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Abstract—This paper proposes a new Hill Climbing (HC)
Maximum Power Point Tracking (MPPT) control for large wind
turbines, where the wind rotor inertia is not possible to neglect in
the MPPT control. In addition to the proposed MPPT control, an
analytic design methodology for speed and current loops for the
control of back to back converter is provided. Experimental study
has been conducted based on a wind turbine emulator with an
Induction Motor (IM) and Permanent Synchronous Generator
(PMSM) mechanically coupled to the IM. Experimental results
show that the proposed MPPT control captures more power from
the wind than the conventional one by 8.22 %, for the same wind
profile.
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I. INTRODUCTION

By means of MPPT control methods, the power can be
captured from the wind at the maximum rate. Two essential
points in MPPT control are correctly detecting and tracking of
the Maximum Power Point (MPP). Generator Signal Feedback
(GSF), Tip Speed Ratio (TSR), Optimal Torque Control (OTC),
Power Signal Feedback (PSF), Wind Turbine Power Curves
(WTPC), and Hill Climbing (HC) methods are employed in
general [1,2]. GSF and OTC based MPPT methods needs a
priori of the generator, it is the torque constant especially
depending on the magnetic saturation. In GSF control method,
MPP depends on the wind rotor inertia, which may lead to errors
in MPPT control [3]. These drawbacks are referred by other
researchers in [3,4,5]. TSR needs anemometers to measure wind
speeds [6,7]. A single anemometer cannot measure the true
average wind speed, so MPP is not possible to calculate exactly.
TSR requires the exact model knowledge about the turbine, as
well. It is also well-known that WTPC needs for the real test
data. Traditional HC needs no priori; however, it cannot track
MPP under sudden wind speed changes since neglecting the
effect of wind rotor inertia [8]-[12]. The wrong directionality is
another possible problem for especially large-inertia turbines
[13,14].

This paper proposes a new HC method relaxes the problems
of the traditional one. Decoupling based PI controller designs
are provided in the paper in section II. The proposed HC is given
in section III, and then experimental study is presented in section
IV. The last section is left for the conclusions. In results,
traditional and proposed HC methods are compared to each
other in terms of the captured power from the same wind profile.

Wind turbine research studies generally require a turbine
emulator, it is a mechanical-exciting actuator. To emulate a
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Fig. 1. Wind turbine response for wind speeds of 3, 6, 9 and 12 m/s: (a), (b)
Py, vs w; (¢) Ty vs w; and (d) Py, vs 4 ()
wind turbine, it is necessary to control IM as a mechanical
actuator in this study torque depending on the turbine model as:

T,=P, /o, =C,P, /o =05pxR°C, ([ X’)-J.o. (1)
P,=C,P,=05C,pAV: —J 0,0, (2)
C,(LP)=¢ (cz/&—c3ﬁ—c4)e(_cs/m +c A 3)
1/2, =1/(A+0.088)-0.035/( " +1) 4)

where A is the swept area of the propeller. 8 is the pitch
angle and its value is zero in this study. o is the air density, V is
the wind speed, A is the tip speed ratio, w, is the speed of wind
rotor, C, is the turbine power coefficient, P;, is the extracted
power from the wind, T}, is the torque of wind rotor, J,. is the
inertia of wind rotor, B, is the available power in the wind.
Coefficients (Cy, C,, C3, C4, Cs, Cg) appeared in Eq. (3) are given
in Table 1. Egs. (1)-(4) define the turbine model. Fig. 1 shows
turbine responses and MPPT curves for different wind speeds.
In Fig. 3, schematic of the turbine model is given.

Remark 1. J;, and Jpyqy are inertias of IM and Permanent
Magnet Synchronous Generator (PMSG) respectively. Total
inertia at generator side is [y = Jiy + Jpmusm + JrN2. N is the
virtual gear ratio, 3/4 . The wind rotor inertia, /., can also be
emulated for any value as it is needed [15].

II. CONTROL OF BACK TO BACK CONVERTER

A. Rotor Field Oriented Control of Turbine Generator

Vector control, in short, of PMSG is implemented in such a
way that q axis current delivers the desired torque while q axis
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current adjusts magnitude of the rotor flux density. Dynamical
equations of the vector control are as follows [16,17]:

Vdg = Rsidg +Ldgl:dg ( @ nglqg) (5)
v, Vv )
ng R + nglqg (ngdg idg + wg/im ) (6)
%,—/ \ -
ngJ’l v, qg coupling
‘]de):Tg _Tin (7)
T,=15PAj,, k =1.5PA, (8)

where i34 and iy, are d and q axis currents, Vg, and V,; are
d and q axis voltages, R is the stator phase resistance, Lg, and
Lqg are d and q axis inductances respectively, wg, is the
electrical speed, w is the generator shaft speed, P is the pole-
pairs, A, is the magnet flux, Ty is the generator torque, k. is the
torque constant. This PMSG is a surface magnet machine, thus
the d axis desired current, iggf, is set to zero for satisfying
maximum torque per ampere condition. Vg p; and Vg py are
the terms regulated by PI controllers, while Vg coupiing and
Vqg,coupling are compensated by the decoupling control. Eq. (8)
is obtained setting iq; = 0. All parameters of PMSG are given
in Table 1. The decoupling control scheme is provided in Fig.
2, as well. PI gains should be chosen according to the desired
settling time, 0.011 s, as;

e =Ko (L +L,) =k, (R +R,) ©)
Ky =k (L +L,) =ky, (R +R,) (10)

Pag sett

where L; and R, are inductance and resistance of inverter
output filter. As shown in Fig. 2, wg,; is the reference speed
resulting from MPPT algorithm
fevear! (Vac/V3) , fepear = 3750 (it is the peak value of PWM
carrier wave) is PWM gain about 16.23 for 400 V DC bus
Voltage PI gains are chosen so K (ng + Ld) = 0.004,
Kiag = (Rs +Rg) = 0.5, K,qq = (Ldg +Lg) = 0.0055 and
Kiqg = (Rs + Rq) = 0.5 that the closed loop transfer function
of inner current loops is TF, = 450/(s + 450) for kger =
450. In this case, settling time equals 0.011 s, which equals
PMSM + filter electrical time constant. For Ky, = (Jjy +
Jpmsm) = 0.0326 and K;,, =B = 0.001 , and K =
100/3, closed loop transfer function is obtained as:

K

kinv =

Remark 2. K,,,;, = 0.0326 is only valid for step response
verification, In the generator control for MPPT control of wind
turbine, K,y g = Jinr = 0.0326 + 6-9/16 = 3.4076 will be
taken. Settling time of Eq. (11) equals about 0.15 s without an
overshoot.

1.5e4s% +6.75¢6s
7, =L : (1)
s"+900s” +2.175e5s° +6.75¢6s

In Fig. 3, all the closed loop control scheme is given along
with the turbine emulator. But the emulator is kept out of scope
in this study, to keep up with the page limit restriction of IEEE.
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B. Voltage Oriented Control of Grid Side Converter

Various kinds of control methods for the Grid Side
Converter (GSC) have been proposed so far in the literature.
Among all of them, voltage-oriented control is one of the most
essential ones [18]-[20], given as:

Vg =Ryiy + Ly, +(-0L,i, +V,) (12)
| — %,—/
Vas.p1 Vs coupling
V, =R, +Li +(@Li,+V,) (13)
Vq.s.."[ Vq' coupling

de = (3de /2Cdc )idx

where I, is the external disturbance (total dc current caused
by the turbine generator), V;. is DC link voltage Vs and igg
are d axis voltage and current, V,; and i, are q axis voltage and
current. V4 and V¢, are d and q axis converter output voltages.
Vas,pr and Vg p; are the terms regulated by PI controllers, while
Vas coupting and Vs coupting are decoupling control terms. The
grid angle is locked by the synchronous reference frame PLL,
which gives a high performance since a balanced grid is in
effect. As shown in Fig. 2, k;,,,, is equal to that of PMSG about
16.23, since the same DC bus voltage is in effect, 400 V. Vgerer
is the DC bus voltage reference value, 400 V. PI gains are
selected to meet the desired settling time, 0.0092 s, as;

=k,,L, =k,R,

pdg sett sett

=k,L, =k,R,

sett sett

(1/Coc )V, (14)

(15)
(16)

where L; and R; are inductance and resistance of the line
filter. For kgerr =543 , Kpqg = Kpqg = 0.0023 , Kiqy =
Kiqg = 0.25, the closed loop transfer function of current loops
is TF,; = 543/(s + 543), where settling times are 0.0092 s.
Electrical time constant of the differential mode choke is also
0.0092 s. The closed loop transfer function of the voltage loop
is then given in Eq. (17), for Kp4q. = 0.00055 and Kj4, =
0.00005, as:

p— 2.05-10%*s* +1.113-10"s* +1.012-10°s° (17)
@ s°+1086s° +3.153-10°s* +1.113-10"s° +1.012-10°s”

Settling time of Eq. (17) is 0.12 s.

In both control of PMSG and GSC, settling times for inner
(current control) loops and outer (voltage and speed control)
loops are in good agreement with each other. In this design
methodology, right half plane zero of GSC, sampling
frequency, switching frequency are design parameters, all of
them are considered [19,21]. In Fig. 2, the decoupling based
closed loop control scheme is provided for PMSG and GSC.

III. TRADITIONAL AND PROPOSED HC BASED MPPT CONTROL

In this section, traditional and proposed HC methods are
covered.
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A. Traditional HC Based MPPT Control

Traditional HC evaluates AP; /Aw in finding MPP. So, it is
blind to wind speed change, and the problem of wrong
directionality arises. This means that lower MPPT efficiency
values conclude [22]. Its control law is as:

occurs because of the wind rotor inertia, which means the
traditional HC based MPPT control is not a proper MPPT
control method for large wind turbines.

v Equer = 0 lw,
- By LY Pl
Synchronous PLL ¥, abc/dg »(X) Controler] _[ X
reset;
Ve i o,
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(b)

v

ds.coupling
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Figure 2. Decoupling based vector control scheme (a), (b) for PMSG (c), (d) for GSC [24]

t,

@D, = k, I sign (APg ~Aa)) dt+ @,
0

(18)

If the wind speed increases, T;, and P;, increases, but
traditional HC cannot confirm this increase in P,. That is, in a
sampling interval At, with increasing wind speed, w increases
by Aw. So, AF; =~ 0 and AP;;, = AP;. That means that the
inertia stores about all increment in P;,. This implies that it is
AP, <0, which a change in the sign of AF, occurs. Thus,
AP, < 0and w > 0, and the control law of Eq. (18) starts to
decrease wqy, correspondingly. This means that feedback
controllers also decrease w , which is called “wrong
directionality”. It is very important to note that this drawback

B. Proposed HC Based MPPT Control

Proposed HC based MPPT control law is given in Eq. (19).
For an increasing wind speed, either suddenly or slowly, it is
always valid that AP, > 0 & Aw > 0 and hence the control
law can increase w,,; by correctly evaluating AP, /Aw. For a
decreasing wind speed, either suddenly or slowly, if AP, <
—U1Pinratea & Aw < lyWrgreq » then APy /Aw is calculated
instead of AP, /Aw.

So, the control law starts to decrease wgy,:. On the other
side, if —uPyratea < APy < 0& —UaWrgreq < Aw <0
namely if the generator speed is driven to an optimum value

‘ 2
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Figure 3. Closed loop control scheme and grid side converter (a), (b) for PMSG (c), (d) for GSC
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sampling

k j sigmoid (AP, - Aw)dt + @

m opt(k

. (AR, >0& Aw>0)
0
a)upr(k—l) lf( 0>AF,
opt(k) — Esanpling
b, | signoid (AP, -)di+a,

m pi(k-1) *
0

if (AR, <-uP,

inrated

> 4Py & 0> AO>—11,@,,,,)

(19)

&A0<—110,,)

that the turbine operates at MPP, the control law keeps
Wopt(k) = Wope(k—1)- Consequently, the proposed HC drives
the turbine speed to MPP without being affected by the turbine

In the experimental verification stage of this study, it is
chosen as @ = 201.4, 8 = 52.3. Robust differentiator has a
global asymptotic stability, for the stability analysis of robust
differentiator, one can refer to [25] for details.

IV. EXPERIMENTAL RESULTS

A picture of the experimental set-up is provided in Fig. 7.
As seen from the figure, there are two converters. One is three

First Order
LPF to
extract P,
from P,

fu=12.5 Hz

tsamping = 0.1 s (Discrete Time Interval)

Figure 4. Traditional HC based MPPT control

inertia. In Figs. 4 and 5, traditional and proposed HC based
MPPT control schematic diagrams are provided respectively.

This study differs from the previous ones [23,24]. from
those aspects as: 1. As perturbation function, sigmoid function
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Figure 5. Proposed HC based MPPT control

instead of commonly used signum function "sigmoid = 2 -

(—0.5 + ;) "is used in the proposed HC control law to

1+e~5u
mitigate the chattering effect in w,,,. The robust differentiator
is used for differentiating the generator speed with respect to
time in the wind turbine emulator and in the proposed MPPT.
In Figs. 4 and 5, traditional and proposed HC are given together.

C. Robust Differentitator

Robust differentiator is generally used to smoothly
differentiate noisy signals with respect to time. In power
electronics, nearly all signals are of high noise, robust
differentiator is commonly employed for this purpose [25]. Its
control law is as follows:

u=a = —0(|s|y2 sign(s)+v

(20)
v=-0.5sign(s)

phase inverter account for driving IM to emulate wind turbine.
The other is back to back converter consisting of GSC and a
three-phase inverter responsible for driving PMSG. All
inverters are two-level inverters.

As a control unit, TMS320f28335 DSP is used, current and
voltage transducers are LA 55p and LV 25p respectively. All
the parameters of the set-up are given in Table I.

TABLE 1. ALL PARAMETERS OF THE CONTROL SYSTEM AND
EXPERIMENTAL SET-UP

Parameter Notation Value
Rated turbine input power Pinrated 2.5kW
Air density, Turbine radius p, R 1.14 kg/m®, 1.3 m
C, coefficients Cp, Cy, Cs, 0.5176, 116,04, 5,
Cy, Cs, Cs 21, 0.0068
Rated wind speed Vyated 12 m/s
Optimal power coefficient Comax 0.48
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Wind rotor inertia J, 6 kg/m’
Gear ratio - 3/4
Rated wind rotor speed Wyrated 75 rad/s
Line filter for grid side converter Ry Ly 0.25Q, 2.3 mH
Common mode filter L. 15 mH
DC bus capacitor Cac 3400uF
Grid phase voltages Vs Vis Ves 110 Vrms, 50 Hz
DC bus voltage Ve 400V
IGBT driver SEMIKRON Skyper 32 PRO R
IGBT module SEMIKRON SKM150GB12T4
Current and voltage sensors LEM LAS5-P and LV25-P
Diode module SEMIKRON SKKD100/12
Heatsink SEMIKRON 0.12K/W
Stator phase resistance Ry 025Q
Stator phase inductance L Lge=3.2 mH, Lyg=1.7
mH
Rotor magnetizing flux Am 0.21 Wb
Rated values PMSG 5 kW, 4 poles, 400
V, 15 A, 2000 rpm,
24 Nm
Generator inertia J, 0.00657 kgm?
Torque constant k 1.26 Nm/A
Parameters for proposed and kemppi=4,0, 11,=0.0036, £1,=0.0001
traditional HC

IGBTs are SKM150GB12T4 and IGBT drivers are Skyper
32 Pro R. First experimental results are presented in Fig. 6 to

GSC respectively. Tuning aims of PI controllers in section 111
are very closely confirmed by experimental results.

In Fig. 7, traditional and proposed HC based MPPT control
methods are compared to each other in terms of the captured
power from the wind for the same profile. Popr sk is the
maximum power available in the wind, calculated by TSR
based MPPT approach. As seen from Fig. 7, traditional HC
based MPPT control fails to track MPP in both transients and
steady state. Wind speed variation with both positive and
negative slope cause the wrong directionality in transients. At
the same time, it can be observed a low performance in steady
state, as well. The algorithm cannot keep generator speed at
optimum value stably. However, proposed HC based MPPT
control works with relatively higher performance in both
transient and steady state. First, there is no wrong directionality
and the algorithm can track MPP against increasing and
decreasing wind speed.

It is important to note that total inertia of PMSG and IM
0.0326 kgm?. This inertia value can be neglected, and
traditional HC based MPPT control can ensure a high energy
efficiency. However, the turbine emulator can emulate extra
inertia, too. In this study, as a propeller inertia, an extra 6 kgm?
is emulated, which this value cannot be neglected. As
demonstrated in Fig 8 (b), traditional HC based MPPT control
omits the turbine inertia and hence wrong directionality
happens in the turbine response, under especially sudden

Figure 7. Experimental setup (a) the complete hardware (b) only power converters.
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Figure 8. Experimental results of (a) proposed HC and (b) traditional HC based MPPT control

verify tuning of PI controllers designed for the control of PMSG
and GSC. As seen from Fig. 5, settling times take
approximately 0.15 s and 0.12 s for the control of PMSG and

variation of wind speed. However, proposed HC based MPPT
control consider the turbine inertia, and it can keep P;, at about
Popr rsr in transient and steady state. Traditional HC based
MPPT control can capture 241.62 kWs from the wind profile
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given in Fig. 7. On the other side, 261.48 kWs are harvested by
the proposed HC based MPPT control from the same wind
profile. Consequently, the proposed MPPT control yields an
increase in MPPT efficiency by 8.22 %.

V. CONCLUSIONS

This study proposes a new MPPT control method for
especially large wind turbines. For large wind turbines, it is a
well-known fact that the generator output power is greatly
influenced by the turbine rotor inertia. For example, while the
turbine rotor speeds up, the inertia nearly stores all the power
available in the wind. On the other hand, while the rotor slows
down, the inertia releases nearly all the power stored. In these
circumstances, it is not possible to implement a correct MPPT
control for large wind turbines without considering the inertia
related dynamics. The proposed MPPT control method here
takes the turbine rotor inertia along with its related dynamics
into consideration, and hence it can track the MPP correctly.
Experimental results obtained with a wind turbine emulator
shows that it is likely to increase MPPT efficiency up to 10,0
%.
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