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ABSTRACT

This paper introduces a creative strategy of a low-speed, direct-drive axia flux permanent magnet
generator (AFPMSG) for a wind turbine power generation control system that is created utilizing
scientific and logical techniques, dynamic model of the axia-flux generator created utilizing
Simulink/MATLAB. A maximum power point tracking (MPPT) -based FOC control approach is applied
to obtain maximum power from the variable wind speed. The simulation results demonstrate the correct
execution of the created dynamic model of the AFPMSG, control approach and wind power generator
system.
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1-INTRODUCTION

Axia Flux Permanent Magnet (AFPM) synchronous machines have been developing in prevalence and have
gotten an expanding measure of consideration in direct drive wind control application [1-3]. Relies upon the
flux flow in the air gap, the electromechanical energy change machines are classified as Radial and Axia Flux
Machines. The working rule worried about both the machines is similar however changes in its structure. The
AFPMSG was designed with a single rotor, a double-sided airgap, and stators. The isotropic rotor is placed
between teeth of the double-sided stators as shown in Fig. 1.
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Figure 1: Cross section views of the AFPM SG

The stator back yokes are attached to the lateral case covers of the motor. The lateral case covers are
made with rolled steel material. The stator teeth are individually fixed to the stator disk. The fan-
shaped magnets of the rotor are mounted in holes of the rotor disk without the back yokes. Figure 2
shows the structure of the AFPM SG [1-4].
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Figure 2: Magnetic circuit parts of an AFPM SG with a onerotor -two-stators.

Figure 2 shows that the magnets are installed on both sides of the disc rotor so that the flux of a pole
travel s through both magnets associated with the pole.

The main mechanisms of a direct-drive PM-synchronous generator are the wind turbine and the
AFPMSG. The wind turbine captures the power from wind for the system, and the AFPMSG
transforms the mechanica power into electric power. In this paper, the principles of the electric power
generation will be introduced, and the mathematical-models of wind turbine and the AFPM SG will be
developed and analyzed. These will further help in understanding the control procedures for the
system as the following.

2- Dynamic Modeling of Wind Turbine

To explore the adequacy of the energy conversion in wind energy conversion systems, first the
accessible energy put away in the wind should be resolved. The wind turbine demonstrate is known as
the aerodynamic model concentrates control from the wind as motor vitality and afterward changes
over it into mechanical vitality that is encouraged to the generator through a shaft. The aerodynamic
power is given by to the following expression [7]:

1
B =5 Cp(DpAU (1)
We shall use a generic equation of C,as proposed by [8]. The equation is presented below as:
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The affiliation between of Coefficient of power and Tip-speed ratio is given below.
The association between the tip-speed ratio A and the rotor angular speed w,, (rads "1)isgiven as:

116
¢,(2,6) = 0.22 (=

i

(2)
(3)

AU, :
W =g (4)
The association between the mechanical-torque T,and the mechanical-power B, is given by the
equation below:
Tn = 5)
By subsisting B, from (1) and w,, from (4) into (5), the mechanical-torque T,,is given as.

1
Ty =5 CopARU (6)
Where C,is the torque coefficient and is given below as:

C

_ P -

Ct - ’;1 (’)

Figure 3 shows the relationship between the Coefficient of power (Cp) versus Tip-speed ratio (lambda).
The Simulink-model of the wind turbine based on equations (1) to (7), is completed with the
developed mechanical torque equation, is demonstrated in Fig. (4).
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Figure 4. Wind turbine Smulink-model.
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3 MATHEMATICAL MODELING OF PERMANENT MAGNET SYNCHRONOUS
MACHINES

Permanent magnet synchronous machines /generators (PMSMSAFPMSGs) play key role in direct-
drive wind power-generation systems for transforming the mechanical power into electrical power. A
rigorous mathematical modeling of AFPM SG is the prerequisite for the design of the machine control
procedures as well as the examination of the steady-state and dynamic characteristics of wind energy
conversion systems. The mathematical-model of a AFPMSG in both abc three-phase stationary
reference frame and d-g synchronous-rotating reference frame will be developed, and the power and
torque analysis of AFPM SGs will be given aswell.

Before developing the mathematical-model of the AFPMSG, severa important assumptions need to
be made:

(2) the damping-effect in the magnets and in the rotor, are insignificant;

(2) the magnetic-saturation effects are ignored;

(3) the eddy-current and hysteresis |osses are ignored;

(4) the back electromotive force (EMF) induced in the stator windings are sinusoidal;

(5) for simplicity, al the equations of AFPMSMs are expressed in motor (consumer/load) notation,
that is, negative current will be prevailing when the model refersto a generator.

Negative current means that at the positive polarity of the terminal of adevice the current is out of that
terminal. Figure 5 shows the Park transform for a three-phase AFPMSG generators. The stationary
abc axes represent the path of the MMFs ( f,,fp and fc) of the a, b and ¢ phase-windings, which are
induced by the time varying three-phase AC-currents in these stator-phase windings. The flux caused
by the permanent magnet is in the direction of the d-axis fixed at the rotor. Here, the d-g-axes are
revolving at the similar angular speed of the PMs and rotor. Also 8, , represents the angle between the
d-axis and the stationary a-axis.

Figure5: Park transform for AFPM SG generators.

The state space relationship of the terminal voltages of the AFPMSG to the phase currents and the
phase flux linkages due to PMs and stator currents could be written as follows [9]:

Vas B. 0 07 rigs . Aas
Ups| =10 R, 0].|ips +— Abs
ics

ves] L0 0 R, Acs
Where, v,. , v,., and v are the instantaneous a, b, and ¢ three-phase stator voltages, and i, , i, and
i.. are the instantaneous three-phase stator currents. Here, R, is the stator-winding resistance per
phase, and again, A,., 4, , and A_.are the instantaneous flux linkages induced by the three-phase AC
currents and PMs, which could be written in expanded form as follows [9]:

Q)

JAUES, 14, 52, 2019 971



MPPT OF SMALL WIND TURBINE DIRECT- DRIVES AXIAL FLUX PERMANENT MAGNET SYNCHRONOUS GENERATOR

. Apcos(6;)
’:{as Laa Lah La: las P C TZH
Aps| = |Loa Loo Loc|.|ins |+ |Ac08(B =) 9
Rcs Lca ch Lcc

LCS

A,cos(B. -I-Z?H)
where, L, , L;;,, and L., are the self-inductances of the a, b, and c three-phases, and , L, L., L;,
Lpe ,L.q @d L., are the mutual-inductances between these phases, while, 4, , is the rotor flux

linkage caused by permanent magnet. The self-inductances and mutual inductances are al functions
of A.. Thus, al of the inductances are time varying parameters.

The dgO-Park's transformation is a mathematical transformation which aims to make simpler analysis
of synchronous machinery models and was initial presented by R. H. Park in 1929 [10]. In three-phase
systems like PMSMs, phase-quantities which include stator voltages, stator currents, and flux
linkages, are time varying quantities. By applying Park's transformation, which is the projection of the
phase quantities onto a rotating two axes reference frame, AC quantities are changed to DC quantities
which are independent of time. The (abc to dg0) transformation could be expressed in matrix form as
follows:

cos(6,) cos(f, ——) cos(@r+¥} |
[ ] i—sm( —sin{g, —5) —sin(6, +2) (10)

'\'lf '\IE
2
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In expressions (10) and (11), and could represent stator voltages, stator currents or flux-linkages of
AC machines, correspondingly. Considering that under balanced conditions, »,= O, the voltage
function of AFPM SG in d-q axes reference frame can be specified as follows [9]:

di .
= R.ig + Ld ais T (12)
=R, +1L, qs Tto oLalge + w A, (13)

Where, V45 and vqs, are the instantaneous stator voltages in d-q axes reference frame, and i,z and i,
are instantaneous stator currents in d-q axes reference frame. Here, L, and L, are d-axis and g-axis

inductances, and «w,_is electrical angular speed of rotor, while, A,, is peak/maximum phase flux
linkage due to the rotor-mounted PMs. Rendering to expressions (12) and (13), equivalent circuits of
AFPMSG in d-q axes reference frame could be drawn as visible in Figure 6:
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Figure 6: The d-g axes equivaent circuits of AFPMSG in (consumer/load) notation
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According to assumptions, electrical power input could be definite in the abc- reference frame as
follows:

P abc — Vaslas + Vpslps = Vesles (14)
or in the d-q axes reference frame as.

3 , .
qu -3 (Vaslas + vqslqs) (15)

As a part of input-power, in motoring mode, the active power is the power that is transformed to
mechanical-power by the machine, which can be stated as:

Fom = g(gd lgs + eqiqs) (16)
where,

€q — —Welgigs — —wedqg a7
and e; = w.Lalas + Wody = @ola (18)

Here, e;and e, , are the back EMFs in the d-q axes reference frame, and 4,and 4, are the d-q axes

flux linkages. Substituting expressions (17) and (18) into (16), the active power could be
re-expressed as.

3
Fom = E filg ('qd f-qs - H-qids) (1 g)
Hence, the electromagnetic torque devel oped by a AFPM SG can be deduced as:
Pam 3/p : .
T, = wg/E —3 (E) (4q lgs — Aq las) (20)
2
orr, =2 (‘21) (rigs + (Lg — L) igsias) (21)

where, p isthe number of polesin the machine.

Simulink-model of AFPMSG based on equations (10) to (21), is completed with developed
el ectromagnetic torque equation, are showedﬂ:i 9.7
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Figure 7: Dynamic-model of AFPM SG.

4- CONTROL OF GENERATOR-SIDE CONVERTER

In wind turbine AFPM SG systems, three system variables need to be strictly controlled [11]:
(1) the optimal power generated by the AFPM SG at different wind speed levels;

(2) the active and reactive power injected into the grid,;

(3) the DC bus voltage of the back to back converter.

Power converters

Pm
= AFPMSG . ) {
| ) .
m 3-phase AC/DC h ; DC/AC 1 ‘ ::"aﬂ_. .
4 \\./ Rectifier _""n'c | lde | tnverter | : 3 u::?_ Q,
Wy I Grid

Figure8: Direct-drive AFPM SG system
Figure 8 shows a direct-drive wind turbine AFPM SG fed by a back-to-back converter. In this system,
the generator-side converter regulates the speed of the AFPMSG to implement the MPPT control.
Meanwhile, the grid-connected converter controls active and reactive power injected into the grid.

4-1 Maximum Power Point Tracking Control

Direct-drive AFPM SGs have the capability to work in a wide speed range. According to the intensity
of the wind, the wind turbine generators need to be controlled to operate in three different modes as
shownin Figure 9 [11]:

[

Parking Mode

MPPT Mode

Constant Power
Mode

Powar

4 12 Wind Speed mi/s
Figure 9: Wind turbine power-speed characteristic for the specific wind turbine

1. Parking Mode: when the wind speed is lower than the cut-in speed which is 4m/sec in this system,
the wind turbine will not rotate but stay in parking status due to the fact that the electrical power
generated by the AFPM SG system is insufficient to compensate for the internal power losses in this
system. Therefore, the wind turbine is kept in parking mode by a mechanical brake;

2. MPPT mode: when the wind speed is greater than the cut-in speed, the wind turbine system startsto
work and generate electrical power. Because the wind speed isin arelatively low range in the MPPT
mode, the power captured by the wind turbine is below its rated value, the MPPT control needs to be
applied to ensure a maximum efficiency of power capture. The MPPT mode ends when the wind
speed is greater than the rated wind speed, 12 m/sec, for this case-study system.

3. Constant power region: when the wind speed becomes greater than the rated value, the power
generated by the system will be larger than its rated power if the MPPT control is still applied. This
will increase the electrical stress on the AFPMSG and the power processing devices, and would
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further damage them. Therefore, the blade angle of the wind turbine blades needs to be properly
controlled in the strong wind range to keep the system operating within its rated output condition. As
its name implies, this is constant power region. As shown in equation (1), to control the captured
mechanical power, Pn,, a given wind speed, U, , the only controllable term is the power
coefficient, C, ().

The power coefficient characteristic is shown in Figure 3. As can be seen in this figure, different
power coefficient curves correspond to different blade angles. For each case, there is an optimal tip
speed ratio, A, which contributes to a peak power coefficient value which, in turn, leads to a maximum
power capture, Pr, . In the MPPT operation mode, the pitch angleis usually kept at zero degree.

- - .
= AFPMSG Poer converess Grid

Wi
m 3-phase AC/DC _J__ DC/AC 3-phase
\\J Rectifier T Inverter

'

d

ik [Measured)

Controller

A

Optimal tip
Wind speed | ™ speed ratio
EnLon control

Figure 10: Tip speed ratio control scheme
In order to achieve the peak power coefficient value in the zero-degree pitch angle curve in Figure 3,
the tip speed ratio needs to be controlled at the optimal value. From expression (1), the control of the
tip speed ratio is actually the control of the rotor speed of the AFPMSG. A simplified scheme of tip
speed ratio control is shown in Figure 10. From this figure, the wind speed information is sensed by a
sensor and sent to a microcontroller, from which the reference speed of the AFPMSG can be
calculated rendering to the optimum tip speed ratio.
Consequently, generator speed will reach its reference value in static-state, and then MPPT control is
achieved.
4-2 Field Oriented Control of the AFPM SG
The FOC approach was pioneered by F. Blaschke in 1970s [12]. The FOC approach has been and
continues to be a significant factor in AFPM SGs control. In FOC approach, d-gaxes are rotating at
rotor electrical angular speed with d-axis aligned with rotor flux path. Thus, flux creating current
component, igs , and current component producing torque, ig, are aong d-axis and g-axis,
correspondingly. Thus, d-g axes currents could be precise independently by two closed-loop controls
in the FOC approach. The FOC approach, athough its implementation requires large computational
effort including Pl control and coordinate transformations, it possesses the following merits: (1) fast
speed and torque response; (2) outstanding low speed performance; and (3) low current and torque
ripples. For the application of direct-drive AFPMSG systems, the AFPM SGs are directly driven by
the wind turbine without a gearbox, which means that their operation speeds are always in arelatively
low range. Moreover, the torque ripples of the direct-drive AFPM SGs should be controlled at a low
level to decrease the mechanica stresses on the wind turbine. On the basis of the analysis above, the
FOC approach was found to be more suitable for the direct-drive AFPM SG systems.
For a surface, mounted PM machine (SPM) which is applied in the case study system, the d-axis and
g-axis inductances are equal. Thus, the torque expression equation (21) can be simplified and
rewritten as follows:

3 .
I, = 3 (g) /lrlqs (22)
In order to reach maximum torque per ampere, d-axis current is set at zero.

Thus, there will be alinear affiliation among electromagnetic torque and g-axis current, such that the
el ectromagnetic torque can be simply controlled by regulating of g-axis current.
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The phasor diagram for FOC approach is exposed in Figure 11, and the control system of the
generator-side converter is exposed in Figure 12.
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w, 4 :
S#, g-axis
! V=i L ol
Va=Awe Vs
[
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e
-8,
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v w. A v d-axis
I4:=0 :

Figure 11: Phasor-diagram of FOC

As stated earlier, the FOC approach coupled to the optimum tip speed ratio based MPPT control
strategy is applied here as the control algorithm for generator-side power converter. In Figure 12,
there are three feedback loops in the control system which are: (1) the speed control loop, (2) the d-
axis current control loop, and (3) the g-axis current control loop. In the speed loop, at every sampling
time, the actual speed of generator sensed by an encoder mounted on the shaft of the rotor is compared
to its reference value, which in turn is generated by the optimal tip speed ratio control, and then the
error is sent to a Pl controller which will output the reference g-axis current, meanwhile, the reference
d-axis current, is always set at zero.

U P2 AFPMSG G

5 Y i 3-phase O
@}I AC/DC _I_ DC/AC P

7 T, ()
w,,(Measured) = _,%"_d’
s |
1:"=0
V. Optimal tip
Wind speed | ™" speed ratio

SENSOr control

Figure 12 Gener ator-side control scheme
To obtain the response current signals, three-phase stator currents are sensed and transformed into d-
gaxes reference frame according to Park's-transformation. The reference stator voltages are then being
accomplished by Pl controllers in d-q axes current regulator loops. Here, space vector pulse width
modulation (SVPWM) approach is applied as the modulation strategy in this system, because it
generates less harmonic distortion in the output stator voltages/currents and provides more efficient
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use of the DC supply voltages than the conventiona sinusoidal pulse width modulation (SPWM). The
outputs of the SVPWM model are six PWM signals to control the ON/OFF state of the six IGBT
switches in the generator-side converter.

5- SIMULATION RESULTSAND ANALYSIS

Simulation studies were carried out in MATLAB-Simulink to validate the chosen case-study system.
The parameters of the case-study wind turbine and the associated AFPMSG are shown in Table 1.
Figure 13 shows the control system diagram of the FOC approach built in Simulink.

Table 1; Electromechanical data of the considered AFPM SG.

Generator Type AFPM SG
Electrical power (kW) 5
Number of poles 12
Rated voltage (V) 380
Rated speed (rpm) 500
d-Axis synchronous 0.055
inductance (Ld) mH
g-Axis synchronous 0.06
inductance (Lq) mH
Stator resistance (RS) Q 3.7
Moment of inertia (J) kg-m? 0.016
Rated Freguency (Hz) 50
Number of phases 3
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o Figure 13: Control diagram of the system

Simulation results of the proposed system are shown in Figures 14 through 20. Figure 14 shows the
wind speed input for the system. As can be seen in this figure, from 0-1.3s, the wind speed increases
from (cut-in speed) to and then is maintained constant at till 1.3s. In this wind speed range, we can
investigate the performance of the proposed MPPT control strategy.

From 1.3-2.6s, the wind speed increases from to (rated wind speed). In this wind speed range, the
performance of the system in its rated condition can be evaluated. After that, the wind speed continues
to increase to which exceeds its rated wind speed. Thus, the constant power control agorithm to deal
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with the high wind speed can be investigated. Shown in Figure 15 is the actual rotor speed rpm.
Figure 16 shows the corresponding three-phase stator currents. The d-axis and g-axis currents are
shown in Figure 17 and Figure 18, respectively. Meanwhile, Figure 19 shows the electromagnetic
torque developed by the generator. The electrical power developed by the generator is shown in
Figure 20.

16
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Figure 14: Wind speed input
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Figure 15: Speed of the AFPM SG.
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Figure 16: Three-phase stator currents

=1

JAUES, 14, 52, 2019 978



MPPT OF SMALL WIND TURBINE DIRECT- DRIVES AXIAL FLUX PERMANENT MAGNET SYNCHRONOUS GENERATOR

0.05 T T T T

0.04 | .

0.03 .

0.02 [ .

0.01[ .

-0.01 | b

d-axis current (A)
o

-0.02 -

-0.03 b

-0.04 - b

-0.05 1 | . I . I
0 0.5 1 1.5 2 25 3 3.5

Time Sec.
Figure 17:d-axis current.
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Figure 18: g-axis current.
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Figure 19: Electromagnetic torque.
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Figure 20: Electrical power generated.

As can be seen in the simulation results, according to different wind speed levels, the system
performance has different characteristics best described as follows:

(1) From 0-1.3s: the wind speed starts to increase from the cut-in speed (4m/sec), which means that
the generated electrical power is sufficient to compensate for the internal power consumption |osses.
Thus, the wind turbine begins to rotate and the AFPMSG begins to generate electrical power. As
shown in Figures 15 through 20, with the increase of the wind speed, the stator currents,
electromagnetic torque, and the generated electrical power are gradually increased. As can be seen in
Figure 17, the d-axis current is controlled to be zero, which contributes to a linear relationship
between the g-axis current and the electromagnetic torque. From 0.5s, the wind speed reaches and
stops increasing, soon after that the system comes to the steady state. (2) From 1.3-2.6s: starting from
1.3s, the wind speed increases from 8m/sto 12m/s, which isthe rated wind speed of the system.

From 2.6-3.5s. the wind speed keeps increasing and exceeds the rated value. In order to limit the
power input to prevent the electrical and mechanical stress on the system, the constant power control
was applied in this wind speed range. That is, the mechanical power input of the system is kept at
5100w. and the generator speed is controlled at 4900 w instead of increasing with the wind speed.

6-CONCLUSION

The paper proposes a AFPM SG -based variable speed wind energy conversion system with a simple
MPPT control strategy based on knowledge of wind turbine characteristics. Based on the simulation
results and the analysis above, optimal power is generated by the AFPMSG wind turbine system at
different wind speed levels. The chosen control algorithms applied in the control system of the
generator-side converter are hence verified. The control system was able to maximize the energy
extracted from the wind as reflected from the power coefficients obtained during the ssimulation
scenarios considered.
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