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Abstract — This paper deals with the time domain
computer modeling for studying the behavior of WECS
(Wind Energy Conversion Systems) connected to the
utility grid system through frequency converters.
Initially, it is presented the mathematical models for all
parts of the variable speed wind system which uses, in the
energy conversion process, a multipole synchronous
generator. Because of the varying characteristic of the
speed, this machine must employ an adequate converter
to connect to the fixed frequency grid busbar. The
behavior of the whole system is assessed through the
monitored variables taken from the wind, going to the
turbine-generator set, continuing to the converter and
step-up transformer and ending at the grid busbar.
Different conditions and variations imposed by the
primary energy source (the wind) are taken into account
together with their effects on WECS and electric grid
coupling point. Besides that, this paper intends to fulfill
an existing gap in the bibliography concerned to wind
systems that employ synchronous generators which is the
most predominant topology in the national market.

Keywords — Modeling, synchronous generator, variable
speed, wind energy.

I. INTRODUCTION

Wind is one of the most important natural resources for
the production of electricity. Due to its inexhaustible,
worldwide potential, wind-produced electricity has been put
forward as a possible way to substitute or to complement
traditional ~ fossil ~ fuels.  This  substitution  and/or
complementation is becoming ever more necessary due to
diminishing quantities and high prices of fossil fuels. During
the past three decades, wind-turbine technology has been
developed to such an extent that it is now becoming possible
to use this technology to produce electricity at competitive
prices [1]. Scientists predict that, by the year 2060, 50% of
the total electric-power consumption in the world will be
produced by wind turbines [2].

Wind systems with very advanced technological
characteristics regarding driving speeds, electric generators
and controllers have already been produced. The available
literature on this subject deals mainly with asynchronous
generators, with constant or variable speeds. There is,
however, a great lack of literature regarding synchronous
generators, which are widely used in Brazil. They are based
on more recent technology. It is also important to mention
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that the only wind-turbine factory in Brazil produces
machines based on this technology. Thus, this paper deals
with the modeling and simulation of a variable speed wind
energy conversion system (WECS) equipped with a
synchronous machine powered by three wind-blades fixed to
a horizontal shaft.

The WECS considered here uses a pitch control for the
turbine blades, in accordance with the current world
tendency [3], [4]. This control propitiates greater efficiency
in energy extraction from the wind, especially for wind speed
above rated. The pitch control philosophy is based on the
independent rotation movement of the blades so as to reduce
or increase the area under the action of the wind and,
consequently, to maintain the output power approximately
constant. Additionally, the only way to connect such type of
wind system to the electric utility grid is using a frequency
converter together with its designed control system.

Using such system, a comprehensive mathematical model
is developed for the overall WECS, grid connection system
and a time domain computational program is obtained. In
addition to this, it must be emphasized that this work offers a
complete computational tool that may attend the needs of the
National Program of Alternative Energy Sources
(PROINFA). This government program points out the
exploration of 3,300 MW of power produced by alternative
sources [5].

I1. WIND ENERGY CONVERSION SYSTEM

The Wind Energy Conversion System (WECS) employed
in this paper is composed of several subsystems, which begin
with the wind representation and finish with the connection
to the electric grid, as shown in Fig. 1.

Blade

Multipole
Synchonous

Generator Transformer PCC Utility
e ===
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» Converter

Load
P+jQ

Fig. 1. Basic WECS used in the studies
Following, a summarized description of each WECS

module is focused together with its mathematical
representation.
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A. Wind Representation

The wind signal representation is made through a
formulation described in [6], that represents the sum of four
components: the base wind speed (principal component); a
gust; a speed ramp and a noise, according to (1).

\% :Vbase +Vgust +Vramp +V (1)

wind noise
where:

Vpase - Wind base component;

Vgust - gust component;

Vyamp - AMp component;

Vhoise - NOISE cOMponent.

B. Rotor Representation

The wind turbine rotor is responsible for the extraction of
wind kinetic energy and for its transformation into rotational
mechanical energy at rotor blades, transferring it to the
electric generator shaft. The power developed by the three-
blade rotor is determined by using a simplified model [3],
given by (2). This equation shows that the mechanical power
extracted from the wind is a function of cubic wind speed.

1 3

I:’mech = E P AC p (ﬂ, 9) Vwind (2)

where:

p - air density;

A - area swept by blades;

C, - power or performance coefficient;
A - blade speed ratio (tip speed ratio);
0 - blade pitch angle;

Vuind - Wind speed.

The blade speed ratio is obtained by dividing the linear
speed at the tip of blade (Vyage) by the wind speed (Vying)-

1= Vbiade _ oR

_ 3
V Vv

wind wind
where:
R - blade radius;

o - rotation speed.

The wind turbine model used in this study, as mentioned,
permits the adjustment of the blade pitch angle (pitch
control). Thus, the power coefficient (C;) is a variable that
depends on the blade speed ratio (1), and the blade pitch
angle (), as evidenced by (4).

-18,4
C,(4.0)= 0,73(E -0,580-0,0026°* —-13,2)e *
A

(4)

where:
1 Q)
1 0,003
21-0,020 6°+1

>
1]

C. Synchronous Generator Representation

One of the characteristics of the multipole generator used
in this work is that it produces electricity efficiently when the
rotating shaft spins at low speeds. Thus, it does not require a
gearbox to increase the rotation, that is a permanent sources
of mechanical problems and greatly increase maintenance
and associated costs. This fact alone gives the multipole
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machine an enormous advantage over the induction generator
used in other systems.

Fig. 2 shows a schematic representation of the six-winding
synchronous machine in this work used to describe the
general flux model [7], considering time domain techniques.
The algebraic and differential equations give a detailed
synchronous generator model which makes it possible to
observe the subtransient phenomena that occur in the stator.
This is very important in simulations that involve
semiconductor electronic components, because the maximum
transient current and voltage peaks are essential for the
design of such devices.

AXis q

Direction
of rotation

.

aa’, bb’, cc’= armature windings (stator)
FF’= field or exciting winding (rotor)
DD’, QQ’= damping windings (rotor)

Fig. 2. Synchronous machine representation showing the
concentrated windings and corresponding axes

Expressions that relate synchronous machine voltages,
fluxes and currents are shown in (6) and (7).

)= JrJg)- 24

dt

[A]=(L]]

(6)
)

where:

[V], [i], [4] - column matrices of voltages, currents and
linkage fluxes for phases “a”, “b”, “c” of the stator, rotor
field excitation “F”, and the “D” and “Q” damping
winding components, respectively;

[R] - diagonal matrix of resistances of the windings “a, b,
¢, F, D, Q"

[L] - inductance matrix.

The inductance matrix [L] is formed as follow:
e Main diagonal elements:
For i =a, b, ¢ (stator self-inductances)
Lii = L + Ly cos[2(0 + a5 )] +¢;

8)
Fori=F, D, Q (rotor self-inductances)
Li =L +¢; 9)
o Other matrix elements:
Foriorj=a,b, candi=j (stator mutual-inductances)
Lij :_MS_ LM COoS [2 (6’+0{ij )] (10)
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Fori=a, b, cand j = F, D (mutual inductances between
stator and rotor, direct axis)

Lij =M cos (0 + ;) (11)

Fori=a, b, cand j = Q (mutual inductances between
stator and rotor, quadrature axis)

|_ij =M jSlr‘l (9+aij) (12)

Foriorj=F,D, Qandi#j (rotor mutual-inductances)
Lij = M” COSaij (13)

where:

0 - displacement angle between the axes of the stator
phase “a” and the rotor “F”;

Ls, Ly - constant parts of a stator phase self-inductance;

L; - constant parts of rotor self-inductance and of direct
and in quadrature damping winding axis: i = F, D,
Q;

¢; - leakage inductance of winding i;

Mjs - constant part of the mutual inductance between stator
phases;

M; - constant parts of the mutual inductance between a
given stator phase and the windings “F”, “D” and

“Q”,

The values of o are:
035=0, Opp=-27/3, 0cc=27/3, 0 p=Tt/6, 0Lxc=57/6, Olpe=-t/2,
CX,aF:O, O!,bF:'ZTC/?), (X,cF:2Ttl3, O!,aD:O, O!,bD:'27'C/3, GcDZZTC/\?),
(XaQZO, och:—Zn/?), OLCQZZTE/3, (XFDZO, GFQ:TE/Z, (XDQ:TC/Z.

The electromagnetic torque is given by (14):
(14

where i; and i; are the currents in windings i and j,
respectively, and the subscripts i or j can represent “a”, “b”,
“c”, “F”, “D” or “Q” with i # j, and p is the number of poles.

Equation (15) shows the synchronous machine swing
expression.

(15)

where:

Ty - prime mover (wind turbine) torque;
T - electromagnetic torque;

J - inertia moment.

D. Frequency Converter and Control Loop Representations

The frequency converter employed consists of two non-
controlled series-connected rectifier bridge and a sinusoidal
PWM (Pulse Width Modulation) inverter. In this situation
the converter unit behaves like an asynchronous AC-DC-AC
link shown in Fig. 3, uncoupling the wind conversion system
and the ac electric grid [8].

The inverter makes possible the control of active and
reactive powers delivered to/consumed from the system
through the proper closed-loop control presented in Fig. 4.
The strategy for the control is based on the vector theory [9],
which enables the maximum extraction of the available wind
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energy and also the control of the voltage at the Point of
Common Coupling (PCC). The bus voltage control is
established by the reactive power supplied to or absorbed
from the AC system [10].
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Fig. 3. Frequency converter representation
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Fig. 4. Inverter control block diagram

From the superior loop it is noticed that, once the voltage
module |v| is obtained at the electric grid connection point,
this is then compared with a given reference value. The error
signal resulted from such comparison is taken to the PI-1
controller, which defines the reference quadrature current,
iq rer. This value is compared with the quadrature current
obtained from the vector transformation. Then, the difference
is used as the input data for the P-1 proportional controller
whose output is compared with the signal generated to
eliminate the direct axis coupling in order to produce the
reference quadrature voltage, Vq_rr.

For the second control loop it is adopted a similar
methodology. This time, the input data are the voltage from
the dc link and the corresponding reference value supplied.
As the output of this loop, it is obtained the reference direct
axis voltage Vg_rr.

The obtained reference voltages vq e and Vg s are used to
determine, through equations (16) and (17), the values of the
modulation index, m, and the displacement angle, 6,
respectively. The index m, defines the reference voltage
magnitude of the PWM control used to adjust the reactive
power flow. On the other hand, the angle 6 defines the phase
shift between the inverter output voltage, e, and the PCC
voltage, v, which is used to adjust the active power flow
injected into the ac system. It is pointed out that the PWM
control requires the reference voltage to be synchronized to
the grid voltage. Therefore, the displacement of the network
voltage, 6yig, should be taken into account. Such angle is
obtained through the process of acquisition of PCC voltages.
The angle, ¢, really used in the control is given by (17).
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Vd _ref + Vq_ref

V
] + ggrid
E. Transformer Representation

cap

This section aims to present the mathematical modeling
for power transformers which is responsible for making
compatible the voltage levels of the wind system and electric
grid.

Thus, basing on the traditional equivalent circuit and
taking into account the non-linear characteristic of the
ferromagnetic material of the transformer core, this device
can be represented by the equivalent circuit shown in fig. 5
[11].

m,

(16)

(17

Vq ref
p=0+0,, =arc tg( =

Vd _ref

L

't

Fig. 5. Transformer equivalent circuit

F. Utility Power Grid Representation

Aiming to model the AC three-phase utility power grid to
which the wind system is connected, a simplified model is
proposed. The strategy is based on the knowledge of the
short circuit level at the PCC (Point of Common Coupling)
represented by an impedance (resistance Rsc in series with
and inductance Lsc) and an ideal voltage source (infinite
busbar - €). The three-phase utility model allows independent
representation of phases “a, b, ¢” including unbalances and
wave form distortions. The representative mathematical
expression of the “utility” at PCC is given by (18).

[v]:[e]—[Rsc][i]_[Lsc]dT[ti] (18)

I1l. COMPUTATIONAL STUDIES

The different wunits composing the WECS were
implemented into a time domain simulator. In order to verify
the performance of the proposed system, several simulations
were accomplished which consisted in applying a wind
signal to the complete system represented by the wind
installation and the power grid. Then, it is observed the
behaviour of some variables such as: power coefficient,
generator speed, voltages and currents. Similar observations
can be made for the load connected at PCC in terms of the
demanded active and reactive powers.

The following studies refer to the physical arrangement of
the WECS given in Fig. 1. The principal wind system
parameters, used for the computational simulations in
consonance with Fig. 1, are presented in Table I.
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TABLE |
DATA OF WECS SIMULATED
N° of Radius .
Wind Rotor blades [m] Control Axis type
3 21 pitch horizontal
Electric f [HZ] p [poles] V, [V] Sr [kKVA]
Generator 17 60 400 600
fswilchinq [kHZ] Cdc [mF] Vin [V]
Converter 5.0 800 1200
Ly [MH] Control Vout [V]
0.2 PWM 400
R [%] Sr[KVA] Vori [V]
Transformer 0.5 1000 400
X [%] fr [Hz] Veee [KV]
5 60 13.8
- Ssc [MVA] V, [kV] fr [HZ]
Utility 10 138 60
Load P [kW] Q [kVATr] V, [kV] fr [Hz]
650 50 13.8 60

Note: Subscript “r” means “rated” value

Figure 6 illustrates the wind signal used in this work.
Besides the base wind speed component (8 m/s), it also
contains two gust-type turbulences, beginning, respectively,
at 6 and 11 seconds. It is pointed out that the wind signal also
includes a component defined as noise, which is responsible
for random characteristic of wind. The components of the
wind signal have the purpose of verifying the system
behaviour under those operative conditions.

120 4¢

wind speed (mis)

1.5 10.0 12.5

time (s)

Fig. 6. Incident wind signal applied to the turbine rotor

15.0

Figure 7 exhibits the behaviour of the power coefficient
(Cp) as established by (4). This figure evidences, as it was
expected, the dependence of C, on wind variations, which is
kept around an average value of 0.4 in order to achieve
maximum wind-energy efficiency.

0.6
05
0.4
0.3
0.2
0.1
0.0

power coelficient {-)

5.0 1.5 10,0

time (s)

Fig. 7. Power coefficient of wind conversion system

125 15.0

The mechanical speed behaviour of the multipole
generator (60 poles) can be observed in Fig. 8. Notice the
speed vary from 3.2 (steady-state value) to 3.8 rad/s (peak
value), corresponding to voltage and current supply
frequencies between 15.3 to 18.2 Hz.
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4.0 4}
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rotation speed (rad/s)

2.0

5.0 1.5 10.0

time (s)

Fig. 8. Synchronous generator Mechanical speed

125 150

Figure 9 exhibits the three-phase voltages at synchronous
generator terminals which follow the generator speed
behaviour, caused by the wind signal applied. Fig. 10 shows
the zoom of the voltages given in Fig. 9. It can be clearly
seen that they are non-sinusoidal, but with a low harmonic
content where the individual harmonics are related to the
traditional twelve-pulse rectifier operation.

0.0

500.0

1.0k *.

5.0 1.5

10,0

125 15.0

time (s)

Fig. 9. Phase-to-phase synchronous generator voltages
1.0k
500.0 4

0.0/

voltage (V)

500.0 {7 e
1.0k / -
10.0

10.05 10.1

time (s}

Fig. 10. Zoom of the phase-to-phase synchronous generator
voltages of Fig. 9

10,15 10.2

Current waveforms corresponding to the voltages shown
in Figs. 9 and 10 are depicted in Figs. 11 and 12,
respectively. The latter illustrates in detail the current
waveforms that are in agreement with those observed in a
non-controlled rectifier bridge, also with a low harmonic
content (characteristic harmonics). Again the current
waveform shows a typical behaviour of a twelve-pulse
rectifier.

1.0k

500,04

<
] 0.0 | g
:
= 5000
1.0k -
5.0 1.5 10.0 12.5 15.0
time {s)
Fig. 11. Synchronous generator three-phase currents
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Fig. 12. Zoom of the synchronous generator currents of Fig. 11

10,15 10,2
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Complementary, Figs. 13 and 15 exhibit, respectively, the
voltage and current waveforms at PCC. Fig. 14 shows the
zoom of the voltages given in Fig. 13. The current waveform
distortions observed in Fig. 16, are due to the inverter control
strategy (PWM) used in the conversion system AC-DC-AC.
As known, this provokes harmonic orders in the switching
frequency band (5 kHz). In comparison to other solution
using electronic conversion the level of THD appears to be
quite reasonable [12], and it is in accordance with measured
values in real systems [13], [14].

25.0k ¢
12,5k «

0.0+

volage (V)

12.5k 1

25.0k 'L
5.0 1.5 100 125 15.0
time (s)
Fig. 13. Three-phase voltages at PCC
25.0k 1
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& 0.04) |
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100 10,025 10,05 10,075 10,1
time (s)

Fig. 14. Zoom of the three-phase voltages at PCC
40,0 ¢
20.0 4|

0.0+

current (A)

20,0+

100 /|

5.0 1.5 10.0

time (s)

Fig. 15. Three-phase currents at PCC
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current (A)
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Fig. 16. Zoom of the three-phase currents at PCC

Figure 17 presents the capacitor voltage at the dc link.
Before the gust occurrences, it is observed that the voltage
value is around 1 pu. Once the event is initiated, due to the
larger availability of energy, the voltage increases, reaching a
value close to 1.03 pu, and, at the end of the gust, this falls to
0.96 pu.

1.2
1.0 {}-
0.8

0.4
024

voltage (pu)
<

0.0

5.0 1.5 10.0

time (s)

Fig. 17. Capacitor voltage at the converter dc link

12.5 15.0
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During the gust, the control acts so as to provide a larger
active power, as verified in Fig. 18. After reaching the
maximum value, the power is decreasing. In consequence of
the increase of the active power supplied by the WECS, a
gradual discharge of the capacitor is found. Then, the active
power supply also shows a corresponding behavior. The
capacitor is then recharged and so on.

A similar relationship to that described for the dc link
voltage and the active power is verified between the PCC
voltage and the reactive power, as shown in Fig. 16. The
reactive power generated by the wind system starts to supply
a slightly large amount of reactive power in response for the
voltage oscillation at the PCC. This performance aims the
reestablishment of the voltage level. Once the turbulence

ceases, the system goes towards the pre-disturbance
condition.
600.0k - -
é mt]'uk”a('lin-ptmcr P reactive |JU\!(’T/\\
5 2000k | . e

10,0
time (s)

Fig. 18. Active and reactive powers supplied by WECS

125 15.0

IV. CONCLUSION

This paper is concerned with the time domain
representation of Wind Energy Conversion System (WECS)
components, using synchronous generators connected to the
utility grid through frequency converters. The models were
implemented in a computational package allowing ideal and
non-ideal transient and steady-state operation studies. The
developed program can be used for WECS design and
component specification as well as to investigate the overall
WECS and ac grid operation.

Studies were performed to highlight the program
applicability under ordinary operation conditions. The results
showed several important variables throughout the WECS
system, beginning with wind speed and going up to the ac
grid voltage behavior (PCC). It can be concluded from the
results that the WECS model implemented has provided
performance results in good agreement with expected
behavior of commercial wind energy conversion
installations. Other situations such as non ideal and more
critical operation conditions could also be easily handled
with the developed software.

It is recognized that the software is to be further
investigated and by comparing computational results to
corresponding ones derived from real wind systems, it will
possible to validate the overall methodology and program. So
far, only the PCC information was available and both the
software performance and the measurements were shown to
be in good agreement.
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