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Induction generator with three-level inverters
and LCL filter connected to the power grid
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Abstract. The paper presents an induction generator connected to the power grid using the AC/DC/AC converter and LCL coupling filter. In
the converter, both from the generator and the power grid side, three-level inverters were used. The algorithm realizing pulse width modulation
(PWM) in inverters has been simplified to the maximum. Control of the induction generator was based on the indirect field oriented control
(IFOC) method. At the same time, voltage control has been used for this solution. The MPPT algorithm has been extended to the variable
pitch range of the wind turbine blades. The active voltage balancing circuit has been used in the inverter DC voltage circuit. Synchronization
of control from the power grid side is ensured by the use of a PLL loop with the system of preliminary suppression of undesired harmonics
(CDSC).

Key words: induction generator, three-level inverter, voltage balancing, sinusoidal pulse width modulator (SPWM), maximum power point

tracking (MPPT).

1. Introduction

Small wind power plants are becoming increasingly popular as
sources of electric energy. They are mainly based on asynchro-
nous machines. It is a cheaper solution as compared to the use
of synchronous generators with electromagnetic excitation or
permanent magnets. The machine itself is also much simpler
and therefore more reliable. It can also be directly connected to
the power grid in generator mode. Such a direct connection to
the power grid does not require a special synchronization mode,
which is a very important issue. However, it is only possible
to produce and deliver electricity to the grid above a certain
wind speed. In addition, there is also no possibility of electric
control of active power output. When the machine is directly
connected to the power grid, there is a demand for reactive
power. This degrades the energy quality near the installation of
such a generator. Accordingly, in order to improve the quality
of the energy, reactive power compensation is required. In the
simplest solution, it is a bank of capacitors. In more advanced
systems, power electronics systems are used.

The above drawbacks of direct connection of the generator
to the power grid in the context of current requirements related
to combining new energy sources have considerably limited the
possibilities of its application in recent times.

Currently, in order to eliminate the negative impact of the
new energy sources connected to the power grid, various types
of power electronic converters are used. They implement con-
nections of newly connected sources to the power grid without
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introducing distorted currents to it. Currents similar to sinusoi-
dal are obtained by means of the control and application of the
LCL filter. The use of power converters from the generator side
and the power grid side has led to full conversion of the gener-
ated energy [1-3]. It also created the possibility of controlling
the active power given to the power grid.

An additional functionality of using converters is also the
ability to control reactive power. This solution also extends
the wind speed range for which the power plant is able to give
energy to the grid. The extension of the scope applies to both
smaller and higher wind speeds at which existing systems have
to already be disconnected.

Thanks to the fact that the system has full conversion of
electrical energy, it was possible to implement the tracking of
the maximum power generated by the generator in a wide range
of wind speed.

There are many methods to track the maximum power [4].
However, the most common are three basic MPPT algorithms.
The first of these is an algorithm based on the known depen-
dence of the wind turbine power in function of the angular
speed Pr(wg) [2, 3]. The second one is based on the optimal
speed ratio of the 4,,, turbine, but it requires the measurement
of wind speed [5—8]. The third one is the incremental algorithm,
which, without knowing the turbine parameters, continuously
searches for operating conditions with maximum power for
a given wind speed [9].

At present, AC/DC/AC converters are commonly used in
systems with full energy conversion [1-3, 5]. Until recently,
they were implemented on the basis of two-level inverters
[2]. Currently, multilevel inverters are used more and more
often that place [3]. An increased number of levels allowed
them for better shaping of output currents at the same average
number of joins of elements. An important feature of circuits
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with AC/DC/AC converters has become the possibility of
their autonomous operation for dedicated recipients. This
can be done in the event of power failure from the grid or
after the generator is self-excited without the network [3].
Autonomous work is not the subject of the article and will
not be discussed here.

2. Model of wind turbine

The induction generators in wind power plants are driven by
wind turbines with different rotation axis arrangements. The
case modelled in this article refers to the turbine with horizon-
tal axis of rotation. For this turbine, the mechanical power is
given by (1).

B, = 0.5pAV,)C,(4, B) = 0.5pR;V,,C,(A, B) (1)
where: C,(A, B) is the wind turbine power coefficient, V, is the
wind speed, and p is the air density (assurned p=1225kg/ m3).

The power coefficient C,(4, ) in (1) is given by the empir-
ical relation (2) [5].

C,(4, B) = 0.5176(116A; — 0.4 — 5)e ' +

(2)
+ 0.00684
where: - 1 0,035 _ R,
A+00838 1+p Vi

where: 4 is the turbine blade tip speed ratio, and £ is the turbine
blade setting angle, w; is the angular speed of the turbine, and
R, is the turbine rotor radius.

In the simulation system, the wind turbine model described
above was used to drive an induction generator. For the purposes

of simulation tests, the dimensions of turbine blades R, = 3 m
and gearbox G = 5 were arbitrarily adopted. The maximal
power factor for the adopted model (2) was C,(4, ) = 0.48 for
A = 8.1. The determined values refer to the zero setting angle
of the turbine blades 8 = 0. Figure 1 shows the turbine power
factor C,(4, p) for five different turbine blade pitch settings.

However, Fig. 2 shows the power of the turbine described
above as a function of the angular velocity of the induction
generator for different wind speeds with zero blade angle
adjustment The diagram of maximum power is shown on the
background of these characteristics This waveform is described
in equation (3a).

Poo = 5K (0/G)’ (3a)
3
Cn— (Aoptoj Cp(ﬂ'optﬂn ﬁ) (3b)
g ’Iomﬂ Cp()“opfo’ 00)

where K = 0,4223.

Equation (3a) for ¢; =1 describes the generator’s maxi-
mum power Pg,,,. for zero adjustment of the blade angle, S = 0.
When the value of power generated exceeds the power rating of
the generator Py, the setting of the angle of the blades changes.
To ensure the operation of the generator with the maximum
power factor C,(4, 8) under the new conditions, the coefficient
cp is also changed in accordance with the relation (3b).

Equation (3a) is the basis for the implementation of the
Maximum Power Point Tracking method. The tracking method
based on the above equation will be used in the further part
of the article in simulations of the wind farm system with an
induction generator.

The wind turbine (Fig. 3) was modeled based on the equa-
tions (1+2) and the characteristics C,(4, ) (Fig. 1).

xled [W] Ps

A [-]

Fig. 1. Power factor C,(4, B) as a function of the turbine speed ratio
for five values of the setting angle
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Fig. 2. Wind turbine power Py in relation to the generator angular
speed @ for different wind speeds V,, and g = 0°
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Fig. 3. A mathematical model of a wind turbine used for simulation
studies of a power plant

3. Multi-level inverters connecting the generator
to the power grid

In the connection system of the induction generator to the power
grid, three-level inverters were used from both the generator
and the power grid side. The types of inverters which were
taken into consideration included: neutral point clamped (NPC)
inverter, and neutral point piloted (NPP) inverter. Although the
NPC inverters contain more elements, they have been accepted
for further simulation studies.

In the DC circuit, active balancing of voltage unbalance
[10] was applied.

The scheme of a three-level inverter used in simulations
on the generator and power grid side, with the active voltage
balancing system, is shown in Fig. 4.
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Fig. 4. A three-level NPC inverter with autonomic voltage balancing
on capacitors Cyy and Cp,

4. SPWM modulator of multi-level inverter
A simple algorithm based on sinusoidal pulse width modulation

(SPWM) has been used to generate control signals for a multi-
level inverter. It is implemented independently for each phase.
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At the initial stage, the set signals of phase voltages are
modified by adding to them a waveform (4) that allows increas-
ing the output voltage of the inverter.

max (uarefa Uprefs ucref) + min (uarefa Uprefs ucref)
2 (4)

Ukom =

Usref = Uxref — Ukom x=ua,b,c.

The obtained modified signals are compressed to a range of 2
using the Uy intermediate circuit voltage (5).

uxref

u, =2

X

x=ua,b,c.

)

Upc

In the next processing step, the signals were shifted by adding
a constant component to them with a value of 2. As a result
of this operation, unipolar signals in the range of values from
0 to 4 (6) were obtained.
Upy = Uy + 2 x=a,b,c. (6)
Signals processed this way are analyzed in two ranges, in
the range of values 02 and 2—4. In each of these intervals, the
SPWM modulation is implemented independently. In the range
of values from 2—4, signals are generated for the upper tran-
sistors of each inverter branch T/a, T3a, T5a and in the range
of values from 0-2 for the lower transistors 72a, T4a, T6a.
The other inverter transistors are controlled by complementary
signals T1b, T3b, T5b and T2b, T4b, T6b respectively (Fig. 4).
The durations of the control signals for a single switching
cycle of the transistors are calculated twice in advance of the
half cycle after the prediction has been applied to the set sig-
nals. They are performed at the beginning and in the middle of
the switching cycle. The control signals obtained in this way
may be asymmetrical with respect to the center of the switch-
ing cycle. The implementation of the control described above,
however, halves the delay in the system response to changes
in the set point and load in relation to the single calculation of
the signal duration only at the beginning of the switching cycle.
Simple mathematical relations, without trigonometric func-
tions, significantly reduced the calculation time. In the initial
phase, the implementation of the algorithm was limited to
determining the range of the offset value of the set signal. The
calculation procedure is started only after the preparation phase.
In the case when the value of the set point signal was in the
second range, the initial offset value should be subtracted before
making the calculation. This operation is not required when the
signal value is in the first range (7).

U, — 2

o 2<u, <4

x=ua,b,c.

(7

Uy =

u

o 0<u, <2

Eventually, the calculation of the delay times of the switch-
ing signals of the transistors, in relation to the beginning and the
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middle of the switching cycle, are performed based on depen-
dencies (8).

T,=(1-0.5u,)T, x=a,b,c (8)
where T, is the half of the interval Tpy,,, and u,, is the reduced
value of the set voltage.

The switching delay time determined on the basis of the
above dependence applies only to one transistor from the com-
plementary pair in the phase. At that time, the transistor from
the second complementary pair can be switched on for the time
equal to half of the connection cycle (second interval) or off for
the time equal to half of the connection cycle (first interval) (9).
It depends on the actual value of the set signal.

(1—0.5u,)7,

2<u, <4
= (€))
Txi T,
v g 0<u, <2

(1—0.5u,)7,

where: [x, i] € <a, 1;b,3;¢,5>

Figure 5 shows the waveforms of transistor control signals
realized using the presented algorithm. They present the deter-
mined operating state of the three-level inverter.

The above algorithm can be easily adapted for controlling
the operation of inverters with a larger number of levels.

5. Field-oriented generator control with indirect
orientation of the vector (IFOC)

In the power plant system, the generator function is a cage
induction motor with the rated data in the Appendix.

Direct cooperation of such a generator with the power grid
is possible, but only in a very narrow range of angular veloci-
ties. In order to extend the speed range for which the generator
will be able to supply energy to the power grid, a solution with
full conversion based on the AC/DC/AC system was used. It
forced the necessity of using the converter also on the generator
side. In order to unify control systems and create the possibility
of using medium voltage generators in the future, three-level
inverters were used.

The generator-side inverter control algorithm was based
on field-oriented control with indirect field vector orientation
with voltage control. It is relatively simple and allows setting
the electromagnetic moment of the generator load. This is the
starting point for the implementation of the MPPT algorithm.

The cage induction motor model in the synchronous sys-
tem of the rotor flux is described by the voltage-current vector
equation (10).

dy, - L
Tr:_r+ 1+Trwr ﬁr:Lmi' Tr:_r
o T+ iLo)y : R

(10)
After separation into the real and imaginary part, it allows to
determine the rotor flux v,, the slip pulsation @, and the elec-
tromagnetic torque of the motor m, (11).
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Fig. 5. Control signals based on the proposed algorithm (experiment)
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L, i,
o, =
T, v,

= Lm ifd

3L (11)

= _pb erfq

Equations (11) describe the induction motor in synchronous
system. They also make it possible to calculate the set compo-
nent values z_'f-; , zf; of the inverter output current. These current
components were calculated for the assumed value y, of the
rotor flux and the set value m, of the electromagnetic torque.
To enable wider use of the motor as the generator, the rotor
flux was assumed equal to the rated flux. On the other hand,
the set moment was calculated in MPPT system, based on the
current angular speed @ of the generator shaft. As a result of
such procedure, relations (12) were obtained. They allowed to
determine the inverter control in a further calculation step.

.ok 1 % % 2 m, L% 2Lm

W= R B =

3py Ly,

Figure 6 shows the inverter control algorithm from the gen-
erator side using the [IFOC method based on dependence (12).
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Fig. 6. Block diagram of the IFOC induction generator control algo-
rithm

6. Control of the power grid converter

The AC/DC/AC system’s output converter works with the
power grid directly. Its basic task is to supply energy generated
by the generator to the grid. Thanks to the extended control
algorithm, it can also act as a reactive power compensator.

In general, the grid voltage can be strongly distorted and
contain higher harmonics with significant amplitudes. In the
simulation tests, two harmonics were taken into account: 5 h
with a value of 5% of the fundamental value of the harmonic
and phase 30° and 7 h with a value of 3% of the fundamental
value of the harmonic and phase of —20°. The condition of
proper cooperation with the power grid is a good synchroni-
zation of the control system with the basic voltage harmonic.
This goal was achieved using the PLL algorithm. However,
when the network voltage is distorted, good synchronisation is

Bull. Pol. Ac.: Tech. 67(3) 2019

not sufficient to obtain the nearly sinusoidal voltage waveform
with small content of higher harmonics. In order to perform
the above task, the LCL filter was used in the inverter coupling
system with the power grid, and the prediction in the control
algorithm was applied [12, 13]. The use of the filter in con-
junction with the prediction has improved the shape of the grid
current by reducing the content of higher harmonics below 1%.
The equivalent filter scheme is shown in Fig. 7. It has a high
damping factor of 60 dB/dec for frequencies above the resonant
frequency. By appropriate selection of the resonant frequency,
the modulation signal can be very effectively suppressed. How-
ever, it is a third-order filter and oscillations may occur in the
output current, which must also be effectively suppressed.

Fig. 7. Equivalent LCL coupling filter scheme

Equations (13a—c) describe the LCL filter in a continuous form.

di, - .
L, = = + iR, = u, — uy (13a)
d;/‘ 2 — —
Ly = —F+ iRy = tiy — d, (13b)
gy Tl (13¢)

When switching to a discrete form, a description based on
averaged momentary values of the grid voltage, inverter and
capacitor was used.

Finally, the predictive control algorithm with the model was
described using four vector equations (14) [11].

ik 11k 2] = ik 1k o+ 2]+

ik + 2] =ik + 2]+ (u.[k+2]k+3]—
— Ak + 1k +2])/B,

(14)
[k + 1k +2] = A *u [k|k +1] +
+ B*(if[k +1] — ij[k +1])
Uk 42|k + 3] = [k + 2|k + 3]+
+ (i,Jk + 3] — A*i [k + 2]) /B..
597
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For a third-order filter, the prediction of two advance steps
is required. In order to implement the control in the above equa-
tions, the grid current values were replaced with their set values:
i,[k+ 2] =i][k + 2] and i;[k + 3] =i [k + 3]. The remaining
values were determined based on equation (15).

ik +1]=A*i[k] 4 B, *(ui [k |k +1] — ui[k |k +1])
i[k+1)=Ap*ir[k]+ B, *(uig[k| k + 1] — si [k |k +1])
ti [k |k +1]=A,*u, [k —1|k]+ B, *(i; [k] — i,[k])
o[k —1]k] = 0.5*(u [k — 1]+ 1. [K]).

(15)

The coefficients occurring in the equations were determined
based on the equations of the filter state and assuming the con-
stancy of the element parameters, they can be calculated based
on the dependence (16).

A, =1- exp(-T,/T,)
Ar=1-exp(-T/Ty)
Ac=1-exp(-T,/T.)
T, = L,/R,

(16)

In equations (13, 14), the average grid voltage was used for
the intervals [k|k + 1], [k 4+ 1|k + 2] and [k + 2|k + 3] and the
currents from the moment of measurement [k]. The averaging
refers to half of the switching cycle of transistors. The coeffi-
cients in the equations include such parameters of the coupling
system as the filter inductances L, and L,, filter resistances R,
and R;, as well as capacitance C; and resistance R. = ESR.

The voltage values of the power grid at the time [k + 1],
[k +2] and [k + 3] were determined by summing (19) rotated
vectors, basic (17) and higher harmonics (18), grid voltage.
On the other hand, the size of the rotation angle of the vector
components depends on their pulsation @py;,, @,,, and sampling
time 7.

Uspin[k + 1| = tigpup[k] (Cos(nd7plzlh) +

. (17)
JF]Sln(nd?Plnh))

where: dypiny = 2PIfpinn T n=123

ﬁsmh[k + }'l] - ﬁ?mh[k} (COS(I’Zd}/mh) + jSil’l(l’ld}/mh)) (18)

where: dy,,, = 2PIf,,,T; m=5"7 .. n=1,2,3

ﬁs[k+ I’l] = ﬁsPlllh{k—i_ I’l] + Z ﬁsnih[k+ n] (19)
where: n=1,2,3 m=5,7, ...

The components of the current i,,5 and i, for time [k + 1]
(15) are determined based on prediction with the model of cou-
pling circuit (Fig. 7).
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The set value of the current was determined based on the
definition of instantaneous powers for the first harmonic, given
by Hirofumi Akagi (20) [11].

Pl

]

2 [k] = usaPlllh[k] I [k] + usﬂPlllh[k] i:ﬁ[
usaPlllh[k} i.:B k

q [k] = usﬁPlllh[k] lso [k] -
The set value of the current is determined, in the form of com-
ponents, from relations (20). It refers to the actual time [k].
However, in relations (14), values of currents are also required
for times [k + 2] and [k + 3]. Assuming that the power grid
current should have the sinusoidal waveform, the required
quantities can be easily obtained. For this purpose it is carried
out twice and three times the rotation of the reference current
vector, determined for the instant [k] based on the dependence
(20), by the angle determined from the fundamental harmonic
voltage of the power grid frequency fp;;, of network voltage
and the sampling interval T (21).

i [k + n| = i; [k] (cos(n*dypuy) + jsin(n*dypps)) (21)

where: dypy = 2PIfpinnT; n=2,3
Figure 8 shows a block diagram of the grid converter control
algorithm based on the presented dependencies.

u.m usa [k] b uca uca [k] b. -
K] e K]
usb zusb[k] v p ucbIZ urb[k] e p
b — LalK] - Iy 1ulK] -
ﬂ a-b-c ls[k] ﬂ a-b-c lj[k]
el /T itk
uspmf[k] dvfm[k] ix[lj] IIS[k]
Pd*[k] N—g imPl/Ih*[k] = isuPlIIh*[k—i_n] § § ufa*[k"’_l] %
3 == S = Sz
| N . s =
é 5 typyul k] :o: % -
® P * ~ . * § * @ |S,
q [k] I'; Lgpum (K| 0| Zigpury [k t0] § § uy [k+1] s,
10N D T
T T
|4y K] ifk] u,[K]

Fig. 8. Block diagram of the grid converter control algorithm

7. Synchronization of control to the voltage of
the power grid

As mentioned earlier, the control of the converter, which is
connected to the power grid, requires precise synchronization
with the voltage waveform. In the presented system, this pro-
cess takes place in two stages. In the first stage, the maximum
harmonics are suppressed using the cascade system (CDSC)
[14-16].

Bull. Pol. Ac.: Tech. 67(3) 2019
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Fig. 9. Block diagram of CDSC — PLL system

A valuable feature of this system is that it does not intro-
duce, or introduces a negligibly small value of, phase shift of
the input waveform first harmonic.

The second stage is proper synchronization with the funda-
mental harmonic of the power grid voltage. Figure 9 shows the
implemented synchronization system.

8. Wind power plant system

Figure 10 shows a complete block diagram of a wind power
plant connected to the power grid by three-level inverters.
The connection between the power plant and the power grid
is constituted by an LCL filter with the parameters given in
the Appendix. In the DC circuit there is a voltage balancing
system on capacitors Cy; and Cy,. Between the control systems:
generator and power grid inverter, feed-forward power coupling
has been used. This speeds up the transient processes in the
converter system at rapid changes in wind speed.

9. Simulation tests of a wind power plant

Simulation tests of the system were carried out using the PLECS
software package in version 4.1.8. From this package, only
library elements of the main circuit were used for modelling.
These elements include: model of induction motor, transistors,
inductances, and capacitances, as well as current, voltage, and
speed measurement systems. The control algorithm was written
in the C programming language. After compiling, in the form
of a dynamic library *.dll, it was attached to the main program
modeling system. The control algorithm is called from the main
program every 50 us (20 kHz similarly as it is done in the real
system as part of the interrupt service. However, the frequency
of switching of transistor keys is by half lower and in the tested
system it is 10 kHz.

The procedure presented above was dictated by the fact that
in the case of experimental implementation, the tested algorithm
can be easily transferred to a microprocessor controller with
a small amount of work during modification. The simulation

~3F =
i 1T .
u u s
spwm = spwm 2 ~3
- - Sk
3 S
[ [, 8%
=~
Decoupling Current
Transformat. regulator
= — PLL
T Ly I L
Indirect Calculation u u
rotor field pf the setpoin solhPll “sBInPIl
regulator . current
J ' Pa
W, < |P
Do
g\
Fig. 10. Wind power plant with an induction generator and AC/DC/AC converter based on three-level inverters
Bull. Pol. Ac.: Tech. 67(3) 2019 599
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research process carried out in this way will reproduce the
working conditions of the real system fairly reliably.

During the simulation tests, the wind was modeled changing
in the cycle from 6 m/s to 9 m/s and further to 11 m/s and from
11 m/s to 9 m/s finishing at 6 m/s with phases of constant
speed value.

The operation of the system for the above test scenario is
given in Fig. 11, which shows the assumed changes of wind
speed V,, and the corresponding changes of angular speed wg
and power P; of the generator, as well as of power Ps supplied
to the power grid.

[m/s]

Fig. 11. Assumed changes in wind speed V,, and corresponding chang-
es in angular velocity @, generator power P; and power grid Py

Figure 12a shows the waveforms of generator power P; as
function of its angular speed wg, while Fig. 12b presents the
waveform of wind turbine power coefficient C,(4, ). These
two waveforms were obtained for different wind speeds at
a constant turbine blade pitch § = 0°. Power values at which
changes start, after changes in wind speed, allow to conclude on
the good implementation of the maximum power point tracking
in steady states.

Figures 13 and 14 show changes in wind speed V,,, angular
speed g and power of generator Pg; as well as of power Pg sup-
plied to the power grid. The presented waveforms refer to the
case of wind speed increase from 9 m/s through 12 m/s up to
14 m/s, and the decrease within the same range. When the wind
speed exceeded 11 m/s, the generated power was higher than
the rated power of the generator. In order to limit the power,
the angle of the wind turbine blades setting was changed from
S =0°to B = 10° to reduce the generated power. Despite this
change, the wind power plant continues to work with the track-
ing of the maximum power point by correcting the coefficient
‘cp’ in accordance with the equation 4b. On the basis of the
waveform (Fig. 11) determined the efficiency of the system,
which, for a predetermined wind velocity V,, = 11 m/s and an
angle f = 0° was 1 =2 91.2%.
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Fig. 12. Waveforms of generator power P, and turbine power coefficient
C,(4, B) for changing wind speed V,, and blade angle equal to 8 = 0°

Fig. 13. Waveforms of wind speed V,,, generator angular speed @ and
power Pg, and grid power P, for S = 10°
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Fig. 14. Waveforms of generator power Pg; and turbine power coefficient
C,(4, p) for changing wind speed V,, and blade angle equal to § = 10°
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Figurtes 15 and 16 show the transient processes occurring
in a wind power plant during a linear change of the turbine
blade angle setting in the range from = 0° to § = 15°, at con-
stant wind speed. In the initial phase of changes of 3, a slight
increase of generator angular speed @ is observed, but then it
decreases to the final steady-state level below the initial speed.
As a result, the power factor C,(4, ) decreases (Fig. 16b) from
the optimum value for the set wind speed V,, = 11 m/s and
angle 8 = 0° to the optimal value for the angle § = 15°. There-
fore, the power Py generated and P supplied to the power grid
is also decreasing (Fig. 15, 16a).

Figure 17 shows voltage u,,; and current i,; waveforms on
the generator inverter side. The waveforms on the left refer to
the change in wind speed in the range from 6 to 9 m/s, while on
the right side the wind speed varies from 9 to 6 m/s. The center

i V=11 [m/s], |
0 2 3 6
Time (s)

Fig. 15. The waveforms of the angle of the wind turbine blades f3, the
angular velocity wg, the power Py and supplied to the power grid Py

0 100 200

Fig.16. Waveforms of generator power P; and turbine power coef-
ficient C,(A, B) for constant wind speed and blade setting angle 8
changing from 0° to 15°
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Fig. 17. Waveforms of generator voltage u,,, and current i,., at chang-
ing (left and right) and constant wind speed equal to 11 m/s (centre)

waveforms show the steady state of the generator at wind speed
of 11 m/s. Despite the wide range of wind speed variations, the
converter work is correct. The converter passes without distur-
bance to the three-level mode when the wind speed increases
and vice versa to the two-level mode while reducing the wind
speed. The obtained waveforms indicate the correct operation
of the system in various conditions.

The proposed simplified algorithm of the three-level inverter
modulator works correctly. This is confirmed by the simulation
results obtained. Switching processes of transistors are ordered
and there are no uncontrolled switching in them as evidenced
by voltage waveforms.

In all of the above cases, the generator current is close to
sinusoidal with a low content of higher harmonics (Fig. 17).
Higher harmonics generating pulsating torque and increase the
loss of induction generator so their lack of positive effect on
the system.

Figure 18 shows the voltage waveforms u,, of the con-
verter connecting the system to the power grid, the power of

V] Uabf

20 e I H HHH (i ....................

1 T SRR 111111111 L et

Time (s)
Fig. 18. Waveforms of the generator’s phase-to-phase voltage u,,,

power output P, power supplied to the grid P, reactive power Oy,
grid current i,, and inverter current i,
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Fig. 19. Waveforms of the phase-to-phase voltage of the power grid
inverter u,,, voltage u,, and current i,, of the grid and inverter current
i,y for change of reactive power

the induction generator Py, power supplied to the power grid
Ps and reactive power QOg.

The lower part of the figure shows the waveform of the
power grid current 7,; and the output current of the inverter 7.
The waveforms were obtained during the sequence of wind
speed changes from 6 m/s by 9 m/s to 11 m/s and in the oppo-
site direction of changes ending with the wind speed of 6 m/s.

On the waveforms, an increase in the current can be observed
at the moment of setting reactive power. Figure 19 shows in
detail the steady state of the power plant operation at a wind
speed of 11 m/s with a load determined from the operation of
the MPPT system. To fully illustrate the system’s capabilities at
time t = 4.6 s, the reactive power of Oy = 5 kVar was applied
to the grid converter control system (Fig. 18). This caused tem-
porary additional switching of the inverter transistors. They
are clearly visible on the output waveform of the u,,, inverter
(Fig. 19). They cause immediate displacement of the i,, cur-
rent grid phase (Fig. 19). However, a fast change of the output
current phase does not lead to oscillations. Thanks to the use of
advanced control, it was possible to avoid unfavorable oscilla-
tion phenomena in the output current of the multi-level inverter.

Despite the strong distortion of the power grid voltage,
which contains 5% of 5th harmonic and 3% of 7th harmonic,
the current waveform i, is close to sinusoidal with the content
of higher harmonics below 1% (Table 1).

Table 1
The content of higher harmonics
Content of higher harmonics

Ps fG

[kW] Hz THD_ I | THD_Ug | THD_I; | THD Ig
% % % %
5,0 25,22 1,38 5,83 2,88 0,13
10,0 | 45,46 0,64 5,83 2,55 0,05
602

In the presented waveforms, the correct operation of the
proposed simplified modulators can be observed also in the
case of a converter connected to the power grid (Fig. 19). Lack
of asymmetry of the output voltages three-level inverter proves
the proper operation of the balancing voltage in the DC voltage
circuit.

Figure 20 shows the voltage and current waveforms after
connecting the system to the power grid. In spite of the strongly
deformed voltage waveform, the obtained current is close to
sinusoidal.

ias

Time (s)

Fig. 20. Voltage waveforms u,,, and current i, of the inverter, u,,,
voltage and current i, of the power grid in steady state

Based on the simulation tests performed, the correct oper-
ation of the small wind power plant system was observed. The
power plant’s control algorithm efficiently tracks the point of
maximum power, both in the case of changes in wind force and
changes in the angle of setting the wind turbine blades.

10. Conclusions

The article presents a complete control algorithm for the
AC/DC/AC converter connecting the induction generator with
the power grid. The application of the converter with the pro-
posed control algorithm provided near-sinusoidal currents of the
power grid. Thanks to the LCL filter coupling the system with
the power grid and the predictive control, the content of higher
harmonics in the output current below ~1% was obtained,
despite the assumption of high voltage distortion (Figs. 20-22).

The current distortion on the generator side is slightly higher
(Fig. 23) and this is due to the lack of an additional coupling fil-
ter (Fig. 10). This lack is partially compensated by the relatively
high inductance of the induction motor. The low content of
higher harmonics of the current does not significantly affect the
pulsation of the generator’s load torque and increasing losses.

Bull. Pol. Ac.: Tech. 67(3) 2019
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Fig. 21. Voltage u,,, and current i,, waveforms (experiment)

Tek Prevu

@ 200A

(@ 200V

@ 5 400V

) (a.00ms 250KS/5
+v0.00000s )10k points

Fig. 22. Voltage u,, and current i,, waveforms of the power grid for
reactive power (experiment)
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Fig. 23. Voltage waveforms u,,, and current i,, of the inverter, u,,
voltage and current i,, of the power grid in steady state
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Original simple algorithms of modulators do not require
trigonometric functions or arrays for calculations. This reduced
the time needed to calculate the switching times of inverter
transistors. The use of full processing of the produced energy
extends the use of an induction generator to a range of lower
wind speeds.

The article proposes a modification of the maximum power
point tracking method. It concerns the range of higher wind
speeds, in which a change of the angle of the wind turbine
blades setting is required. The modification was implemented
by introducing the correction factor ¢4 to the dependence (3).
This enabled the use of an induction generator with a maximum
power factor C, for wind speeds varying within wide limits.

The promising simulation results of the system encourage
the continuation of the work. The next stage of the research is
to be the practical implementation of the proposed small wind
power plant. The high complexity of the control algorithm pre-
sented in the article, however, will require the use of a micro-
processor controller. In connection with the above, simulation
tests of the control system were carried out taking into account
its use. All the required procedures were therefore written in the
programming language C with a minimized number of instruc-
tions. This is to guarantee short control times in the real system.

Appendix

Induction motor (Generator)
BBC QV 160M4AA
Py=11kW, Uy =400 V(-1), I,y=22,5A
fin =50 Hz, ny= 1438 rpm, 2p =4, cosey = 0,83

Parameters of motor:
R,=03223Q, L, = 1,99 mH
R,=04762Q, L, =3,4mH
L, = 69,69 mH, J= 0,194 kgm?

Parameters of LCL filter:
R;=0,1Q,L,=2,0mH
R,=0,05Q,L,=1,0mH
C,=10,0 uF
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