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Abstract This paper represents a platform for steady-state analysis of permanent
Magnet Synchronous Generator (PMSG) based on uncertain wind speed. To
evaluate the system performance such as torque, speed, current, voltage, and power
of PMSG with considering the uncertain wind speed. This system consists of a wind
speed model, wind turbine model, and PMSG model. The proposed wind speed
model is put forward that could reflect the natural wind speed characteristics. The
wind speed for wind turbine is used as an input, so that it captures the optimal
power of wind and generates mechanical torque for PMSG. Mathematical analysis
is used to demonstrate the efficacy of the model in dq-synchronous rotating refer-
ence frame of the generator. The steady-state analysis of the proposed PMSG
uncertain wind speed model is evaluated with MATLAB/Simulink software.

Keywords Steady-state analysis � Permanent magnet synchronous generator
(PMSG) � Uncertain wind speed � Wind turbine

1 Introduction

In the end of the twentieth century, it was nautical that the environment is getting
polluted due to excess production of CO2 and other similar elements. Advancement
in the field of generation technology, countries all over the world are looking for
green and clean generation sources. Renewable energy sources, especially wind
generation is considered as the possible solution for this requirement [1]. Wind
energy is the easily available source of nonrenewable source of energy. It is an
indirect form of solar energy. The kinetic energy produced by the wind turbine is
used to generate electrical energy. As by the use of wind energy, the carbon discharge
also reduces. Among the entire energy source, wind energy is having maximum share
because of low cost and less space requirement for the equipment installation [2].
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At present, generators for wind turbines is PMSG and induction generators
which includes squirrel cage and wound rotor. Wind turbines with low power rating
are of mainly PMSG and squirrel cage induction-type generators. These are often
used because these are found suitable in terms of cost and reliability induction
generators [3].

The main function of wind energy conversion system is that it extracts energy
from the blade of the hub and transfer to the rotor of generator via a gearbox. We
generally use PMSG because of its efficiency and in this, we have no need of
gearbox. Elimination of gearbox is the main advantage of PMSG which are
interfaced with voltage source converter [4].

Synchronous generator excitation is provided through permanent magnet with
high energy. Because of relatively large number of poles, the permanent magnet
construction would enable reduction in black iron and stator yoke. Nowadays,
development of low speed and innovative synchronous machine, especially with
permanent magnet excitation has received attention all over the world [5].
Permanent magnets could be considered as a potential solution for the excitation of
synchronous generators. This would replace the excitation winding of synchronous
generators. Hence, it reduces magnet price while improving the magnetic material
characteristic [6]. Nowadays, variable speed turbine system is interfaced with
electronics equipment and by doing this, we extracted maximum power with the
control system. PMSG-based wind turbines are suitable in wind energy conversion
system because of self-excitation property. These could operate at acceptable power
factor and efficiency while offering economical solutions [7]. Steady-state model is
formed considering PMSG, wind speed model ,and wind turbine. In wind turbine,
rotor blades catch the wind energy and then, this is transferred to synchronous
generator. PMSG converts mechanical energy into electrical energy. In steady-state
analysis, wind generator is connected to load (see Fig. 1).

In this regard, this paper puts forward in detail modeling and steady-state
analysis of PMSG-based wind turbine system and their control. The rest of the
paper is structured as the detail mathematical modeling of wind speed, wind tur-
bine, and PMSG are presented in Sect. 2. In Sect. 3, PMSG based with uncertain
wind speed model simulation is discussed and conclusions are described in Sect. 4.
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Fig. 1 Steady-state model of PMSG based wind power system
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2 Mathematical Model of System

2.1 Mathematical Modeling of Uncertain Wind

The simulation of the uncertain wind in the MATLAB without wind can be done by
mathematical model of wind speed. Here, this wind speed signal has four com-
ponents, i.e., the basic speed of wind ðVBÞ, a fluctuating wind speed ðVNÞ that
describes a steady increase in wind speed, gust component ðVGÞ, and a gradient
wind component ðVRÞ. The uncertain wind speed is sum of these components.

Vw tð Þ ¼ VB tð ÞþVN tð ÞþVG tð ÞþVR tð Þ ð1Þ

2.1.1 Basic Wind Speed

It reflects the variation of mean wind speed during the whole process of wind
turbines and also determines the size of rated power to the system. The basic
systems find the change in mean speed of wind and determine size of rated wind
turbine.

VB ¼ 0:1þ 0:824N1:505
W ð2Þ

where VB is the basic wind speed of n-tire wind in m/s, NW is the series of wind.

2.1.2 Fluctuating Wind Speed

To describe the random behaviors of wind and change of the speed at different
heights and at different attitudes, the simulation of fluctuating wind is done. When
the atmosphere is quiet or it is stable, the fluctuating wind can be considered as a
stationary random process with sample at one point for a long time observation.

VN ¼ 1
Dt

Zt2

t1

VWdt ¼ 0 ð3Þ

2.1.3 Gust of Wind

It tells us about characteristics of unexpected change in wind speed, i.e., wind speed
with cosine characteristics with time. It is used to access the dynamic characteristics
in the case of large wind speed change. It is the ratio of gust wind speed and
average wind speed. It also related to turbulence intensity. It is given as
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g tð Þ ¼ 1þ 0:42eu ln
3600
t

ð4Þ

2.1.4 Gradient Wind

The gradient change characteristics of wind speed are a function of wind speed. It is
used to describe the increase and decrease in the magnitude of wind speed.

VR ¼
0 0\T\t1r

Vrampt1r � T\r
Rmaxt2r\T � t2r þ tr

ð5Þ

2.2 Mathematical Modeling of Wind Turbine

The mechanical power output of the wind turbine is given as

Pwind ¼ 1
2
Cp k; bð Þpr2qairV3

W ð6Þ

where q is the air density (kg/m3), rotor radius of blades (m) is r, and VW is the
uncertain wind speed (m/s) Cp is the performance coefficient of the wind turbine.
Which k is the tip speed ratio, and the performance coefficient Cp is calculated
by [8].

Cp ¼ C1 C2
1
a
� C3b� C4b

x � C5

� �
e�C61a ð7Þ

b is function of pitch angle of rotor blades (in degree) when b is equal to zero,
The tip speed ratio is defined as

k ¼ xar
Vw

ð8Þ

where wa is the rotor angular velocity (rad/sec) of the wind turbine generator. The
output of wind turbine mechanical torque is defined as

Tmech ¼ 0:5Cppr2qairV
3
w

xa
ð9Þ
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2.3 Mathematical Modeling of PMSG

The dynamic model of PMSG is developed in dq rotating reference frame. The
direct axis and quadrature axis voltage equation of generator is defined as

Vd ¼ �Rsid � Ld
did
dt

þxeLqiq ð10Þ

Vq ¼ �Rsiq � Lq
diq
dt

� xeLdid þxelg ð11Þ

where lg the permanent flux of generator is, xe is the electrical speed rotor in rad/s
of the generator. The electromagnetic torque of generator is defined as

Telect ¼ 3
4
P lg þðLd � Lq
� �

id�iq ð12Þ

3 Simulation Result and Discussion

The simulation is carried out to demonstrate the effectiveness of modeling of wind
turbine and PMSG. Figure 2 shows simulation model implemented in Sim Power
System of the Mat Lab to analyze the performance of the PMSG based wind power
system operation in steady-state mode. It is operated with load to determine the
dynamic performance of the model. Table 1 provides simulation parameter of wind
turbine and generator. The steady-state analysis of system has been carried out with
uncertain wind speed. When system reaches at steady state, mechanical torque is
equal to electrical torque and rotor angular speed becomes stable.

Figure 3 shows the uncertain wind output generated by the wind speed model.
In this output the wind speed varies from 7 to 12 m/s in the duration of 0–1 s.

Fig. 2 Simulink modal of PMSG based wind power system
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It provides the uncertain wind input to wind turbine model. In Fig. 4, power
coefficient of the wind turbine is maintained at 0.3–0.45 and in this, duration tip
speed ratio is maintained 5–8 as per wind speed. Figure 5 show gives the
steady-state conditions of wind turbine, so that mechanical torque equal to electrical
torque. Figure 6 shows rotor speed of the generator. Figure 7 shows generated
electrical power by the PMSG are gradually changed. Figures 8 and 9 shows the
three-phase output voltage of PMSG is the line to line voltage and current. In the
steady state, the entire performance variables include current, voltage, and power
which are kept at their rated value.

Table 1 PMSG parameter
and wind turbine specification

Parameter Value

Rated generated power (P) 2 MW

Stator resistance (Rs) 0.7305 m X

Stator d-axis inductance (Ld) 1.21 mH

Stator q-axis inductance (Lq) 2.31 mH

Permanent magnet flux ðlgÞ 6.61 Wb

Equivalent inertia (Jeq) 10,000 kg m2

Number of pole pairs 30

Rotor radius of blades (r) 38 m

Fig. 3 Uncertain wind speed
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Fig. 4 Coefficient of power and TSR of wind turbine
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Fig. 5 Electromagnet torque developed by PMSG
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Fig. 6 Rotor angular speed of PMSG
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Fig. 7 Electrical power generated by PMSG
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4 Conclusion

This paper presents detail modeling and steady-state analysis of PMSG with
uncertain wind speed system. The proposed model includes PMSG model, wind
speed model, and wind turbine model. The proposed model is designed and
implemented the MATLAB/Simulink platform. The efficacy of the proposed
designed model is validated by building the dynamic model of the PMSG with
uncertain system. Wind speed model quantifies the uncertain and randomness of
wind speed. PMSG model is implemented with dq synchronous rotating reference
frame and analysis is carried out for the steady-state mode. Simulation results verify
the robustness and legitimacy of the implemented model in terms of quantification
of uncertain wind speed while offering the parameters within the required limits.
This model has the potential to provide a foundation for efficient quantification of
uncertain wind speed.
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Fig. 8 Three phase output current of PMSG
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Fig. 9 Three phase output voltage of PMSG

260 V. K. Sharma and L. Gidwani



References

1. Stiebler, M.: Wind Energy Systems for Electric Power Generation. Green Energy and
Technology. Springer, New York, NY, USA (2008)

2. Mellah, H., Hemsas, K.E.: Simulations analysis with comparative study of a PMSG
performances for small WT application by FEM. Int. J. Energy Eng. 3(2), 55–64 (2013)

3. Bang, D.J., Polinder, H., Shrestha, G., Ferreira, J.A.: Review of generator systems for
direct-drive wind turbines. In: Presented at the European Wind Energy Conference Exhibition
Belgium (2008)

4. Rolan, A., Luna, A., Vazquez, G., Aguilar, D., Azevedo, G.: Modeling of a variable speed
wind turbine with a permanent magnet synchronous generator. In: IEEE International
Symposium on Industrial Electronics, 5–8 July Seoul, Korea, pp. 734–739 (2009)

5. Bhende, C.N., Mishra, S., Malla, S.G.: Permanent magnet synchronous generator-based
standalone wind energy supply system. IEEE Trans. Sustain. Energy 2(4), 361–373 (2011)

6. Babu, N.R., Arulmozhivarman, P.: Wind energy conversion systems-a technical review. J. Eng.
Sci. Tech. 8, 493–507 (2013)

7. MarufHossain, M., Hasan, M.: Future research directions for the wind turbine generator
system. Renew. Sustain. Energy Rev. 49, 481–489 (2015)

8. Carrillo, C., Diaz-Dorado, E., Silva-Ucha, M., Perez-Sabín, F.: Effects of WECS settings and
PMSG parameters in the performance of a small wind energy generator. In: International
Symposium on Power Electronics Electrical Drives Automation and Motion (SPEEDAM),
Pisa, pp. 766–771(2010)

Steady-State Analysis of Permanent Magnet … 261


	23 Steady-State Analysis of Permanent Magnet Synchronous Generator with Uncertain Wind Speed
	Abstract
	1 Introduction
	2 Mathematical Model of System
	2.1 Mathematical Modeling of Uncertain Wind
	2.1.1 Basic Wind Speed
	2.1.2 Fluctuating Wind Speed
	2.1.3 Gust of Wind
	2.1.4 Gradient Wind

	2.2 Mathematical Modeling of Wind Turbine
	2.3 Mathematical Modeling of PMSG

	3 Simulation Result and Discussion
	4 Conclusion
	References




