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Cost-Effective Converters for Micro Wind Turbine Systems using PMSG
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ABSTRACT

This paper proposes a low-cost power converter for micro wind turbine systems using permanent magnet synchronous generators

(PMSG). The proposed converter consists of a two-leg three-phase PWM inverter for the generator control and a single-phase

half-bridge PWM converter which is connected to the utility grid. For the two separate DC-link voltages, a balancing control is added

and the adverse effect of the DC-link voltage ripples on the inverter output voltage is compensated. The control performance of the

proposed converter topology for the micro wind turbine system is shown by the simulation results using PSIM software.
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1. Introduction

In recent years, development of renewable energy systems
is rapidly increasing since the crisis of the exhaustion of fossil
fuel and environmental pollution are hot issues. Among
different types of renewable energy, wind power is the most
promising and widely commercialized compared with other
energy sources. The trend of the wind power system is to
employ large wind turbine systems, such as multi-mega watt
power capacity (3~5[MW]), and to construct the large wind

farmstH

. However, micro wind turbine systems can be used
for 1slands, mountains, and local areas which are isolated
from the utility grid. The small-power wind turbine system is

also a good candidate for the microgrid systems'*.
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For MPPT (maximum power point tracking) control of
the turbine system, some methods have been used. One is
P&O (perturbation and observation) which controls the
output power to maximum by changing the rotational
speed in steps”). Another method is to use the optimal
tip-speed ratio which produces the turbine (or generator)
speed reference according to the wind speed™. A third
method is to use the torque control which gives the
maximum output power for the given rotational speed"”.

The conventional power converter for the small power
wind turbine system is shown in Fig. 1. It consists of the
diode rectifier, DC-boost converter, and full-bridge PWM
converter, which i1s of cheap structure. Since the
uncontrolled diode rectifier is connected to the PMSG, it
is impossible to directly control the generator speed for
output power control. Input current reference of the
DC-boost converter is decided for the MPPT control of the
turbine!® 1,

In this paper, a low-cost, and high-performance
converter for small-scale PMSG wind turbine systems is
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Fig. 1

Conventional small-scale wind generation system

proposed, which consists of a three-phase two-leg PWM
inverter for the generator control and a single-phase
half-bridge PWM converter connected to the utility grid.
With this topology, vector control of the PMSG is possible,
so the dynamic control performance is fast. The operation

of the proposed circuit topology is shown by simulation
for 3[kW] PMSG using PSIM.

2. Wind Turbine Model

The power captured by the wind turbine may be written
[91(10]
as

[)Turbine = O‘SApCp (ﬂ)l)3 [W] (1)

and the tip-speed ratio is defined as

A:(of,R

(2)

v

where,

A :blade swept area [m?]

p :specific density of air [kg/m’]
U :wind speed [m/s]

R : radius of the turbine blade[m]
@, : rotating speed [rpm]

C, - coefficient of power conversion

If the blade swept area and the air density are constant,
the value of C, is a function of A and it is at its

maximum at the particular 1, . Hence, to fully utilize the

wind ehergy, A should be maintained at 4, ,, which is
determined from the blade design. Then, from (1),

P,.=0.54pC, 0] (3)

The reference speed of the generator is determined from
(2)as

Maximum
" power point
curve

Turbine output power[W)
-

W; Wy W,
Rotating speed[rpm]

Fig. 2 Wind turbine output characteristics
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Fig. 3 Proposed converter system
Table 1 Comparison of converter topologies
c . Converter Converter
omponents , :
P in Fig. 1 In Fig. 3
Switch(IGBT) 5 6
Diode 11 6
DC capacitor 2 2
Inductor 2 1
Voltage sensor 3 3
Current sensor 2 3
* opt
@ = U (4)
’ R

Once the wind velocity is measured, the speed reference
for the MPPT can be obtained from (4).

Fig. 2 shows the turbine power versus the rotational
speed, being the wind speed as a parameter.

3. Low-Cost Converters and Control

The proposed converter consists of the two-leg PWM
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inverter and the single-phase half-bridge converter as
shown in Fig. 3. This type of converter has been proposed
for the three-phase induction motor drives which are
supplied from a single-phase utility !'"). It can be used for
the three-phase PMSG to be connected to the single-phase
utility grid. The comparison of the conventional converter
and the proposed converter topology is given in Table 1.
The proposed converter requires almost the same number
of components as that of the conventional type; however,
it has a lot of potential for control of the PMSG. That is,
its performance is similar to that of the three-phase
three-leg PWM inverter and single-phase full-bridge
AC/DC PWM converter system, which is much more
expensive.

3.1 Control of three-phase two-leg inverters

For the PMSG control, the three-phase voltage
references from the current controller are given in a
balanced set as [1HH13]

v. =V coswt (5)
v;s =V cos(wt - ZTE) (6)
v.. =V cos(wt + 2?”) (7)

The two phases of the PMSG are connected to the two
legs of the inverter and the third phase is connected to the
neutral point of the DC-link. The line-to-line voltage
instead of the phase voltage can be used for the PWM.
From (5)-(7), the two line-to-line voltage references are

given by
#* E & 7r
Voe T Vas " Vey = \/ngCOS(a)t _g) (8)
v;(, = v;S — v; = \/ngcos(a)t — %) (9)

Using the proportionality of the triangle as shown in Fig.

4, the switching time can be calculated as

(10)

Fig.4 Voltage modulation

T *
=l er (11)
2 v,
where,

v_,V,. . line-to-line voltage reference

7.  :sampling period

S

T.,T, :switching time

If there is a difference between the two DC-link
voltages of the upper and lower parts, which is usual
because of the difference of the instantaneous waveforms,
a distortion of the inverter output voltage will be made.
The deterioration of waveform can be reduced by
compensating for effects of the DC-link voltage ripples.

Using the compensation voltage, the switching times in
(10) and (11) are modified as

*

T v,—V

! comp
Iy =—-+ T, (12)
2 v,
-— | .,
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Fig. 5 Control block diagram of the grid side converter
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R, Aes [,

+ 7 —-C+

ds
vds

T |

I (13)

3.2 Control of single-phase half-bridge rectifiers
Fig. 5 shows the control block diagram for a half-bridge
PWM rectifier. For controlling the source current and the
DC-link voltage, the PI regulators are employed. The
source voltage angle 1s measured for unity power factor
control. For a balancing control of the neutral voltage of

the DC-link, the difference of v,,, and Vv, isfed back

to the current controller through the proportional gain of
K, . For the DC-link voltage feedback, a cut-off

frequency of the low pass filter has been chosen as S0[Hz]
and for the balancing control loop as 1[Hz].

4. Control of PMSG

4.1 PMSG modeling

Fig. 6 shows the d-q equivalent circuits of the PMSG.
The voltage equation of the PMSG is expressed at
synchronous reference frame !'*

V. _ R + pL, ——a),,L‘ir i . 0 (14)
Vs L, R +pL, I oY,
Where

Fig. 7 Control block diagram of PMSG

P : differential operator

VsV

s - d-q axis stator voltage

€

s - d-qaxis stator current

-e L]
st

L,,L, :d-qaxis inductance
Ry : stator resistance

@, : generator speed

W, : magnetic flux leakage

The electromagnetic torque is expressed as

3 P - T 2
]::; :___[(Ld _Lq)ldslqs +Wf1qs] (15)
22 ‘
where

P : number of poles

If the d-axis is aligned with the magnetic flux, then

T, =22w,i, (16)

The g-axis current component can be used for the speed
control of the generator, and the d-axis current is
controlled to be zero.

4.2 MPPT method

For MPPT control of the wind turbine system, the
optimal tip-speed method is used, where wind speed
information 1s required.
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In Fig. 2, the operating point is A( P, w, ) at wind speed
of v,. When the wind speed is changed to v,, the
generator speed is increased to w, , which gives the
maximum power F,. When the wind speed is changed to
v, , then the generator speed is decreased to w, which

gives the output power PF,. In this way, the MPPT control

is performed for wind speed variations.

For higher wind speeds than the rated value, the turbine
power 1s limited by a furling for protection of the system.
Thus, the machine torque and speed can be limited.

Fig. 7 shows the control block diagram of the PMSG for
MPPT control.

5. Simulation Results

Simulation has been carried out to test the performance
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Fig. 8 Turbine and generator performance
(a) Wind speed
(b) Generator speed
(¢) Turbine and generator torque

(d) Turbine, generator and grid power
(e¢) Dg-axis currents

of the proposed converter topology using PSIM. The
parameters of the PMSG and the turbine model are listed
in Table 2 and 3, respectively, in the Appendix. The
switching frequency is 5[kHz], the input boost inductor is
3[mH], the DC-link capacitor is 1,650[4F], the AC input
voltage is 110[V], and the DC-link voltage is controlled to
540[ V1.

Fig. 8 shows the turbine and generator performance at a
variable wind speed. The rated wind speed is 13[m/sec],
above which it is assumed that the stall control is activated
so that the turbine speed is limited at the rated value and
the turbine output power is limited at 3[kW] as shown in
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Fig. 9 Converter control performance in steady state
(a) Grid voltage and current
(b) DC-link voltage
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Fig. 10 Converter control performance in transient state
(a) Gnd current(i, i, )

(b) DC-link voltage
(€) Vg and v,
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Table 2 Ratings and parameters of PMSG

Parameters Value
Rated power 3[kW]
Rated line voltage 220[V]
Stator resistance 0.49[Q]
Inductance 5.35[mH]
Torque constant 2.4|[Nm/A)
Back-emf constant 147[V/krpm]
Number of poles 6
Rated frequency 60[Hz]
Generator efficiency 87.3%
Parameters Value
Blade radius 1.26 [m]
Max. power conv. coeff. 0.45
Optimal tip-speed ratio 7
Cut-1n speed 3 [m/s]
Rated wind speed 13 [m/s]
Gear ratio 1

(d). At this condition, the generator output power is about
2,600[W] where the generator efficiency is 87%. The
turbine generator and torques are shown in (c) with an
opposite sign. It is seen 1n (d) that the grid power 1s a little
delayed from the generator power due to the control
performance of the converter. Fig. 8(e) shows the dg-axis
currents of the generator where the d-axis current is
controlled to be constant.

Fig. 9 shows the converter control performance in
steady state. The grid voltage is in opposite phase with the
current as shown in (a). The full DC-link voltage and each
half-part of the DC-link voltage are shown in (b) and (c),
respectively. Due to the ripple compensation effect of

thev,, andv,.,, the ripple component of the full DC-link

voltage has been reduced significantly.

Fig. 10 shows the converter control performance In
transient state of wind speed variations. According to the
machine speed, the grid current 1s fluctuated and the
DC-link voltages oscillate a little. However, this voltage
oscillation has no effect on the generator performance.

6. Conclusions

This paper has proposed a cost-effective converter for
small-scaled wind power generation systems, which
consists of a two-leg three-phase PWM inverter and a
half-bridge single-phase AC/DC converter. With this
topology of the converter, the PMSG can be controlled in
vector control mode and can give, in a fast MPPT control
performance, at variable wind speeds. The validity of the
proposed converter system has been verified by simulation
results using the PMSG.

Appendix

The parameters of the 3[kW] PMSG and turbine model
are listed in Table 2 and 3, respectively.
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