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Abstract — In the variable-speed generation system, the wind
turbine can be operated at maximum power operating points
by adjusting the shaft speed optimally. This paper presents a
novel maximum power point tracking (MPPT) based control of
interior = permanent magnet synchronous generator
incorporating loss minimization algorithm. In the proposed
method, without requiring the knowledge of wind speed, air
density or turbine parameters, MPPT algorithm generates
optimum speed command for speed control loop of vector
controlled machine side converter. The MPPT algorithm uses
the estimated active power output of the generator as its input
and generates command speed so that maximum power is
transferred to the dc-link. The proposed control system also
incorporates a loss minimization algorithm to minimize the
losses in the generator and hence, to improve the efficiency of
the wind energy conversion system. A speed sensorless scheme is
also incorporated to increase the reliability of the system. The
performance of the proposed adaptive MPPT control of wind
generator incorporating loss minimization and speed sensorless
schemes is tested in both simulation and experiment at variable
wind speed conditions.

Index Terms— Wind energy, maximum power point tracking
control, Loss minimization algorithm, speed sensorless control,
IPM synchronous generator.

I.  INTRODUCTION

The popularity of renewable energy has experienced
significant growth recently due to the foreseeable exhaustion
of conventional fossil fuel power generation methods and
increasing realization of the adverse effects that conventional
fossil fuel power generation has on the environment. Among
the renewable energy sources, wind energy has received great
attention as a safe and clean renewable power source [1]-[7].

A typical block diagram of direct-drive wind energy
conversion system (WECS) is shown in Fig. 1. Recently, the
interior permanent magnet synchronous machine (IPMSM)
has received much attention in direct-drive wind energy
application because of its several advantages such as, high
efficiency, higher power density, less maintenance, low noise
and robustness. A direct drive variable speed wind turbine
can be based on a surface type or interior type permanent
magnet synchronous generator (IPMSG). However, an
IPMSG can produce more energy as compared to that of
surface type permanent magnet synchronous generator
(SPMSG) [7]-[9]. Despite many advantages the control of
IPMSG is complicated due to magnetic saliency and its

nonlinear coupling between d-q axis currents. Moreover, the
inductance parameters of IPMSM vary with the magnetic
saturation that affects the performance of the generator in
both transient and steady-states.

Researchers have been developing several techniques for
maximum power point tracking (MPPT) operation of IPMSG
so that the maximum power can be transferred from wind to
the dc link of the input side converter of the WECS [1,5,9-
11].  Several types of control schemes such as duty cycle
control, look up table for optimum rotor speed, optimum tip
speed ratio (TSR) have been proposed to improve the
performance of wind power extraction [10]-[12]. However,
these schemes depend on the characteristics of wind turbine
(WT) either before or during execution. Moreover, the WT
components tend to change their characteristics over the time.
Control strategy independent of the WT characteristics, such
as perturbation and observation (PO) method is very flexible
and accurate [13-15]. Optimum power search algorithm
proposed in [3] tracks peak power points in power curve (P-

dP
®) corresponds to, 0 = 0. In [5] and [15] neural network

based MPPT algorithms for SPMSG are proposed. However,
the control of SPMSG is easier than that of IPMSG [3-5].
Furthermore, in most of the published works on WECS the
loss minimization in the generator was ignored [1-7,9-15].
But the machine loss minimization is an important issue to
improve the efficiency of WECS. Again, the removal of rotor
position sensor for the generator is a crucial issue for reliable
operation of WECS as the sensor is vulnerable for
electromagnetic noise in hostile environments and has a
limited temperature range. For PM machines rated up to
10kW the cost of an encoder is below 10% of the machine
manufacturing cost. So, the cost of replacing the sensor may
not be an issue. But it is hard to replace the sensor due to the
limited accessibility. Thus, the elimination of the
electromechanical sensors reduces the hardware costs, the
installation complexity of the system (because of associated
wiring), decreases the system inertia, increases the robustness
and the reliability and reduces obviously the noise sensitivity
of the WECS [14-18]. Among different types of rotor speed
estimation techniques, the model reference adaptive system
(MRAS) scheme offers simpler implementation and require
less computational effort as compared to other methods [17-
22]. Thus, the MRAS is utilized in this work for rotor
position estimation of IPMSG. Moreover, the integration of
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MPPT scheme with loss minimization and speed sensorless
schemes for IPMSG has never been reported. The control
strategy to minimize the machine losses can be divided into
two categories: a) search controller (SC), b) loss-model-based
controller (LMC). The basic principle of the SC is to measure
the input power and then iteratively search for the flux level
(or its equivalent variables) until the minimum input power is
detected for a given torque and speed. Important drawbacks
of the SC are the slow convergence and torque ripples. The
model-based controller computes losses by using the machine
model and selects a flux level that minimizes the losses [23-
25]. LMC is fast and does not produce torque ripple.

Therefore, in this paper, a novel adaptive MPPT algorithm
incorporating an LMC and speed sensorless schemes is
developed to transfer maximum power from WT to the dc-
link. The MPPT algorithm generates the optimum reference
speed for IPMSG based on the output power of the generator.
A motor model based loss minimization algorithm (LMA) is
integrated with the MPPT to optimize the efficiency of the
WECS [23]. The LMA generates the optimum d-axis current
1y, which controls the flux to minimize the electrical losses
(i.e., copper and iron losses).

In order to verify the effectiveness of the proposed IPMSG
based WECS, a simulation model is developed using
MATLAB-Simulink. The proposed system is also
implemented in real-time using DSP board DS1104 for a 5 hp
IPMSG. It is found from the results that proposed control
techniques can transfer maximum power while maintaining
high efficiency, controllability and accurate speed estimation
of the generator.

II.  'WIND ENERGY CONVERSION SYSTEM (WECS)

A. Modeling of Wind Turbine

A typical variable speed direct-drive WECS is shown in
Fig.1.The area inside the dotted line of WECS shows the
scope of this paper. A variable speed WT driven IPMSG is
connected to the DC link through controlled rectifier. As this
system doesn't use gear box, it is called direct-drive WECS.
Using the mechanical torque of WT, the IPMSG produces 3-
phase AC power which is converted to DC power using
controlled rectifier.
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Fig. 1 Typical variable speed WECS.

The mechanical power and torque that WT extracts from
the wind is calculated by the following equations [12]:

Pm :I/ZpAvs3CP(ﬂ"IB):f(vs’wt) (1)
T, =fm 2
wS
cpzé(n%—sy(m? )
I__ 1 0035 and ;_®R 4)
{ A+0.088 11 p3 Vs

where, P, - power in watts, p-Air density (1.2kg/m? @ sea
level and 20° C), A- Swept area of the turbine blades (m2),
ve= Wind speed (m/s), C,- Wind turbine power coefficient,
- pitch angle =0, o,- angular velocity of turbine (rad/s), R -
rotor radius (m), and A~ tip speed ratio (=blade tip speed/wind
speed). A real wind speed can be defined as [16]:
v.(O)=v, O+ Vv, (O+V, (O+V, (1) @)

where, V,= base wind component, V, = ramp wind
component, V, = gust wind component, and V, = base noise
wind component. In wind energy conversion system output
power is maximum at particular rotor speed for a given wind
speed. Fig. 2 shows the power coefficient Cp vs tip speed
ratio (TSR), A. The maximum C, that can be obtained for the
specific TSR is 0.4655. To further explain this concept, Fig. 3
shows the typical WT and generator power curve at different
rotor speed for different wind velocities. Maximum turbine
power, Py, m.x and generator power, P, ..« are the maximum
power points at different rotor speed with changing wind. It is
desired that the maximum power controller follows that
generator power curve at variable wind speed.
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Fig. 2 Cp as a function of A at different wind velocities.
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Fig. 3 Power-Speed characteristics at various wind velocities (‘...." -turbine
power; ‘___’-generator power.
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B. Mathematical Model of IPMSM

Conventionally, the IPM synchronous machine can be
represented mathematically in d-q synchronous rotating
frame as [1]:

d
v, =i R + Z" + oy, (6)

d
vy =1, R, +ﬁ

-y, (N
where, vg, vq are d-q axis voltages and ig4, iy are d-q axis
currents, Yy, Yy are d-q axis flux linkages, respectively and R
is the stator resistance per phase; o (= Pws) is electrical
angular speed and P is the number of pole pairs of IPMSM.
The d-q axis flux linkages, yq and y, can be written as,

lpd = Ld id + l)bm and, l)bq = Lqiq (8)

where, W, is the magnetic flux linkage, and L4, Ly are d-q
axis inductance, respectively.

When using lumped mass model as given in equation
below for WT generator shaft system, the motion equation of
IPMSG can be expressed as:

7 da,

dt

where, J - total moment of inertia of the wind turbine and

generator (Kg.m?), B,- damping coefficient (Kg.m?s), Ty-

input mechanical torque (Nm) given by (2). In the above

mathematical model, core loss is not incorporated and hence
not suitable to develop loss minimization algorithm.

= Tm - TE - Bm a)X (9)

C. Model Based Loss Minimization Algorithm of IPMSM

The d-q axis equivalent circuits of interior permanent
magnet synchronous machine incorporating stator copper and
core losses are shown in Fig. 4. The core loss, which is
caused by hysteresis and eddy currents, is represented by an
equivalent core-loss resistance, R, Considering this
resistance, the [IPMSM can be represented mathematically in
d-q synchronous rotating frame as:

v i, R\ Ve
“|=r | +(1+ s e (10)
v, Lye R, Ve
Vde | | 0 —woLy | ide N 0
vqe a)rLd 0 lqe a)l//m
(1)
. woiL, (Y tigeLy) (12)
lyg = _T vleg = R
c C
iz]e = iz] - i('zl ’ iqg = iq - icq (13)

where, iz and i, are d-axis demagnetizing and g-axis
torque generating currents, respectively, i.; and i., are d-q
axis core loss currents, and saliency ratio, o= L,/L,. Copper
and core losses are the two controllable losses in IPMSM.
Eddy current losses are caused by the flow of induced
currents inside the stator core and hysteresis losses

(b)
Fig.4 Equivalent circuits of IPMSM: (a) d-axis, (b) q-axis.

are caused by the continuous variation of flux linkages and
frequency of the flux variation in the core. On the other hand
copper loss, Pc,is due to current flow through the stator
windings. Based on Eqns. (12), (13) and Fig. 4 the copper
loss P.,, iron loss Pg., and efficiency n are expressed as
follows:

R’u = Rs (idz + iqz)

2 2
Li .
= Rs{idf _(wR alge J} + Rs{iw + (w(y/r ; Ldldf)J}

2 2
wo Lji ? j
PFe=Rl.(il.f+il.q2)=Rl.( R“‘f"j +R{“’ ('/"+Ld‘df)j (5)

(14)

c Rz'

P, =P, +P
E cu Fe _ Bm’ 100% (16)

P =P, +P d P +P
where, P;- total loss, P, mechanical loss, Pg- electrical loss,
P, dc-link power and 7 is the overall efficiency of the
WECS. In order to find the core loss resistance, R, at rated
load and speed first, the iron loss Pg. is calculated by
subtracting mechanical loss Py, copper loss P.,, and rated
output power P, from the rated input power P;,. Then the R,
is calculated from the expression (15). The core loss
resistance, R, changes with operating condition as it is a
function of air-gap flux and frequency. But for simplicity in
this work it is assumed constant. The electromagnetic
developed torque is given by,

7=, + (L= L) a7
As seen that the torque is nonlinear with i, and i,. The

first part is the magnetic torque and the second part is the

reluctance torque. The reluctance torque is absent in surface

mounted PMSG as L, =L,.

Both search based and models based LMAs have been used

in vector-controlled IPMSM drives [23]. The search based
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Fig. 5 Proposed WECS configuration and control structure.

loss minimization technique has its own advantages such as
insensitivity to parameter variations caused by temperature
and magnetic saturation. In the search based technique the
flux is decremented in a stepwise manner until the minimum
input power of the IPMSM is detected and thus, it ensures
minimum loss condition. However, the search based loss
minimization is slow in convergence.

In model based loss minimization the optimum d-axis
current (id*), which provides the minimum electrical loss, is
derived based on motor model. The optimum i, can be found
by partially differentiating Pg with respect to flux component
% _,
dig,

of d-axis current, i, and setting it to zero as [22],

Assuming T,, w= constant as wind won't have sudden change
over short period of time and hence, loss minimization
condition is obtained as,

MN-T’0=0
where,
M=P2{RR iy, +@° Ly(Ry+R, )(Ly iy, +v, )} (19)
N=[y, +(1-0)L; iz ]’ (20
O={R, R’ +(QR,+R, ) woLd ) )I-c)Ld (21

For given torque T, and speed o the optimal iy, is derived
from (19)-(22) as,

(18)

iy =-Vt(Wi3, + Xi3, +Yil, — Z) (22)
where, V, W, X, Y and Z are given by,
V=@ 1+ w® =2, o*P.Lyadw?*(Rs + R,) (23)
W =3((0? Ly(Rs + RIYF)(1 + @) + Lapfa 2)-
Zige 02¢TL5da3/1w2(Rs + R.) 24)
X = 3L%1\Vr o?r+3w? Lha?(Ry + ROY,(1+ a)  (25)

Y = L3 o*r+ L300’ (Rs + R.)
Z = —ije c®y’Lilo’a

where, A = R,R.?, a=(I-0) and o= L/L,

(26)
27)

It is seen from (22)-(27) that i; is function of effective d-q
axis components iz and i, However, for simplicity in
practice, iz and i, are considered as total iy and i,
respectively.

III. OVERALL CONTROL OF THE PROPOSED WECS SYSTEM

The block diagram of the control structure for the
proposed WECS is shown in Fig. 5. The reference speed w*
is generated based on the developed MPPT algorithm, which
is compared with actual speed of IPMSG. The actual speed of
the IPMSG is estimated online based on generator terminal
voltages and currents using the MRAS based sensorless
technique. The speed error is processed through speed
controller which gives the g-axis command current i,* as
output. The d-axis command current i;* is generated by the
LMA, which controls the air-gap flux of the generator
corresponding to the minimum loss condition. The d-q axis
command voltages v,* and v,* are obtained from d-q axis
current controllers, respectively. The PWM signals for
generator side controlled rectifier are generated based on
space vector modulation. A resistive load is connected across
the low pass filter of the DC link. Capacitive bank is
connected between IPMSG and controlled rectifier to filter
out voltage spikes generated by rectifier.

A. Maximum Power Point Tracking Algorithm

With changing wind speed, rotor speed needs to be
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controlled optimally to extract maximum power from it. The
proposed MPPT algorithm computes optimum speed based
on change in output power direction. It conforms that power
curve (P-w) corresponds to dP/dw = 0 follows the maximum
power point as shown in Fig. 6. The flowchart for the
proposed MPPT algorithm based on PO method is shown in
Fig. 7. The estimated power output P, is calculated based on
sensed I, and V.. This power is sampled to check the
changes in direction and difference between previous and
current values (AP,). AP, is checked if it is within the
adequate range, then the optimum speed reference value
remains same. The control variable X is considered as rotor

Po A

Maximum Power Point

Watts

dPo/dw>0 dPo/dw <0 \

rad/sec o

Ty

Fig. 6 Hill climb search algorithm for MPPT.

speed for this paper. According to the direction of AP, and
AX, sign is assigned for optimum step change in speed. The
sign is multiplied with APe and variable 'K' to find optimum
AX. Here, K is a function of X which is designed in such a
way that it gives larger value of AX at low value of X and vice
versa. The following function is developed to adapt the
coefficient K with the value of X based on trial and error in
simulation so that the MPPT algorithm converges faster.

K = - e 00002X -300)% )) +2.01 (28)
Optimum speed reference is found by adding AX to previous
value of X. As shown in Fig. 8 optimum speed is tracked to
extract the maximum power at different wind speeds. The
curve connecting to A-B-C shows the path of maximum
power points.

B. MRAS Based Speed Sensorless Scheme

The model reference adaptive system (MRAS) scheme
offers simpler implementation and requires less
computational effort as compared to those of other methods,
and it is widely accepted for speed estimation [18]. The
MRAS method uses two models: one independent of rotor
speed (reference model) and the other dependent on rotor
speed (adjustable model), both having the same output (back-
EMF). The error of these actual and estimated outputs is fed
to the adaptation mechanism, which outputs the estimated
rotor speed (@) as shown in Fig. 9. This estimated speed is
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l A 4
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{ X(n) = Xref Y

—

Fig. 7 Flow chart for the proposed MPPT algorithm.
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Fig. 8 Change of operating point for MPPT.

used to tune the adjustable model till error is zero at which
the estimated speed is same as the actual speed. In Fig. 7 the
stator current model with stator current output is used as
adaptive model. The error between the actual and estimated
output currents is fed to an adaptation mechanism which
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could be a PI or sliding mode controller. In d-q reference
frame, the mathematical model of IPMSM Eqns. (6-9) can be
rewritten in current model form as:

R L, 1
LV o= Y| O Ry,
ld+L | L L, ld+L L, vd+T (29)
| L, -R L 1 q
i -0~ —| | 0 T v,
Ltl Ltl q
where, p is derivative operator. Eqn. (29) can be rewritten as,
- RY Lq T Vd Ld + Rs l//m
. l//m ] o—|. l//m 2
g+ — Ld Ld Iyt Ld (30)
I i Y |t
. d s . q
L -« o] T
L‘J L‘J L‘J
assuming,
. y/m R? wi vde +Rs'//m
{x,}_ i+ 3 3 12
x= = q | A= d dlu= a4
X i _a)Ld _Rs i
L‘I L‘I _ L'I
Thus, the state Eqn. (30) can rewritten as,
So the adaptive model can be written as,
px=Axtu (32)
B Rs A L‘J
where, A= L, L, |, and x is the estimated value
A, Ld B Rs
L‘J L‘J

of the parameter x. The error vector is given by,

e=x—x="1"" (33)
Xy =X,
From Eqns. (31) and (32), there would be,
pe = Ae - H (34)
0o L
where, H=(0-) = L, xAccordlng to Popov’s
Ld
-— 0
L

hyperstability criterion the adaptive law can be obtained as
[26-28]:

©=CG(N)+C, [ (N)dr+@0) )
0= j (wdr 6)

L (" A L ~ A . )
where, N =4 id+& iq—iq)+—qiq(id—idj, w0) 18
Lq L, L,

the initial speed and C;, C, are proportional and integral
gains, respectively. The gains of this adaptation mechanism
are calculated through Popov’s hyperstability criterion. Eqn.

(35) represents a PI controller. Thus, the error between
reference and adaptive model is processed through a PI
controller, which gives the estimated speed of the generator.
The estimating performance of the rotor speed is optimized
by adjusting the PI coefficients through trial and error
procedure. In this work the PI gains were selected as 0.8 and
0.5, respectively. The actual 3-phase currents are measured
and then converted to d-q components. The current error
model is generated based on these currents and the reference

currents obtained from MPPT and speed -controller,
respectively.
—> Vdq
Vabc abc Reference
dq Model
—>
/ Error
b Adjustabl
labe abc justable
dq | lag Model
—>

estimated speed, @

Adaptation
Scheme

Fig. 9 Model reference adaptive system for speed estimation.
IV. RESULTS AND DISCUSSIONS
A.  Simulation Results

The performance of the proposed adaptive MPPT control
of IPMSG incorporating the LMA and speed sensorless
schemes for wind energy conversion system is investigated
extensively in simulation using MATLAB/Simulink software.
The wind turbine is modeled based on Eqns. (1)-(4). The
parameters for IPMSG used in simulation are given in
Appendix. Please note that the parameter used in the MPPT,
LMA and MRAS algorithms are considered constant at
nominal values for the sake of testing the proposed
algorithms. An online parameter estimation algorithm may be
used to update the parameters online so that magnetic
saturation or other system disturbances and nonlinearities can
be included [30]. However, the performance of the proposed
adaptive MPPT based WECS is compared with the
conventional MPPT based WECS. Sample results are
presented below.

Figure 10 shows the responses of the proposed WECS
incorporating the MPPT, LMA and sensorless based control
of IPMSG for step changes in wind speed. It is seen from
Fig. 10(a) that the turbine torque follows smoothly according
to the disturbances in wind speed. Fig. 10(b) shows that the
proposed MRAS based sensorless scheme can estimate the
generator rotor speed smoothly according to the changes in
wind speed. It is seen from Fig. 10(c) that there is not much
difference between turbine power and dc-link power, which
indicates that the LMA and MPPT algorithms work
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effectively. This fact is also proved by the efficiency response
of WECS presented in Fig. 10(d). The WECS efficiency is
calculated as a ratio of mechanical output power of turbine,
P,, to dc-link output power, P,. It is seen that the proposed
system can maintain almost constant efficiency of around
87% in spite of the wind variation from 7m/s to 17 m/s. Fig.
11 shows the comparative mechanical power output of wind
turbine, P, and dc-link output power, P, for the proposed and
conventional MPPT based WECS. It is clearly see from this
figure that both the turbine power and dc-link power for the
proposed adaptive MPPT control system is higher than those
of the conventional MPPT based WECS. In conventional
MPPT control the optimum torque, T, of the IPMSG is
found from (37), which is a function of WT mechanical
parameters and the optimum value of C,, C,.x [31].
Generally, it is considered constant to extract maximum
power for specific WT, which was 0.4655 for this paper.
Thus, it verifies the effectiveness of proposed MPPT for
transferring more power to the dc-link from wind especially,
at high wind speed condition.

Rotor Speed (rad/sec)

L_Ac¢tual Speéd

R5wr2 37 A0 N R
’101%3 = ; ;
2 0 i i i i i i
. FT opt 38) 0 5 10 N 15 20 25 30 35
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Fig. 12 shows the zoom-in view of the steady-state 3- ' ‘
phase stator voltages, currents and estimated rotor position : : : : :
corresponding to the step changes in wind speeds. The 2500 - -roneoeo forceseessssdeessee-DC-link power (W)
balanced operation of the generator is verified by the voltages i i
and current waveforms. Fig. 12(c) shows that the estimated
rotor position (electrical) matches with the stator 'a' phase 1500

current exactly which further verifies the effectiveness of the

T
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sensorless algorithm. Figure 13 shows the response of 100

proposed WECS for a real wind speed model as per Eqn.(5). 500

As shown in Fig. 13(a) wind speed varies from 9 m/s to 15 o

m/s and the turbine torque follows the wind speed variation 0

smoothly. If the wind speed increases the torque also

increases and vice versa. Fig. 13(b) shows the estimated and 100

actual rotor speed of the IPMSG. It is clearly seen from Fig. 00

13 that the high accuracy of rotor speed estimation is 80

maintained over a wide range of wind speed. Fig. 13(c) 0

shows that the output dc-link power follows the mechanical - solt

power available from turbine efficiently. To verify the <

maximum power point tracking operation, the C, graph is §_} %

shown in Fig. 13(d), which remains almost constant around uoa0

0.46 for the wind profile as shown in Fig. 10(a). As 30

mentioned earlier, the maximum C, that can be achieved by 20

the proposed system is 0.465 and it is the only controllable 10 ; ; ; ; ; ;
variable to extract the maximum power. Fig. 13(e) shows 0; L & = o S s 35
estimation error between estimated and actual rotor speeds. It Time (sec.)

is seen that the sensorless control scheme can maintain the

speed error almost zero except the transient conditions. Fig. 10 Responses of the proposed IPMSG based WECS for step changes of

wind speed: (a) Wind speed (m/s) and Turbine torque (Nm) (b) Rotor actual
and estimated speed (rad/s) (c) Turbine power P,, and dc-link power P, (W) |
and (d) Efficiency (n).
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Fig. 11 Power extraction for the proposed and conventional MPPT based
WECS with step changes in wind speed shown in Fig. 8(a).
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Fig. 12 Zoom-in view for a step changes in wind speed: (a) 3-phase stator
currents, (b) 3-phase stator voltages, and (c) ‘a’ phase current and estimated
rotor position.

B.  Experimental Results

The proposed adaptive MPPT control of IPMSG
incorporating the LMA and speed sensorless schemes for
WECS is experimentally implemented using DSP board

DS1104 [32]. The experimental setup for the prototype 5 hp
IPMSG based WECS is shown in Fig. 14. The test IPMSG is
labelled as 'G'. The rotor speed of the test machine is
measured by an optical incremental encoder which is labelled
as 'E'. The measured speed is only used for comparison
purpose with the estimated rotor speed. The IPMSG is
coupled with a PM-DC machine (M), which works as a
separately excited motor to drive the generator. Thus, the DC
motor replaces the wind turbine in a laboratory environment.
The actual motor currents are measured by Hall-effect current
transducers. The interface circuit (I) is located between the
Hall-effect sensor (CS) and the A/D channel of DSP board
DS1104. The DSP board is installed in a personal computer
(PC). A gate drive circuit (D) is used to increase the power
level of the firing pulses so that these are sufficient to drive
the insulated gate bipolar transistor (IGBT) switches of the
converter. The power circuits consist of a 3-phase variable
autotransformer (A), power supply (PS), rectifier (R) and
IGBT converter (V). The ac voltage is supplied by the power
supply through autotransformer which is rectified by a 3-
phase uncontrolled rectifier (R) to supply DC motor. The
speed of the motor is changed by varying the input ac voltage
to the rectifier. Thus, it simulates the variable wind speed
conditions. A digital storage oscilloscope (O) is used to
capture the desired analog signal coming out through D/A
port of the DSP board. Sample results are presented below.

Fig. 15 shows the effectiveness of the speed sensorless
scheme under variable speed conditions. It can be seen that
the estimated speed tracks the actual rotor speed very well.
As the IPMSG is 3 pole pair machine, one cycle of rotor
position angle corresponds to three cycle of phase ‘a’ current,
which is shown in Fig. 16. The balanced operation of the
generator is verified by the steady-state three phase output
voltages, which are shown in Fig. 17. The effectiveness of the
MPPT and LMA algorithms can be seen from Fig. 18, which
shows that the proposed MPPT and LMA can transfer more
power to the dc-link as compared to the conventional MPPT
based WECS. For conventional MPPT control in real-time
the turbine output power is first estimated based on
simulation results at different speed and load conditions and
then the reference speed for the wind generator is calculated.
After that the same PI speed controller was utilized to
generate the torque component of the current, ig. Thus, in
conventional control electrical load variation was not sensed
by the controller and hence, the maximum power transfer was
not ensured. Due to limitation of the variable dc power
supply it was possible to run the motor up to 70 rad/s. It was
found that the proposed LMA based MPPT can maintain the
efficiency of around 85%, which is almost similar to the
simulation results. As the IPMSG is driven by 5 hp PM DC
motor in a laboratory environment, the WT parameter is
unavailable for conventional controller. This is also the
limitation of the conventional MPPT control of WECS in
real-time.
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Fig. 13 Responses of the proposed IPMSG based WECS for real wind speed
model: (a) wind speed (m/s) and turbine torque (Nm), (b) rotor speed (rad/s)
and, (c) turbine power, P,, (W) and output DC link power, P, (W), (d) wind
turbine power coefficient, C,, and (e) speed estimation error.
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Fig.14 Experimental setup of the proposed IPMSG based WECS (DC motor

1000 replaces the wind turbine in the lab).
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Fig. 15 Measured and estimated rotor speed of the generator.
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Fig. 16 Steady-state ‘a’ phase current and rotor position of the generator.
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Fig. 17 Steady-state 3-phase stator currents of the generator.
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Fig. 18 DC-link output power, P, at different speeds (rad/s) with the
proposed and conventional MPPT algorithms.

V. CONCLUSION

A speed sensorless and loss minimization based adaptive
MPPT operation of IPMSG for direct-drive wind energy
conversion system has been presented in this paper. A simple
model reference adaptive system was utilized to estimate the
rotor position. A novel online adaptive MPPT operation was
utilized to transfer maximum power from wind turbine to the
dc-link. A model based LMA has also been incorporated to
minimize the electrical losses of the generator. The MPPT

0093-9994 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

algorithm generates the optimum reference speed of the
generator without the knowledge of wind speed, turbine or
generator parameters. The proposed control technique was
implemented in real-time using DSP board DS1104 for a
laboratory 5 hp IPMSG. The effectiveness of the proposed
speed sensorless and LMA based MPPT control of IPMSG
was verified in both simulation and experiment. It was found
that the proposed control techniques can transfer maximum
power while maintaining accurate speed estimation of the
generator at different wind speed conditions. The MPPT
operation was confirmed by maintaining maximum C, and
high controllability of the IPMSG. Therefore, the proposed
speed sensorless and LMA based adaptive MPPT scheme
could be a potential candidate for reliable operation of
industrial wind energy conversion systems.

APPENDIX: [IPMSG PARAMETERS

Rated Power 5 hp
Number of poles 6

Number of phases 3

g-axis inductance, L, 6.42 mH
d-axis inductance, L, 5.06 mH
Stator resistance Ry 0.242 ohm
Core loss resistance R. 7.5 ohm
Inertia constant J 0.0133 kg.m”

Damping constant B, 0.001 (Nm)/rad/sec

0.24 volts/rad/sec

PM flux linkage ¥,
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