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POWER IMPROVEMENT OF WIND TURBINE BASED ON MAXIMUM
POWER POINT TRACKING (MPPT) CONTROLLER

ABSTRACT

This thesis presents a modern controller for simulation of maximum power point
tracking (MPPT) technique using boost converter for wind energy conversion system. It
uses output voltage as feedback to regulate its output voltage to a desired value without
steady state oscillations with the aid of Matlab ® & Simulink ® simulation software. The
methodology is proposed by using modern controller for application of boost DC-DC
converter system. It is implemented on the boost converter system by applying state space
method. Modern controllers are simulated in closed loop system which consists of state
feedback controller, optimal controller, state feedback with feed forward controller and
integral controller. These modern controllers are simulated to analyze transient response
and percentage of overshoot from boost converter output voltage. If the output system is
observable, a full state observer can be implemented. All controllers are compared, which
from this work it is proof that state feedback controller at Poles 250x is the best controller,

whereby produces less error it is 0.002V error.
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PENAMBAHBAIKAN KUASA TURBIN ANGIN BERDASARKAN PENGAWAL
PENGESANAN TITIK KUASA MAKSIMUM (MPPT)

ABSTRAK

Tesis ini membentangkan pengawal moden bagi simulasi teknik pengesanan titik
kuasa maksimum (MPPT) dengan menggunakan penukar rangsangan untuk sistem
penukaran tenaga angin. la menggunakan voltan keluaran sebagai maklum balas untuk
mengawal voltan keluarannya kepada nilai yang dikehendaki tanpa ayunan keadaan
mantap dengan perisian simulasi Matlab® & Simulink ®. Metodologi ini dicadangkan
untuk membangunkan pengawal moden bagi aplikasi untuk meningkatkan sistem
penukar DC-DC. Kawalan moden dilaksanakan pada sistem dengan menggunakan
analisis ruang-keadaan. Simulasi pengawal moden dilakukan dalam sistem gelung
tertutup terdiri daripada ruang-keadaan, pengawal optimum, maklum balas keadaan
dengan pengawal hadapan suapan dan pengawal integral. Semua kawalan moden ini
disimulasikan untuk menganalisis tindak balas sementara dan peratusan lonjakan bagi
voltan keluaran pengubah boost. Jika keluaran sistem boleh dipantau, maka pemantau
keadaanpenuh boleh dibangunkan. Semua jenis sistem pengawal dibandingkan dan
hasilnya didapati sistem kawalan suap balik ketika pole 250x menghasilkan ralat paling

kecil iaitu 0.002V.
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Chapter 4: Results and Discussion

This chapter discusses on controller simulation results based on steady state, settling

time, percentage of overshoot and steady-state error whilst observer is investigating the

original boost system of the output voltage.

Chapter 5: Conclusion

In this final chapter, conclusion of the overall research project findings is presented.

Suggestion for modern controller’s techniques and improvements and recommendations

for further research is specified.
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A= = (2.5)

Where, @ is the rotor speed, R is the turbines radius. f is fixed by the shape of turbines

blades. Thus C,, can be expressed as a function of A only. A typical C,, (1) curve is shown

in figure 2.3.

Figure 2.3: Turbine power coefficient(Pallavi Beheral, 2015)

Power output of the generator Pg ;

P; =By, (2.6)

Where ) is the generator efficiency.

Using the relation (2.2) — (2.6) it can be inferred that at any particular wind speed, the
generator outputs maximum power at a specific rotor speed. By controlling the duty ratio
of the intermediate boost converter, the load resistance referred to the generator terminals
is varied along with the changes in wind, such that maximum power is extracted

continuously.
13
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2.4.4 State feedback controller
The first step in designing a state variable reqm‘xires the assumption that all states are
variable for feedback and they are able to access complete state x(?) for all t. system input

u(t) is given by below equation:
u= —Kx (2.23)

Determining the gain matrix K is the objective of state feedback design process. Figure

2.5 shows block diagram of a state feedback controller, where K is feedback gain.

E

o O P O c
- - +‘,___ -

Figure 2.5: State feedback controller

As derived from the above circuit model, a closed loop system equation is

x= (A—BK)x (2.24)

y = (C—EK)x (2.25)

Next, pole placement and optimal control technique will be presented to determine the
feedback gain matrix K.
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Figure 2.7: Integral controller

The controller state space’s mathematical models are represented as follows:

x = Ax + Bu (2.35)
v= —Cx—Eu+r (2.36)
u= -k -=N[}] (2.37)
y =Cx+ Eu (2.38)
Where,

x = state variable

v = integral input

u = state feedback with feed forward controller

y = output

23



The new gain N and matrix K are computed through the substitution of matrix A, B, C

and E in the matrix Equation 2.39. as shown below:

- Sl

Result from equation 2.39 will produce a new matrix A and B. Next the value for system

K is derived from following equation:

K=y Ki ~Kd (2.40)

After that. the substituted characteristic polynomial is compared to the desired eigenvalue
by using Equation 2.26 and 2.27 and K value can also be determined. The value of —K is

the forward gain and the value of K; and K> is the feedback gain. The equations are

follows:
N = —K; (2.41)
K= [Ki K] (2.42)

When enforced in this controller, the compensated system becomes Equation 2.43 as

shown below:

[ﬂ =z it Bgol +[plut [(1)] E (2.43)

24






Figure 2.8 illustrates how the observer estimates the states of the system. £, £ and 7
represents the estimated values. The output §'is compared to the output of the system. If
any differences are found from the comparison, it will be multiplied with an observer

matrix gain, L and feedback to the state estimator dynamics.

Output
— System

Inpst —— Output
observer
Figure 2.8: Full state observer
The calculation of full state observer is:
x—x=(A-LC)(x—X) (2.45)

The characteristic equation of the full state observer system can be derived from:

|sI = (A—=LC)| =0 (2.46)

26









observer. In order to simulate both modern controller and observer, their gains value are
inserted into respective Simulink model. During verification and validation phase, results
from open loop and closed loop boost converter are analyzed. Finally, the results are

compared and discussed to determine finalize the best controller performance.
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Figure 3.1: Flow chart of project methodology
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33 Derivation state space

State space averaging technique is insmlmex-na] in refining transfer functions for
switched circuit such as DC-DC converters. Hence, steps to derive state equation for boost
converter is explained. Figure 3.2 shows model of boost converter circuit, whereas Figure

3.3 shows boost converter operations when switch is closed.

L1
° AV

N

|+

Figure 3.2: Boost converter circuit
">\
AV
VL1=Vi

Vi (&) c1=L ve & évo ‘

Figure 3.3: Boost converter when switched closed
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From Figure 3.3, Kirchoff’s voltage law equation loops that can be derived are as follows

(W. Hart, 2011).

Vi = Vi

d.le e 3
L1 = =3

dig, _ Vi
at L1

While Kirchoff™s current law equations are follows:

ic1 = —lgs

(i Vo

c1 RL
dVey Ve
Cl—=——
dt Ry

BVcy . Vi

dt Ry+C1

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)
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Following Figure 3.4 shows the operation of boost converter when it is switched open.

L1
S ATATAA
VL1=Vi-Vo

1| 0 =iRL | _

Vi ()
© C1== VCi RL é"“

Figure 3.4: The boost converter when it is switched open

For the case when it is switched open, Kirchoff’s voltage law equations are as follows

(W. Hart, 2011)
V,, =Vi—Vo (3.8)
Via =Vi—=Ve (3.9)
L1252 = Vi= Vg (3.10)

Eﬁ L Vi— Vcl
de T ki (3.11)

Likewise, Kirchoff’s current law equations are shown below (W. Hart, 2011)
ipn= lgatip (3.12)
icy = li1—ip (3.13)

33



ECI = I'Ll RL ; (314)
dV(;l o ¢ E(.:'.}-

Cloe® Sy == (3.15)

dVei _ tix | Ves (3.16)

Thus, from Equations 3.8 to 3.11 and 3.12 to 3.16, the steady state of boost converter

can be derived as follows (W. Hart, 2011)

dig, _ Vi Vi-Vea — ¥k Ver

- C@+[Ela-a=5-2a-a) (3.17)
d¥g: = Vg ity Ve ‘o i;_, Ver

B e AT [ RL .m] (i=d)y=g 2O —=—= (18

Otherwise the above state can also be transformed into matrix as below which assume

(1 —-d) = D, (W. Hart, 2011)

dig,
[dvﬁ‘ (3.19)
A= » —%
=|p % (3.20)
C1 Rp*C1
= iLl
- VCJ (3.21)
vi
5= [
2 (3.22)

34



For steady state operation, the net change in inductor current must be zero. The

relationship between output voltage (¥0), input (¥7) and duty cycle (D) is (W. Hart, 2011);

Vi~ 1D (3.23)
The average current in the inductor is figured by (W. Hart, 2011)
N oo W
lia = Gopyer, (3.24)
In order to find period (T) :
=2

= (3.25)

Minimum and maximum inductor current are determined by using the average value and

the change in current values (W. Hart, 2011).

Vi Vis*DT

Inax = (1=-D)2R; = 2=L1 (3.26)
I . Vi o DT
Max = (1-p)2R;,  2+L1 (3.27)

The minimum combination of inductance and switching frequency for continuous current

in the boost converter is represent in following equation (W. Hart, 2011)

_ D(-D)*Ry
Lmin === (3.28)
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The output voltage Vo is determined from equation (W. Hart, 2011)
Vo= Vg (3.29)

The above Equation 3.29 is valid for both switch positions, resulting in €] = Ci=

c=1[o0 1] (3.30)

and

x =[] (331)
Vea

34 Analyzing of state space modelling

Parameter used in the boost converter system are presented in Table 3.1.

Table 3.1: Boost converter circuit (Pallavi Beheral, 2015)

Parameters Values
Vi 1231V
Vo 2427V
LI 100mH
Cl 180uF
RL 50Q
f 50kHz

36



From the equation 3.23, duty cycle D can be calculated by inserting all related parameters

required as follows:

Vo_ 1
Vi 1=D
D =05

All parameters assigned for boost converter are exploited in identifying state space

matrices, as depicted below

0 = 0.5
A 100m
=~ |05 1

180p  (50)(180p)

St i) -5
A_[2.78k ~111.11

Vi
- [5
0
B = [123.1]
0
C=1[0 1]

37



The value of state space duty cycle, D is 0.5. Equation 3.24 is revisited to find the

average current in the inductor.

ol
L1 ™ (1-p)2r,,

i1 = 0.984

Equation 3.25 is revisited to find the value of time period, T:

| =

As mentioned before earlier, this converter is required to be operated in Continuous
Conduction Mode, CCM. Therefore, both equation 3.26 and 3.27 are revisited and all

parameters are substituted.

In order to find Jax,

ey Vi +VE*DT
max = (1-D)?R,  2xL1

Imax =0.981 A

In order to find Ly,

MR Vi Vi*DT
max = (1—D)2R, 2+L1

Imax =0.978 A
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M= [123 . 342(.]221(]

M| = 42.13X10°

From the above equations, Rank [M¢] = 2 and |M¢| = 42.13x10° # 0. These findings
proved that controllability principles and requirement are met and thus concludes that

boost converter is fully controllable.

3.6 Analysis of observability
A boost converter is considered fully observable if its Rank [M,] = 2 or determinant

[Mo] # 0. Hence, Equation 2.34 is revisited to test the observability of a boost converter.

Pt [CCA]

-5

v 0
cA=[o 1][2.781: ~-111.11

CA=[278k —-111.11]

T 0 1 '
Mﬂ“[z.mk —111.11]
IM,| = —2.78k

From the above equations, it was shown that Rank [M,] = 2 and |M,| = —2.78k =
0. The result shows the observability principles and requirement. Hence, it can be
concluded that the boost is fully observable. Apart from the above deployed methods,
boost converter controllability check can also be performed by using Matlab® &

Simulink software tools.



Since both controllability and observability of boost converter had been proven, both
controller and observer are ready to be implemented on the boost converter. Therefore,

as the next step in the analysis process, the poles location of the system will be obtained.

31 Analysis of poles location

Poles location or eigenvalues of boost converter is defined by below equations:

|sI—Al=0

”3 2] — [2.'?8k —1;5.11” Al
s +111.11s + 13900 = 0

Then poles value are determined by using Matlab & Simulink software tools. Based on

Matlab & Simulink calculation result, poles of boost converter are located at:

Py, = (—55.555 + 103.99i)

3.8 Calculation of state feedback controller
Pole placement and optimal control technique are presented in this project to retrieve gain

value of state feedback controller.
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ky + k, characteristic equation of the new pole placement is determined by revisited

Equation 2.17. hence poles at Poles 150x characteristic equation can be written as follows:
(s + 8333.25)(s + 8333.25)

s2 + 16666.55 + 69.443x10° = 0

Coefficient in Equation 3.32 and 3.33 are the compared to find value of k,and k.
111.11 + 123.1k, = 16666.5
ky = 13449
Next, substitute k; = 134.49 to find k,:
13677.64k, +342218k, + 13900 = 69.443x10°
13677.64(134.49) +342218k, + 13900 = 69.443x10°

k, = 197.54

The feedback gain for Poles 150x is as described below:

K=1[ky k;]=[13449 197.54]
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3.10 Optimal control technique

Linear quadratic cost function is recalled:
L= f (x"Qx + u"Ru)dt
0

On the other hand, matrix Q can be derived from:
Q=C"C (3.34)
Matrix C is substituted to determine matrix Q as depict in below equations,

o=[0 1]"[0 1]

o=[JJo 1

[0 0
Q={y "4

Cost function is minimized by manipulating state and leaving input as default R=[1].

Next, Equation (2.31) is recalled. Matrix P is then calculated by using Recatti equation

and all related matrices are substituted:

AP+ PA—PBR™'BTP+Q =0
<

[2.708!( -1'115.11] [g;: ilﬂ*’ﬁli ];Z] [2.708!( —115.11
T
e i W et A
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0 =5 0
A=|278k -111.11 0]
0 =1 0

123.1
B=| 0

0

The new K is described as follows:
K=[ks ky —ks]
K =[0.04513 81271x1077 —0.22565]
As per explained is subchapter 2.9, both K and N values are written as,

K = [0.04513 8.1271x1077]
N = —0.22565

Afterward, full state observer design will be analyzed as the next step.

3.13  Calculation of full state observer gain

In order to find observer, gain L, Equation 2.46 is recalled to determine characteristic

equation of a full state observer.

sl —(A—LC)| =0

s 01_1 o =5 ly
“0 s] [2.78k —111.11] i [tz] [0 1]| =
s? + (11111 + I)s + 13900 + 2.78kl, = 0
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The characteristic equation of Poles150x is given below:
(s + 8333.25)(s + 8333.25)

s% + 16666.5s + 69.443x10° = 0

The characteristic equation of Poles 150x are compared to find [,and [,:
13900 + 2.78k!l, = 69.443x10°
ly = 24978
111.11 + [; = 16666.5
l, = 1.6555x10%
The observer gain, L for Poles 150x is:

e 11]= 2.4978x10“]
l] ~ 11.6555x10*

The observer gain matrix, L can also be computed by using Matlab & Simulink

software.

The same method is repeated to determine the observer gains for Poles 250x and

Poles 350x. the observer gain for each group ir recorded in Table 3.4,
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3.14.1 Wind turbine system

Figure 3.5 is illustrated Simulink model of thf; wind turbine. There are three which is
generator speed (wr_pu) in pu for the nominal speed of the generator, the pitch angle in
degrees and the wind speed in m/s, the tip speed ratio of lambda, A in pu of nominal
lambda A nom is gained by the separation of the rational speed and the wind speed in pu of
the base wind speed. The output is the torque applied to the generator shaft. The fixed

wind speed is 12 m/s suitable for wind turbine system (Trejos-Grisales, 2014).

Figure 3.5: Simulink model of wind turbine system
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Figure 3.6 illustrated the Simulink model for boost circuit from the wind turbine system
in figure 3.5. The Simulink model for boost is come from the block in red dash at Simulink

model at wind turbine.

Figure 3.6: Simulink model of boost circuit
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Figure 3.7 shows that Simulink of MPPT from the main Simulink model of wind

turbine from figure 3.5. The red dash is the part of Simulink model for MPPT.
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Figure 3.7: Simulink model of Maximum Power Point Tracking (MPPT)
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3.14.2 State feedback controller

2427

W=

Constant
L
C

_[_.

Figure 3.8: State feedback controller

The Simulink® model is shows in Figure 3.8 after added the state feedback control

3.14.3 State feedback with feed forward controller
Figure 3.9 indicates feed forward gain, N position is at the beginning of system in
block diagram. By using pole place method can find the value of gain K. In this method

value at poles 350X is being considered.

Figure 3.9: State feedback with feed forward controller
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3.14.4 Integral controller

Design of the Simulink block diagram for integral controller is having an integrator
after summing junction point. The feedback from system output is placed before the
integrator with summation point as detail in figure 3.10, Apart from overseeing the entire
system, this structure is also used to guarantee output values are still as the same as input

values.

Figure 3.10: Integral controller
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3.14.6 Full state observer

The combination of boost converter and full state observer in one block diagram is shown
in Figure 3.12. The back-state value used in the feedback control are estimated via the
full state observer. Output value measured at Scope / must be equal with output value

measured at Scope 2

=

L

Figure 3.12: Full state observer
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4.4 State feedback based on optimal control technique

Based on block diagram shown in Figure 3.6, the gain, K is determined by using Ricatti

equation as derived earlier in subchapter 3.10. the simulation result by applying optimal

controller is shown in Figure 4.3.

BAp————Y- 2501

Figure 4.3: Optimal control technique results

X: 0.006991
. o
= [—— Optimal controter
—— ] o i
/ X: 0.01818 : 3
/ : X 0.07809
overshool % Y- 2627 i
Seatling time ool
a2
. o | b |
i3 0 —a
0.01 0.02 0.03 0.04 005 008 G 2
Time fseconds)

From the graph illustrated above, it is shown that steady state of output voltage. Vo is

25.27 V while settling time. 75 is 0.01819 sec. Unfortunately, there is an overshoot of

0.212% occurred at 0.006991 sec which resulted a steady state error of 1V,
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4.6 Integral controller
As illustrated in block diagram in Figure 3.10 the new gain K and feed forward gain,N
have been are derived as described in subchapter 3.12. the simulation result of integral

controller is detail in Figure 4.5.

254 T T T T
: S v—r-— Integral controller |
a4 o e e LR S e o RV
& et X: 0.7925 X:1.2 ]
ol o Y: 25.26 Y: 2527
- 5 B Setling time Sleady statg
> 4
5248 / R
> }/‘/
246 [ f =
244 'Jr{/ ]
",
24.2 ' , : ' :
0 0.2 0.4 06 08 1 12

Timegseconds)

Figure 4.5: Integral controller result

Graph in figure 4.5 show the steady state of the output voltage is at is at 25.27 with
setling time of 0.7925 sec. This is the slowest settling time as compared to all modem
controllers that have been evaluated before. Besides that, this controller also produced 1V
steady state error but with 0% overshoots. Furthermore, it can also be seen that the si gnal
was degraded during rise time. The comparison of all modern controller results will be

explained in following section.









49 Boost converter with full state observer simulation results

The expected result for observer output should be thc:: same with the result of the open
loop system. Before simulation started, gain value, L is calculated as described in
subchapter 3.13 and inserted into the observer Simulink model to ensure it is comparable
to the system output. The matrix gain L> selected to perform this observer evaluation is

as shown below:

I !1]= 69.386x103]
l,] — 127.666x10°

0 0.1 02 03 0.4 05 08 07 0.8
Time (seconds) ' '
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After evaluating all collected result, it is recommended to use state feedback controller
based on pole placement technique such as shown by 250x since it provides the fastest
settling time at 0.0003882 sec has smallest steady state error of 0.002 and 0% overshoot

on output voltage.

52 Recommendation for future work

For further improvements, this proposal can be implemented on hardware with
parameter values as acquired during simulation phase. The standard DC-DC boost
converter is assembled with gain value, K inserted as feedback control. Prior to
assembling the hardware parts, it is advisable to simulate involved circuits by using PSIM

or Matlab ® & Simulink®.
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