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Abstract. Traditional fixed-pitch wind turbine, whose
rotational speed is a constant, adjusts its aerodynamic power
according to the blade stall characteristic, and it has the
advantage of being simple, robust and reliable, with simple and
inexpensive electric systems. By introducing MPPT strategy on
low wind condition and constant output power control on high
wind condition, higher efficiency of fixed-pitch wind turbine can
be obtained, which is realized by regulating the turbine rotational

speed according to wind speed. In this paper, the variable speed

regulation strategy is proposed, the stability characteristic based
on the small signal model is analyzed, and the speed control
technique based on disturbance observer and Internal Model PID
controller is discussed in detail, some experimental results are
presented, which show that the dynamic response of speed
controller is favorable and efficiency of the plant is improved by
tracking the maximum power point on low wind condition and
keeping the turbine aerodynamic power at its rated value on high
wind condition.
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1. Introduction

Wind energy is a pollution-free renewable energy, which
received wide attention from more and more countries
around the world, and wind power plays an important part
in solving the energy crisis. The total capacity of all wind
turbines installed worldwide reached 175 Giga-watt in
mid-2010, compared with 159 Giga-watt by the end of
2009". The world market for wind turbines saw robust
growth.

The rotational speed of variable speed wind turbines can
be adjusted according to the change of wind speed, which
allows the turbine to operate with the optimum power
efficiency and highly improves the working efficiency of
wind turbines. According to different wind turbine
aerodynamic power regulation methods, there are two
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basic plant types, the fixed-pitch type and the variable-
pitch type. The latter one is equipped with both rotational
speed and turbine blade control systems, which enable it
the best power characteristic and it is has been widely
used in medium and large-scaled wind farms nowadays.
But for small-scaled ones, e.g. the non-grid-connected
wind power system, it increases the whole costs by
implying the complicated parts. Differs from pitch-
controlled types, fixed-pitch variable speed wind turbine
adjusts its aerodynamic power by fully control the shaft
speed and it can achieve the comparable power
characteristic in theory. Besides that, it takes the
advantage of being simple, reliable, and much cheaper,
which makes it very suitable for medium and small-
scaled wind farms.

This paper focuses on the design of generator-side
converter control based on active-rectify topology fixed-
pitch variable speed wind power system, and the aim is to
achieve the optimal control with energy efficiency
criterion. The steady state and dynamic characteristics of
the turbine are being researched, which show that the
plant is unstable under indirect speed control strategy on
high wind condition, so direct speed control strategy is
introduced. Vector control is applied to PMSG, so the
design method of speed controller is given, and the
instability of the system is eliminated by applying the
disturbance observer and Internal Model PID technique.
HIL experiments are done at last, which show that the
fixed-pitch variable speed wind turbine can be operated
stably in all operating wind speed and the speed
controller have good dynamic characteristics.

2. Variable Speed Control Strategy Design
A. Fixed-Pitch Wind Turbine Model

Ignore the complex aerodynamic equations, fixed-pitch

wind turbine model is determined by the following
equation$?
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{Pm =0.501R?°C, (1) "

T, =0.50mR**C; (1)
where T,, and P, represent the aerodynamic torque and
agodynamic power of wind turbinep the air densityR
the blade radius; the wind velocity,A the tip ratio speed,
which is defined asA= aR/v, wthe rotational speedz,
the power coefficient which is a function af C; the

torque coefficient. A typical plot oCy(A) and Cy(A) is
shown in Fig. 1.

/
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Fig. 1. Cy(A) andCr(A) plot of fixed-pitch wind turbine

B. Variable Speed Control Strategy

The proposed variable speed control strategy is shown in
Fig. 2, which gives the relationship between wind velocity
and rotational speed reference. When the wind velocity
varies betweeVg.x and Vi, the rotational speed of the
shaft increases with the wind velocity linearly so as to
keepA at its optimal valuel,p, maximum power tracking

of the wind turbine is realized. When equals its rated
value, it is kept at this value until the turbine power
reaches the maximum value, as the wind speed still
increases varies nonlinearly so as to keep the output
power a constant value.
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Fig. 2. Variable speed control strategy of the system

The direct speed control (DSC) diagram based on control

strategy is established as Fig.3 presents. At first, speed

referencew” is obtained based on the detection value of
wind speedvy, by looking up theV,;- table, then torque

regulating stator current regulated by generator’'s torque
control system. The design method of the controller will
be fully discussed in the following sections.
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Fig. 3. Speed control diagram of the system

3. Small Signal Modelling and Dynamic
Characteristic Analysis

The rigid drive train between wind turbine and PMSG
can be modeled as

T, —Te=J?j—Ctd+ Bw

2
where: J is turbine’s moment of inertiap is angle
velocity of generator rotoB is friction coefficient,T,, is
wind turbine aerodynamic torquel. is generator
electromagnetic torque. With a linearization method
around a turbine operating point by using the first term of
Taylor series, equation (2) can be expressed as

3 dAw

+ BAw—-AT, = JAw+alV 3)
where:Aw, AV are the differences of operating paing,

Vo @, y are linearization coefficients, and they can be
calculated as follows!

9T, 1 ,,dC; 9/

y_a_[:n)|op _Eanavop (W%Jop) (4)
aT.| 1 d

= =2 PIRN[2C 1 (Agp) —Aop(%‘ SIENC)

If To and o are input and output of the system
respectively, the closed loop transfer function of plant is

As) = ©)

T.(s) Js+B-y
As the pole of the system $s= (y—B)/J with p|U B, the
sign of the pole depends on the value ypfwhich
indicates the slope df; curve (see Fig. 1). Whehis
greater than,, the gradient value & curve is negative,
s0 y<0. In this region, wind turbine can operate stably
without special control. When is smaller tham,, the
gradient value ofC; curve is positive, s¢>0. Because
the frictional coefficienB is very small, the system has
the right half plane pole, it is unstable.

Suppose the output power of the generator is constant,
the relationship curve betwed and wis a hyperbola.
Suppose the initial intersection @ and T, lies in the

right part ofT,,, curve, which is the point N, just as Fig. 4
presents. When the rotational speed decreases because of
external perturbation, operating pointHf and T, move

to N; and N respectively, therT,, is greater thar,

which in turn drives rotational speed to increase, so
operating point goes back to initial point N at last. A

reference, which is used as reference input of generator cOnclusion can be drawn that the right parTgicurve is

torque control system, is obtained based on error signal

gstable region as perturbation doesn’t change the final

between speed reference and speed feedback. At last, position of operating point. Consider the operating point

electromagnetic torque will follow its reference through
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is M, which lies in the left part of,, curve, when the
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rotational speed increases because of external perturbation,

operating point ofT,, and T move to M and M
respectively, therT,, is greater thaf,, which accelerates
the rotational speed further, that means the operating point
will not go back to initial point M. Proper control strategy
must be applied to plant when the operating point lies in
the stall region in order to keep the plant a stable system.

4

Fig. 4. Aerodynamic torque of wind turbine and generator
electromagnetic torque plot

4. Speed Controller Design
A. Speed Controller Based on Disturbance Observer

According to the analysis of section 3, the instability of the
system is mainly reflected in the right half plane pole, and
if the open-loop gain is high enough, the right half plane
pole can be avoided in theory, however, the high open-
loop gain itself may give rise to instability of system.
Meanwhile, system may be interfered greatly by high-
frequency noise. In this section, the use of the disturbance
observer (DOBY! for aerodynamic torque estimation and

compensation is presented, which is used to compensate

the effect of a positive, and make the system a stable
linear system. Control diagram based on DOB is shown as
follow

Fig. 5. Speed controller based on DOB
The equivalent simplified control diagram is

Fig. 6. equivalent diagram of DOB controller
Where
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Ho(g=y BLtT)s | Tus
@, +T,)s+1 "Ty,s+1 @)
H,(s)=a 3T,s _ T,,S
s+l Ty,s+l
Then the transfer function is
1
ws) G Js+B
T(9 1-Gi9Hys) ;- 1  Tus
Js+B" Tys+1l
1
(8)

TS +[I-(y-B)Ty]s+B
And the necessary and sufficient condition to ensure the

stability of the system is
J

s (9
The physical meaning of the above equation is that: in
order to ensure the turbine work steadily, time constant
Ty, must meet the following conditions, namely, the

feedback of rotational speed and the response speed of
electromagnetic torque must fast enough to ensure the
stability of the plant when its operating point lies in stall
region. Obviously, turbine with largg.., andJ, requires
faster rotational speed feedback speed and faster
generator electromagnetic torque closed-loop response
speed.

T):l = 3Ts +Tf <

Based on the compensation of DOB, the unstable factors
in the system are eliminated and the system becomes a
stable linear one. So the open-loop transfer function of
the system becomes
1
H
Js+B ©
1 1 1
=Gc(s)
3l,s+1Js+BT;s+1

As the speed control loop need fast tracking ability, the
speed controller parameters is tuned to meet the typical

I system requirement. The transfer function of speed
controller is

G(s) =Go(9+(9)

(10)

K, (zs+1)

Ge(s) = (11)

where7 =J/B, Kj, =B/6T;.

B. Speed Controller Based on Internal Model PID

The Internal Model Control (IM& philosophy relies on

the Internal Model Principle, which states that: control
can be achieved only if the control system encapsulates,
either implicitly or explicitly, some representation of the
process to be controlled. In particular, if the control
scheme has been developed based on an exact model of
the process, then perfect control is theoretically possible.
In practice, process-model mismatch is common and
system is often affected by unknown disturbances. The
general structure of IMC depicted in Fig. 7 has the
potential to achieve perfect control.
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d(s)

Fig. 7 Schematic of IMC scheme

In the diagramd(s) is an unknown disturbance affecting
the system. The manipulated inpu@) is introduced to
both the process and its model. The process owf®)t,is
compared with the output of the model, resulting in a

signal &(s). The closed loop transfer function for the IMC

scheme is

G.(99G(9)r (8) +[1 -G ()G (9)Id(9)
1+ G, (s)[G(s) =G, (9)]

From this closed loop expression, we can see that if

G(9)=G(9)~", and if G()=Gy(s), then perfect set point

tracking and disturbance rejection is achieved.

Theoretically, even ifG(s)#G,(s), perfect disturbance
rejection can still be realized provid€g(s)=G(s)~.

Y(s) =

12)

The control diagram of fixed-pitch variable speed wind
power system, which is based on the above internal model
controller design method is shown as follow.

o2 o] gy o] a0 | Eo{ G

Fig. 8. IMC diagram of variable-speed wind power system

In the diagram

D(s) =Gy(s) = T+ B (13)
P(s) = s+l (14)
G, (9= S . o)
(Us+B)@3r,s+1) JIs(3,s+1)
The closed loop transfer function fap is that
_ G (5)G,(s)®(9)
as) =
1+ G (9)[Gy(9 D(5) =G(9)]

e T  C T

1+ G (S)[G, ()P (8) ~ Gy (9)]

It is obvious that ifG(s)=Gy(s) (9)-', the disturbance
effect caused by, can be fully eliminated. Additionally,

2rs+1

S)= 17
A= e (17)
S0
Js(2rs+1)(3ls+ 1
GU9=IGy(9P(9-1Q(s) = 2E ST VEST D 44
(rs+1)
A equivalent diagram of Fig. 8 is shown below
Tm—
* +
%,@ﬂ,{ G(s) }—Té*ﬁ @(s)}ﬁﬁ Gp(S) 3 ’:‘ L»

Fig. 9 Equivalent IMC control diagram of variable-speed wind
power system

Where

G- (s J(2rs+1) (3 s+ 1
G(S)= C() - ( 2)( S )
1-G,(S)Gc(s) T°s
It is obvious thatG(s) has the same format as
conventional PID controller, and

(19)

J(2r+3/1,)
K,=————57
P Z.2
J
Ki :—2 (20)
T
_8
d rf,

The speed controlleiG(s) has only one adjustable
parameter ¢ which determines system’s dynamic
performance and robustness. System’s response speed
will become faster as decreases. However, system’s
robustness will become poor, causing fluctuations easily.
On the contrary, it increases, system’s robustness will
become fine but response speed will become slow. In a
word, the desired controller can regulate its parameter
online based on expectation characteristic

5. HIL Experimental Results

Several experiments have been carried out to study the
performance of a 10kW non-grid-connected wind energy
conversion system based on RT-LAB. DSP controller
based on TMS320x2808 is connected with RT-LAB
through the I/O port. All the signal that the controller
need, for example, the rotational speed of PMSG, stator
voltage, stator current are first transformed into analog
signals using the DAC (OP5330) in RT-LAB, then they
are transmitted to DSP controller. PWM signals produced
by DSP which are used to control the virtual plant
simulation model are sent to Digital In port (OP5311) of
RT-LAB, the wind generator controllers under test

since discrepancies between process and model behaviourbehave as if they were connected to a real system.

usually occur at the high frequency end of the system’s
frequency response, a low-pass fil@s) is usually added

to attenuate the effects of process-model mismatch. Thus,

the internal model controller is usually designed as the

inverse of the process model in series with a low-pass filter.

In this paper, low-pass filter is selected as follow
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Experimental parameters are as follows:
* Rated power: 10kW
 DC bus voltage: 300VDC
» Rated rotational speed: 152.7rpm (16 rad/s)
e Rated wind speed: 10.5m/s

RE&PQJ, Vol.1, No.9, May 2011



e Maximum wind turbine power coefficient: 0.364
e Maximum wind turbine torque coefficient: 0.0485
* Radius of wind turbine: 4m

«  Moment of inertia: 8 kgn’

»  Frictional coefficient: 0.05Nn-s

* Pole pairs of PMSG: 8

* Inductor of stator: 5mH

* Resistor of stator: O(1
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Fig. 10 HIL platform based on RT-LAB
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Fig. 11(b) turbine aerodynamic power VS. generator power
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Fig. 11 shows the response to a ramp increase in wind
velocity from 5.5m/s to 13m/s. The shaft rotational speed
curve (Fig. 11(a)) can be divided into three parts: wiven
doesn'’t reach its rated value 16 rad/s, it increases with the
wind velocity linearly so as to keef, at its maximum
value Cymaw Maximum power tracking of the wind
turbine is realized as Fig. 8(b) presents. Wherquals

16 rad/s, it is kept at this value until the turbine power
reaches the rated value of 10kW, as the wind speed still
increases, the current and electromagnetic torque increase
to decelerate the PMSG into the stall region, so as to keep
the output power at its rated valu®, value drops from
0.365 to 0.15 as Fig. 11(d) shows.

6. Conclusion

Because of the influences of the non-linear relation

among the aerodynamic torque, rotational speed and
wind speed, in high wind speed, the speed system of
fixed-pitch variable speed wind turbines has already

turned into an unstable non-linear system. So the use of
disturbance observer and Internal Model PID Controller

for design of speed control system is presented.
Experiments are done and indicate that fixed-pitch

variable speed wind turbines can be operated not only for
MPPT in low wind speed but also for constant power

control in high wind speed.
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