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Abstract

Wind energy, among all of the renewable energy sources, has made rapid developments and significant

inroads in electrical power systems. With the increased use of wind energy conversion systems (WECSs),

several technologies have been developed. Since WECSs are more cost competitive, the comparison of different

wind generator systems is the need of the hour. Permanent magnet generators employing these technologies

have some significant advantages over conventional generators, such as no need of excitation, low volume

and weight, high precision, and deletion of the gearbox. A variable-speed WECS with a permanent magnet

generator and a matrix converter is proposed in this paper. The traditional power conversion stages consist

of a rectifier followed by an inverter and bulky DC link capacitor. It involves 2 stages of power conversion

and, subsequently, the efficiency of the overall WECS is reduced because of power quality issues mainly based

on total harmonic distortion. The matrix converter is mainly utilized to control the output voltage and

frequency, and its input current and output voltage are closer to a sine wave. The matrix converter is a

simple and compact AC-AC converter. The proposed WECS with matrix converter is modeled using PSIM

and results were checked with an experimental setup.

Key Words: Wind turbine, permanent magnet generator, matrix converter, rectifier, inverter

1. Introduction

A growing proportion of energy is being met all over the world by electricity. This trend will be increasing
day by day as the demand for electricity is increasing. This demand will have an increased impact on
developing countries because their industrial progress will be based on modern technological developments
in power generation. During recent years, due to the depletion of fossil fuels and the environmental problems
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caused by the use of fossil fuels, renewable energy sources have become the most sought resources. Wind is one
of the sources of renewable energy [1-3]. Wind power is converted to electricity by wind turbine generators.

Various technologies have been developed in wind energy conversion systems (WECSs) as the result of the

effort to further improve WECSs based on the permanent magnet generator (PMG). Induction generators are
most widely used in WECSs. Although they are robust and inexpensive, the space-consuming capacitors are
bulky and expensive [4,5]. Induction generators with step-up gearboxes have low efficiency at low speeds [6].
When compared to conventional generators, the PMGs have the advantages of being robust in construction,
very compact in size, not requiring an additional power supply for magnetic field excitation, and requiring less
maintenance. A variable-speed WECS including a PMG offers advantages over the constant-speed approach,
such as maximum power-point tracking capability and reduced acoustic noise at lower wind speeds [7,8]. Figure
1 shows the block diagram of a variable-speed traditional WECS. It consists of a wind turbine and PMG,
followed by the rectifier and inverter. The DC link consists of a bulky capacitor.

PMG DIODE RECTIFIER
PWM 

INVERTER LOAD

WIND

WIND TURBINE

Figure 1. Conventional WECS.

Figure 2 shows the block diagram of the proposed wind turbine-driven, PMG-fed matrix converter.
When compared with conventional AC-DC-AC converters, the proposed WECS with the matrix converter has
the following advantages:

PMG
MATRIX 

CONVERTER
LOAD

WIND

WIND TURBINE

Figure 2. Block diagram of proposed WECS.

• The matrix converter provides almost sinusoidal waveforms in the input and output sides. The absence
of a DC link capacitor means that the matrix converter has a compact design and less weight [6,9].

• At low switching frequencies, the efficiency of matrix converter-based WECSs is higher than that of
conventional WECSs, and the matrix converter has faster dynamic response [10].
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• The matrix converter is highly controllable and allows for independent control of the output voltage
magnitude and frequency and the input power factor [10,11].

• The intermediate DC link creates an electrical decoupling between the PMG and the grid. Hence, it
requires a separate controller for compensation of stored kinetic energy in the wind turbine [12].

This paper focuses on the modeling of a wind turbine-driven PMG with a matrix converter, developed in
PSIM. The simulation is analyzed based on turbine speed, generator output voltage, and frequency for different
values of input wind velocities. Dynamic analysis is also conducted for sudden variations of wind speed. The
performance of the matrix converter is controlled using a sinusoidal pulse width modulation (SPWM)-based
controller. Finally, the simulated results are verified with experimental results. This paper also presents
comparisons of the proposed WECS with a conventional 2-stage WECS based on input, output total harmonic
distortion (THD), and efficiency.

2. Components of proposed WECS

2.1. Wind turbine model

Wind turbines are classified into vertical axis types and horizontal axis types. Most modern wind turbines use
the horizontal axis configuration due to the advantages of low cost, high efficiency, and ease in design for high
power ratings. The output power of the wind turbine is given as in Eq. (1) [8,13]:

P =
1
2
πρR2V 3

wCp, (1)

where P is the mechanical output power of the wind turbine (W), ρ is the air density in kg/m3 , R is the radius

of the turbine (m), Vw is the wind speed (m/s), and Cp is the power coefficient of the turbine, which in turn is

a function of tip speed ratio λ and blade pitch angle β (degrees). The tip speed ratio is the ratio of blade tip

speed to wind speed. Cp is expressed as a function of the tip speed ratio λ , given by Eq. (2) [4,5].

λ =
Rωt

Vw
(2)

It is important to note that the aerodynamic efficiency is maximal at the optimum tip speed ratio. The torque
expression is obtained from equation Eq. (1) by dividing the turbine speed. It is given in Eq. (3):

Tt (Vw, ωt) =
1
2
πpR3Ct (λ)V 2

w , (3)

where Ct (λ) is the torque coefficient of the turbine, given by Eq. (4).

Ct (λ) =
Cp (λ)

λ
(4)

The power coefficient Cp [8] is given by Eq. (5) [13]:

Cp (λ) =
(

116
λ1

− (0.4× β) − 5
)

0.5e
−16.5

λ1 , (5)
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where:

λ1 =
1(

1
(λ+0.089β) −

0.035
β3+1

) .

The model of the wind turbine is described by the following differential equations:

dωt

dt
=

1
jt

[Tt (V, ωt) − Ts] , (6)

dT s

dt
= Ks [ωt − ωg] +

Bs

Jt
[Tt (V, ωt) − Ts] +

Bs

Jg

[
Tg

(
cosα , ωg

)
− Ts

]
, (7)

dωg

dt
=

1
jg

[Tg − Ts] . (8)

The basic components of the wind electric system are the wind turbine, PMG, and matrix converter, shown in
Figure 2. The generated power in the PMG is fed to the load through the matrix converter. Since the wind
power fluctuates with wind velocity, the generator output voltage frequency varies continuously. The matrix
converter converts the desired value of voltage and frequency.

2.2. Modeling of a direct-driven PMG

A specific model of the machine is required to determine the steady state and transient behavior of the PMG.
The model of the PMG can be obtained by means of 2-phase machines in direct and quadrature axes. The
equivalent circuit for the q-axis and d-axis model of the PMG with the rotor reference frame is shown in Figures
3 and 4, respectively [2,14].

s qL d dωL i

qi

ωψqV

R

sR dL q qωL  i
di

dV

Figure 3. Quadrature axis model of PMG. Figure 4. Direct axis model of PMG.

The expression for the terminal voltage of the PMG obtained from the above d-q model may be expressed
in matrix form as follows:

[Vabc] = − [Rabc] [iabc] + ρ [ψabc] . (9)

The complete model of the generator is derived in d-q coordinates. The voltage equations for the d and q axes
[14] are given by Eqs. (10) and (11).

Vd = −Rsid − Ld
d

dt
id + ωrLqiq (10)
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Vq = −Rsiq − Lq
d

dt
iq − ωrLdid + ωrψm (11)

The position of the magnets in the rotor determines, independently of stator voltages and currents, the
instantaneously induced electromagnetic fields and subsequently the stator currents and torque of the machine
[1,5]. Hence, the rotor reference frame is preferred.

The electromagnetic torque developed in the PMG is given in Eq. (12).

Te =
(

3
2

)(
P

2

)
[(Ld − Lq) iqid − ψmiq] (12)

The input torque with respect to the torque developed in the wind turbine and the rotor angular velocity of
the generator, ωr , is described by Eq. (13).

Ti = J

(
2
P

)
ρωr − Te (13)

Assume that the air gap is uniform and the stator inductances of the q and d axes windings are equal to Ls .
The output voltages of the PMG in the rotor reference frame are Vq = VS , Vd = 0. Under this assumption, by

substituting the above values, the voltage equation in the q-axis and electromagnetic torque may be expressed
as follows [4,13]:

Vs = − (Rs + ρLs) iq + ωrψm, (14)

Te =
(

3
2

) (
P

2

)
[−ψmiq ] . (15)

The equations discussed above were implemented in the PSIM environment. In order to simplify the imple-
mentation, the main computational part was written in a function format. The relationship between the rotor
angular velocity of the generator, ωr , and the mechanical angular velocity of the rotor, ωm , may be expressed
as in Eq. (16).

ωr=
P

2
ωm (16)

The rotational speed and torque are given in Eq. (17).

Ti= J
dωm

dt
−T e (17)

From Eqs. (14) and (15),

Ti= J

(
2
P

)
ρωr−T e. (18)

The output voltage from the PMG is sinusoidal, such that:

Va= V scosθr, (19)

Vb= V scos
(
θr−1200

)
, (20)

Vc= V scos
(
θr+1200

)
. (21)
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The expression of Eqs. (14), (15), and (16) in a rotor reference frame may be written as in Eqs. (22) and (23).

Vq= V s (22)

Vd= 0 (23)

Under the assumption of a uniform air gap, self-inductance is independent of angular position; hence, it is
constant. For a practical PMG, Ld = Lq = Ls . Under this assumption, by substituting Eqs. (20) and (21)

into Eqs. (8), (9), and (10), the voltage equation in the q-axis and electromagnetic torque can be written as in

Eqs. (24) and (25).

Vq= −
[

(Rs+ρLs)
2 +ω2

r (Ls)
2

Rs+ρLs

]
iq+ωrψm (24)

Te=
(

3
2

)(
P

2

)
[−ψmiq ] (25)

If ω2
r (Ls)

2 is neglected, Eq. (24) is linear. It may then be rewritten as:

Vq= − (Rs+ρLs) iq+ωrψm. (26)

The model discussed above was implemented in the PSIM environment.

2.3. Matrix converter

A matrix converter is the most versatile converter without any limits on the output voltage and frequency. A
matrix converter is a forced commutated converter, which uses an array of bidirectional switches. The matrix
converter creates a variable output voltage with unrestricted frequency [10,15,16]. It replaces the conventional
2-stage power converters and the intermediate energy storage element and high-quality power output waveforms
[11]. A 3-phase matrix converter requires 9 bidirectional switches capable of blocking voltage and conducting
current in both directions. The bidirectional switches usually consist of 2 insulated gate bipolar transistors
(IGBTs) connected in an antiparallel fashion [15,17,18]. A basic matrix converter with PMG topology is shown
in Figure 5.

Wind

PMG

IsA

IsB

IsC

L

  C

SAa SAb SAc

SBa SBb SBc

SCa SCb SCc

Ia

Ib

Ic

Load n

IGBT back-to-back connection

Input Filter

f

  f Matrix converter

Figure 5. Proposed WECS with matrix converter.
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It has an array with an m × n combination, directly connecting the m-phase voltage source to an n-phase
load. Figure 5 shows a 3 × 3 matrix converter using 9 switches. In the Venturini method, the appropriate
firing pulses to each of the 9 bidirectional switches must be calculated to generate sinusoidal output voltages
and variable frequency [14,19]. In this paper, Vjn, j = {a,b,c} are the load voltages with respect to neutral

point n of the load; Ij, j ={a,b,c} are the load currents. The matrix converter input voltage is Vi, i = {A,B,C},
and the input current is ii, i = {A,B,C}.[6,16].

The modulation matrix is given in Eq. (27).

M(t) =

⎡
⎢⎣

mAa(t) mBa(t) mCa(t)

mAb(t) mBb(t) mCb(t)

mAc(t) mBc(t) mCc(t)

⎤
⎥⎦ (27)

The sinusoidal input voltages of the matrix converter are given in Eq. (28).

vi=

⎡
⎢⎢⎣

cos(ωit)

cos(ωit − 2π/3)

cos(ωit + 2π/3)

⎤
⎥⎥⎦ (28)

The sinusoidal output currents of the matrix converter can be given as in Eq. (29).

io= Iom

⎡
⎢⎣

cos(ωot + φo)

cos(ωot + φo−2π/3)

cos(ωot + φo+2π/3)

⎤
⎥⎦ (29)

Here,φo is the output current phase angle.

In accordance with this, each output phase voltage can be expressed as in Eq. (30).

[vjN(t)] = [M(t)] [vi(t)] (30)

In the same way, the input current is given as in Eq. (31).

[ii(t)] = [M(t)]T [io(t)] (31)

Here, [M(t)]T is the transpose matrix of [M(t)]. The duty cycles of the bidirectional switches were calculated
according to:

tKj= T s

[
1
3
+

2vkvj

3v2
im

+
2q

9qm

sin(ωit + βk)sin(3ωi(t)
]

, (32)

K= {A,B,C}; j= {a,b,c}, β = 0, 2π
3 , 4π

3 .

3. Simulation results

Figure 6 shows the PSIM-simulated model of a conventional 2-stage power conversion system for a wind turbine-
driven PMG. The model was simulated for different values of wind velocity and different loading conditions.
Finally, the input and output THD was compared with that of the proposed WECS.
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Figure 6. PSIM simulation model of conventional WECS.
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Figure 7 shows the overall PSIM simulation model of the proposed WECS. This model consists of a wind
turbine, a PMG, and a matrix converter with a SPWM controller. The model was simulated and analyzed for
various values of wind velocity and different loading conditions.

Figure 7. PSIM simulation model of proposed WECS.

Figure 8 shows the wind turbine speed in rpm for different wind velocities. The turbine speed is 42 rpm
at 6 m/s and reaches the maximum speed of 123 rpm at 15 m/s. Figure 9 shows the PMG-generated voltage

for different wind velocities. The generated voltage is at a maximum at 541 V at 15 m/s and at a minimum

at 370 V at 7 m/s. The frequency of the generated voltage is 22 Hz at 7 m/s with a rated value of 50 Hz at
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11 m/s. When the matrix converter is fed without a closed-loop controller, the frequency and amplitude of the
matrix converter output varies. This is shown in Figure 10.
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Figure 8. Wind turbine speed for different wind velocities.

To obtain the desired voltage and frequency, the matrix converter is controlled by the SPWM controller
along with voltage feedback. Figure 11 shows the magnitude of the matrix converter voltage with the controller.
For all values of voltage and frequency shown in Tables 1 and 2, the output voltage is converted to a fixed value
of 400 V and 50 Hz. The output voltage is almost sinusoidal; hence, it has a lower value of THD and requires
less filtering equipment.

Figure 12 shows the variation of PMG-generated voltage in correspondence to speed and wind velocity.
At 7 m/s, the speed of the wind turbine generator is 30 rpm and the generated voltage is 370 V. At 13 m/s,
the voltage is 498 V. The variation of generated voltage for different wind velocities is given in Table 1. The
generated voltage frequency is at its minimum of 22 Hz at 7 m/s and its maximum of 88 Hz at 15 m/s, as shown
in Table 2 and Figure 13.
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Figure 9. Simulation of PMG output voltage for wind velocities of a) 8 m/s, b) 9 m/s, and c) 11 m/s.
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Figure 10. Simulation of matrix converter output voltage for different wind velocities.
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Figure 11. Matrix converter output voltage with closed-loop controller.
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Figure 12. Variation of wind speed and generated voltage

as a function of wind velocity.

Figure 13. Speed and frequency of generated voltage as

a function of wind velocity.

Table 1. Variation of speed and generated voltage as a function of wind velocity.

Wind velocity (m/s) Speed (rpm) Voltage (V)
7 30 370
8 42 400
9 54 430
10 60 450
11 70 465
12 82 480
13 93 498
14 107 522
15 123 541

Table 2. Speed and frequency of generated voltage as a function of wind velocity.

Wind velocity (m/s) Speed (rpm) Frequency (Hz)
7 30 22
8 42 30
9 54 35
10 60 40
11 70 50
12 82 60
13 93 68
14 107 76
15 123 88

The dynamic performance of the wind turbine PMG with a matrix converter was analyzed for sudden
variations of wind velocity, as shown in Figure 14. This dynamic performance was examined for wind velocities
of 7 m/s, 12 m/s, 9 m/s, and 8 m/s without a closed-loop controller. From these simulation results, it is clear
that the matrix converter has a faster dynamic response with the varying of wind speed.

The simulation aimed to verify the performance of the proposed WECS for different loading conditions.
The results of load current for R and RL loads, respectively, can be seen in Figures 15a and 15b.
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Figure 14. Dynamic responses of proposed WECS for changes in wind speed.

Figure 16 shows the variation of the input current THD of a traditional WECS and the proposed WECS.
The percentage THD of the conventional system was almost 10% greater than that of the proposed WECS. This
leads to a lower input power factor; hence, conduction loss in the switches is increased. As seen in Figure 17,
the output voltage THD of the conventional WECS was almost 20% greater than that of the proposed WECS;
this also leads to a reduction in the power quality on the output side. Hence, efficiency is reduced by 2.6%, as
shown in Figure 18.

312



BHARANIKUMAR, KUMAR: Performance analysis of wind turbine-driven permanent magnet...,

10 20 30 40 50 60

I r

10 20 30 40 50 60

0

-2

-4

-6

2

4

6

I 1

(a)

(b)

10.00

-10.00

5.00

0.0

-5.00

Time (ms)

Time (ms)

C
ur

re
nt

 A
C

ur
re

nt
 A

Figure 15. Simulation load current for a) R load and b) RL load.

0

2

4

6

8

10

12

14

16

18

20

1.2 2.3 4.5 7.2 10

T
H

D
 (

%
)

Load current (A)

Conventional WECS

Proposed WECS

0

5

10

15

20

25

30

35

1.2 2.3 4.5 7.2 10

T
H

D
 (

%
)

Load current (A)

Proposed WECS

Conventional WECS

Figure 16. Input current THD (%) of matrix converter

as a function of load current.

Figure 17. Output voltage THD (%) of matrix converter

as a function of load current.

4. Experimental results

Figures 19a and 19b show the per phase generated voltage of the laboratory experiment setup. The PMG
generates 185 V with a frequency 40 Hz at the speed of 60 rpm. This voltage is fed into the matrix converter.
The matrix converter produces 140 V per phase with a frequency of 50 Hz, as shown in Figures 19c and 19d.
The TMS320F2407 Digital Signal Processor is used to generate the SPWM pulses for the IGBTs in the matrix
converter. The pulses generated for switches SAa and SBa are given in Figure 19b.

The experimental waveforms for the proposed WECS with an RL load are shown in Figure 20. In Figure
20a, the terminal voltage is decreased by 5 V for the load current of 1.3 A. Figures 20b and 20c show the load
current of phase A and phase B.
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Figure 19. Experimental waveforms of 5 V/division: a) PMG-generated voltage (10 ms/division), b) gate-drive signals

to IGBTs (channel 1 for switch SAa and channel 2 for switch SBa), c) per phase output voltage of matrix converter (2

ms/division), and d) line-to-line voltage of matrix converter output (1 V/division, 5 ms/division).
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Figure 20. Experimental waveforms of proposed WECS for RL load: a) terminal voltage of matrix converter (5

V/division, 2 ms/division), b) load currents (channel 1: phase A, current 2 A/division, 10 ms/division; channel 2: phase

B, current 2 A/division, 10 ms/division), and c) per phase load current for resistive load (1 A/division, 5 ms/division).

5. Conclusion

The wind turbine-driven PMG with a matrix converter was modeled using PSIM and analyzed for various
values of wind velocity and different loading conditions. As the wind velocity varied, the magnitude of the
generated voltage and frequency of the PMG also varied. The generated voltage was greater than 400 V for all
wind velocities because of the large number of rotor poles in the PMG. The desired voltage and frequency were
achieved by controlling the SPWM pulses to the matrix converter. This paper also provided a comparison of
the proposed WECS with a conventional 2-stage WECS based on input and output THD levels and efficiency.
When compared with the conventional WECS, the THD level of the matrix converter, both in the input and
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output sides, was very low. Hence, very good power quality was achieved. Due to the improved power quality
in the matrix converter, the efficiency of the proposed system is greater than that of the conventional one. The
simulation results concur well with the results of the experimental setup.

Appendix

The PMG

Per phase stator resistance = 3.5 Ω

Direct axis inductance = 14.6 mH
Quadrature axis inductance = 21.2 mH

Matrix converter

Input line voltage = 480 V

Rated current = 20 A
Output frequency = 0-50 Hz

Output voltage = 400 V (line to line)

Nomenclature

ρ Air density
A Area swept by the blades
δ Power angle
Id, Iq Stator d-q axis current
Vw Wind velocity
λ Tip speed ratio
ωt Turbine speed in rps
β Pitch angle
Cp Power coefficient
Vabc Per phase voltages
Rabc Per phase resistances
P Differential operator (d/dt)
λabc Flux linkages in the phases
Vjn Per phase load voltage
ωr Rotor speed in rps
Rs Per phase stator resistance
Ls Per phase stator inductance
ψm Magnetizing flux linkage
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