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Abstract

In order to perform maximum power point tracking control of wind generation system, it is
necessary to drive windmill at an optimal rotor speed. For that purpose, a rotor position and a wind
velocity sensors become indispensable. However, from the aspect of reliability and increase in cost,
rotor position sensor and wind velocity sensor are not usually preferred. Hence, wind velocity and
position sensorless operating method for wind generation system using observer is proposed in this
paper. Moreover, improving the efficiency of the permanent magnet synchronous generator is also
performed by optimizing d-axis current using the Powell method.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Electric power generation using non-conventional sources is receiving considerable
attention throughout the world due to exhaustion of fossil fuels, and environmental issue.
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Wind energy, which is the clean energy source and infinite natural resources, is one of the
available non-conventional energy sources. In the large-sized wind generation system
whose output per generator like a wind farm is about 2000 kW, there are various problems
such as, restrictions of an installation place, wind conditions, and introductory cost are
high. In recent years, small wind power system having output about 100 kW is in practical
use. In such wind generation system, the permanent magnet synchronous generator
(PMSG) is introduced because it is efficient, smaller in size, and easily controllable as
compared to direct current generator or induction generator. However, wind energy has a
drawback of having only 83—0 density and irregularity as compared with that of water
energy. It is important that how we can utilize it as high-efficient electric power energy.
Because of this problem, various high-efficiencies control schemes have been reported in
recent years [1-3].

Power generation using wind energy is possible in two ways, viz. constant speed
operation and variable speed operation using power electronic converters. Variable speed
generation for wind generator is attractive because of its characteristic to achieve
maximum efficiency at all wind velocities [4]. Therefore, variable speed control of
permanent magnet generator which applied vector control is needed. However, this system
requires a rotor speed information for vector control purpose. Usually, an encoder or a
tacho-generator is used to measure the motor speed, but the presence of these sensors
increases the drive cost and reduces the robustness of the overall system. To alleviate the
need of rotor speed sensor in vector control, we propose a new sensor-less control of
PMSG based on flux linkage. We estimate the rotor position using estimated flux, obtained
from the integration of induced electro-motive force. However, the integration generates
operation error due to offset and/or input errors. Thus, we use a first-order lag
compensator to obtain flux linkage. Furthermore, a wind velocity is required for optimal
rotor speed determination. However, it is necessary to pay attention for the selection of
sensor attachment position and wiring to controller. Moreover, removal of wind velocity
sensor from the aspect of reliability and increase in cost, is desired. We estimate wind
velocity and rotor speed using an observer.

In this paper, we propose the sensor-less maximum power point tracking control of wind
generation system. The rotor position is estimated based on the flux linkage. The rotor
speed and wind velocity are estimated by using an observer. The optimal rotor speed is
determined using the estimated value obtained. Moreover, improving the efficiency of the
permanent magnet synchronous generator is also performed by optimizing d-axis current
using the Powell method [5]. The effectiveness of the proposed method is demonstrated
through simulation results.

2. System configuration

The configuration of a maximum power point tracking wind power system is shown in
Fig.1. The wind power energy obtained from a windmill is sent to PMSG through gear.
PMSG measures only current by the sensor and is controlled by the PWM converter by
wind velocity and the position sensor-less controller.

If all the wind power is converted to mechanical power, the input energy Pying 1S
expressed as

Pwind = %pTCRé V\:?v’ (1)
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Fig. 1. Wind generation system configuration.

where R is windmill blade radius, p is air density. The windmill input torque Ty, can be
described as

Tywing = %PR'R?) V\2;v (2)

The motion equation of a windmill is expressed as the following equation, when windmill
loss torque is set to 7y and load torque of a windmill is set to 77y
do

Twind :JWTZW—'— Tf+T1Wa (3)

where Jy, is windmill inertia coefficient, and wy, is windmill rotor speed. The motion
equation of the windmill output torque that can actually be extracted from a windmill can
be expressed as

Ty = Tying — Tf
dwy

— 1 ST, 4
J dl+l 4)

Moreover, since the windmill loss torque 7' serves as a convex function according to wind
velocity and windmill rotor speed, it can be expressed as an approximation equation like
the following equation [4]

Tr =KoV + K1 Vo + Kol ©)
Here, a windmill loss coefficient Ky, K|, and K, are expressed as

Ko = 3pSRo(1 — ), (6)

Ky = —1pSRGL. (7

K> = —1pSR3¢, ®)

where S is blade rotation area, y,{, and ¢ are coefficients that are determined by the size,
the form of blade, number of blade, and pitch angle for the windmill. The relationship of
rotor speed and torque between the windmill and the generator is expressed as the
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following equation by using gear ratio R,

Wy = R0y, (9)
1
Tlm = _F TlWa (10)

n

where w,, is generator rotor speed, and T, is generator load torque.

3. Rotor position angle estimation method

In this paper, rotor position angle is estimated from flux linkages, which is obtained by
integration operation of electromotive force, because of the flux linkages on fixed stator
reference frame includes rotor position angle information. The first-order lag compensator
in consideration of the integration operation error is adopted to estimate the flux linkages
[6].

Here, since the direction of energy is defined on the basis of an electric motor, it is
considering as the generator by adding negative torque to a permanent magnet
synchronous motor (PMSM) model in this paper. The voltage equation for the PMSM
on the rotor reference frame (d—¢ axis) can be described as

Ud R 0 id pLd _meLq Ldr 0 1
vy “ 10 R iq + wuPLy qu iqt + w. K, |’ (1
lat = g — ldi,
. . . 12
qu = lq — lqis} ( )

where R is armature resistance, vy and v, are armature voltages in d-q axis, iy and i, are
armature currents in d—q axis, iy, and iy are load currents in d-¢ axis, iy and iy are iron
loss currents in d—q axis, Ly and L, are armature inductance, w, is electrical rotor speed,
K, is electromotive force coefficient, p is differential operator, and P is the number of pole
pairs.

The voltage equation on the fixed stator reference frame, which is obtained by
coordinates transformation of (11), is expressed as

Uds de
ys

Ws
where vy, and v, are armature voltages in ds—gs axis, igy and iy are armature currents in
ds—gs axis, ¥4 and ¥, are flux linkages in ds—gs axis.
The flux linkages in (13) can be expressed as

s L Idst K cos 0, »
- q l‘q‘\'t + e SlIl Hm ) ( )

qus
where iz and iy is load current in ds—gs axis. Moreover, it is confirmed that it includes the
rotor position infoamatign cos 0,, and sin 0,,. Therefore, if the estimated value of the flux
linkages is set to (Y4, W), the estimated value of a rotor position can be obtained as

L ds

R ] 0| (13)

igs
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the following equations:

'Pds - Lq idst

cos 0, = B — Zadt (15)
L
~ WL
§in 0y, = — & ~d't (16)
¥y
where
@S = \/(@dv - Lqia'st)2 + (@qs - Lqiq‘vt)2~ (17)

Consequently, the stator position angle @S can be obtained as

~ sin 0
0,5 = arctan ———. (18)
cos 0,,

It can be seen from (13) that integration of the electromotive force (vy — Riy)
may provide the flux linkages. However, integration error occurs due to drift with
analog integrator, particularly in the low-frequency range. To avoid this, we adopt
first-order lag compensator to estimate the flux linkage. Thus, as shown in (19), the
estimated ds-axis flux linkage can be obtained from the first-order lag compensator using
the ds-axis electromotive force ey and the ds-axis flux linkage reference as inputs to the
estimator

',I\jdx _ TCEdX + SUZS

14+ T.s
(Y5, — Yus)
=y -4 =7 19
ds + 1 + T(-S ) ( )

where T is time constant of the first-order lag compensator, s is Laplace operator, and
superscript “*”” denotes the reference value. The flux linkage reference can be obtained as
the following equation by transforming those on the rotor reference frame

P | cos 0,, —sin0,, | [ Laiy + K. 20)
qus sin Em cos ﬁm Linz

The estimated ¢gs-axis flux linkage can also be obtained in the similar manner as (19).

4. Rotor speed estimation method

Since the estimated value of rotor speed can be obtained by differentiation operation of
the estimated rotor position angle obtained by the technique of the Section 3, a position
and speed sensorless control can be attained. However, it can be considered that the
estimated error at a low speed becomes large or exposed to noise. Therefore, a speed
observer is used for estimation of rotor speed in this paper. Furthermore, the windmill
output torque observer for estimating wind velocity is also performed.
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We consider the equivalent dc motor as a vector-controlled PMSG. The motion
equation of the PMSG and the windmill and relations are explained.

The motion equation of PMSG is expressed as the following equation using the damping
coefficient D,,, the inertia coefficient J,,, and generator load torque T, of PMSG:

dw,,
Tm=me+DmCOm+T]m. (21)

The motion equation of a windmill and the expression of relations with a generator can be
expressed as the following equations from Section 2:

e The motion equation of a windmill
dw

Ty = JWd—zW + Ty (22)

e The expression of relationship of the rotor speed for the PMSG and the windmill
0, = R,0y. (23)

e The expression of relationship of the load torque for the PMSG and the windmill

1
Tlm = - R_n le: (24)

where T, = K.Pi,. As mentioned the above, a state equation and an output equation are
derived as shown the below. However, that d7',/ds = 0 is adopted for simplification

0, 0 1 07[0n 0
i=|dm| =10 a b||on|+|c|i 25)
Ty 00 0||Tw 0
Om
y=[1 0 0]|on|, (26)
Ty

where a = —D,, R /(Jy 4+ JnR2), b = R,/(Jy + JnR2), and ¢ = R*K,P/(Jy + JuR>).
The full-order observer is expressed as

0, ~G, 1 07710, G 0
O | = =G a bl|@, |+ ]G]0+ || 27)
% ~Gs 0 0|7, Gs 0

w

where G|, G, and G are the observer gains, 7y, y, and y; are the observer poles, G| = —(7,+
V273 =@, Go =712+ 1273+ 93y —a(yy 92+ 93) + @, and Gy = —y17,73/b, O are
estimated rotor position.
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5. Estimation of wind velocity

By substituting the windmill input torque 7T'yinq from (2), and the loss torque 7'y from (5)
into (4), the estimated equation of wind velocity can be derived as

p —Ki0y VK D) = 4(1/27R — K)(=Ko, = T)

W= + 28
2(1/2pn R} — Ko) 2(1/2pnR} — Ko) @

Wind velocity is estimated by using the windmill rotor speed and windmill output torque
as input which are obtained from the proposed observer, into (28).

6. Optimization of operating point
6.1. Optimization of rotor speed

Since the windmill output Py, in a steady state is Py, = T'wmy, a windmill output serves
as the cubic function of windmill rotor speed w, which is described as

Py = Tyoy
= (Twind - Tf)UJW
= (%an?) — Ko) V\2Nww - K VWCU?N — szi,. (29)

We can obtain the optimal windmill rotor speed @S as the local maxima of the following
equation due to dPy/dw,, = 0.

dp,

= (LpnR} — Ko)Vy — 2K Vo — 3K}, = 0, (30)
dwy,
—K\ V(K V) = 3Ka( prRY — Ko) V3
WPt = . (31)

3K>

6.2. Optimization of d-axis current

On PMSG, we usually obtain excitation from permanent magnet. Thus, there is some
degree of flexibility at a setting of d-axis current. Since an iron loss will decrease if d-axis
current is controlled to weaken the flux linkage due to permanent magnet, efficiency can be
improved [6]. The relationship between input and output of PMSG is described as

Py = in+me,2n
=Poul+Pc+Pi+Pu

= Pout + Ploss- (32)
Here, PMSG output P, and total loss of PMSG Py is described as
Poul = _(Udid + quq)s (33)

Ploss=Pc+Pi+Pv
= R(ij + i) + Ri(ij; + if;) + Doy, (34)
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Fig. 2. d-axis current versus windmill output power characteristics. (Wind velocity : 8 m/s constant).

The total loss of PMSG when varying d-axis current from 0 to —6 A in wind velocity 8 m/s
is shown in Fig. 2. From this figure, it observed that the efficiency of PMSG is improved by
optimizing d-axis current so that Pj,s could become the minimum. However, since Py 1S
nonlinear function of (i4, i,), it is difficult to solve analytically. Consequently, the optimal
d-axis current i is numerically determined using the Powell method [5] which is one of
the methods of optimizing non-linearities. The evaluation function, which is minimized by
the Powell method and constraint are expressed as

J(x) = Piogs
= Ry + iy) + Rilig; + i3) + Do, (35)
C(X) = Py — Pout — Pioss =0, (36)

where the evaluation function, f(x), is the total loss of PMSG, constraints ¢(x) denotes
restrictions for the energy conservation law from a windmill output Py to a PMSG output
P, (This expresses that the input to PMSG is equal to the sum of PMSG output and total
loss of PMSG.) Moreover, in this paper, since the system is sensorless, actual d—¢q axes
currents are undetectable—therefore, the estimated values (iy4, i;) and @,, are used.

7. Sensorless drive system

The system configuration of the proposed sensorless operation system is shown in Fig. 3. The
parameter of the windmill used for the simulation is quoted from [4]. Moreover, the PMSG
parameter is quoted from [7]. Wind velocity and a position sensorless control system are
configured using the proposed technique. We determine reference torque 77, as follows from PI
controller, which uses the deviation of a speed reference value and a speed estimation value

T;:7 = kpwew + krw / ey dt, (37

where kpy, is the proportional gain for speed controller, kj, the integral gain for speed

controller, and ey, = (w¥, — @,,) the speed error. Therefore, the torque current reference
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value is given as
i =T /P{(Lq — L)is + K.}. (3%)

However, it is considering as 7j; = 0 control.
Furthermore, d—¢ axis reference voltage is determined as the following equation by a PI
controller using the current reference value

U; = kpieiq + kii / ejqdt — w.Lgig, (39)

ty = ket + ki [ e di-+ ou(Lais + Ko (40)

where kp; is the proportional gain for current controller, ky; is the integral gain for current
controller, ejg = iy — Zj is the d-axis current error, e, = ij; — qu is the g-axis current error.
The estimated flux linkages can be obtained by the flux linkage estimator using the
measured currents. The rotor position estimator calculates rotor position from the
estimated flux linkages. However, the time constant of the first-order lag compensator is
set to T, = 0.008. Then, the rotor position, the rotor speed and windmill output torque can
be obtained from the full-order observer using g-axis current reference and estimated rotor
position. Additionally, wind velocity can be obtained by the wind velocity calculator using
estimated rotor speed and windmill output torque. Wind velocity and position sensorless
control of a wind power system are achieved by the above proposal technique. In addition,
generator may avoid the electric power loss by executing motor operation for tracking to
reference value, and an over-current may occur for motor operation. Hence, a restriction
of —20<7; <0A is adapted in g-axis current reference value, ;.

8. Simulation results

The control parameters and machine parameters are listed in Tables 1 and 2,
respectively. The effectiveness of the proposed method is demonstrated through simulation
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Table 1
Controller parameters and observer poles

1773

Sampling period T's 0.2ms
Proportional gain for speed controller & py, 0.5
Integral gain for speed controller &y, 1.0
Proportional gain for current controller kp; 5.0
Integral gain for current controller ky; 50.0
Observer poles y; =7, =73 —43
Table 2
Windmill and PMSG parameters
Windmill parameters
Blade radius Ry 0.95m
Inertia coefficient Jy, 0.312Nms?/rad
Air density p 1.204Ns?/m*
Gear ratio R, 3.0
Windmill loss coefficient
Ky 1.610319
K, —0.07617
K, 0.00997
PMSG parameters
Armature resistance R 0.57Q
Iron loss resistance R; 240Q
d-axis inductance L, 773 x 107> H
g-axis inductance L, 228 x 1072H

Electromotive force coefficient K,
Inertia coefficient J,,
Damping coefficient D,,

1.08 x 107! Vs/rad
1.15 x 107 Nms?/rad
1.00 x 107* Nms/rad

Numberof pole pairs P 4
x| d-axis current | __ omt
A .| Optimization ld
‘/W"w)ﬁ
o + Speed — Current %Y [dg /# PWM
Controller Controller Vibe| Converter
N .
A ARRAY em "
Om KX abc |
Full-Order
NOA Observer .
0T, | g Ly PMSG
Wind Velocity | | Flux Linkage
Calculation Estimator
A */\ A
Vw A \Pd.r’\{lq.r
| | Rotor speed 8 | Rotor Position
Optimization Estimator

Fig. 4. PMSG output power versus wind velocity.
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Fig. 6. Simulation result for sinusoidal wind change: (a) rotor speed, (b) windmill output torque, (c) wind
velocity, (d) d axis current, (e) ¢ axis current, (f) rotor position.

results. The simulation result of the wind velocity versus PMSG output characteristic at
the proposed maximum power point tracking control and #; = 0 control is shown in Figs. 4
and 5. However, this result is operated at the optimal rotation speed, and note that only
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the influence of an improvement of the efficiency of PMSG by optimization of d-axis
current is shown. From this figure, it confirms that the better output is obtained by using
the proposed method. The above effect becomes large as wind velocity becomes large.

The rotor speed is shown in Fig. 6(a) where @,, shows the estimated rotor speed, w?,
expresses the reference speed, and w,, expresses the actually rotor speed. We can see
the good tracking performance and good estimation. Figs. 6(b) and (c) show actual and
estimated windmill output torque and wind velocity. From these figures, it is observed that
the windmill output torque and wind velocity are well estimated using the proposed
scheme. As can be seen in Figs. 6(a) and (b) the better results are obtained in d-axis current
and g-axis current, respectively. Finally, we can verify from Fig. 6(f) that good estimation
ability for rotor position is achieved. The obtained results validate the proposed method.
Hence, by applying the proposed method, wind velocity and position sensorless maximum
power point tracking control for wind generation system can be well achieved.

9. Conclusions

Wind velocity and position sensor-less operation for wind power generation system
have been presented in this paper. We estimate the rotor position from flux linkages
using the first-order lag compensator to avoid the drift with analog integrator. Moreover,
estimation of a rotor position, rotor speed, and windmill output torque is executed
using the full-order observer. Wind velocity is estimated using these. Additionally, the
optimal rotor speed and the optimal d-axis current are determined using the estimated
value. In order to show the validity of this technique, the simulation of a wind generation
system is executed. From the simulation results, it is confirmed that increase in the ratio of
output power to input power is achieved by using the proposed method as compared
with conventional method. Furthermore, it is confirmed that estimation of a rotor speed,
wind velocity, windmill output torque, and d-g-axes currents, and rotor position could be
well estimated from the simulation result, and the sensorless maximum power point
tracking control of a wind power generation system could be well achieved by using the
proposed technique.
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