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Abstract. The magnetic levitation technique is introduced into the wind yaw system to reduce the yaw
power. Permanent magnet in the nacelle and stator winding in tower are designed to suspend the
nacelle. And the wind yaw structure including the disc motor rotor and variable speed gear is proposed
to drive suspension nacelle for wind direction. Based on the nacelle suspension mechanism, the disc
rotor excitation current model is constructed, and then the nacelle yaw load torque model is given with
the consideration of the wind and the nacelle suspension state, and then the whole dynamic model of
the yaw disc motor is finished. In view of nonlinear and the high disturbance, the sliding mode speed
controller is designed with the load torque observer to acquire the current reference, and then two Pl
current controllers are designed to realize wind yawing for wind direction. Based on simulation
platform, the wind suspension yaw structure and the control strategy are verified with the stable nacelle
suspension air gap and the yaw speed under the variation of load torque.

1. Introduction

Wind power has been the priority direction of power development strategy in the developed countries. Yaw
system is the important component for the maximum wind energy. The failure rates of traditional wind yaw
system are high to 20% because of the complex structure ™ \When the yaw system comes to failure, the yaw
system maintenance must be relied on the crane, ships, helicopters and other large equipment. It is urgent to
study the novel yaw system with the easy maintenance and high reliability. To this end, the project proposed a
new wind turbine yaw system that using maglev drive technology (as shown in figure 1). Through the
electromagnetic suspension, the nacelle is in suspension state, the friction loss is reduced. And the yaw system
structure will be simplified, the failure rate is reduced.

2. Operation Mechanism of Maglev Yaw System

As shown in Figure 1, the novel wind magnetic levitation yaw system is proposed to reduce the nacelle yaw
power and improve the accuracy of the yawing for wind direction. The key device is a special structure of the
disc synchronous motor, whose stator is located in the tower-integrated structure. And 16 DC windings are
arranged, to provide the excitation current of disc motor and suspend the nacelle for the decrease of the yaw load
torque. The disc motor rotor is installed inside the tower and mechanically coupled with the gears to drive the
nacelle yaw for direction.
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Figure 1. Magnetic levitation yaw system Figure 2. Suspension equivalent

When wind direction changes, the magnetic levitation yaw system is activated, stator windings are powered
to produce the suspension force with the permanent magnets to suspend the nacelle. The difference of the
excitation current affects the state of nacelle suspension, which decides the yawing friction loss. When the
nacelle is completely suspended, the yawing friction loss will decrease to zero, and the yaw load torque @ will
also decrease much more, but the main part is the nacelle rotation torque which is seriously affected by the wind,
yaw load torque is still much and can be expressed as:

T =T +T,+T, (1)

Ty =(mg +%CHP(VSinﬁ)2 A]jRn (2)
T, =%Csp(vsin0)2 AL (3)

Ty = 1yFR=p5(mg + f, —F,)R, (4)

Where T, is the load torque; Ty for the rotational torque; T, for the wind resistance torque; T; for the
friction torque; M for the nacelle weight; 9 for the acceleration of gravity; C,for the wind energy utilization
coefficient; 2 for the air density; V for the wind speed; / for the wind speed pitch angle; A, for the nacelle side
of the effective area; R, for the nacelle radius; C, for the lateral wind power; & for the yaw angle; A, for the fan
blade sweep area; L for the nacelle yaw arm; ., for the friction coefficient; F for the upside pressure together;

f, for the Under pressure; F, for the electromagnetic levitation force.

In order to ensure the safety and stability of the yaw operation &), the yaw speed must be strictly controlled in
the safety range. The maximum yaw speed must meet the following relationship:

-2 5
a)yaW,max = |:3_ 2(%)} rad/ S( Ag >2m ) (5)

Wind blade sweep area of 50kW is about 81,zm?, so the yaw speed is set 1 r/min for yaw work safety. A gear
(Variable ratio 100:1) is set to reduce the coupling relationship of the nacelle suspension and yawing torque, to
achieve yaw motor rotor speed 100r/min deceleration processing.

Remarks: Yaw disc motor excitation current determines the load torque, when the excitation current is small,
the suspension force cannot achieve the nacelle suspension. In this paper, the nacelle is suspended with a stable
air gap of 0.01m. However, the variation of yaw angle and wind speed fluctuation easily lead to the fluctuation
of air gap, which seriously affects the stable operation of yaw process. Therefore, the magnetic levitation yaw
type motor control during the load changes is meaningful.

3.  Dynamic Model of Disk Motor

The magnetic levitation yaw motor is an external excitation synchronous motor with 8 pairs of poles. In the
process of modeling of the disc yaw, the suspension model is first constructed.
Levitation force ™! is first analyzed, and suspension equivalent diagram is shown in figure 2.
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The reluctance satisfies the following relationship:
Xll R hZ R h3

= = = 6
' Wi d, ’ HWod, ? Mz Wod ®)
According to the energy conservation law the available levitation force is obtained as follows:
F, _ 1 s (NJi” + N%P)
4 h h
[+ a4, (24— (7)

HyS;  H3S,

Where: X, for the variable air gap height, s for the air permeability, s, =wd, for the suspension
equivalent area, h,for the permanent magnet height, «, for the permanent magnetic permeability,
s, =w,d, for the permanent magnet cross-sectional area, h, for the ferromagnetic material height,
1 for the ferromagnetic material Permeability, s; =wd, for the ferromagnetic material cross-sectional
area, the negative sign indicates that the suspension winding is attractive.

In view of the levitation force generated by the suspension winding is not only related to the
suspended current but also the properties of the ferromagnetic material so it will increase the
difficulties of controlling.

According to Newton's second law, the suspension modeling can be expressed as:

§g Ful0) | fi®

i 14,8, N i
a =[U; -Rii; + 12 = d6+ ft(t)]—h3 2
dt o°(t) dt 15N

Which &is the suspended air gap; 9 for the acceleration of gravity; M for the quality of the
equipments; F, (i,6) for the levitation force of the rotor winding; U for the DC excitation voltage;
R; for the excitation resistance; iy for the excitation current; f,(t) for the system interference.

However, in the steady-state of the suspension, the excitation magnetic field is basically constant in
view of the balance between the levitation force and the pressure force. So in the process of modeling
of the disc motor, mainly focusing on the stator three-phase voltage dynamic model construction,
ignoring the damping windings, and after decoupling transformation the model can be expressed as:

i i

Uus] [R -ol, 0 iS" Js 0L iS" o

U, | |oL, R wL, ||| |0 L O Pl ®)
If If

In view of the part of rotor excitation current changes slower than the speed of the part of stator rotation, so

the rotor excitation current can be equivalent to a constant when the stator is in the high-speed rotation process,
according to this the yaw disc motor can be further equivalent.

n
d_a)z_P Te_TL_Ea)
dt J n

diyy __R iy + @iy + iuSd (10)
dt L, L
di
= @i, —— gy —— @l +—Ug,
dt L L L

Where @ . iy . Iy is the state variable, the Uy . Uy is variable of input, T, for the
disturbance, @ for the electrical angular velocity of yaw motor, J for the moment of inertia, T, for the

yaw electromagnetic torque.
For detailed modeling of yaw electromagnetic torques:

T, :gnp {Lmif isq +( Ly — qu) isdisq+( Lyl fdisq_ Lod rqi Sd)} (1)

Ignoring the effects of damper windings, the electromagnetic torque of yaw motor can be expressed as:

15



£

ATLANTIS

Advances in Computer Science Research, volume 74

PRESS

T, =1.5n L i i, (12)
Through the analysis of the model, it is found that N,, L, andi can be seen as constant variables so can
optimize the current of the stator torque to achieve the target of a constant speed.

4. Control Strategy of Maglev Yaw Motor

The control strategy of magnetic levitation yaw system ! adopts nacelle suspension controller and yaw
motor speed controller. The nacelle is suspended by the suspension controller with a constant air gap reference.
This paper mainly focuses on the yaw speed control under the stability of air gap. The rotor flux orientation is
used to decouple the rotor current with excitation current and the torque current. The Sliding Mode Speed
Controller is adopted to online optimize the reference torque current ig, and then the current proportional
integral controller is used to track the reference the optimized current to achieve the effective speed control. In
view of the external wind fluctuation, the variation of the excitation current and sliding mode chatting, the load
observer is proposed to observe these mismatches of the model.

4.1 Sliding Mode Speed Controller

Sliding mode control [6] [7] is more suitable for industry applications with the feature of robustness and
fine tracking performance, so it can be applied to resolve the high non-linear and interference of the speed yaw
control. In order to control the speed to reach the target, define the motor speed as the state variable:

. 1.3 .
x=3(§anm|fu—TL) (13)
In order to realize the speed control, the integral sliding surface is designed as follows:
s(t)=ce(t) +é() (c>0) (14)
The speed tracking error and its derivative are defined as:
et) = [o) - [0, 1), &) =at) -y ®) (15)

Here @ (t) is the speed reference trajectory.
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Figure 3. Magnetic levitation yaw system control strategy map
Define the candidate Lyapunov function as:

1
V= Es2 (16)
Define the control input as:
u= 2J [T—L+a') —Cw+Cw, 1 sgn(s)]
3anmif J ref ref c 77 (17)
1 . ; .
Due to V=55220 (whens=0,V =0) V =s$=-7|s<0 (18)

So the control system must be stability, which can adjust the ¢ . 7 to change the tracking performance.

4.2 Load Observer Design
By analyzing the control input (17), T, is unknown which will affect the control effect, for a continuous

sampling system, the load variation is not abrupt at each moment, and the load can be seen as a constant variable.

Assuming that the load T, is a constant at control period, soT, =0, the equation can be obtained as follows:
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o | |0 1 o, l§n L.i |.
T |= 1 [*]92 P iy (19)
- 0 O - 0
Define the load observer:
-ICL :TL + Ll(a)r _(i)r) (20)
Take the torque equation (19) into the equation (20), the load observer [8] [9] can be described as
X . 1, 13 ..
TL = Ll(Cl)r +3TL —FE anmIf |q (21)

In view of the fact that there lie much more high-frequency interferences in the actual condition, the new
variables can be further expressed as:
. 1 13 ..
Xa = Ll(FTL _jznpl‘mlf Iq (22)
Remarks: The load observer for the actual load can be achieved by the reasonable selection of the load

observer gain L, so the load observer is designed T, = L, + X, .

5. Simulation Experiment

Based on MATLAB/ Simulink simulation experiment platform, a magnetic suspension yaw system based on
the disc motor is built. The constant speed control of the disc motor under one constant air gap is realized. The
results of the simulation experiment are as follows:
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Figure 4. Simulation results of magnetic levitation yaw system

Figure (a) for the current of the disc motor ig and id, observed in the figure found that it only took 0.2s to
maintain a steady-state operation, the maximum impact current iqg was 12A, the current increased with the load
increased gradually, the id steady-state value fluctuated up and down around 0, and to ensure the speed tracking
performance the current changed fast.

Figure (b) for the suspension air gap, at time of 0 the nacelle began to suspension, in the time of 0.6s achieved
a constant air gap reference 0.01m, in the time of 0.8s, due to the starting up of the yaw action, the air gap
fluctuated, but it only fluctuated under the range of 10*-4m.

Figure (c) for the speed of the disc motor, in the time of 0.8s the yaw start, the rise time was only 0.05s, and
in the process of rising was strictly no overshoot, in the stable operation, speed fluctuation was only 2r/min, with

15 2
(c) Time(s)
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the load increased the speed appeared a sudden drop, the descending speed only up to 8r/min, and with function
of the control input the speed rise quickly, the rise time was only 0.15s.

Figure (d) shows the observed load and the actual load changed, found that the observed load changing
lagged behind the actual load, but the lag time was only 0.1s, at the starting moment of the motor, because the
load observer was based on the speed changed, so in the time of 0.9s the observed load had a large overshoot, the
design of the observer not only to achieve the function of load observe, but compensate the speed effectively.

By analyzing the simulation results, it can be seen that the magnetic suspension yaw system can achieve a
constant speed control under the suspended state. The precise yawing of the magnetic levitation machine solves
the problem of large yaw loss in the traditional yaw system and reduces the later maintenance cost greatly,
which is of practical significance.
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