adaptation. Magnitudes of both torque and current in simulations have seen the legitimacy of the proposed
model.

In contrast to a constant wind input, current response of singly-fed induction generator reflects their
variability with wind, from 56 to 138 p.u. during a constant wind speed, such as 2 m/s. When the wind speed
conditions vary increasing from 1.5 m/s to 2.5 m/s then the current response varies from 60.091 to 104.796
p-u. On the contrary, whether under constant (namely 2 m/s) or varying wind speed (from 1.5 m/s to 2.5 m/s)
conditions, the response of generator speed and generator stator current tends to vary; the steady state nominal
speed of generator is at 6.04 seconds and the stator current varies at ambient around 134.5 p.u.

The Bond-graph approach is unified, which means one can model many types of physical systems with
the same methodology. To model a dynamic structure in the conventional way and Bond Graph method is
moderately different, but the result is a model with precisely the same principal equations. It is also fitted to
Bond Graph procedure offers superior interpretation of what occurred in the system.

Currently, most engineers must work and interact in many dissimilar disciplines. A thoughtful of the
intersections of these distinctive disciplines is a valuable asset for some engineer. Based on the results in this
study, interesting future research include accomplishment control design associated with wind turbine using
Bond-Graph, such as an enhancement active and reactive power control methods on singly-fed induction
generator using converters.
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