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Abstract

A simple and efficient position sensorless control method based on feedforward voltage estimation for
PMSG improved with multi-parameter estimation using MRAS is proposed in this paper. The
dynamically enhanced stator feedforward dg—axes voltages that are derived from steady-state PMSG
model are modified for the sensorless drive. In direct-drive wind turbine systems, because of low back-
EMF amplitude in the generator output at very low speed operation, the rotor flux linkage cannot be
predicted correctly. Vector control is often used in PMSG control, because it has a simple structure and is
suitable for various industrial systems. In the power equation, maximum power is obtained as a function
of torque and speed. In the proposed method, a variable-speed wind turbine system with back to back
converter structure is connected to common DC-link. In this paper, the proposed sensorless control
scheme has been implemented with 1 kW PMSG drive controlled by a TMS320F28335 DSP for low
speed at 0.1 p.u. (300 rpm) is achieved under multi-parameter variations.

Keywords: Model reference adaptive system (MRAS), PMSG, Sensorless control, Feedforward voltage
estimation, Multi-parameter estimation

MRAS Tabanh Coklu-Parametre Tahmini ile Gii¢lendirilmis fleri Beslemeli Stator
Gerilim Tahminine Dayanan Sensorsiiz Siirekli Miknatish Senkron Generator
Kontrolii

Oz

Bu makalede MRAS tabanli ¢oklu-parametre tahmini ile gii¢lendirilmis ileri beslemeli stator gerilim
tahminine dayanan basit ve verimli bir sensorsiiz siirekli miknatisli senkron generatdr (SMSG) kontrol
metodu gelistirilmistir. Stirekli miknatisli senkron generatoriin stirekli hal dq—ekseni stator gerilim
esitlikleri Onerilen kontrol metoduna uygun olarak ileri beslemeli stator gerilim esitlikleri haline
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dontstiiriilmektedir. Cesitli endiitriyel uygulamalar i¢in uygun ve basit bir yapist olmast nedeniyle
SMSG’nin kontroliinde vektdr kontrol sik¢a kullanilmaktadir. Gii¢ esitliginde maksimum gii¢, moment ve
hizin bir fonksiyonu olarak ifade edilir. Onerilen yontemde, arka arkaya bagli konvertdr yapisina sahip
degisken hizli riizgar tilirbini sistemi, ortak DC-baraya baglanmistir. Bu makalede, 6nerilen sensorsiiz
kontrol metodu TMS320F28335 DSP tarafindan kontrol edilen 1 kW PMSG siiriicii ile ger¢cek zamanli
deneysel olarak nominal hizin %10’u (300 rpm) degerindeki diisiik hizda c¢oklu parametre degisimi

altinda basar ile gergeklestirilmistir.

Anahtar Kelimeler: Model referans adaptif sistem (MRAS), SMSG, Sensérsiiz kontrol, fleri beslemeli
gerilim tahmini, Coklu parametre tahmini

1. INTRODUCTION

The difference between fossil energy sources and
demanded energy needs is rapidly increasing. This
increase leads to alternative search and solutions in
energy production. With the integration of smart
grid to energy production at the macro level,
individual energy production is supported by
companies and governments [1]. Utilization of the
wind turbines in small energy production is
increasing rapidly. In US, the small wind turbine
market shares in 2014 reached $60 million. In
England, energy capacity of wind turbines ranging
between 0 and 1.5 kW is recorded as 1.84 MW in
2013. In small wind turbines, Permanent Magnet
Synchronous Generator (PMSG) is preferred for
high performance, high power density, reliability,
and high efficiency. The outer rotor and the inner
rotor PMS generators that have axial flow
direction are used in various industries with wide
power ranges as direct-drive [2]. In small PMSG
systems that generate less than or equal 10 kW
power, there is no need for gearbox and the
connection can be made directly to the turbine [2—
[10]. This is an important factor lowering the cost
in small wind turbine systems [8-10]. PMSG is
suitable for wind power generation allowing
maximum power generation in a wide speed range
and at different wind speeds [11]. Efficient wind
turbine system can be constructed by adjusting the
speed of the generator shaft optimally for variable
wind speeds at maximum power operating point
[12]. In variable-speed PMSG control, it is
required to know the rotor position information
and wind speed [13]. Because the working
conditions of the turbine changes so often, changes
in speed and torque reduce the control
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performance. Moreover, in order to ensure power
generation at wide speed range, sensitive and high
resolution position control is performed by
encoder, resolver or hall sensors. On the other
hand, sensorless PMSG control can be
accomplished without using position sensors [10].
In the control of PMSGs, with the elimination of
the position sensor, cost, maintenance and
robustness problems of the overall system are
reduced [8-10]. Because no initial position
problem and operating at flux-weakening region
exist, sensorless control is a significant cost
reductive solution for the control of PMSG drives.
Determining the wind speed and rotor position can
be accomplished with the methods which are
Direct Torque Control (DTC), Model Reference
Adaptive System (MRAS), and Sliding Mode
Observer (SMO) depending on back-EMF
prediction [8, 14-18]. Because these methods are
often affected by parameter variation and cause
loss of stability at low speeds, they have severe
disadvantages in sensorless PMSG control [19-
21]. Moreover, because of complex calculation and
the difficulty of adjusting control parameters, the
methods like EKF, FL and ANN are not preferred
in industrial applications [9, 22-27]. Since the
amplitude of the back-EMF is poor and fluctuates
at low generator operating speeds in sensorless
control algorithms that are based on back-EMF
estimation, it is difficult to predict the rotor
position [28]. Thus, stability of the entire system
can be increased and efficient and stable power
generation can be achieved at lower speeds. In
order to provide parameter adaptation in sensorless
control methods, rotor flux linkage estimation and
stator resistance adaptation are performed with
MRAS, observer based methods, and genetic
algorithms [28-32].
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In this study, in order to obtain the position and
speed information of the driven PMSG directly,
feedforward voltage estimation method is
suggested. With the proposed method even in the
situations where the wind speed is low, it is
ensured that a superior PMSG control performance
is achieved compared to other sensorless control
methods based on back-EMF prediction. Because
the rotor flux and the stator resistance undergo a
change due to the effects of the loss of magnetic
properties of magnets and temperature rise, a
highly efficient control is ensured by estimating
the rotor flux linkage and stator resistance using
MRAS observer [30-34]. In this study, in order to
get the maximum efficiency from PMSG, MPPT
curve of the wind turbine is obtained in the real
system. Active power reference that is required for
power control is obtained from this curve after
predicting the generator speed. Compared to other
position sensorless control algorithms in which the
majority of the methods require rotor position
estimation first and then the speed is obtained by
derivation of the position, in the proposed method
primarily the speed is estimated, the position is
then estimated with the help of a simple
integration and first degree low pass filter without
using any derivative term.

This paper is organized as follows. The principle
of PMSG and proposed sensorless control method
and MPPT studies are presented in Section 2. In
Section 3, MRAS method is presented for
estimation of stator flux linkage and stator
resistance. In Section 4, the proposed speed
sensorless control scheme based on MRAS has
been implemented with 1 kW PMSG drive
controlled by a TMS320F28335 DSP. The
hardware implementation and experimental results
of the proposed sensorless PM synchronous
generator drive including steady-state load
disturbance are presented and discussed.
Experimental results demonstrate the feasibility
and effectiveness of the proposed stator
feedforward voltage estimation (FFVE) based
position sensorless control scheme improved by
MRAS multi-parameter estimation for permanent
magnet synchronous generator under various load
condition.
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Figure 1. Equivalent electrical circuit diagrams of

quadrate g— and d- axes synchronous
reference frame of PMSG

2. PROPOSED SENSORLESS
CONTROL METHOD AND MPPT
STUDIES

The dq model in the rotating synchronous
reference frame is used to analyze the PMSG for
the proposed speed and position estimations, as
shown in Figure 1. The stator voltage equations of
the PMSG in the rotating dq reference frame are
given by Eq. (1) and Eg. (2), omitting the
influences of magnetic field saturation and
magnetic hysteresis as

di
va=igR +Lg d—t“ HeLgi +0eh) @)

di
Vd:idRs+Ld d—: -(,OeLqiq (2)

where vg, vg, ig, iq are the stator d— and q-axes
voltages and currents in the rotor reference frame,
respectively; R, is the stator winding resistance; Ly
and L, denote the d— and g-axes inductance,
respectively; o, is the rotor angular electrical
velocity; and ¢ is the flux linkage due to the
permanent magnet rotor flux [35, 36]. The steady-
state form of dg—axes stator voltage equations can
be derived from Eqg. (3) and Eq. (4) by making
derivative terms equal to zero in each equation as

vq=iqu+(meLdi JTOAp) 3
Vd:id I{S-(De Lq iq (4)
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2.1. Wind Turbine Characteristics and MPPT
Algorithm Based on Indirect Speed
Control

The energy produced in wind turbine systems is
not only based on the turbine characteristics, but
also based on the control method. Output
mechanical power of wind turbine is shown as

1
Ptur:Pwinde: E pnrzv\z:vcp O\'sB) (5)

where p is the air density, r is the radius of wind
turbine rotor plane, mr? is the area swept by the
blades, v,, is the wind speed, C, is the turbine
power coefficient, A is the tip-speed ratio, and B is
the pitch angle. In small wind turbines, fixed pitch
angle is used because of cost and restrictions.
Thus, in Eq. (4), p=0 is assumed. The aerodynamic
model of a wind turbine can be characterized by
the well-known C,(A,B) curves. A is defined by

_ Tip Speed _ o.r ©)
" Wind Speed B Vi

Considering the relationship between X and C, as
the speed changes for a given wind velocity, there
is a unique turbine speed which gives the
maximum output power. The peak power for each
wind speeds occurs at the point where C, is
maximum. In order to maximize the generated
power, it is desirable for the generator to have a
power characteristic that follows the maximum C,
curve [18]. C, is the sixth order polynomial of the
tip-speed ratio. C, curve is modeled based on the
sixth order polynomial expression [16]. Curve
fitting is a good approximation for wide wind
speed values between 2 m/s and 15 m/s. The
results of the C, vs. tip speed ratio A simulation is
shown in Figure 2.
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The C,(A) curves expressed in Eq. (7) and Eq. (8)
depend on the blade design and are given by the
wind turbine characteristic [13].
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Power Coefficient C, A, [0.125 unit/div]

N I I S S P U N
Tip Speed Ratio (A) [1.34 unit/div]

Power coefficient and tip speed ratio
curve

Figure 2.

The purpose of the proposed sensorless MPPT
algorithms is to control the shaft speed of the
PMSG to maintain the optimal tip-speed ratio
without the knowledge of the PMSG rotor speed
and wind speed. In the literature, researchers
recommended various methods for sensorless
control of PMSG with MPPT control. Optimal
torque control, perturbation and observation
control, fuzzy logic control and some genetic
algorithms are certain methods.

In this study, torque reference is provided by
reference speed command called indirect speed
control with MPPT [37].

Wind Turbine Model
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Figure 3. Block diagram of MPPT control
algorithm
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The prediction of wind speed and rotor speed are
important parameters for maximum power output.
To obtain maximum active power for variable
wind speed, A, can be calculated from the roots
of the derivative of the polynomial in Eg. (8).
Then, based on the reference wind speed v,, the
corresponding optimal generator speed is obtained.
Figure 2 shows that the proposed MPPT algorithm
is based on the reference wind turbine. The
equation Eq. (9) shows torque calculation based on
Pying and C,.

3p . Pwindc
Te= 7 }\,fqu u

©)

Oe

Reference current is generated from the outer
voltage loop via regulating the DC-link voltage
based on control error. In both voltage control
loops, the PI feedback controllers are enhanced
simply by robust control scheme, as shown in
Figure 3 to yield good dynamic performance.
Reference current is generated based on the
specific wind speed with MPPT mechanism. In
order to produce maximum DC-power in DC-link
at variable speeds, proposed sensorless control
method that is capable of obtaining precise
position estimation at different wind speeds is
proposed.

5.2
_npR (OR CpOlDt (10)
Copt 2}\40]313
5.2
.o 2Teopt T[CpoptR Oe (ll)
iT= =
3k 3phhgy

The equations Eg. (10) and Eqg. (11) show optimal
torque and optimal g—axis current command that
are given as reference variable wind speed.

dq—axes stator feedforward voltages are normally
used in the FOC of AC machines at the output of
the inner dg-axes Pl current regulators to
enhanced the dynamic performance of the machine
[38]. In this method, feedforward voltages are not
only wused for the dynamic performance
improvements, but also used to achieve a simple
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but effective position sensorless speed control of
PMSG drive.

It is visible that stator d— and g—axes currents can
be controlled by the d— and g—axes voltages and
speed o using Eq. (12) and Eq. (13). The control
principle is adopted where the current in g—axis is
controlled by speed of rotation or frequency of
stator voltage applied to q—axis winding [19]. The
amplitude of g-axis voltage is obtained by
neglecting the derivative term and assuming that
real currents closely follow reference values iq=iz

and ig=iy (reference values are marked with * in
the superscript and hat ~ above is the symbol
indicates estimates) [38]. Below are the modified
stator feedforward voltage equations for the
proposed speed sensorless scheme given in dq
reference frame,

v:=i;§5+(u)eLdiZ+coe7A»f)+KAV 12)

V2=i2§s—meLqi:+Av (13)
where Av is the output of the d-axis Pl current
regulator and ®, is the output of the g-—axis PI
current regulator. Av is multiplied by gain K and
added to g-—axis voltage equation v; representing
the part of the derivative term in the dynamic
voltage equation given in (1). Similarly, Av term in
Eqg. (12) also acts as the derivative representation
given in Eqg. (2) for achieving a better transient
response in the sensorless operation.

The dq frame stator voltages given in Eg. (12) and
Eqg. (13) are obtained by modifying the dynamic
machine model and used as the basic reference
signals to control the PM machine without
requiring a position sensor. The signals depend on
machine parameters. At any operating point, the
machine itself determines the required voltages at
its terminal by letting the inverter duplicate the
voltages. This process is so called as self-control.
The components of the dq frame voltage reference
signals given in Eq. (12) and Eq. (13) are derived
from Eg. (1) and Eqg. (2), respectively under the
assumption of steady-state conditions where
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derivative terms are replaced with the regulator
correction terms and a relevant gain.

In stator voltage estimation, stator resistance is
arranged depending on the error between reference
d-axis current and feedback d-axis current
component. Since the stator resistance variation
has a minimal effect on the control, the method
provides high dynamic control capability.
Moreover, g-axis current is controlled by speed
feedback. The method proposed by Okuyama et al.
[39] has been applied for induction machine. The
variation of the rotor flux linkage is estimated by
observer and updated online. According to the
proposed method based on stator voltage
estimation, the voltage signal is added to v, as a
feedforward signal. In this study, a high
performance sensorless operation is performed in a
wide speed range without using high-frequency
signal injection. In speed estimation, Av is taken as
the reference which varies proportional to speed.
In the proposed method, while the stator resistance
change effects are not taken into consideration
continuously, the rotor flux linkage variation
determines the performance of the proposed
control method [33, 40]. The rotor flux linkage is
controlled by an additional feedforward voltage
signal. K value is a gain which is determined based
on the variable speed region. Start-up performance
of the generator relies on K value that should be
fixed properly as an important parameter in the
proposed sensorless control.

Note that estimation of rotor speed @, is obtained
by passing o, obtained from output of the PI
current regulator in g—axis through a first order
filter. The time constant of the filter depends on
the overall system mechanical characteristics and
heavily affects the dynamics and stability of the
sensorless control scheme.

3. ROTOR FLUX LINKAGE AND
STATOR RESISTANCE
ESTIMATOR BASED ON MRAS

PMSG motor parameters vary depending on
temperature, frequency, load conditions and work
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zone [41, 42]. In order to eliminate the effects of
parameter changes, an MRAS observer structure is
suggested for the proposed sensorless control
scheme. While the rotor position errors occur from
stator resistance change at low speeds, this
problem is eliminated with multi-parameter
estimation; the effects of the rotor flux linkage
change caused from permanent magnets are also
eliminated [43-45].

A high performance Pl regulator is used for
PMSM sensorless speed control; for low speeds
and transients an adaptive MRAS observer is used,
as shown in Figure 4. In addition to rotor flux
linkage and stator resistance change, feedforward
voltage estimation method is used together with
MRAS in order to eliminate disturbance effects in
position estimation. Principally, MRAS depends
on the principle that reference and estimation
models are compared and the obtained error is
regulated by an adaptive model until stability is
achieved [46].

Reference Model

Eq. (14)
Adaptation Model| /\/
—> =
, K A Eq. (17, 18) R,
Estimation Model

Eq. (15)

MRAS
Figure 4. MRAS principle block diagram

MRAS adaptation mechanism estimates slowly
varying parameters based on the hyperstability
theory [47]. In the proposed method, MRAS is
superior to feedforward voltage estimation. It
provides prevention of disruptive effects caused
from parameter variation. MRAS basic equation
consists of feedforward linear model and non-
linear feedback components. G, and G, coefficient
in G matrix ensures feedforward linear model to be
a positive and real number [48]. Non-linear block
is solved according to POPOV integral equation.
Equations for reference and estimation models
shown in Figure 4 are expressed in Eq. (14) and
Eqg. (15), respectively.
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where R, and A; are the estimated stator resistance
and rotor flux linkage, respectively which are the
outputs of the adaptation model. R, and X; are
updated in the estimation block in the closed loop
system, as a result iq and iy currents are predicted.

d(iq'iq)
| dt |-
d(ig-ig)
dt
'Rs 'Ld
= .
Ly Ly ° LG 0 [‘q“q]
Lq -Rs O GZ I d_i d
o —
Lq4 Ly (16)
R, L4 R, Ly
= Hell= = .
4 L Lg || L LqA [‘q]
hm & J [Lq 'Rs J ;d
Ly © Ly L% T,
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In Eg. (16), the errors of the MRAS current
estimators are given. Selection of accurate values
of G, and G, gains given in Eq. (15) eliminate the
algebraic loop problem occurs in simulation and
experimental studies [48]. The error correction is
accomplished by an adaptation model. G matrix
given in Eq. (15) is an observer gain matrix in
which the parameters should be adjusted properly
[46]. False selection of the G matrix parameters
causes algebralc loops. Adaptation equations for
R, and % are given in Eq. (17) and Eq (18)
respectively where k, K ki ., kloﬂ v Ko Ry, A
are the estimated reS|stance proportlonal regulator
coefficient, estimated  resistance integrator
regulator coefficient, estimated rotor flux linkage
proportional regulator coefficient, rotor flux
linkage integrator regulator coefficient, and the
estimated previous stator resistance and rotor flux
linkage, respectively.

17

ki A P =
R5=_(kpres+ ;es )(L ld(ld-ld)+lq(lq_IQ))+ RO
S

N klﬂux N A
A== | Koy o (ig-1q ) Lsthg. (18)

Stator resistance and rotor flux linkage estimation
values in Eq. (17) and Eq. (18) guarantees to give
faster response than the closed loop cycle. Since
large selected state errors are constantly growing
and small selected estimation time gets longer,
selection of proper regulator parameters are crucial
for minimizing the steady-state error [49]. In the
proposed MRAS method, a low-pass filter (LPF) is
used to overcome the rise of the estimated rotor
flux linkage value at low speed and at zero
crossing and distortion effects caused from stator
resistance estimation. In the situations where LPF
is not used at low speed, the estimation values are
small and cause the output of the feedforward
voltage estimation values to be faulty [50].

4. EXPERIMENTAL RESULTS

To show validity of the proposed control scheme,
the experimental studies are carried out for the
systems shown in Figure 5 under various operation
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conditions. A sensorless drive system for a PMSG,
in which stator resistance and rotor flux linkage
variation are estimated, is proposed in this section.
In this study, the value of stator resistance and
rotor flux linkage are estimated using MRAS.
However, inductance variation is neglected
because the influence of the g—axis inductance is
independent from the speed and position
estimation, but variation of stator resistance and
rotor flux linkage increases errors in low speed
region. Figure 6 shows the schematic diagram of
the proposed overall control system. The complete
system is experimented for various conditions. The
control algorithm is implemented on
TMS320F28335 DSP and the proposed method is
validated through experimental results.

In PMSG sensorless drive system, stator resistance
and flux linkage variation depend on temperature
rise and affect the sensorless control. These

parameters are estimated using MRAS in order to
improve the accuracy of position estimation.

PMSG&PMSM

Figure 5. Experimental test-bed
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Figure 6. Overall block diagram of proposed sensorless PMSG drive model based on MRAS parameter

estimation
The parameter estimation of the stator resistance

and rotor flux linkage is important because of their
effects in the reference PMSM equations shown in
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Eqg. (1) and Eq. (2). The experimental results verify
the validity of the parameter estimation and the
effectiveness of the proposed sensorless control
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system. Figure 7 and Figure 8 show variations in
the estimated stator resistance measured initially as
3.4 Q and rotor flux linkage as 0.094 Wb during
the experiment, respectively.

While the stator resistance is measured as about
3.4 Q, it has been observed that it reaches to
3.77 Q depending on thermal change during the
experiment. This corresponds to the pre-estimated
temperature values. In case of demands of high
current in wind turbines, stator resistance changes
depend on the temperature. Therefore, the stator
winding temperature estimation can be modeled as

(19)

where, R, is the initial resistance value at
temperature T,, R, is the estimated stator winding
resistance at temperature T, using MRAS and a is
the temperature coefficient of copper (3.93x107
per °C). Point temperature measurements has
revealed to be 44 °C on the surface temperature.
When the estimated stator resistance value is
placed in Eq. (19), it is seen that the estimated
temperature has been calculated to be 47 °C.
Considering that the temperature of stator winding
is high, estimated stator resistance value is proved
to be correct. The estimation error of the position
and speed appears at the transient state. However,
at steady-state speed and position, errors decrease
and stable sensorless PMSG control is achieved.

Est. Stator Resistance [1 Q/div]

oo Lo, LE (]
Time [19.5 s/div]

Figure 7. Estimated initial stator resistance
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Est. Rotor Flux Linkage [0.025 Whb/div]

Time [15 s/div]
Figure 8. Estimated initial rotor flux linkage

Meas. Phase—a Current [1 A/div]

HH\HH:HH\HH L

Time [40 ms/div]
Figure 9. Experimental PMSG phase-a current,
(Upc =50 V) and (Ry g =22 Q)

In Figure 9, phase—a current waveform of PMSG
driven at 400 r/min under 50 V DC-link is
represented. Upc is the DC-link voltage of PMSG
forming at the power stage output. Measurements
have been done by connected loads (R ,,q = 22 Q)
to the DC-link that PMSG is connected to, and
current with 2.28 A peak value has been obtained.
Figure 10 shows phase-a current for PMSG driven
at 1050 r/min. Measurements have been done by
connecting the load (R4 = 43 Q) to the DC-link
and current with 2.12 A peak value has been
obtained.
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[1 A/div]

g
T

Meas. Phase—a Current

P A A HH\HH:HH\HH FENEIS BRI AR
Time [4 ms/div]

Figure 10. Experimental PMSG phase—a current

(UDC =100 V) and (RLoad =43 Q)

In Figure 11, off-grid generator measurements are
seen. “m” represents modulation index which is
defined by the rate of the reference signals and the
carrier signal amplitudes. The peak phase-a to
phase-c voltage has been measured as 117 V.
Phase—a current has been measured to be 2.8 A.
DC-link voltage can be controlled by calculating
the peak voltage value at the DC-link using Eq.
(20).

[ Phase—a Current

:

Meas. Phase—a Current [2 A/div]
[Ap/A 08] 8BeIjOA 2-8sBUd 01 D-8SRYd "SEBIN

uuluu:uu\uu sl b
Time [40 ms/div]
Experimental off-grid side phase-a

Figure 11.
current and phase-a to phase-c
voltage for m = 0.6, (Upc = 225 V)
and (Ry g =43 Q)

The RMS value of 117 V phase voltage (Vi ms)
is 82.73 V, and the DC-link voltage (m = 0.6) is
225 V. In Figure 11, Ry, = 43 Q which is
connected as star has been used at the LCL filter
output.
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Figure 12. Experimental off-grid side phase-a

current and phase-a to phase-c

voltage for m = 0.6, (Upc = 225 V)

and (Ry goq =43 Qand Ly ;g = 50 mH)
Upc=2V2V{} (umg)/ (V3m) (20)
In Figure 12, phase—a current for the off-grid part
of PMSG driven at 1000 r/min, and the voltage
waveform of phase-a to phase—b are illustrated.
While phase to phase peak voltage value is 117 V,
the DC-link voltage has been measured as 225 V.
Resistive and inductive loads have been connected
to the LCL filter output.

In Figure 13, phase—a current for the off-grid side
of PMSG driven at 500 r/min, and the voltage
waveform of phase-a to phase-b are shown. Phase
to phase peak voltage value is 73 V and the DC-
link voltage has been measured as 210 V.

Phase— Current

WP
AT

Meas. Phase—a Current [2 A/div]

[Ap/A 05] 8BeMOA 2-BseUd 0} D-8seyd "sesN

T
Figure 13. Experimental off-grid side phase-a
current and phase—a to phase—b voltage
for m = 04, (Upc = 210 V) and
(Rigag =43 Qand Ly g =50 mH)
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In Figure 14, phase—c current and voltage
modulation index of phase—a to phase—c has been
adjusted to be 1.0 for the same conditions. Under
this working condition, phase to phase peak value
of voltage is 101 V, and the peak current value is
2.1A

Meas. Phase—c Current [1 A/div]

L I Phase— Current .

[AIp/A 0] 9BeIOA 9-5SeUd 0) D-aseud “SEaN

coa e T b b b ba s
Time [40 ms/div]

Figure 14. Experimental off-grid side phase—c

current and phase—a to phase—c voltage

for m = 1.0, (Upc = 210 V) and

(Road =43 Qand Ly ;g =50 mH)

In Figure 15, phase—c current for the off-grid side
of PMSG driven at 300 r/min and voltage
waveform of phase—a to phase—c are given. Peak
phase to phase voltage value has been measured as
51 V while DC-link voltage is 59 V and phase—c
current is 1.28 A.

Meas. Phase—c Current [1 A/div]
E\\\\ T ‘5/ R EE HHE
|
ASRE
[AIp/A 05] 8BeIOA 9-9SBYd 0) D—BSBUd "SESIA

Lo bl o T n b
Time [40 ms/div]
Figure 15. Experimental off-grid side phase—c
current and phase—a to phase—c voltage
for m = 1.0, (Upc = 59 V) and
(Rigag =43 Qand L; ,q = 50 mH)
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In Figure 16, phase—c current for the off-grid side
of PMSG driven at 400 r/min and voltage
waveform of phase-a to phase—c are illustrated.
Peak phase to phase voltage value has been
measured as 79 V while DC-link voltage is 91 V
and phase—c current is 1.88 A.

Meas. Phase—c Current [1 A/div]
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Time [40 ms/div]
Figure 16. Experimental off-grid side phase—c
current and phase—a to phase—c voltage
for m = 1.0, (Upc = 59 V) and
(Rigaq =43 Qand Ly ,,q =50 mH)

In Figure 17, phase—c current of the off-grid side
of PMSG driven at 750 r/min and voltage
waveform of phase—a to phase—c are given.

L5 e
—-Phase—¢ Current

Meas. Phase—c Current [1 A/div]

[A1p/A 05] B0 2—8seYd 01 D—aseyd "SealNl

o b T b b e by
Time [40 ms/div]
Experimental off-grid side phase—c
current and phase-a to phase-c
voltage for m = 1.0, (Upc= 127 V) and
(Rpoaa=43 Qand L; ,,4=50 mH)

Figure 17.
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Peak voltage value between phase-a to phase—c
has been measured as 127 V while DC-link
voltage is 147 V and phase—c current is 3.24 A.
Measurements reflect that THD of the voltage
between phase—a to phase-b at the LCL-filter input
in the off-grid side of SSTP (assuming there is no
LCL filter) is 51.15% and it is considered too high.
The THD of the voltage phase—a to phase-b at the
LCL filter output in the off-grid side of SSTP is
around 4%.

4. CONCLUSION

The rotor flux linkage that changes due to aging,
vibration, humidity and temperature reduces the
drive control performance. So, the effects of aging
are tried to be eliminated and the control
performance is increased with life estimation
algorithms in the literature using online-learning
methods and parameter estimation methods.
Because the rotor flux and the stator resistance
undergo a change due to the effects of the loss of
magnetic properties of magnets and temperature
rise, a highly efficient control is ensured by
estimating the rotor flux linkage and stator
resistance using MRAS observer. In order to
obtain the position and speed information of the
driven PMSG directly, feedforward voltage
estimation method is suggested. With the proposed
method even in the situations where the wind
speed is low, it is ensured that a superior PMSG
control performance compared to other sensorless
control methods based on back-EMF prediction is
achieved.

Using the proposed method, maximum power
generation with 4% THD in the line voltages is
achieved by using the designed LCL filter
compared to other back-EMF estimation methods
even under low wind speeds at 0.1 p.u. (300 rpm)
of the PMSG drive.
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APPENDIX

Parameters of the PM Synchronous Machine
Number of poles '8

Rated torque (N-m) 2

Rated rms current (A) 4

Stator inductance (mH) :0.0033
Stator resistance () 134

Rotor magnetic flux linkage (Wb) :0.095
Moment of inertia (kg.m?) :0.0075
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