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ABSTRACT

A well-known two-stage ac to dc converter composed of a diode bridge rectifier
and a dc converter is widely used in the existing small wind power generation system
(WPGS). However, due to the nonlinearity of the diode bridge rectifier, there will be
significant total harmonics distortion (THD) in the generator currents which will not
only reduce the efficiency but aso result in additional mechanical stress and
undesired acoustic noise. As to the maximum power point tracking (MPPT) controller,
the widely adopted optimal torque control algorithm only concerns about the steady
state characteristics of the wind turbine. However, the poor dynamic response due to
the mechanical inertia effect will result in reduction of the wind turbine efficiency
under rapidly changing wind speed situations. To overcome the above disadvantages,
a novel sensorless dynamic MPPT controller and a high efficiency single-stage ac to
dc converter are proposed in this dissertation as a compromise of both performance
and cost for a small WPGS.

Basically, the major contributions of this dissertation can be briefly outlined as
follows. First, a novel sensorless-dynamic optimal torque MPPT control with
adjustable virtual inertia technique is-proposed to improve the wind turbine dynamic
response and increase the output power. In addition, since the proposed novel MPPT
control contains no mechanical sensors, both the reliability and cost performance
index can be further improved. Second, a single-stage converter with three active
switches is proposed to replace the conventional two-stage converter for improving
the power quality and efficiency. The generator current THD is greatly reduced to
around 5% which can reduce the corresponding mechanical stress and acoustic noise
as well. Third, a novel quasi-synchronous rectification technique is proposed to
further reduce the conduction losses of the body diodes. Moreover, a hybrid control
composed of partial CCM, partial DCM and QSR techniques is proposed for the
corresponding single-stage converter to reduce the losses. From the experimental
results, one can see that the total efficiency of the whole system can be increased by

12% to 15% and the payback period is reduced by 11% to 13% approximately.

Keywords. small-scale wind power generation system, maximum power point
tracking, adjustable virtual inertia, quasi-synchronous rectification
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CHAPTER 1

INTRODUCTION

1.1 Maotivation

Due to the first shock of fossil fuel price in the early 1970s, the renewable energy
resources dtracted peoples’ great attention. Recently, because of the global
environmental issues, such as air pollution, acid rain and greenhouse effects,
worldwide countries have focused on the research and development of renewable
energy systems which are pollution-free and inexhaustible. The wind power
generation system (WPGS) converting the wind power into any demanded forms of
electricity is one of the most effective renewable power generation systems. For
considering about the cost performance index, most of wind power systems are built
with large-scale wind turbines. However,-in the last decade, small-scale turbines have
also become attractive because of low. initial -cost, easy maintenance and good
suitability for distributed power systems, such as individual households and
small-scale industries.

In U.K., the application of small-scale wind power generation systems in urban
environment has become a new technique industry. According to a recent small wind
turbine market study report of made by American Wind Energy Association [1][2],
the U.S. small wind turbine market grew 14% since 2006 and about 7000 sets of small
wind power systems are purchase in 2006. Presently, in Taiwan, there are about 30
manufacturers of small-scale wind turbine and about 5000 small wind turbines
(300W — 5kW) can be produced per year. Therefore, the manufacturers in Taiwan are
very competitive in the global small wind turbine market.

However, the common small wind power generation system is usually composed
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Fig. 1.1 Configuration of a conventional small-scale wind power generation system.

of a fixed pitch wind turbine, a permanent magnet generator, a diode bridge rectifier,
a dc converter, a battery power module and-a load as shown in Fig. 1.1. In such a
conventional configuration, there will be significant harmonic distortion in generator
currents which will cause additional power-losses, mechanical stress on the shaft and
unpleasant acoustic noise. It is also well known that the efficiency of a two-stage
converter is always poorer than that of a single-stage converter. Moreover, if a
wide-used steady state optimal torque maximum power point tracking (MPPT) control
is adopted [3][4], the wind turbine efficiency under rapidly changing wind speed
situations will become worse especially in low wind speed range.

Therefore, to overcome the above disadvantages, a high efficiency small wind
power generation system with a novel dynamic MPPT control is proposed in this
dissertation. The configuration of the proposed small-scale wind power generation
system is shown in Fig. 1.2. A single-stage ac to dc converter with only three active
switches and three diodes is proposed to replace the conventional two-stage converter

for improving current THD and efficiency.
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Fig. 1.2 Configuration of the proposed small-scale WPGS.

1.2 Literature Review

The MPPT control is one of the most important issues of the WPGS research. A
MPPT control is necessary for maximizing the output power of a wind turbine.
Basically, the MPPT techniques can roughly be classified into the following four
strategies, namely the tip speed ratio (TSR) control [9], the optimal torque (OT)
control [3][4], the power mapping control [5][6], and the perturbation and observation
(P& O) searching control [7][8].

For the TSR control, an expensive anemometer is required to achieve maximum

output control. Asto the OT control strategy, the well known optimal torque, namely

kWZ

is adopted as the command signal for controlling the generator torque to

maximize the output power. Similarly, for the power mapping control, the well know



optimal output power command, namely kw?>, is adopted for controlling the

generator output power. Practically, the wind velocity is changing all the time. The
steady state wind velocity is in fact very unusual. Hence, as the wind speed is either
increased or decreased, if the rotor speed of the generator cannot track the variation of
the wind speed closely, then the extracted wind energy will be reduced greatly. In fact,

to the authors’ best knowledge, most existing papers consider only the tracking along
the maximum power trajectory of kw® or the optimal torque trajectory of kw?’.

Very few papers concern about the effect of the WPGS inertia on the wind energy
capturing. As to the P&O control, although it has the advantage of simplicity and
flexibility, the oscillating control around the optimal point will certainly sacrifice the
efficiency of the WPGS. However, for a micro-scale WPGS, the power coefficient
function of the turbine can be measured easily; which enables one to obtain the
k-coefficient of the optimal torque,-Hence, the mechanical sensorless optimal torque
control can be implemented easily to reduce cost.

On the other hand, due to cost reduction consideration, a full diode bridge rectifier
is always adopted to convert the three phase ac voltage of the generator into dc
voltage [3][5-7]. Then, a dc converter is needed as the second stage to achieve MPPT
control. It is well known that the efficiency of a two stage converter is always poorer
than a single stage due to the twice power conversions. Moreover, the diode voltage
drops and the significant current THD will also reduce the efficiency of the WPGS
significantly [15]. Although the full-controlled ac to dc converter can provide greatly
power quality and efficiency, its cost is usually much higher than the conventional
two-stage converter mentioned above and its control strategy is more complex as well
[4][8]. A half-controlled ac to dc converter composed only three active switches and

three diodes is simpler and cheaper than the full-controlled ac to dc converter.



However, if the half-controlled converter is operated in CCM, the source currents are
still with signification distortions in the negative half cycle [38]. The well-known
DCM PFC [20-24] is a simple and effective technique for improving the power
quality, but the turn-off switching losses of the active switches cannot be neglected.

In view of the above drawbacks, it is the major motivation of this paper to
propose a novel MPPT controller and a QSR single stage ac to dc converter for a
small-scale WPGS such that more wind energy can be extracted while the wind speed
is under variation and less electrical energy is dissipated in the ac to dc converter with
little additional cost. A novel hybrid control is also proposed to reduce the switching
losses of the DCM operation. It turns out that with the proposed WPGS, the total

generated energy can be increased greatly.

1.3 Contributions of the Dissertation

Basically, the major contributions. of ‘this dissertation can be summarized as

follows:

(1) Both the reliability and cost performance index are improved because there are
no mechanical sensors required, such as anemometers and encoders.

(2) A novel sensorless dynamic optimal torque MPPT control with adjustable
virtual inertia technique is proposed to improve the wind turbine dynamic
response.

(3) A single-stage converter with three active switches is proposed to replace the
conventional two-stage converter for improving the power quality and
efficiency.

(4) The total harmonic distortion of generator currents is greatly reduced to
around 5% that also results in reductions of mechanical stress and acoustic

noise.



(5 A novel quasi-synchronous rectification technique is proposed to further
reduce the conduction losses of the body diodes.

(6) A hybrid control is also proposed to reduce the switching losses which is
integrated with partial CCM, partial DCM and QSR techniques.

(7) For evaluating the validity and performance of the proposed system, a testing
facility is practically constructed to test the implemented prototype system.

(8) The converter efficiency is increased about 6% to 11% depending on the
power loading and the amount of extracted wind power can also be increased
about 2% to 5% depending on different wind speed variations. As aresult, the
total efficiency of whole system can then be increased about 12% to 15% and

the payback period is reduced about 11% to 13%.

1.4 Configuration of the Dissertation

The contents of this dissertation can be outlined as follows:

In chapter 2, a conventional small wind power generation system is introduced.
The characteristics of the wind turbine and generator are first illustrated as a basis.
The operational principles of the conventional two-stage converter and the steady
state optimal torque maximum power point tracking control are then described as well.
Finally, some simulations are carried out for evaluating the performance of the
conventional system. It can be seen that the harmonic distortion of generator currents
is significant because of the nonlinearity of diode bridge rectifier. Moreover, the
dynamic response of the conventional WPGS with steady state optimal torque MPPT
controller is poor under wind speed variations.

Therefore, in chapter 3, a novel sensorless dynamic optimal torque MPPT control
is proposed. An adjustable virtual inertia technique is integrated to reduce the inertia

effect on the mechanical dynamic response. To achieve sensorless control, a

6



two-phase type PLL which is independent of speed is adopted for estimating the phase
and frequency of generator EMFs. Additionally, a reduced-order estimator is used to
observe the input torque from the wind turbine instead of using a torque transducer.
Finally, from the simulation results given in the last section, it can been seen that the
proposed dynamic MPPT control can provide excellent improvement of wind turbine
dynamic response and extracted amount of wind power during wind speed variations.

Furthermore, to improve the converter efficiency, a three phase single stage
converter with quasi-synchronous rectification technique is proposed in chapter 4.
The corresponding duty ratios of the switches operated in DCM control are extended
by the proposed QSR technique. The analytic expressions of the duty ratios are
derived as well. Moreover, a hybrid control that is integrated with CCM, DCM and
QSR techniques is also proposed to further:reduce the switching losses. At the last
section, some simulations are performed to evaluate performance of the proposed
converter.

The prototype system and a testing facility are constructed and illustrated in
chapter 5. All the control algorithms are implemented with a digital signal processor,
TMS320 F2812. Some experimental results are given to evaluate the validity and
performance of the proposed WPGS.

Finally, some conclusions and future works are offered in the last chapter.



CHAPTER 2
CONVENTIONAL SMALL WPGSWITH STEADY STATE

OPTIMAL TORQUE MPPT CONTROL

2.1 Introduction

In this chapter, a conventional small wind power generation system with steady
state optimal torque MPPT control is introduced as a basis. A conventional small
wind power generation system basically consists of a small scale wind turbine, a
permanent magnet generator, a two-stage ac to dc converter composed of a diode
bridge rectifier, adc converter, a battery module and a dc load or an inverter.

First, the characteristics of the small-wind turbine are described. For realizing the
power conversion between mechanical-power and electrical power, the model of the
permanent magnet generator is then introduced in section 2.3. Configuration and
operational principles of the conventional small WPGS are illustrated in section 2.4 in
detaill as well as the steady state optimal torque MPPT control. Finally, some

simulation results are given to evaluate the performance of the conventional system.

2.2 Characteristics of the Small Wind Turbine

The kinetic energy of the wind with avelocity v,, can be determined as[9]

(2.1)

where m is the mass of the moving air which can be expressed as following

equation.



opt

Fig. 2.1 A typical curve of the power coefficient of a small wind turbine.

m=r Av,t (2.2)

where r istheair density, A -isthe effective area swept by the wind turbine and t
denotes the time. Then, the power. -of ‘the -moving air with constant velocity is

expressed as

P. :% :E(E

3 mg) =21 AV (23
dt dat 2 2

By utilizing the wind turbine, part of the aerodynamic power expressed in (2.3) can be
converted into mechanical power. The conversion efficiency between the
aerodynamic power and mechanical power is depended on the geometric structure of
wind turbine. The mechanical power output from the wind turbine, i.e., the extracted

wind power, can be defined as

p=1, AC (2.4)
w 2 pYw



0 (b) W,

Fig. 2.2 Characteristic curves of wind turbine. (a) Output power, (b)output torque.

where C_ <1 isthe power coefficient which is defined as the ratio of the extracted

wind power to the aerodynamic power. Normally, the power coefficient is a function
of tip speed ratio (TSR) and pitch angle of the wind turbine. However, the pitch angle
of a small wind turbine is usually fixed. Therefore, the power coefficient of a small
wind turbine can be expressed as a function only of the TSR which is defined as

follows.

d= m (25)

10



where r is the radius of the wind turbine and w,_, is the rotating angular speed of
the wind turbine. A typical power coefficient curve is shown in Fig. 2.1. It is obvious

that the power coefficient will reach the maximum value, C while the TSR of

p,max !

the wind turbine is controlled to the optimal value, d,,. Hence, we can obtain the

maximum captured wind power as follows.

P e = KW (2.6)
r Ar’C
= Lo 2.7)

The optimal output torque of the wind turbine at the maximum power point can also

be obtained as follows.

P
Toop =l = KW, (2.8)
’ W

The power and torque curves of the wind turbine with respect to the rotating angular
speed under different wind velocities are shown in Fig. 2.2. For the power mapping
MPPT control strategy, the maximum power curve in (2.6) is used as the reference
signal for controlling the generator output power. Similarly, in the optimal torque
MPPT control strategy, the controller reference signal is obtained from the optimal
torque curve as shown in Fig. 2.2(b). To converting the mechanical power from the
wind turbine into electrical power, a permanent magnet generator is widely adopted in
small systems and usually directly driven by the wind turbine. Typically, a two-stage
ac to dc converter is usually connected to the generator for controlling the generator

output power. If the generator output torque is controlled to the optimal torque

1



reference curve, the wind turbine will then be able to extract maximum wind power.

The corresponding mechanical dynamic equation is expressed as follows,

T,-T,=J

m

W, gy (2.9)
dt

where J isthe inertia of the mechanical shaft and T, isthe generator output torque.

It can be seen that, in fact, the wind turbine rotating speed is indirectly controlled by
the torque difference between the input torque from wind turbine and generator output
torque. If the system is under steady state, the TSR will then be regulated to the

optimal value, i.e., the wind turbine is operated a maximum power point.

2.3 Modeling of the Per manent Magnet Gener ator

In a small system, a permanent magnet synchronous generator is usually adopted
because it has many advantages, 'such as high efficiency, high power density and
requiring no additional exciting circuit. Recently, axial flux permanent magnet
(AFPM) generators are widely integrated into small vertical axial wind turbines due to
the high efficiency and compactness. The typical structure of an axial flux permanent
magnet generator is shown in Fig. 2.3. It can be seen from Fig. 2.3 that the permanent
magnets are mounted onto the rotor disks to produce an axial magnetic field. The
stator is placed between the two rotor disks. For distributed power generation systems,
a coreless stator is usually adopted because of the absence of core losses. The
dynamic model of the coreless axial flux permanent magnet generator in the
stationary reference frame with the space vector notation [10]-[12] is given as

follows.

12



Rotor Disks

Stator Coils

Fig 2.3 Basic structure of aaxial flux permanent magnet machine.

Viz=- RS — (210)
S & S dt
I S=-Lis+I? (2.11)
I'°=1.e" (2.12)
where |, is the magnitude of the flux linkage due to the permanent magnet, q is

the angle between the a-phase magnetic axis of the rotor and the direct axis of the

sator, R, and L, are the equivalent winding resistance and inductance,

respectively. By aligning the direct axis of the synchronous reference frame with the

rotor a-phase magnetic axis, one can obtain the transformation between the stationary

and the synchronous rotating reference frame as follows.

13



X=X X {v,i,l 0} (213)

s’ frlr

Hence, from (2.10) to (2.13), the dynamic model of the generator in the synchronous

reference frame with space vector notation will become

Ve
AN TR A R (219
dt dt dt

Then, the corresponding d-axis and g-axis can be obtained as well.

. di . d
v, =- Ri, - LST:+ leqd—? (2.15)
. di . d dq
v, =- Ri, - Lsd_'s_ ledd—?+l o (2.16)

For a coreless AFPM generator, there are no core losses due to the absence of the iron
cores in the stator windings. However, the eddy-current losses in the stator windings
may be remarkable because the wind turbine will be operated at high rotating speed
sometimes. To evaluate the performance of the generator more accurately, the
eddy-current losses may be taken into account by shunting a equivalent eddy-current
lossresistance, R,, with the EMF of the generator [11]. Then, according to (2.15) and
(2.16), one can obtain the corresponding d-axis and g-axis equivalent circuits of the
generator in the synchronous reference frame as shown in Fig. 2.4. The relative
equivalent circuit of each phase in the stationary reference frame can also be obtained

asshown in Fig. 2.5. The EMF is defined as
e, =E_cosq (2.17)

where E_=1, O(;—? is the amplitude of the phase EMF. The electromagnetic torque

14
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Fig. 24 Equivalent circuits of the generator. in the synchronous reference frame. (a)

d-axis equivalent circuit, (b) g-axis equivalent circuit.

e 3R v,
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Fig. 2.6 The three phase equivalent circuit of the generator in the stationary reference
frame.

induced by the PM generator can be obtained as follows.

T, —§E| A (2.18)

where P is the number of poles and | is the amplitude of the generator output
current. If the stator windings are three-phase three-wire star type connected, the
corresponding three phase equivalent circuit could be illustrated as Fig. 2.6. The

eddy-current loss resistance my be calculated by the following equation,

3E:

e

where P, denotes the eddy-current loss. The eddy-current loss may be accurately
determined by the methodology proposed in [13]. However, an approximated solution

of the eddy-current losses [14] isgiven as
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4 2
P :mg‘;_r""e(sf +BYN, (2.20)

e

where | is the conductor length, w,: is the electrical angular frequency, d is the

conductor diameter, N, is the number of the conductors in the generator, B, and

B, ae the peripheral and axial components of the flux density, respectively.

Consequently, it is much more convenient to analyze the generator performance with

the three-phase equivalent circuit model shown in Fig. 2.6.

2.4 Operation Principles of a Conventional Small WPGS
For a system with some kW rating, a conventional two-stage ac to dc converter
composed a diode bridge rectifier and a dc converter as shown in Fig. 2.7 is usually

adopted because of cost consideration and easy implementation. A boost dc converter
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Fig. 29 Waveforms of adiode bridge rectifier. (a) Three phase voltages, (b) rectifier
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output voltage, (c) a-phase current.

is connected to the output side of the front-end diode bridge rectifier. The output
voltage of the diode bridge rectifier is then controlled by the second-stage dc

converter for achieving MPPT. The dc output voltage v,. of the dc converter is
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usually regulated as a constant voltage by a battery module in a stand-alone system or
an inverter in a grid-tided system. To reduce the system cost and simplify the
controller, the well-known steady state optimal torque MPPT control strategy [2][3] is
usually used in small-scale systems without using mechanical sensors such as

anemometers and encoders.

2.4.1 The Conventional Two-Sage AC to DC Converter

Because of no external exciting circuit is needed for a PM generator, a diode
bridge rectifier is widely be used as the front-end ac to dc converter. Moreover, to
achieve MPPT control of wind turbine, a second-stage dc converter is usually adopted.
The wind turbine rotating speed can be indirectly controlled by managing the output
power of the rectifier. To achieve rotating- Speed sensorless MPPT control, the
information of rotating speed can/ be obtained by an approximate expression of the
relationship between the rotating 'Speed and the diode bridge rectifier output dc
voltage.

First, for convenience to analyze the relationship between the rotating speed and
rectifier output voltage, the stator inductances are assumed to be zero and a constant
load current |, is used to represent the output load as shown in Fig. 2.8. The
waveforms of the output dc voltage v, and input phase current i, are shown in Fig.
2.9. From Fig. 2.9(b), the averaged output dc voltage V,, can be obtained from the
lineto line voltage and expressed as follows [15].

33
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where V_ is the amplitude of the fundamental terminal phase voltage of the
generator and w, isthe fundamental electrical angular frequency of the stator. Then,
the fundamental phase current can be obtained from Fourier analysis of the phase
current as shown in Fig. 2.9(c). The amplitude of the fundamental phase current can

then be expressed as follows.

(2.22)

'o|§‘

According to [3], the approximated output dc voltage with consideration about the

stator inductance effect can be obtained as follows.

V., :ﬁv . iw L (2.23)

p m \/_6_ eTs' ' m
The second term in the right side of .eq: (2:23) is used to represent the voltage loss due

to the current commutation resulting fromthe stator inductances. The amplitude of the

fundamental terminal phase voltage can then be obtained as follows.

V, =E, - | R +WL2 (2.24)

where E,_ is the amplitude of the fundamental phase back EMF and R is the
equivalent stator resistance of the stator windings. It can be seen that, from (2.23) and
(2.24), one can calculate the rotating speed of the wind turbine from the output dc
voltage of the diode bridge rectifier. Once the rotating speed is calculated, the
generator torque command and the dc converter current command can both be derived
as well. However, it iswell known that there will be significant THD in the generator
currents because of the nonlinearity of diode bridge rectifier. The current harmonics

are usually neglected for simplifying the system analysis and controller design.
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In fact, it will cause additional power losses, mechanical stress and undesired acoustic

noise.

2.4.2 The Seady Sate Optimal Torque MPPT Control

The well-known steady state optimal torque MPPT control strategy is widely used
in wind power generation systems for reducing the system cost and controller
complexness because the information of the wind velocity is not required. The control
block diagram of the steady state optimal torque MPPT control strategy is shown in
Fig. 2.10. First, according to (2.23) and (2.24) the rotating speed can be directly

determined from the rectifier output voltage without using any mechanical sensor.

21



Then, the command signal of the generator output torque is obtained according to
(2.8). Also, based on (2.18) and (2.22), the current command of the dc converter can
be determined from the torque command of the generator. At the end, while the
inductor current of the dc converter is controlled to the reference signal, the wind
turbine will finally be operated at maximum power point. Fig. 2.11 shows the curves
of the input torque induced by the captured wind power at a constant wind velocity
and the optimal torque with respect to the rotating speed. When the wind turbine

rotating with angular speed, w_,, then the generator output torque will be controlled

to point  AY, namely T .=k xv?2, , and the input torque from the captured wind power

will then be at point A, namely T, = rz\,NAva C,(d,). Therefore, the torque difference

ml

between the input torque from wind turbine and the generator output torque can then

be obtained.

dw.

DT, =T, - T, =J +Bw >0 (2.25)
It is obviously that the wind turbine will be accelerated by the positive torque
difference at rotating speed, w,_,. On the contrary, if the wind turbine rotating with

angular speed, w,,, faster than the optimal rotating speed at maximum power point.

Based on the optimal torque MPPT control algorithm, the generator output torque will

be controlled to point B¢, namely T, =k

m2 !

which is larger than the input wind

power torque, T, :rz\;VA—VVgVCp(dZ) . Hence, the wind turbine will then be decelerated

m2

by the negative torque difference. It can be seen that with the above mentioned
operation principles, the rotating speed of wind turbine will be converged toward the

optimal speed at the maximum power point.
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2.5 Simulation Results

A small WPGS with steady state optimal torque MPPT control and a two-stage ac
to dc converter is simulated by means of simulation software PSIM. Some simulation
results are given to realize the performance of the conventional small WPGS. The
model of wind turbine is used to represent a small vertical wind turbine DS-200 which
is manufactured by Hi-VAWT Technology Corportion. Fig. 2.12 and Fig. 2.13 show
the simulation waveforms of the WPGS operated at 8 m/s wind speed. Fig. 2.14 and
Fig. 2.15 show the simulation waveforms of the WPGS while wind speed is changing
between 6 nm/s and 8 m/s. The generator current contains a lot of harmonic
components as shown in Fig. 2.12(b) and (c) which is caused by the nonlinearity of
diode bridge rectifier. Moreover, due to the significant current harmonic distortion,
the generator output power and torque areinfluenced. The pulsating torque will cause
additional mechanical stress on shaft and ‘serious acoustic noise which is with sixth
order frequency of generator fundamental electrical frequency. From Fig. 2.14, one
can see that it is impossible to well track the-maximum power point because of the

mechanical inertia effect.

23



-1
0.4 0.41 0.42 043 0.44 0.45 0.46
() (sec)
2_
8
G
~ 1f
L
o
0] l Al Al o L L L L L L ]
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
(C) (HZ)

Fig. 212 Simulation waveforms. (a) Phase voltage, (b) phase current, (c) FFT of

phase current.

24



AT
1001 I
£ E
50r]
O | | | |
0.4 0.41 0.42 0.43 0.44 0.45 0.46
4 T T T T T
‘s
= z i
O | | | |
0.4 0.41 042 043 0.44 0.45 0.46
() (sec)
2 T T T T T T T T T
e
s ]
e~
=
=
0 AL Al | | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
(H2)

(©)

Fig. 2.13 Simulation waveforms. (a) Generator output power, (b) generator output

torque, (c) FFT of generator output torque.

25



6 -
4 I
200 250 300
€) (sec)
6
& &
L -
E =
c
4 |
200 250 300
(b) (sec)
0.4 T Cp'max
R
o I~ L
O 0 |
0 I
200 250 300
(0) (sec)

Fig. 2.14 Simulation waveforms. (a) Step changing wind speed, (b) rotating speed

of wind turbine, (c) power coefficient.

26



20 |

150r

Generator Power
(W)
|_\
o
2

a
@)

200 250 300
@ (sec)

Generator Torque
(N-m)

200 250 300
(b) (sec)

Fig. 2.15 Simulation waveforms. (a) Generator output power and (b) generator

output torque.

27



CHAPTER 3
NOVEL SENSORLESSDYNAMIC MPPT CONTROLLER

WITH ADJUSTABLE VIRTUAL INERTIA TECHNIQUE

3.1 Introduction

Due to the effect of the mechanical inertia, it is impossible to instantaneously
track the maximum power point when the wind velocity is rapidly changing. This
situation will become worse in the low speed region where the acceleration or
deceleration torque is rather small if a conventional optimal torque or power MPPT
controller is adopted. In consequence, the mechanical dynamic response will be
poorer and the extracted wind energy will-be less than the available maximum wind
energy. To overcome this dilemma, a novel sensorless dynamic MPPT controller with
adjustable virtual inertia technique'is proposed in this chapter. Detailed illustration of
the configuration and the principle of the proposed dynamic MPPT controller will
both be described in the following sections.

In section 3.2, the operation principles of the proposed sensorless MPPT
controller are first illustrated and then each element in the proposed controller is
described respectively. The analysis of the proposed dynamic MPPT controller is
made in section 3.3. Finally, some simulation and experimental results are given in

section 3.4 to verify the validity and performance of the proposed controller.

3.2 Operation Principles of the Proposed Sensorless Dynamic
M PPT Controller
The proposed sensorless dynamic MPPT controller is composed of three blocks as

shown in Fig. 3.1. Thefirst block, block A, isthe phase and frequency estimator
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Fig. 3.1 Block diagram of the proposed dynamic MPPT controller

(PFE) that is used to estimate the phase and frequency of the generator back EMFs.
Also, the wind turbine rotating speed can then be derived. Secondly, the block B isthe
input torque estimator (ITE) which is adopted to obtain the input torque from the wind
power. The third block, block C, isthe dynamic torque command calculator (DTCC)
which is the core technique for determining the dynamic optimal torque command for
the generator. Each of the three components will be illustrated in the following

subsections in detail respectively.

3.2.1 ThePhaseand Frequency Estimator

Because the mechanical sensors, such as anemometers and encoders, are rather
expensive, MPPT controllers without using mechanical sensors are aways preferred
in small scale systems. The wind speed information is inherently not necessary for the
proposed MPPT controller. Furthermore, a phase and frequency estimator is adopted
in the proposed controller to estimate the phase and frequency of the generator back
EMFs. The rotating speed can then be derived as well. Usually, the phase and
frequency can be obtained by using a phase locked loop (PLL) technique. PLL

technique has been developed for many years and widely used in servo motor
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Fig. 3.2 Block diagrams of (a) basic phase lock loop and (b) the phase and

frequency estimator of the proposed controller.

controllers. Fig. 3.2(a) shows the block diagram of a basic PLL. A conventional PLL
is basically composed of three elements that are a phase detector (PD), a loop filter
(LF) and a voltage-controlled oscillator (VCO). For sinusoidal applications, the input

signal x and the VCO output signal  x, are considered as

X =g sng,

X, =8, oS, G

where a and g, are the amplitude and phase of the input signal, a, and q, are

the amplitude and phase of the VCO output signal. A multiplier is usually used as the

PD and the output signal X, can be expressed as

X; = XX, =8aa,sinq, cosq,

3.2
=2 aasin - a,)+sn@, +a,) (3.2
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Once the PLL is locked, the output signal frequency will then be equal to the input
signal frequency. It can be seen from (3.2) that there are one low frequency term,
sin(g, - q,) . and one high frequency term, sin(g, +q,) . To filter out the high
frequency term, alow pass filter is usually used as the loop filter. The output signal of

the LF isgiven as

1 .
e=>aa,sn@ - d,) (33)

Furthermore, if the phase difference g, - q, is small enough, then (3.3) can be

approximated as

e=238,0,- d.) 34

Then, the output signal of LF isfed.into the VCO. The frequency of the VCO output
signal will then be proportional tothe phase error in (3.3). In other words, if the phase
error is increasing, the frequency of the VCO output signal will be increased as well
to keep the output signal closer to the input signal, vice versa. Consequently, under
such a closed loop mechanism, the output signal will finally be kept to synchronous
with the input signal. However, the major disadvantage of the conventional PLL isthe
limited bandwidth because of the low pass filter whose cut off frequency is only
double of the input signal frequency. It turns out that the design of the low filter is
rather difficult. Moreover, dueto the variations of the frequency and amplitude of the
generator back EMFs, the cut off frequency will not be constant so that the
conventional PLL would not be suitable for WPGS.

Instead of using a conventional PLL technique, a two-phase type PLL [16][17]

that is independent of frequency is adopted in the proposed controller. The block
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diagram of the PFE is shown in Fig. 3.2(b). The terminal voltages, v, and v, , are
sensed and transformed to the stationary reference frame as the two-phase input
signals for the PFE. In a small-scale system, the phase and amplitude differences
between the terminal phase voltage and the phase back EMF are small enough to be

neglected. As aresult, the terminal line voltages can be approximately expressed as

v, @, - =@Ecos(qe+%)

v, @& - e =~/3Ecos(q, - %) (3.5

Vi = (Vo = Vi)

where e,, g, € ae the phase back EMFs of the generator and E is the
amplitude of the phase back EMFs. Then, the voltages in the stationary reference

frame can be derived as

d é p.u
y 0 Yoy €VSECOE. + )
& 0= 2 La P h@e a (3.6)
eVbCl &= _gg\/bcg é : P\a
J3 /30 éﬁEsn(qsg)g

A two-phase type phase detector is integrated to obtain the phase error e and the

corresponding analytical expression is given as
€=V, cosq, - V, sing,
=3Esin[@. +5)- q.] (37)

where ¢, denotes the phase angle of the generated signals of the quadrature signal

generator (QSG). When the phase angle of the generated signals is close to that of the

PD input signals, i.e. q, @,+p/6 , the corresponding phase error can be
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approximated as follows.

e @3E[@. +5)- al] (38)

After the refinement through a Pl controller, the refined phase difference, namely
Dq, , is obtained from the Pl controller as shown in block A. In this paper, the
proposed controller is implemented by using a digital signal processor (TMS320
F2812) and the phase angle of the generated signals is based on the following

difference equation.
qo(k) :qo(k_ 1) + IJ:IO(k) (39)

If the input signals are not in phase with-the generated signals of QSG, i.e. et 0 ,
then the output signal of the PI controller will be varied for adjusting the phase angle
and the frequency of the generated signals fromithe QSG. Hence, asthe PLL islocked,
Dg, will remain constant and the corresponding electrical angular frequency and the
rotor speed can be obtained as follows.

D,
T

S

« _ P~
W, =5 W, =

e

(3.10)

where T, is the sampling time. As a byproduct, the amplitude of the generator

current can also be obtained according to the following equation.
\ ) Si(a.- P
| =10 % = (i, + iy )e (3.12)

where i, =i, and i, = (i, +2i,)//3.
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3.2.2 Thelnput Torque Estimator

In the proposed MPPT control algorithm, the information of the input torque from
the wind turbine is required for determining the dynamic optimal torque command.
For cost consideration, a well-known reduced order estimator [18][19] instead of a
mechanical torque transducer is adopted to obtain the information of the input torque.

A basic system dynamic equation can be expressed as

éku ék, k,uéxu éhu
&, (=6 e, ate U (3.12)
éf(zH EX01 kzzH eXzH 8‘28
ex u
y:[]_ O])% g (3.13)
&5l

where x isthe known variable and- X, “denotes the unknown variable needed to be
estimated. According to [18], the dynamiciequation of the estimation of the unknown

variable in reduced order estimator is givenas

&2 = 22)?2+k21y+hzu"'m(&' k11y' hlu_ ka)A(z) (3-14)

A

where X, denotes the estimated value of x,. Then, the estimation error can be

defined as
%0 X, - %, (3.15)

From (3.12) to (3.15), the dynamic equation of the estimation error can be expressed

as follows

ﬁz = (ky, - Mk,) % (3.16)



- (&)

(b)
Fig. 3.3 Block diagrams of (a)-reduced order esimator and (b) input torque

estimator.

It is seen that the term (k,, - mk,,) is the eigenvalue of the estimation dynamic
equation. Therefore, one can easily design the dynamics of the estimator by selecting

coefficient m. After rearrangement of (3.14), one can then obtain

%, = (kyy - M) R, + (K - Mk, ) Y+ (h, - mh)u+my (3.17)

However, the derivate term in (3.17) is hardly implemented. It is well known that
differentiation always amplifies undesired noise. Hence, to avoid this situation, a new

controller variable is defined as follows to prevent using ¥ .
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X3 ° )22 - my (318)

In terms of the new variable, the reduce order estimator can then be implemented with

the following expression.

¥g = (Kyp - Mkpp) %, + (K, - Mk, )y + (R, - mh)u (3.19)

The block diagram of the reduced order estimator is illustrated in Fig. 3.3(a). As a
result, the derivation is no longer required in the estimator.

To apply the above mentioned reduced order estimator to obtain the input torque
information, the relationship between the system dynamic equations should be

realized. The mechanical dynamic equation of the wind turbine is given as

§hn0_ e Jroaty o2 (3.20)
&8 & offBr, f B |
mU
y=[1 O]Xe Q (3.21)
élwl
where a=- ? d=-b= % From (3.12), (3.13) and (3.17)-(3.21), one can directly

obtain the estimator of the input torque expressed as follows.

%=- mdT,, - maw,, - mbT, (3.22)

x=T, - mw (3.23)

m

The block diagram of the input torque estimator is shown in Fig. 3.3(b).

3.2.3 TheDynamic Optimal Torque Command Calculator

In conventional optimal torque MPPT control, the generator torque command is
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determined by the steady state optimal torque curve. Usually, the electrical dynamic
response is much faster than the mechanical dynamic response. Hence, the generator

output torque with a conventional MPPT controller can be expressed as

Ty @My =kow,, (3.24)

where Tgs denotes the steady state optimal torque command. Then, the mechanical

dynamic equation will become

" dw,,
Tom T =T, ki = 3= m+ B (3.25)

m

It can be seen that the dynamic response of the wind turbine is only affected by the
input torque. However, in low wind. speed region, the input torque becomes rather
small so that the accelerating and decelerating torque difference will also be small. It
turns out that the wind turbine dynamic response to the wind speed variation will
become poor especially in low speed region.

In the proposed dynamic MPPT controller, a dynamic compensation element is
added to the steady state optimal torque command. The resulting dynamic optimal

torque command is then given as
Tga =Tge +DT (3.26)

where DT is the dynamic compensation element. By replacing the conventional

torque command with the new one in (3.26), the mechanical dynamic equation will be

T,-T, =T, T,- DT =3 Mn,
dt

Bw, (3.27)

m
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Fig. 3.4 Block diagram of the dynamic torque command calculator.

The dynamic compensation DT isdefined as

DT =k, (T, - T,.) (3.28)

Then, by substituting (3.28) into (3.27), the resulting dynamic equation is

. dw
T T =dy d—t““ +Bw, (3.29)
3 =9
vk (3.30)
_ B
B, = T« (3.31)

where J, and B, aredefined asthe virtual inertiaand virtual friction coefficient of
the mechanical system respectively. The block diagram of the dynamic torque
command calculator is shown in Fig. 3.4. Fig. 3.5 shows the loci of torque commands

of conventional OT control and proposed dynamic OT control.
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3.3 Characteristics of the-ProposedSensorless Dynamic MPPT

Controller
Because the dynamic response speeds of the two estimators and the generator

current controller are much faster than that of the mechanical system, the following

conditions can be assumed true after a short transient.

(3.32)

Hence, from (3.25), (3.29) and (3.32), one can get the resulting mechanical dynamic

equation of the proposed WPGS as follows.

(3.33)

dw
T, - kw?=J, —2+
w m \% dt Bv
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To understand the merit of the proposed MPPT controller, one can consider the
dynamic response of the mechanical system at different wind speed. Assume that the

small signal disturbances around the operating points can be expressed as follows.

W, =W, +AwW,_ (3.34)

Vi =Vyo +AY,, (3.35)

where w,_, and Vv, arethe rotor speed and wind speed of the operating points, and

Aw_ and Av, are considered as the small disturbance signals around the operating

points, respectively. Also, the power coefficient can be approximated as a polynomial

as follows.

C,d)=a,+ad+ad?+ad’+ad” (3.36)

Then, by substituting (3.34)-(3.36) into (3.33)-and taking linearization, the transfer

functionof Av, to Aw_ can be obtained as follows.

2, T 3.37
Dv, (5 Ss+M (3.37)
where
N (1- ki JkyWin, (3.38)
M © (1- K )KyW,y, +B/J (3.39)
(o] r rZA 2 4
kN 23d?2 (380 + 2a1dopt + azdopt - a4dopt) (340)
opt

rr3A 2k
kM ° 3 (aO - a2d02pt B 2a3d:pt - 3a4d04pt)+_ (341)

2Jd, J
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One can see from (3.37) and (3.39) that the 3dB bandwidth w, (=M ) isa function of

ki, and w_ . For a conventional OT control strategy, the bandwidth will become

narrower in low wind speed range. The slow dynamic response due to the narrow
bandwidth will result in reduced extracted wind energy during wind speed variation
period. For the proposed dynamic MPPT controller, the bandwidth can be adjusted
according to the rotor speed for obtaining more uniform dynamic response.
Consequently, if the bandwidth is designed to be kept constant for achieving more
uniform dynamics, the adaptive compensation gain should change with the rotor
speed as follows.

W, - B/J

k, =f(w_)=1-
kMWm

(3.42)

In fact, the adaptive compensation gain: calculator (ACGC) as shown in block C is
implemented according to (3.42).
As an illustration of the merit of the proposed MPPT controller, consider the

specific situation of the step change of wind velocity from V,, to V,, or vice versa

Due to the inertia of the WPGS, the generator speed cannot follow immediately the
sudden speed change. For a conventional MPPT controller, the kw? command is

adopted during the transient state as shown in Fig. 3.5. However, as the wind velocity

is suddenly changed to V,,, the truly optimal command is located at point B. In other
words, the solid trajectory between A and B is not the truly optimal trajectory. Hence,

by using the conventional MPPT controller, the WPGS will be accelerated only by the
torque difference between the input wind torque and the kw? command torque. In

other words, the dynamic response of accelerating to the truly optimal operation point

B will be rather slow. On the other hand, by using the proposed MPPT controller, due
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to the adaptive compensation, the torque command will be made smaller instantly
than that of the conventional OT controller to increase the torque difference for faster
accelerating to the truly optimal operation point B. Similarly, if the wind velocity is
changed suddenly from V,, to V,,, contrast to the conventional OT controller, the
torque command of the proposed MPPT controller will be made larger instantly for
quickly decelerating the WPGS to the optimal point A. Consequently, the amount of
the captured wind energy during the wind speed variation period can be increased

significantly by using the proposed MPPT controller.

3.4 Simulation Results

To evaluate the performance of the proposed dynamic MPPT controller, the wind
turbine, PM generator and proposed--control -algorithm are all established with
Matlab/Simulink. First, the input torque estimator, is ssmulated and some results are
given in Fig. 3.6 to evaluation the performance under pulse changing wind speed.
Then, to demongtrate the function of the proposed dynamic MPPT controller, the
system is simulated under pulse changing wind speed and the corresponding
simulation results is shown in Fig. 3.7. One can see that when the wind speed is
changing from 6 m/s to 8 n/s, the generator torque command in the proposed MPPT
controller is instantly kept smaller than that in the conventional OT controller. On the
contrary, as the wind speed is slowing down, the torque command will become larger
for more quickly decelerating the wind turbine. As a result, the dynamic response of
the wind turbine will be greatly improved while the proposed controller is adopted.
Fig. 3.7(c) and (d) show the respective recovery time to optimal value in rotating
speed and power coefficient. The required recovery time of the system with proposed
dynamic controller is obviously shortened. After one pulse changing period of wind

speed, the total output energy of the wind turbine is increased about x% by using the
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proposed controller.
Next, amore practical wind speed variation is given according to [20][21],

v, (t) = 6.251+0.09s n(i—%t) +0.15s n(%t)] (3.43)

From (3.37), the mechanical dynamic bandwidth of the used wind turbine is obtained
about 0.03 Hz. It turns out that the wind turbine with a conventional OT MPPT
controller will be unable to track the high frequency term of wind speed variation in
(3.43). The wind energy of the high frequency term will be lost. If the proposed
dynamic MPPT controller is adopted, the bandwidth can then be extended by
adjusting the virtual inertia with the dynamic compensation shown in Fig.3.4. The
simulation results of proposed controller and conventional controller under wind
speed variation in (3.43) are shown:in Fig..3.8. Not only the dynamic response but
also the output energy are obviously improved if the proposed dynamic controller is
aopdted.

Moreover, to further evaluate the performance of the proposed controller under
gusty wind speed situation, a simulation case is carried out with the wind speed

expressed as follows [21].

v, (1) =V, +V, (1) (3.44)

where V,, isthe mean value of the wind velocity and v, (t) isthe model of the wind

gust which can be defined by the following equation.

(t) = — o (3.45)
V -_—— .

e— 4(sin(wgt)- 1)

43



where v, . is the gust amplitude and w, =2p /T, is the gust frequency. In this

simulation, the mean value of the wind velocity is considered as 6 nvVs, the gust

amplitude is taken as 25% and the period, T, is chosen to be 10s. To make the

simulation results more close to the implementation, the relative parameters are all
chosen to follow closely the practical system parameters as shown in Table 3.1. Fig.
3.9 shows the simulated dynamic response of the proposed and the conventional
systems to the gusty wind velocity as mentioned above. It is seen that the dynamic
response of the rotor speed of the wind turbine is greatly improved and the resulting
power coefficient of the proposed WPGS also can be maintained more closely to

optimal value more rapidly.

Table 3.1

The system parameters of the proposed small WPGS
Radius of the wind turbine..r 05 m
Total inertia J 04 k'
Viscous damping coefficient B 0.008
Rated Power 200 w
Rated wind speed 125 m/s
Stator inductance L, 70 uH
Boost inductor L 22 uH
Filter capacitor C, 4.7 uF
Maximum power coefficient C_ . 0.2812
Optimal TSRd,, 3.53
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CHAPTER 4
THREE PHASE SINGLE STAGEACTO DC

CONVERTER WITH QSR TECHNIQUE

4.1 Introduction

Although the two-stage converter composed of a three-phase full-bridge diode
rectifier and a dc converter is simple and economical, the current harmonic distortion
and power losses are rather significant. To eiminate these drawbacks of the
conventional system and remain the simplicity and cheapness, a single-stage
three-phase quasi-synchronous rectification (QSR) ac to dc converter is proposed in
this chapter to replace the conventional two-stage converter. The operation principle
of the proposed converter will beillustrated.in the following paragraphs.

In section 4.2, the discontinuous conduction:mode (DCM) power factor correction
(PFC) technigue and the configuration of the proposed converter are both introduced.
Then, to further reduce the conduction losses of the body diodes, the QSR technique
for controlling the proposed converter is proposed in the third section. Moreover, an
alternative hybrid control methodology, namely the CCM/DCM integrated control, is
also proposed for the proposed converter in section 4.4. Finally, some simulations and
experiments are carried out to evaluate the validity and performance of the proposed

converter.

4.2 Discontinuous Conduction Mode Power Factor Correction

Technique

From the viewpoint of control, DCM PFC technique is more convenient and

simpler than continuous conduction mode PFC technique. One basic topology of
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single phase DCM active PFC converter is composed of an input filter, a diode

rectifier and a boost dc converter as shown in Fig. 4.1 [22][23]. The inductor current
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is always controlled in DCM. Fig. 4.2 shows the relative waveforms of the single
phase DCM PFC technique. In the positive half line cycle, diodes D,, D, areturned
on, and D,, D, are turned off. While the active switch is turned on, the stored
energy in the inductor will be increased, i.e., the inductor current will increase from
zero with a rate proportional to the rectified voltage v,. Then, the active switch is
turned off to transfer the pre-stored energy in the inductor to the output. And the
gating signal for turning on the active switch will be triggered after totally releasing
pre-stored energy. As a result, if the duty ratio of the active switch is remained
constant, the peak current will automatically follow the rectifier output voltage v. .
Then, the input current i(t) will be nearly sinusoidal and unity power factor by
filtering out the high frequency components with a input filter.

The single phase DCM PFC techniquecan be directly extended to the three phase
systems as well. One of the well-known three phase DCM PFC technique is proposed
in [24] and the configuration of the converter is shown in Fig. 4.3. The three phase
rectifier is composed of a three phase input filter, three boost inductors, athree phase
diode rectifier, an active switch, output diode, dc side capacitor and load. The input
filter is used to prevent the current ripple components with switching frequency
getting into the ac source. The boost inductor currents should be decrease to zero in
each switching cycle before next turning on. During the turned on interval, the three
boost inductors are shorted through diode rectifier and active switche. Then, the three
phase voltage sources will increase the energy stored in the three inductors, the
increasing rates of three inductors currents will be proportional to the three phase
voltages respectively. When the active switch is turned off, the energy pre-stored in
three inductors will be transferred to the load. Therefore, the peak currents will also
be proportional to the respective phase voltages if the switch duty ratio is kept

constant. It turns out that the fundamental components of the discontinuous currents
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Fig. 4.5 Topology of the proposed three phase single stage DCM PFC converter.

will be nearly sinusoidal and be in phase with the phase voltages. The other high
frequency components are undesired and harmful for the generator. Therefore, athree
phase filter is integrated to filter out the high frequency components resulting from
DCM operation. The design of the filter-would not be difficult because the switching
frequency is normally much higher than the line frequency. Fig. 4.4 shows the
waveforms of the source voltage, current and the discontinuous current.

In the proposed WPGS, a half-controlled rectifier shown in Fig. 4.5 is adopted to
reduce the conduction losses of the diodes by using three active switches to replace
the low side diodes in single switch type rectifier. The half-controlled rectifier is
composed of a three phase input filter, three boost inductors, three diodes and three
active switches. With basic DCM operation, the three active switches are
synchronously gated. In the turned on interval, the energy of the inductorsis increased
and the boog inductors are shorted only through three active switches to lower the
conduction losses. However, during the energy transferring from the boost inductors
to the output in the turned off interval, the currents will still flow through the up side
diodes and the body diodes. To further reduce the conduction losses caused by the
body diodes in the turned off interval, a novel quasi-synchronous rectification (QSR)

technique is proposed and described in the next section.
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Fig. 4.6 Waveforms in proposed converter. (a) Twelve intervals, (b) three phase

DCM currents and three active switch gating signals.

4.3 Operation Principles of the Quasi-Synchronous Rectification

DCM Control

The novel QSR technique is proposed for extending the turned on time of

corresponding active switches in DCM operation to further reduce the conduction
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losses. For convenient illustration of the QSR technique, the following assumptions
are given first.
(1) The switching frequency is much higher than the electrical frequency of the
voltage sources.
(2) The devices are considered as ideal components except the forward voltage
drop of the diodes.
(3) Theterminal phase voltages can be approximated by three phase back EMFs.
The three phase voltages shown in Fig. 4.6(a) can be divided into twelve intervals.
The proposed rectifier is analyzed in the interval O£q,£p /6 as an example to
illustrate the proposed quasi-synchronous rectification technique for controlling the
three active switches. The waveforms of the inductor currents and the gating signals
in one switching period are shown in Fig.-4.6(b). There are four operation modes for
the proposed rectifier in one switching period ‘and the equivalent circuits of the

operation modes shown in Fig. 4.7 are analyzed-asfollows.

(1) Model (t,£t£t):

In the first operation mode, all the active switches are turned on simultaneously
for increasing the energy stored in the three inductors. The corresponding equivalent
circuit is shown in Fig. 4.7(a). Hence, the inductor currents can be expressed as

follows.

T(t):(t'—l_to)n—/(t) (4.1)
TO=[x0 i,0 L,Or (4.2)
V() =[v,®) w1 VO (4.3
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The first operation mode isended at t =t, and the peak value of the inductor currents

is given by

d,

T(t) =2ew() (4.4)

dy =(t - t,)/T, (4.5)

where d, is the duty réatio of the first operation mode and T, denotes the switching
period. According to (4.4), one can see that if the duty ratio d, is constant, the peak
values of the three inductor currents will be proportional to the magnitude of the three
phase voltages respectively as shown in Fig. 4.4. Therefore, after filtering out the high
frequency components, the generator output currents will nearly be sinusoidal and in

phase with the phase voltages.

(2) Modell (t, £t£t,):

During the second operation mode, the active switch Q, is turned off but the
other switches Q, and Q, are still turned on as shown in Fig. 4.7(b) to reduce the
conduction loss caused by body diodes. The energy stored in the three inductors is

decreased and the corresponding dynamic equations are given as follows.

L% =V, - Vg - Ve - v, (4.6)
L% =V, -V, 4.7

di
L—=2=v_-v 4.8
dt Cc on ( )

The three phase voltages are assumed to be balanced and the neutral point is floating.

The voltage between the ground and the neutral point can be obtained as

57



1
Von =~ 5(Vdf +Vdc) (49)

Then, by substituting (4.9) into (4.6)-(4.8), one can get the following expression.

L% =V(t)+H N, (4.10)

H=[-% Y% Ur (4.11)

where V isthe forward voltage drop of the diode and V,, =V, +V,. is defined as
the equivalent dc voltage. Consequently, the three inductor currents in the second

mode are expressed as

t-
L

T(t) = L [vO+HNLT+T (L) (4.11)

The magnitude of the inductor current. i, (t) - will decrease to zero a t=t, and the
second mode is ended at the same time. The duty ratio of the second operation mode

can be derived as

(4.12)

At the end of the mode 11, the active switch Q, is turned off and the values of the
other inductor currentsat t =t, can be obtained as

d :tz't1: -3v,d,
2TV, +3y,

S €q

(4.13)

(3)Modelll (t,£t£L,):

In the third operation mode, the active switches Q, and Q, are turned off and
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the other switch Q, is still turned on as shown in Fig. 4.7(c). The magnitudes of the
inductor currents i, and i, are continuously decreased and the mathematical

expressions are given as

di
L—2=v.-V_-vV 414
dt a eq on ( )
di
L=—=2=v -V 4.15
dt C on ( )
Von :(Va V- Veq )/2 (416)

Then the two inductor currents in the third mode can be derived as

. _ V-V, - Vg _
|1(t) =" |3(t) :T%t - tz) + '1(t2) (4.17)
The magnitudes of the two inductor currents will \be decreased to zero at the end of

the third operation mode simultaneously. Then the duty ratio of the third operation

mode d, =(t,-t,)/T, canbederivedas

— _ZVeq(Vb- Vc)
’ (Veq+3Vb)(Va-VC-Veq) '

(4.18)

(4)ModelV (L, £t£t,):
In the last mode, the three active switches are all turned OFF and the inductor

currents become zero asillustrated in Fig. 4.7 (d).

The gating signals of the three active switches are shown in Fig. 4.6(b). The
proposed quasi-synchronous rectification technique is to extend the turned on time of

respective active switches for reducing the conduction loss. The mathematical
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expressions of the duty ratio determined by the quasi-synchronous rectification

techniqueintheinterval 0£q, £p/6 are summarized as follows.

do, =, (4.19)
do, =d, +d, =d,
I 3\/ (4.20)
Veq
dQ3 = dl + dz + d3 = dlm (421)

Finally, according to the symmetrical characteristic of the three phase balance system,
the analytic equations of the corresponding duty ratios in one line cycle can be
expressed as follows. The extended turned-on time for the respective switches can be

determined straightforward from the derived analytic equations of the duty ratios.

' d L 0<O.£% and X <q,£21

| 1 e 2 2 e

i

V

' 2 d, —<9 £2—7r dﬂ<ee£ﬁ

[V, +3y, 2 3 3 2
d. =1 (4.22)
Q1 V

i m g g,

|Veq_(vb_va) 3

' V

| = d, . 7r<9€£4—7[

F Vg = (V- V) 3

i V

b Yw g 0<g,e% and F<p e

LV, +3y, 6 6 3

Lo, T<pe!™
0 = 6 0 (4.23)
Q2 ~ | V. :

i—=—d , ﬂ<9 £E

Ve - (e- %) 3 3

| V.

=g, g, E20

FVe - Va- V) 3
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4.4 A Novel Hybrid Control of CCM,; DCM and QSR Techniques
While this half-controlled rectifier is controlled with CCM operation, it is seen
that the phase currents are only controllable in the positive half cycle. In the negative
half cycle, the phase currents cannot be fully controlled. To realize the operation
principles, aline cycle can be divided into six intervals as shown in Fig. 4.8. The three
phase currents are fully controllable with CCM control mode only in intervals A, C
and E. While in the rest intervals, due to the unidirectional current flow capability of
the diodes, the phase currents can no longer be controlled by Q, Q and Q,.
Fortunately, as mentioned in previous section, the currents are all controllable even in
the negative half interval. Therefore, one can change the operation mode of the
rectifier into DCM control to make the negative currents automatically following the

phase voltages. In other words, the proposed hybrid control is composed partial CCM
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control and partial DCM control. The block diagram of the hybrid control is shown in
Fig. 4.9. The rectifier is controlled with CCM operation in intervals A, C and F, and
DCM operation in the rest intervals. While in the CCM operation, one of the three
switches will be always turned on and the other two switches are controlling with PR
controller to eliminate the tracking error. When in DCM operation, the three switches
are controlled with DCM QSR technique and a Pl controller is integrated to eliminate
the steady state error of the current amplitude.

In the CCM control mode, the current ripple and switching losses are much less
than that in the DCM control mode. However, in the CCM control mode each phase
current is only controllable in the positive half cycle. Fig. 4.10(a) shows the block
diagram of the CCM control mode. The transfer function of the adopted non-ideal
proportional-resonant controller [25][26] can-be expressed as follows.

2K .w.s
S+ 2N s+wW,”

Gen(9) =K, (4.25)

where K  and K, are the gain coefficients of the proportional and resonant

controls respectively, w, is the resonant frequency of the controller, and w, isthe

cut-off frequency. The bandwidth can be appropriately adjusted by setting the cut-off
frequency to improve the stability of the control loop. In this paper, a digital signal

processor, namely TMS320 F2812, is adopted for implementing the proposed
controller. By using the backward transformation technique (1/s=T,/(1- z')), the

z-domain transfer function of the PR controller for digital implementation can be

obtained from (4.25) and expressed as follows.

-1
Gr(2) =K, +Y—(Z) =K, +K _&raz

E(Z) p r bo +blz-1+z-2 (426)
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% =-a =2T,
bO :1+2VVCTS +Wf2T52

b1:_2_ 2\NcTs

The corresponding difference equation of the resonant loop can be derived as follows

yin = (Ko (en - en- 1])b-0 byln- - vin- 2) (4.27)

where n isthe sampling point.
To describe the operation principle of the CCM control mode, interval A is taken
as an example. In this interval, the phase voltages v,, and v, are in the positive

half cycle so that the corresponding phase currents i, and i, can be controlled to

follow the following commands.

i, = I'sing, (4.28)

" =1sin(g, +2p /3) (4.29)

The state averaged dynamic equations of the phase currents can be expressed as

follows.

ea = Lt %4- &ia +VAn (430)
di .
ec = Lt —-+ &Ic +VCn (431)
dt
Van = MYy = (2VA0 - Vco)/3 (4-32)
VCn = rn?avdc = (- VA0 + 2\/00)/3 (433)
VA0 = aavdc = (1_ da)vdc (434)



VCO = acvdc = (1_ dc)vdc (435)

where L, =L +L is the effective total inductor, m and m, are the equivalent
modulation indices of phases a and c, d, and d. are the duty ratios of the
respective active switches Q and Q,. Hence, from (4.28) to (4.35), the analytic

closed form of the duty ratio d, and d. can be obtained as follows.

m=Msin(wt-f) (4.36)
m,=Msin(wt-f +2p/3) (4.37)

d, =1- 2m +m,) =1- </BM sin(w,t- f +p /6) (4.38)
d, =1- (m +2m,) =1- J/3M sinwt- q +p /2) (4.39)

M = J(E- R+ WL v,
f=tan il
E-RI
In this interval, switch Q, can be always turned ON to reduce the conduction loss.

Finally, the closed form of the corresponding duty ratios of the other two CCM

intervals can be summarized in Table 4.1.

Table4.1

The duty ratios in the CCM control intervals

Interval Duty Ratios

d, =1- 2m +m,) =1- \/BM sin(w,t- f +p /6)
A d, =1
d, =1- (m +2m,) =1- J/3BM sinwt- q +p /2)
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Table 4.1 (Continued)

The duty ratios in the CCM control intervals

d, =1- 2m +m) =1- /B sin(wt- f - p /6)
C d, =1- (m +2m,) =1- \/BM sin(w.t- f - p /2)
d, =1

=1
1- (2m, +m,) =1- </BM sin(w,t- f - 5p /6)
=1- (m,+2m,) =1- /BM sin(w,t- f +5p /6)

da
E | d
dC

4.5 Simulation results

Some simulations of the proposed converter are made with the simulation
software PSIM and the corresponding results are given to evaluate the performance of
the proposed single stage converter. The parameters of the converter are list as

follows.

L, =300nH L =100nH
C, =14.7mH w, =120p rad/sec
E =128V R,s =13mw

V, =0.6V V,, = 200V

The generator electrical angular frequency w, isset to simulate that the system is
under steady state a wind speed V, =6.5my/s. First, to compare the performance
between the conventional two-stage converter and the proposed converter, the
simulation of the conventional converter is also carried out and the results are shown
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in Fig. 4.11. From Fig. 4.11(b) and (c), one can see there is serious harmonic
distortion in the input current. Fig. 4.12 shows the simulation results of the proposed
converter controlled by fully DCM operation and QSR technique. It can be seen that
the input current is nearly sinusoidal and unit power factor. The simulation results of
the converter operated with hybrid control are shown in Fig. 4.13. From Fig. 4.13(b),
one can see that the converter is operated with CCM for only three intervals and DCM

for the other intervals in one line cycle. Fig. 4.14 shows the instantaneous input power
of the conventional two-stage converter, the proposed fully DCM controlled converter
and proposed hybrid controlled converter. It is obvious that either the fully QSR DCM

control or the hybrid control can both provide excellent improvement of the input
power pulsation. The corresponding current THD and efficiency are listed in Table 4.2.
From Table 4.2, it can be seen that the efficiency of the hybrid controlled converter is
higher than that of the fully QSR DCM controlled converter, however, the hybrid
control algorithm is a little more-.complex‘than the fully QSR DCM control. Therefore,
depending on one’s major considerations, simplicity or efficiency, one can choose the

most suitable control strategy.
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source current.
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CHAPTERS

IMPLEMENTATION AND EXPERIMENTAL RESLUTS

5.1 Introduction

From the previous chapters, it can be seen that the proposed dynamic MPPT
controller with adjustable virtual inertia technique can effectively improve the
dynamic response of the wind turbine and increase the amount of extracted wind
power under wind speed variations. Moreover, to overcome the disadvantages of
significant current THD and poor efficiency in the conventional two-stage ac to dc
converter, asingle-stage QSR converter is proposed.

To evaluate the performance of the whole system with the proposed dynamic
MPPT controller and the single-stage QSR . converter, a prototype system is
implemented and a facility for testing the prototype is constructed as well. In this
chapter, configuration of the testing facility is described in section 5.2. In the next
section, the implementation of the prototype system is introduced in detail. Finally,

some experimental results are given to verify the validity of the proposed system.

5.2 Description of the Testing Facility

Fig. 5.1 shows the configuration of the testing facility that is composed of a
programmable centrifugal blower, a small vertical axial wind turbine, a measurement
set and a power and control plane. To obtain the expression of the power coefficient
which is usually not available from the manufacturer, a speed-controllable wind farm
is required for testing the wind turbine. In the constructed facility, a centrifugal
blower with a programmable driver is used to generate a speed-controllable wind farm.

By setting the wind speed at different levels and then changing the loading of the
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Fig. 5.1 Configuration of the facility for testing the small WPGS.

generator, one can measure the extracted wind power curve with respective to the
rotating speed of wind turbine under various wind speeds. Then, the power coefficient
of the wind turbine can be polynomial approximated according to the measured power
curves.

The centrifugal blower consists of a centrifugal impeller, an induction motor and a
programmable driver. The centrifugal impeller-is driven by the induction motor which
is controlled by the programmable driver. The high speed rotating impeller will
change the airflow direction and accelerate the air stream. Part of the mechanical
power of the impeller will be transferred into the air stream. In other words, the
velocity of the wind output from the blower can be controlled by adjusting the
rotating speed of the centrifugal impeller. In the constructed facility, a command
signal is fed into the programmable driver for controlling the speed of the induction
motor so that the rotating speed of the impeller can be adjusted accordingly.

The small vertical axial wind turbine, DS-200, used in the prototype system is
manufactured by Hi-VAWT Technology Corporation. Fig. 5.2(a) shows the structure
of the small wind turbine which is composed of Savonius type and Darrienus type

blades as well as a coreless axial flux permanent magnet generator (AFPMG). The
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Fig. 5.2 (a) The small VAWT, DS200. (b) Output power curve of DS200.

outputpower (W)

maximum power curve with respect to the wind speed provided by the manufacturer
isshown in Fig. 5.2(b). Due to the utilization of the coreless stator, the starting torque
of the wind turbine is reduced which results in lower cut-in wind speed.

In order to measure and record the experimental data, a three-phase precision

power analyzer, WT3000, and a digital oscilloscope are used as the measurement set
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Fig. 5.3 Configuration of the power stage in‘the-small WPGS.

in the testing facility. The precision power analyzer WT3000 is manufactured by

Yokogawa Electric Corporation. The relative experimental data are first recorded in

the memory or a flash peripheral, and then are analyzed by means of computing

software Matlab on a personal compuiter.

Fig. 5.3 shows the configuration of the power and control plane which is

composed of a three-phase ac to dc converter, a dc electric load and a control plane

implemented with a eZdsp board, TMS320 F2812. For easy to implement the dc bus

voltage regulation, the dc electronics load is operated a constant voltage mode to

simulate the battery module and load demand. Both the proposed single-stage QSR

converter and the conventional two-stage converter are implemented for comparing
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Fig. 5.4 The flowchart of the whole program of the proposed WPGS.

the performance. The implementation of the prototype is described in the next section

in detail.

5.3 Implementation of the Proposed WPGS

The MOSFETSs, IXFH 150N15P, and schottky diodes, DSSK60-02A, are adopted
as the active switches and diodes for the converter. All the control algorithms, such as
the dynamic MPPT controller, adjustable virtual inertia technique, QSR technique and
hybrid control, are implemented with a digital signal processor, TMS320 F2812. The
flowchart of the whole program is shown in Fig. 5.4. It can be seen from Fig. 5.4 that
the program can be set as fully QSR DCM control or hybrid control depending on
what is the major concern, performance or simpleness. The peripheral circuits are

shown in Fig. 5.5 to Fig. 5.8. Fig. 5.5 shows two measurement circuits of the
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generator line voltages v, and v, which are fed to the phase and frequency
estimator to observe the information rotating speed of the wind turbine. Fig. 5.6
shows the measurement circuits of generator currents i, and i,. The current
amplitude can then be calculated and fed back into the current control loop. Fig. 5.7
shows the circuit diagram of the digital to analog circuit which is constructed with a
digital to analog converter (DAC) chip, DAC7725N PLCC. One magjor task of the
DAC is to convert the digital wind speed command signal from the DSP into an
analog signal for the programmable centrifugal blower. Also, the digital data in the
DSP can be converted into analog signals for displaying on a oscilloscope as well.
The digital wind speed command is calculated and output to the 1/0 port of the eZdsp
TMS320F2812. Then, the DAC will output an analog signal to the programmable
driver. The gate drive circuits are shown in Fig.-5.8. Because of the common source
connection of the three active switches in the proposed converter, there is only one

isolated power source required.

5.4 Experimental Results
Fig. 5.9 shows the photograph of the testing facility and the prototype WPGS. The

parameters of the prototype system are given as follows:

Radius of the wind turbine r=05m
Rated Power P e =200 W
Rated wind speed Vi raed =12.5mM/'s

Maximum power coefficient C,mex =0.282
Optimal TSR Ao =3.53
Generator side inductance L, =300 uH
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Stator resistance R =02W

Boost inductor L =100 uH
Filter capacitor C, =14.7 uF
Mechanical inertia J=04 k, m’
Friction coefficient B =0.008
Output DC voltage v, =100V

As mention in section 5.2, the power coefficient can be approximated with measured
power curves. The polynomial approximated power coefficient of the wind turbine is

given asfollows.

C,d)=a,+ad +ad’+ad®+ad’ (5.1)

&0 €327 10 1
e,u e 2ol
Sy & 18897107

€a,0=66.1327" 102U
e e , .U
2o & A614°10°
ga,H & 1.372" 10°}H

First, to demonstrate the function of the proposed MPPT controller, the system is
tested under changing wind speed situation and the corresponding experimental
results are shown in Fig. 5.10. It is seen from Fig. 5.10(b) that as the wind speed steps
up to a higher speed, the generator torque in the proposed system is instantly
controlled to be smaller than that of the conventional system for achieving faster
converging to the optimal operating point. On the contrary, as the wind speed steps
down to a lower speed, the torque command will be instantly controlled to a larger

magnitude for decelerating the wind turbine more rapidly to the optimal operating
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point. Fig. 5.10(c) shows the corresponding power coefficients, which are calculated

from the measured data with the approximate polynomial of the C_ function. It can

be seen from Fig. 5.10(c) that as a result of the improved dynamic response, the
regulation of the power coefficient of the wind turbine is greatly enhanced. Fig. 5.11
shows the corresponding loci of the generator torque with conventional OT control
and proposed dynamic MPPT control respectively.

Next, to evaluate the performance of the proposed WPGS under wind speed
variations, the wind speed pattern expressed in (3.43) is used as the command signal
for the blower driver. According to (3.37), the bandwidth of the dynamic response of
the conventional system is about 0.03 Hz. Therefore, the energy of the higher
frequency wind speed variation term in (3.43) will not be fully extracted. However,
the bandwidth of the proposed system can-be extended to about 0.1Hz with adjustable
virtua inertia technique. The rotor-speed-and the calculated power coefficient are
shown in Fig. 5.12(a) and (b). 1t can be seen from Fig. 5.12(b) that due to the
improved dynamic response the regulation of the power coefficient of the proposed
WPGS is greatly improved. After an integration period of 500 seconds, under the
wind speed variation as given in (53) the extracted wind energy of the proposed
system and the conventional system are 4.570 Wh and 4.467 Wh respectively, which
is increased about 2.3%. Hence, the proposed system can effectively extract more
wind energy from the higher frequency wind speed variations.

The major disadvantage of the conventional two-stage converter is the significant
THD of the generator current which is shown in Fig. 5.13(a) and (b). Asacomparsion,
the generator current of the proposed system with fully QSR DCM control is shown in
Fig. 5.13(c) and the corresponding FFT of the generator current is shown in Fig.

5.13(d). The THD of the generator current is obviously greatly reduced in the
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proposed system. Fig. 5.14 shows the current waveforms of the conventional WPGS
and the proposed WPGS with hybrid control. Fig. 5.15 shows the current THD and
efficiency of the conventional two-stage converter and the proposed converter with
fully QSR DCM control as well as hybrid control under different power levels. From
the experimental results, one can see that the proposed single stage rectifier with the
proposed hybrid control is able to reduce the current THD to about 5% and increase
the efficiency about 11%. Although the efficiency of the fully QSR DCM controlled
converter is slightly poorer, the control algorithm of the QSR DCM control is simpler
than that of the hybrid control. Hence, one can choose the most suitable control
strategy according to the application demand.

In summary, compared with the conventional WPGS with steady state optimal
torque MPPT control, the proposed WPGS can further increase the system efficiency

from about 12% to 15% depending on the wind speed variations.
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CHAPTER 6

CONCLUSIONS

To the author’s best knowledge, very few papers concern about the dynamic
performance of the MPPT controller for a wind turbine. However, the poor dynamic
response due to the mechanical inertia will cause reduction of the efficiency of the
wind turbine under wind speed variations especially in low speed region. In this
dissertation, a novel sensorless dynamic MPPT controller is proposed to deal with this
problem. For cost and reliability considerations, there are no mechanical sensors such
as anemometer and encoder used in the proposed controller. To improve the dynamic
response, a dynamic optimal torque command calculator based on a novel adjustable
virtual inertia technique is proposed:. The regulation of the power coefficient of the
wind turbine to the maximum value under wind speed variations is also improved
because of the improved dynamic response. Also the amount of the extracted wind
power can be increased grestly.

Asto the three phase ac to dc converter in a small WPGS, due to the nonlinearity f
the widely used two-stage ac to dc converter composed of a diode bridge rectifier and
a dc converter, there will be significant current THD and power losses. The current
THD will cause additional torque ripple, mechanical stress on the shaft and undesired
acoustic noise. To overcome the above mentioned disadvantages, a single-stage ac to
dc converter is proposed in this dissertation. A half-controlled topology composed of
three active switches and three diodes is used to replace the existing two-stage
topology for reducing the diode conduction loss and eliminating second time power
conversion. When the converter is operated with DCM control, the generator current

will be nearly sinusoidal and in phase with the EMF. To further reduce the conduction
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losses caused by the body diodes, a novel quasi-synchronous rectification technique is
proposed to extending the corresponding duty ratios of the switches in DCM
operation. Also, the analytical expressions of the respective duty ratios are derived for
easy implementation as well. Additionally, the CCM , DCM and QSR techniques are
integrated into a novel hybrid control as an alternative control for the proposed
single-stage converter. With the hybrid control agorithm, the efficiency of the
converter can be further increased athough the hybrid control is slightly more
complicated.

To evaluate the validity and performance of the proposed MPPT controller and
single-stage converter, a prototype wind power generation system is implemented. All
the control agorithms, dynamic MPPT control, DCM control, QSR technique and
hybrid control, are implemented with-a digital ‘signal processor TMS320 F2812. A
facility for testing the WPGS is iaso.constructed. In the facility, a programmable
centrifugal blower is adopted to generate a speed-controllable wind farm. Some
simulation and experimental results are given-to demonstrate the performance of the
proposed system. From the experimental results, one can see that not only the
dynamic response of the wind turbine but also the efficiency of the whole system are
greatly improved.

However, due to the limitation of time, there are still some possible objects worthy
of further study which are listed as follows.

u  Soft-switching technique can be applied to reduce the turn-off switching
losses in DCM operation so that the converter efficiency can be further
improved.

u An aternative approach to improve efficiency is to reduce the voltage stress
of the active switches.

u The optimal power and torque curves will drift due to the variation of air
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density. Therefore, robust control against to such variation should be applied.
U The robustness against to the uncertainties of inertia and friction coefficient
should be improved.
u  From the view point of whole system, coordinate control between the load
demand, battery charging and MPPT of the wind turbine should be

integrated.
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APPENDIX A DSPPROGRAM CODE

#include "DSP281x_Device.h"
#include "DSP281x_Examples.h"
#include "DSP281x_SinTable2048.h"

far int *DA_Porta;
far int *DA_Portb;
far int *DA_Portc;
far int *DA_Portd;

int16 Tcount1=0,Tcount2=0,temp4=0,step=0,sinwt_b=0,sinwt_c=0,iam=0,ibm=0;
int16 icm=0,id[2]={ 0,0} ,iq[2]={ 0,0} ;

int32 Uth=0,xo0_p=0,yo_p=0,x0=0,yo=0,thida_err=0,sin_p=0,cos p=0,sinwt=0,;
int32 coswt=0,m1=0,m2=0,m3=0,M 2count=0,N=0,M=0,Nt=0, A1=15315;

int32 B1=4639,C1=4958,A2=3106,B2=29662,A3=1437,B3=13726,C3=22402;

int32 thida_a=0,thida_b=0,thida_c=0,le=0,Uv=0,pv=0,pi=0,d1=0,dQ1=0,dQ2=0;
int32 dQ3=0,Pin=0, temp3=0,step_count=0,Fe=0,count2=0,count3=0,temp1=0;

int32 temp2=0,duty_op=750, qv[2]={ 0,0} ,ai[2]={0,0} ,wm=0,wmsum=0, m=0;

int32 KIm=291,1dc1=0,ldc2=0,1dc3=0,test=0,}dcsum=0,1 dcavg=0,Pdc[ 2] ={ 0,0} ;
int32 Kp_th=128,Ki_th=12800,pth=0,qth{2]={ 0,0} ,Kp_rpm=-28672,Ki_rpm=-10240;
int32 grpm[2]={ 0,0} ,prpm=0, Kp_vo=300,Ki_vo=12000,Kp_vdc=-90,;

int32 Ki_vdc=-1800,Kp_i=350,Ki_i=70000,d1max=5000,vw=0,T1=30,f1p=0;

int32 T2=60,f2p=0,Rcounta=0,Sumiae=0,Avgiag] 2]={ 0,0} ,ya[ 3]={ 0,0,0} ;

int32 Kp_c=-160,Ki_c=0,Ui=0,Ua=0,Ub=0,Uc=0,iaf[2]={ 0,0} ,ibf[ 2] ={ 0,0} ;

int32 ga[2]={ 0,0} ,qb[2]={ 0,0} ,qc[ 2] ={ 0,0} ,Kr=0,a0=6987,b1s=17522,b2s=12254,
int32 yb[3]={0,0,0} ,yc[3]={ 0,0,0} ,vabf[ 2]={ 0,0} ,vbcf[ 2] ={ 0,0} ,iaf 2[ 3] ={ 0,0,0} ;
int32 Sumibe=0,Sumice=0,Avgibe[2]={ 0,0} ,Avgice]2]={ 0,0} ,Rcountb=0,Rcountc=0;
int32 ibf2[3]={ 0,0,0} ,vabf2[3]={ 0,0,0} ,vbcf2[3]={ 0,0,0} ;

int32 ia=0,ib=0,ic=0,ialfa=0,ibeta=0,vab[ 2] ={ 0,0} ,vbc[2]={ 0,0} ,valfa=0,vbeta=0;
int32 stepf[2]={ 0,0} ,icf2[3]={ 0,0,0} ,iag[ 2]={ 0,0} ,ibe[ 2] ={ 0,0} ,ice] 2] ={ 0,0} ;

int32 iaef2[ 3]={ 0,0,0} ,Imf2[ 3]={ 0,0,0} ,section=0,ma=0,mb=0,mc=0;

int32 ea=0,eb=0,ec=0,Ra=0,Rb=0,Rc=0,Dm=372,Da=0,Db=0,Dc=0,sin_da=0,;

int32 thida Dm=0,thida_Da=0,thida_Db,thida_Dc=0,Imc=10240,sin_db=0,sin_dc=0;

interrupt void mppt(void);
void init_eva timerl(void);
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void CCM(void);
void DCM(void);
void Roffa(void);
void Roffb(void);
void Roffc(void);

void main(void)

{

InitSysCtrl();

InitGpio();

DINT;

InitPieCtrl();

|ER = 0x0000;

IFR = 0x0000;

InitPieVectTable();

EALLOW, /I Thisisneeded to writeto EALLOW protected registers
PieVectTable TIUFINT = & mppt;

EDIS; // Thisisneeded to disable writeto EALLOW protected registers
init_eva_timer1();

InitAdc();

DA_Porta=(far int *)0x080040;
DA_Portb=(far int *)0x080041,
DA_Portc=(far int *)0x080042;
DA_Portd=(far int *)0x080043;

AdcRegs.ADCTRL 1.hit.CPS=0;

AdcRegs. ADCTRL1.bit. ACQ_PS=0x8;

AdcRegs. ADCTRL3.bit. ADCCLKPS=0x3;

AdcRegs. ADCMAXCONV.all = 0x0003; Il Setup 3 conv's on SEQ1
AdcRegs. ADCCHSEL SEQ1.hit. CONV00 = 0x0;

AdcRegs. ADCCHSEL SEQ1.bit. CONVO01 = 0x1,;

AdcRegs. ADCCHSEL SEQ1.bit. CONV02 = 0x2;

AdcRegs. ADCCHSEL SEQ1.hit. CONV03 = 0x3;

PieCtrIRegs.PIEIER2.al = (M_INT®6);
IER |= (M_INT2);
EINT; // Enable Global interrupt INTM
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ERTM; // Enable Global realtime interrupt DBGM

for(;:);
}
interrupt void mppt(void)
{
DINT;
| ER=0x0000;
| FR=0x0000;
//State Variable Sensoring

AdcRegs. ADCTRL2.bit.RST_SEQ1 = 1, //reset SEQL to state CONV 00
AdcRegs. ADCTRL2.hit.SOC_SEQ1 = 1;

while(AdcRegs. ADCST.bit.SEQ1 BSY==1);// wait for end of adc
ia=(int32)(AdcRegs. ADCRESULT0>>4)-24-2048; // Q11 15A
ib=(int32)(AdcRegs. ADCRESULT 1>>4)-5-2048;

vab[0]=(int32) (AdcRegs.ADCRESULT2>>4)-70-2048; //Q11 45V
vbc[0]=(int32) (AdcRegs.ADCRESULT3>>4)-68-2048;

/lper unit for current
ia=ia*30; //Ql2for 1A
ib=ib* 30;
ic=(int32)(0-ia-ib);

vab[0]=(int32)vab[0]*15;  //Q11 for 3V
vbc[0]=(int32)vbc[0]* 15;

//Current and voltage L PF
iaf2[0]=(C1* (((Al*ia+B1*iaf2[1])>>15)+2* ia+5* iaf2[ 1] -iaf2[ 2]))>>15;
iaf2[2]=iaf2[1];
iaf2[1]=iaf2[0];

ibf2[0]=(C1* ((AL*ib+B1*ibf2[ 1])>>15)+2*ib+5* ibf2[ 1] -ibf2[2]))>>15;
ibf2[2]=ibf2[1];
ibf2[1]=ibf2[0];

icf2[0]=(C1* (((AL*ic+B1*icf2[ 1])>>15)+2* ic+5*icf2[ 1]-icf2[ 2]))>>15;
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icf2[2]=icf2[1];
icf2[1]=icf2[0];

vabf2[0]=(C1* (((AL* vab[0]+B 1* vabf2[ 1])>>15)+2* vab| 0] +5* vabf2[ 1]
~vabf2[2]))>>15:

vabf2[2]=vabf2[1];

vabf2[1]=vabf2[0];

Vbef2[0]=(C1* (((AL* vbe[ 0] +B 1* vbef2[ 1])>>15)+2* vibc] 0] +5+ vbef2[ 1]
-vbcf2[2]))>>15:

vbef2[2]=vbef2[1];

vbef2[1]=vbef2[0];

//Two-Phase PLL
valfa=vabf2[0];
vbeta=((int32) (vabf2[0]+(2* vbcf2[0]))* 18919)>>15;
thida_err=((valfa* (int32)yo)>>15)+((vbeta* (int32)x0)>>15);

/[ PI controller for thida_err
gth[0]=qth[ 1] +(thida_err* ((Ki ‘th*70)>>12)>>10);
Uth=((thida_err* Kp_th)+qth[0])>>10;

if (Uth<0)

step=0;

elseif (Uth>16384)

Step=16384;

else

{
step=Uth;  //stepisin Q11 format
qth{1]=qth[0];
}

if (qth[0]>16777216)
{
qth[0]=0;
gth[1]=0;
}
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stepf[0]=((int32) A2* step>>15)+((int32) B2* stepf[ 1] >>15);
stepf[1]=stepf[Q];

step_count=step_count+stepf[0];

X0_p=step_count>>11;
if (xo_p>2047)
{
step_count=step _count-4194304;
X0_p=x0_p-2048;
}

yO_p=X0_p+512;
if (yo_p>2047)
yo_p=yo_p-2048;

xo=SinTable[xo_p|;
yo=SinTable[yo _p];

sin_p=xo_p+1877,
if (sin_p>2047)
sin_p=sin_p-2048;

COS_p=x0_p+341;
if (cos_p>2047)
COS_p=Ccos _p-2048;

sinwt=SinTable[sin_p|;
coswt=SinTable[cos p];

thida_a=sin_p;

thida b=sin_p+1365;
if (thida_b>2047)
thida_b=thida b-2048;

thida_c=sin_p+683;
if (thida_c>2047)
thida_c=thida c-2048;
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thida Da=sin_p+2048-thida Dm;
if (thida Da>2047)
thida Da=thida Da-2048;

thida Db=sin_p+1365-thida Dm;
if (thida_Db>2047)
thida_Db=thida_Db-2048;

thida Dc=sin_p+683-thida Dm;
if (thida_Dc>2047)
thida_ Dc=thida Dc-2048;

//IDQ Transformation iaib => id iq for obtaining Im
ialfa=iaf2[0];
ibeta=((int32)(ibf2[0]-icf2[0])* 18919)>>15;

id[0]=(((int32)ialfa* coswt)+((int32)ibetat sinwt))>>15;
iq[0]=(((int32)ibeta* coswt)((int32)ialfa* sinwt))>>15:;

Im=-iq[0]; //Imisin Q11 format

Imf2[0]=(C3* (((A3* Im+B3* Imf2[1])>>15)+2* Imf2[ 1]-Imf2[2]))>>15;
|mf2[2] = mf2[1];
|mf2[ 1] = mf2[0];

/I Rotor frequency calculation
count2=count2+1;
templ=templ+(((int32)step* 25000)>>11);
if (count2==2048)

{
count2=0;
Fe=templ1>>22;
temp1=0;

}

count3=count3+1,;
wmsum=wmsum-+(((int32)step* 25000)>>11);
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if (count3==150)
{
count3=0;
wm=wmsum/150; // Averged value of 32 times 25
wm=wm* 3217>>12;
wm=wm>>7; //per unit to 128 rad/s(with Q12 operation) in Q11
wmsum=0;

}

/IMode Detector

section=thida_a/342;

//Optimal Torgque(Current) Controller

if (section==0)
{
if (M2count<=Nt)
DCM();
else
CCM();
}
elseif (section==1)
DCM();
elseif (section==2)
{
if (M2count<=Nt)
DCM();
else
CCM();
}
elseif (section==3)
DCM();
elseif (section==4)
{
if (M2count<=Nt)
DCM();
else
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CCM();
}
elseif (section==5)
DCM();

/IVw command calculator
vw=650+((int32) 120* SinTabl e[ f1p] >>15)+((int32)120* SinTable] f2p] >>15);
/[Output the datato DAC Board

*DA_Porta=(iaf2[0]>>3)+2048;
*DA_Portb=(ea>>3)+2048;

*DA_Portc=iam+2048;

*DA_Portd=vw;

EvaRegs.EVAIFRA .all = OXFFFF;
PieCtrIRegs.PIEACK .all = PIEACK . GROUP2;
EINT; // Enable Global interrupt INTM

ERTM; // Enable Global realtime interrupt- DBGM
return;

void init_eva timerl(void)

{
EvaRegs.GPTCONA.all = 0;

EvaRegs. T1PR = 1250; // Period CLK=75MHz
EvaRegs. T1CMPR = 0x0000; /I Compare Reg

EvaRegs.EVAIMRA.bit. TAUFINT = 1,
EvaRegs.EVAIFRA.bit. TLIUFINT = 1;
EvaRegs. T1CNT = 0x0000;

EvaRegs. T1CON.all = 0x104A;

EvaRegs.GPTCONA.bit. TITOADC = 2;
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EvaRegs.ACTRA .all = 0x0666;
EvaRegs.DBTCONA.all = 0x0102; // Setup the deadtime
EvaRegs.COMCONA .all = 0xA600;

void CCM (void)

{
sinwt_b=SinTable[thida_b];
sinwt_c=SinTablefthida d];

sin_da=SinTable[thida_Dal;
sin_db=SinTable[thida_Db];
sin_dc=SinTable[thida_Dc];

iam=((int32)Imc* sinwt)>>15;
ibm=((int32)Imc* sinwt_b)>>15;
icm=((int32)Imc* sinwt_c)>>15;

if (thida_a<1024)
{

iag[0]=iam-iaf2[0];

if (Rcounta==0)
{
Avgiag[0]=Sumiage/8;
ea=Avgiag[0]-Avgiag[1];
ya[O]=((((Kr*20)* ea)-(bls*ya[1])+(b2s*ya[ 2]))>>21)+(2*ya[1])-ya[ 2];
ya[2]=ya[1];
ya[1]=ya[Q];
Avgiag1]=Avgiag[0];
Sumiae=0;

Sumiae=Sumiaetiag[0];
Rcounta=Rcounta+1;
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if (Rcounta==38)
{

Rcounta=0;

}

Da=((int32)sin_da* Dm)>>15;
ma=(((int32)iag[ 0]*Kp_c)>>12)+Da;//+yd0];

else

{
Ua=-626;
Roffa();

}

if (thida_b<1024)

{
ibe[0]=ibm-ibf2[0];

if (Rcountb==0)
{
Avgibe] 0]=Sumibe/8;
eb=Avgibe[0]-Avgibe[1];
yb[0]=((((Kr*a0)* eb)-(b1s*yb[1])+(b2s*yb[ 2]))>>21)+(2*yb[ 1])-yb[2];
yb[2]=yb[1];
yb[1]=yb[0];
Avgibe[1]=Avgibe[0];
Sumibe=0;
}

Sumibe=Sumibe+ibe[0];
Rcountb=Rcountb+1;

if (Rcountb==8)

{
Rcountb=0;

}
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Db=((int32)sin_db* Dm)>>15;
mb=(((int32)ibe[0]* Kp_c)>>12)+Db;//+yb[0];

else

{
Ub=-626;
Roffb();

}

if (thida_c<1024)

{
ice[O]=icm-icf2[Q];

if (Rcountc==0)
{
Avgice[0]=Sumice/8;
ec=Avgice[0]-Avgice[ 1];
ye[0]=((((Kr*a0)* ec)-(b1s*yc[d])+(b2s" yc[ 2]))>>21)+(2* yc[ 1])-yc[ 2];
yc[2]=yc[1];
yc[1]=yc[Q];
Avgice[1]=Avgice[0];
Sumice=0;

}

Sumice=Sumicetice[0];
Rcountc=Rcountc+1;

if (Rcountc==8)
{

Rcountc=0;

}

Dc=((int32)sin_dc* Dm)>>15;
mc=(((int32)ice[0]* Kp_c)>>12)+Dc;//+yc[O];
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Uc=-626;
Roffc();

if (section==0)

{
Ua=((int32)(2* matmc)* 1250)>>12;
Ua=1250-Ug;
Uc=((int32)(ma+2* mc)* 1250)>>12;
Uc=1250-Uc;

if (section==2)

{
Ua=((int32)(2* mat+mb)* 1250)>>12;
Ua=1250-Ug;
Ub=((int32)(ma+2* mb)* 1250)>>12,
Ub=1250-Ub;

if (section==4)

{
Ub=((int32)(2* mb+mc)* 1250)>>12;
Ub=1250-Ub;
Uc=((int32)(mb+2* mc)* 1250)>>12;
Uc=1250-Uc;

if (Ua<0) //limiter for duty ratio
m1=0;
else if (Ua>1250)
m1=1250;
else
ml=Ug;

if (Ub<0)
m2=0;
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elseif (Ub>1250)
m2=1250;

else

m2=Ub;

if (Uc<0)
m3=0;
else if (Uc>1250)
m3=1250;
else
m3=Uc;

EvaRegs.CMPR1=m1;
EvaRegs. CMPR2=m2;
EvaRegs.CMPR3=m3;

void DCM(void)

{
Roffa();

Roffb();
Roffc();

iam=((int32)Imc* sinwt)>>15;
if (M2count==1)
{
/[Current PI controller Ts=1/10000 in Q19
le=Imc-Imf2[0];
d1max=(Imf2[0]*2)+1500;
if (d1max>7000)
d1max=7000;
qi[O]=qi[ 1] +(le* ((Ki_i* 70)>>12)>>10);

Ui=((((int32)le* Kp_i)+qi[0])>>12);
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Ui=((int32)Ui* 7500)>>12;

if (Ui<0)

d1=0;

elseif (Ui>dlmax)

dl=dimax;

else

{
d1=Ui;
qi[1]=qi[O];

if (qi[1]>46080000)
qi[1]=0;

N=d1/1250;
M=d1-(1250* N);
Nt=d1/2500;

if (M2count<=N)

{
EvaRegs. CMPR1=1251;
EvaRegs. CMPR2=1251;
EvaRegs. CMPR3=1251;

if (M2count==(N+1))

{
EvaRegs.CMPR1=M;
EvaRegs.CMPR2=M;
EvaRegs.CMPR3=M;

if (M2count>(N+1))

{
EvaRegs.CMPR1=0;
EvaRegs.CMPR2=0;
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EvaRegs.CMPR3=0;
}

M 2count=M 2count+1;

if (M2count>6)
M2count=1;

}

void Roffa(void)
{

if (Rcounta==0)

{
Avgiag] 1]=0;
Avgiag[0]=0;
ya[0]=(((b2s*ya[2])-(bls*ya[1]))>>21)+(2*ya[1])-ya[2];
ya[2]=ya[1];
ya[1]=ya[0];

}

Rcounta=Rcountat+1;

if (Rcounta==8)

{

Rcounta=0;

}
}

void Roffb(void)
{

if (Rcountb==0)
{
Avgibe[1]=0;
Avgibe[0]=0;
yb[0]=(((b2s* yb[2])-(b1s* yb[1]))>>21)+(2* yb[1])-yb[2];
yb[2]=yb[1];
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yb[1]=yb[0];
}

Rcountb=Rcountb+1;

if (Rcountb==8)
{
Rcountb=0;
}
}
void Roffc(void)

{

if (Rcountc==0)
{
Avgice] 1]=0;
Avgice[0]=0;
yc[0]=(((b2s*yc[2])-(bls*yc[ 1]))>>21)+(2* yc[1])-yc[2];
yc[2]=ycl1];
yc[1]=yc[O];
}

Rcountc=Rcountc+1;

if (Rcountc==8)
{

Rcountc=0;

}
}
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