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Simulation results show that the controllers can extract maximum power and regulate the voltage and
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A Novel Control Strategy for a Variable-Speed
Wind Turbine With a Permanent-Magnet
Synchronous Generator

Md. Enamul Haque, Member, IEEE, Michael Negnevitsky, Senior Member, IEEE, and
Kashem M. Muttaqi, Senior Member, IEEE

Abstract—This paper presents a novel control strategy for
the operation of a direct-drive permanent-magnet synchronous-
generator-based stand-alone variable-speed wind turbine. The
control strategy for the generator-side converter with maximum
power extraction is presented. The stand-alone control is featured
with output voltage and frequency controller that is capable of
handling variable load. The potential excess of power is dissi-
pated in the dump-load resistor with the chopper control, and the
dc-link voltage is maintained. Dynamic representation of dc bus
and small-signal analysis are presented. Simulation results show
that the controllers can extract maximum power and regulate
the voltage and frequency under varying wind and load condi-
tions. The controller shows very good dynamic and steady-state
performance.

Index Terms—Maximum power extraction, permanent-
magnet synchronous generator (PMSG), switch-mode rectifier,
variable-speed wind turbine, voltage and frequency control.

I. INTRODUCTION

ARIABLE-SPEED wind turbines have many advantages

over fixed-speed generation such as increased energy cap-
ture, operation at maximum power point, improved efficiency,
and power quality [1]. However, the presence of a gearbox that
couples the wind turbine to the generator causes problems. The
gearbox suffers from faults and requires regular maintenance
[2]. The reliability of the variable-speed wind turbine can
be improved significantly by using a direct-drive permanent-
magnet synchronous generator (PMSG). PMSG has received
much attention in wind-energy application because of their
property of self-excitation, which allows an operation at a high
power factor and high efficiency [3]. The use of permanent
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magnet in the rotor of the PMSG makes it unnecessary to supply
magnetizing current through the stator for constant air-gap flux;
the stator current need only to be torque producing. Hence, for
the same output, the PMSG will operate at a higher power factor
because of the absence of the magnetizing current and will be
more efficient than other machines.

To extract maximum power from the fluctuating wind,
variable-speed operation of the wind-turbine generator is nec-
essary. This requires a sophisticated control strategy for the
generator. Optimum power/torque tracking is a popular control
strategy, as it helps to achieve optimum wind-energy utilization
[4]-[8]. Some of these control strategies use wind velocity to
obtain the desired shaft speed to vary the generator speed.
However, anemometer-based control strategy increases cost and
reduces the reliability of the overall system. These control
strategies are not suitable or too expensive for a small-scale
wind turbine. In [7], the current vector of an interior-type
PMSG is controlled to optimize the wind-turbine operation at
various wind speed, which requires six active switches to be
controlled. Switch-mode rectifier has been investigated for use
with automotive alternator with permanent-magnet synchro-
nous machines [9], [10]. The switch-mode rectifier has also
been investigated for small-scale variable-speed wind turbine
[11], [12].

A control strategy for the generator-side converter with
output maximization of a PMSG-based small-scale wind tur-
bine is developed. The generator-side switch-mode rectifier is
controlled to achieve maximum power from the wind. The
method requires only one active switching device [insulated-
gate bipolar transistor (IGBT)], which is used to control the
generator torque to extract maximum power. It is simple and
a low-cost solution for a small-scale wind turbine.

For a stand-alone system, the output voltage of the load-
side converter has to be controlled in terms of amplitude
and frequency. Previous publications related to PMSG-based
variable-speed wind turbine are mostly concentrated on grid-
connected system [6]—[8]. Much attention has not been paid for
a stand-alone system. Many countries are affluent in renewable-
energy resources; however, they are located in remote areas
where power grid is not available. Local small-scale stand-
alone distributed generation system can utilize these renewable-
energy resources when grid connection is not feasible. In this
paper, a control strategy is developed to control the load voltage
in a stand-alone mode. As there is no grid in a stand-alone

0093-9994/$26.00 © 2010 IEEE
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system, the output voltage has to be controlled in terms of
amplitude and frequency. The load-side pulsewidth modulation
(PWM) inverter is using a relatively complex vector-control
scheme to control the amplitude and frequency of the inverter
output voltage. The stand-alone control is featured with output
voltage and frequency controller capable of handling variable
load. A dump-load-resistor controller is used to dissipate excess
power during fault or over generation. The excess power is
dissipated in the dump-load resistor with the chopper control,
and the dc-link voltage is maintained.

II. WIND-TURBINE CHARACTERISTICS

The amount of power captured by the wind turbine (power
delivered by the rotor) is given by

3
P, = 0.5pAC, (A, B) % (vy,)? = 0.5pAC, x (‘”";R) (1)
where p is the air density (kilograms per cubic meter), v,, is
the wind speed in meters per second, A is the blades’ swept
area, and C), is the turbine-rotor-power coefficient, which is
a function of the tip-speed ratio (\) and pitch angle (3).
wy, = rotational speed of turbine rotor in mechanical radians
per second, and R = radius of the turbine. The coefficient of
performance of a wind turbine is influenced by the tip-speed to
wind-speed ratio, which is given by
TSR — ) — “mdt. 2)
Uy
The wind turbine can produce maximum power when the
turbine operates at maximum C), (i.e., at C}_opt). Therefore,
it is necessary to keep the rotor speed at an optimum value of
the tip-speed ratio \op¢. If the wind speed varies, the rotor speed
should be adjusted to follow the change.
The target optimum power from a wind turbine can be
written as

3
Pm_opt = O.5pACp_0pt (OJ m,_optR) = Kopt (wm_opt)3

>‘o]>t
3)
where
R \?
Kopt = O.SpACp_Opt e — (4)
)\opt
Ao

Wm_opt = ?ptvw = Kyvy. @)

Therefore, the target optimum torque can be given by
Tm_opt = Kopt (Wm_opt)2 . (6)

The mechanical rotor power generated by the turbine as a
function of the rotor speed for different wind speed is shown
in Fig. 1. The optimum power is also shown in this figure.
The optimum power curve (P, ) shows how maximum energy
can be captured from the fluctuating wind. The function of the
controller is to keep the turbine operating on this curve, as the
wind velocity varies. It is observed from this figure that there is
always a matching rotor speed which produces optimum power
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Fig. 1. Mechanical power generated by the turbine as a function of the rotor

speed for different wind speeds.

for any wind speed. If the controller can properly follow the
optimum curve, the wind turbine will produce maximum power
at any speed within the allowable range. The optimum torque
can be calculated from the optimum power given by (6). For the
generator speed below the rated maximum speed, the generator
follows (6).

III. SYSTEM OVERVIEW

Fig. 2 shows the control structure of a PMSG-based stand-
alone variable-speed wind turbine which include a wind tur-
bine, PMSG, single-switch three-phase switch-mode rectifier,
and a vector-controlled PWM voltage-source inverter.

The output of a variable-speed PMSG is not suitable for use
as it varies in amplitude and frequency due to fluctuating wind.
A constant dc voltage is required for direct use, storage, or
conversion to ac via an inverter. In this paper, a single-switch
three-phase switch-mode rectifier is used to convert the ac
output voltage of the generator to a constant dc voltage before
conversion to ac voltage via an inverter.

The single-switch three-phase switch-mode rectifier consists
of a three-phase diode bridge rectifier and a dc to dc converter.
The output of the switch-mode rectifier can be controlled by
controlling the duty cycle of an active switch (such as IGBT)
at any wind speed to extract maximum power from the wind
turbine and to supply the loads. A vector-controlled IGBT
inverter is used to regulate the output voltage and frequency
during load or wind variations. Voltage drop due to sudden
fall in wind speed can be compensated by the energy-storage
system. During wind gust, the dump-load controller will be
activated to regulate the dc-link voltage to maintain the output
load voltage at the desired value.

IV. CONTROL OF SWITCH-MODE RECTIFIER WITH
MAXIMUM POWER EXTRACTION

The structure of the proposed control strategy of the switch-
mode rectifier is shown in Fig. 3. The control objective is to
control the duty cycle of the switch S in Fig. 2 to extract
maximum power from the variable-speed wind turbine and
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Fig. 2. Control structure of a PMSG-based stand-alone variable-speed wind turbine.
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Fig. 3. Control strategy of the switch-mode rectifier.

transfer the power to the load. The control algorithm includes
the following steps.

1) Measure generator speed wy.
2) Determine the reference torque (Fig. 4) using the follow-
ing equation:
T; = Kopt(wg)®. (7)
3) This torque reference is then used to calculate the dc cur-

rent reference by measuring the rectifier output voltage
V, as given by

I = (T} x wy) [Va. (8)

4) The error between the reference dc current and measured
dc current is used to vary the duty cycle of the switch
to regulate the output of the switch-mode rectifier and
the generator torque through a proportional—integral (PI)
controller.

The generator torque is controlled in the optimum torque
curve as shown in Fig. 4 according to the generator speed. The
acceleration or deceleration of the generator is determined by
the difference of the turbine torque 7;,, and generator torque 7.
If the generator speed is less than the optimal speed, the turbine
torque is larger than the generator torque, and the generator
will be accelerated. The generator will be decelerated if the
generator speed is higher than the optimal speed. Therefore,
the turbine and generator torques settle down to the optimum
torque point Ty, op¢ at any wind speed, and the wind tur-
bine is operated at the maximum power point. For example

SU : ! T [ 1 :
g L i e
%E’ 410 bt vt - H:M Tl " Tl e ™ ", il
T Model | Mode I -
5 30 ' Ny .
2 i
& Mode III
& ol
R e s e e s ]
: ¥
o 1 [
o L] s e e S e
&= i e
0 : : : : +
0 25 S0 75 100 125 150 175

Generator speed, w, (rad fsec.)

Fig. 4. Generator torque reference versus speed.

(considering Fig. 1), if the PMSG is operating at point “a”
and the wind speed increases from v, to v,o (point “b”),
the additional power and, hence, torque causes the PMSG to
accelerate. The accelerating torque is the difference between the
turbine mechanical torque and the torque given by the optimum
curve. Finally, the generator will reach the point “ ¢” where the
accelerating torque is zero. A similar situation occurs when the
wind velocity decreases.

In the proposed method, the wind speed is not required to be
monitored, and, therefore, it is a simple output-maximization
control method without wind-speed sensor (anemometer).

V. CONTROL OF LOAD-SIDE INVERTER

The objective of the supply-side converter is to regulate
the voltage and frequency. The output voltages have to be
controlled in terms of amplitude and frequency as no grid
exists in a stand-alone system. The control structure for stand-
alone control mode consists of output-voltage controller, dc-
link voltage controller, dump-load-resistance controller, and
current controller. The output-voltage controller is used to con-
trol the output voltage during load transients or wind variation.
The dc-link voltage controller is used to stabilize the dc-link
voltage. The dc voltage PI controller maintains the dc voltage
to the reference value. The PI controllers are used to regulate
the output voltage and currents in the inner control loops and
the dc voltage controller in the outer loop. To compensate
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Fig. 5. Vector-control structure for stand-alone mode of operation.
. g-axis The vector representation of a balanced three-phase system
b-axis and their equivalent vectors in a rotating dq reference frame is
shown in Fig. 6. Transforming the voltage equations using dg
transformation in the rotating reference frame
‘ diq ‘
V4 = V41 7Rfld 7LfE +waZq (10)
. di .
vq:vqlfszqufd—:—wazd. (11)
The instantaneous power in a three-phase system is given by
P(t) = vgiq + vpip + veic = [va vy V] [la b e -
(12)
Using dg transformation, the active and reactive power is
C-axis given by
Fig. 6. abc and the rotating reference frame. P = g (Ud'id + quq) (13)
. . 3 . )
for the cross-coupling effect due to the output filter in the Q= 3 (Vaiq + vgia) - (14)

rotating reference frame, compensation terms are added as
shown in Fig. 5. All the PI controllers are tuned using the
Ziegler—Nichols tuning method [13].

The vector-control scheme used is based on a synchronously
rotating reference frame as shown in Fig. 6. The angular ve-
locity of the rotating axis system w is set in the controller and
defines the electrical frequency at the load. The voltage balance
across the inductor Ly is given by

Va ia d ia Va1
vy | = Rf i | + Lf% iy | + | b1 9)
Ve ic ic Vel

where Ly and Ry are the filter inductance and resistance,
respectively. vq1, Up1, and v.; represent the voltages at the
inverter output. ¢, ¢, and i, are the line currents.

If the reference frame is as vy = 0 and vy = |V|, the equations
for the active and reactive power will be

3, . 3.

P = i(vdzd) = §|V|Zd (15)
3, . 3.

Q= i(vdzq) = §|V|zq. (16)

Therefore, the active and reactive power can be controlled
by controlling the direct and quadrature current components,
respectively.

VI. DC-BUS DYNAMICS AND PROTECTION

A dump-resistor controller is used to dissipate excess power
during fault or overgeneration. The potential excess of power
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Fig. 7. Dynamic representation of a dc bus and protection. (a) Power flow in
the dc link. (b) DC-bus dynamics and protection.

will be dissipated in the dump-load resistor with the chopper
control, and the dc-link voltage will be maintained. The control
is linear and increases the duty cycle as a function of the over-
voltage amount. If the dc-link voltage exceeds the maximum
limit, the dc link will be short-circuited through the resistor
Rp as shown in Fig. 7. Using the power-balance principle, the
dynamic behavior of the dc-bus voltage V. is given by

d (%Cvdzc) Vd20
= d(Vd2c) _ z x | P~ — Vc12(: _ P
a  C “" Rp N

2 1%

= Vie=1/—= Pq— dc
d \/c / ( “" Rp
where Pg = Power from the generator, (V2 /Rp) = power

dissipated in the dump-load resistor (Rp), and Py = power
at the input of the inverter.

- PIN) dt  (18)

VII. SMALL-SIGNAL ANALYSIS

Considering that the load power factor is close to unity, the
reactive power supplied by the converter will be negligible.
Therefore, the quadrature component of the load current will
be zero. For an Ry, load, the d — ¢ equations for the load side
of Fig. 7(a) are

(19)
de

vg =tqr, Rr, (20)

where vy and 74, are the direct component of the load voltage
and current, respectively.
The dc-link voltage Vj. is given by

~Ig —Iin

o= 21
Va O 20

where Cy. is the dc-link capacitance. Using (19)—(21), the
block diagram of Fig. 8(a) can be obtained. In Fig. 8(a), Gac(s)

Vae 2O 60— O—{c.0

A ~_
Vae Vg
 lar
= Ry
de
L 2 L i‘dL
g < = e II X 'I‘
IN e
(a)
*
AV Avy, Aiy
de ¥ Gy (5) G, (5)
AV, | Av,
A!Idj‘
Cl_, RL T
de
AT __i;(%);____ Vi Vo e
¢ Al g Ad; 4

(b)

Fig. 8. Block diagram of the proposed control system. (a) Control system.
(b) Small-signal model.

is the dc-link voltage controller, as shown in Fig. 5, and G ,.(s)
is the controller of the ac load voltage. The control system
of Fig. 8(a) is nonlinear with a coupling between the dc-
link voltage control loop and load voltage control loop. Lin-
earizing around a quiescent point (Vico, vao, 2aro, Lco, IiNo)
gives

Avgiqro + Atqrvao  Vdoldro
ANy = — AV

22
VdCO Vd2c0 ( )
Alg — AT
AV = —¢ =N (23)
SCdC

Under normal operation, the small-signal model can be simpli-
fied by considering that the variation in the dc-link voltage and
direct-axis component of the load voltage is small compared
with the variation in load currents. Therefore

V4o o . LdL0 V40tdGo
—Aigr, > Avg — V2
dcO

AV
‘/dCO Vch d

(24)

Using (22)—(24), the small-signal model of Fig. 8(b) is
obtained. There is still some coupling between the dc-link volt-
age and the load-voltage control loops in Fig. 8(b). However,
because of the high inertia of the wind turbine [14], the
current will vary slowly compared with the natural frequency
of the load-voltage control loop. Therefore, the load voltage
can be considered almost constant for the dc-link voltage
control loop, and the open-loop transfer function AVy./Aiyy, is
obtained as

AVae  vao
AidL SCch(fC.

(25)
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TABLE 1
PARAMETERS OF TURBINE-GENERATOR SYSTEM

Wind turbine

Density of air 1.225 Kg/m®
Area swept by blades, 4 1.06 m*
Optimum coefficient. Kopr 1.67x 10~ Nm/(rad/s)*
Base wind speed 12 m/s
PMSG

No. of poles 10

Rated speed 153 rad/sec
Rated current 12 A
Armature resistance, R, 0.425Q
Magnet flux linkage 0.433 Wb
Stator inductance, L 8.4 mH
Rated torque 40 Nm

Rated power 6 KW

A PI controller can be designed using (25). The open-loop
transfer function for the load-voltage control loop can also be
obtained from Fig. 8(b) as

Avd
Aiqr,

Considering the output filter capacitance (C'y) and neglecting
the cross coupling between the d and ¢ axes, the open-loop
transfer function Avy/Ai,y, is given by

Avd - R L
Aigr, 1+ sR.Cy’

27)

Using (27), a PI controller for load-voltage control loop
can be designed. The transfer function of (27) is obtained
considering a resistive load. For an Ry — L load, the transfer
function of the filter capacitance and the load can be obtained
(neglecting cross-coupling terms) as

|:Ud:| ~ (s+Rp/L) l:idL
Vg Cr(s*+ (Rr/L)s +1/(LCy)) |iqL

where vg and v, are the d — ¢ axes components of the load
voltage.

} (28)

VIII. RESULTS AND DISCUSSION

The model of the PMSG-based variable-speed wind-turbine
system of Fig. 2 is built using Matlab/Simpower dynamic
system simulation software. The simulation model is developed
based on a Kollmorgen 6-kW industrial permanent-magnet syn-
chronous machine. The parameters of the turbine and PMSG
used are given in Table I. The power converter and the control
algorithm are also implemented and included in the model. The
sampling time used for the simulation is 20 ps.

Fig. 9 shows the response of the system for a step change of
wind speed from 10 to 12 to 9 m/s, and then back to 10 m/s. It is
seen from Fig. 9(c) that the generated torque reference follows
the optimum mechanical torque of the turbine quite well. The
generator electromagnetic torque also track the reference torque
as shown in Fig. 9(d).

Fig. 9(e) shows the reference dc current and measured dc
current. It is observed that the measured dc current follows the
reference dc current and regulate the turbine torque to extract
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Fig. 9. Response of the system for a step change of wind speed from 10 to
12 to 9 to 10 m/s. (a) Wind speed. (b) Generator speed. (c) Turbine torque and
torque reference. (d) Torque reference and generator electromagnetic torque.
(e) DC current reference and dc current. (f) DC power output.
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Fig. 10. Optimum torque and generator torque.
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maximum power from the wind turbine. Fig. 9(f) shows the dc
output power.

Fig. 10 shows optimum torque versus speed as well as
generator torque versus speed. The turbine mechanical input
power and electrical output powers are shown in Fig. 11. It is
observed that the torque and power follow the optimum curves
up to the rated speed and extract maximum power.
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Fig. 13. DC-link voltage, rms load voltage, rms line current, frequency, and

modulation index at a constant load (full load). (a) DC-link voltage. (b) RMS
load voltage (L-L). (c) RMS load current. (d) Frequency. (e) Modulation index.

The simulation results demonstrate that the controller works
very well and shows very good dynamic and steady-state
performance. The control algorithm can be used to extract
maximum power from the variable-speed wind turbine under
fluctuating wind.

Fig. 12 shows the load voltage and current responses at a con-
stant load. Fig. 12(a) and (b) shows the instantaneous and rms
load voltages, and Fig. 12(c) and (d) shows the instantaneous
and rms currents at a constant load. Fig. 13 shows the dc-link
voltage, rms load voltage, rms line current, frequency response,
and modulation index of the PWM inverter at a constant load.
It is seen from Fig. 13(b) and (d) that the load voltage and
frequency are well maintained at a constant-load condition.

Fig. 14 shows the instantaneous and rms load voltages and
currents when the load changes from 100% to 50% and then
from 50% to 100%. Fig. 14(a) and (b) shows the instantaneous
and rms voltages, and Fig. 14(c) and (d) shows the instanta-
neous and rms currents when the load is reduced to 50% at
t = 3 s and remains at this value until £ = 4 s. It is observed
that the voltage is well maintained despite the variation of
loads. The load current is changing with the load variations as
expected.

Fig. 15 shows the responses of the dc-link voltage, rms load
voltage, rms line current, frequency, and modulation index of
the PWM inverter under varying load condition. The load is
reduced to 50% during 3s <t < 4s.

It is seen that the controller can regulate the load voltage and
frequency quite well at constant load and under varying load
conditions.
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IX. CONCLUSION

A control strategy for a direct-drive stand-alone variable-
speed wind turbine with a PMSG has been presented in this
paper. A simple control strategy for the generator-side converter
to extract maximum power is discussed and implemented using
Simpower dynamic-system simulation software. The controller
is capable of maximizing output of the variable-speed wind
turbine under fluctuating wind. The load-side PWM inverter is
controlled using vector-control scheme to maintain the ampli-
tude and frequency of the inverter output voltage. It is seen that
the controller can maintain the load voltage and frequency quite
well at constant load and under varying load condition. The
generating system with the proposed control strategy is suitable
for a small-scale stand-alone variable-speed wind-turbine in-
stallation for remote-area power supply. The simulation results
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Fig. 15. Response of dc-link voltage, rms load voltage, rms line current,

frequency, and modulation index when the load changes from 100% to 50%
and from 50% to 100%. (a) DC-link voltage. (b) RMS load voltage (L-L).
(c) RMS load current. (d) Frequency. (¢) Modulation index.

demonstrate that the controller works very well and shows very
good dynamic and steady-state performance.
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