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Introduction

Sustainability is the main aspect that forces the
renewable energy sources to be implemented for electric
energy generation instead of fossil ones. Wind energy is
quite attractive among other sources because of its
commercial potential (72 TW) that is five times higher
than world energy demand in all forms [1]. However, the
installed capacity in 2009 was only 159 GW [2]. Large
turbines dominate the market, but there is also a demand
for small turbines in the power range up to 15 kW as the
power source for micro generators.

A micro generator is an electrical energy source that
includes all interface units and operates in parallel with the
distribution network. Some energy sources can be
connected directly to the distribution network, but in the
case of DC power sources or variable speed wind turbine
(VSWT) systems it is necessary to use a power converter
that interfaces the source and the grid.

Generally, VSWT based micro generators consist of a
wind turbine, a generator and an interface converter
(Fig. 1). Wind turbines capture wind energy and convert it
to rotational mechanical energy. Variable speed operation
of the wind turbine allows extraction of higher energy from
wind than constant speed systems [3]. The generator
converts mechanical energy into electricity. Different types
of generators can be used in wind energy conversion
systems (WECS), but permanent magnet synchronous
generators (PMSG) dominate the market. The main
advantage of PMSG is the possibility of multipole design
that offers slow speed operation and the possibility of
gearless WECS construction. Another advantage is
maintenance free operation since there are no brushes. The
main drawback of PMSG is the dependence of its output
voltage on the rotation speed. The difference between the
minimum and the maximum voltage can reach four times
in VSWT applications [2]. This drawback can be easily
overcome with the help of an appropriate interface
converter.
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The interface converter rectifies the input AC with
variable voltage and frequency, adjusts voltage levels and
inverts DC voltage into AC with grid voltage and
frequency. Additionally, it should have maximum power
point tracking (MPPT) functionality to extract more power
from wind. Different topologies of the interfacing
converter are discussed in the literature [3—8]. Basically,
they can be categorized as topologies with HF isolation
(Fig. 1a) [2] and [4] and those without isolation (Fig. 1b)
[5-8]. This paper is devoted to the transformerless
topologies, i.e. topologies without isolation.

Most of the topologies without isolation have an
intermediate DC link. It means that on the generator side
there is a rectifier, but an inverter is placed on the grid
side. Some low pass filter can be added to the inverter to
fulfill standard requirements. The overall performance of
an interface converter is highly affected by the properties
of the combination of the generator side and grid side

converter.
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Fig. 1. Generalized block diagrams of interface converters for
VSWT with PMSG: with high-frequency isolation (a) and
without isolation (b)




State of the art topologies and issues

One of the simplest transformerless interface
converter topologies consists of uncontrolled rectifier and
grid side converter (Fig. 2a). This topology is the cheapest
solution due to low number of controlled switches and
simple control system which is necessary only for the grid
side inverter. The main disadvantage of this solution is the
absence of DC link voltage regulation possibility that leads
to lack of extracted power at low speeds [5]. Additionally,
this topology does not offer any generator power and speed
control possibilities that exclude MPPT functionality. All
these disadvantages make this topology unsuitable for

VSWT applications.
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Fig. 2. Interface converter with a diode rectifier (a) and improved
solution with an additional boost converter (b)

The topology with an additional boost converter
(Fig. 2b) was introduced to improve the generator power
control capability by keeping the power circuit of the
converter at a simple level [3]. This topology offers a
possibility to extract power at low wind speeds and thus
significantly expand the operation range of the PMSG
based VSWT system. These improvements are significant,
but due to the limited PFC capability and lower efficiency
than with a controlled rectifier, it is not feasible to use the
topology with a boost converter in high efficiency
applications [5].

The back-to-back converter (Fig. 3a) has high control
flexibility of a generator torque and current [6].
Implementation of the controlled rectifier allows the
generator to operate with the unity power factor and easily
implement MPPT functionality. The energy storage
devices like batteries (Fig. 3b) can be added to the
intermediate DC link of the back-to-back converter to
improve the low voltage ride-through (LVRT) capability.
The LVRT capability becomes more and more important
in the context of grid code requirements [8]. The main
disadvantage of the classical back-to-back converter is
only two voltage regulation freedoms of the generator and
grid side converters. The generator side converter can
boost the generator voltage to obtain the necessary level of
the DC link voltage, but the inverter can only reduce it.

Since the VSWT operates at low rotation speeds more
than half a time [2] and the output voltage of the generator
is significantly lower than the nominal at this mode, the
boost properties of the interface converter become an issue.
This is especially topical at micro power level, where the
nominal generator voltage is lower than the grid voltage.
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Fig. 3. Traditional back-to-back interface converter (a) and back-
to-back interface converter with auxiliary battery for energy
storage (b)

Implementation of Z-source inverters (ZSI) has
become popular in recent years in applications where
additional voltage boost is necessary [6]. The ZSI topology
features the PWM inverter coupled with a symmetrical
lattice network consisting of two inductors and two
capacitors connected in X-shape (Fig. 4a). The ZSI has
inherent voltage boost and buck capability using the shoot-
through switching states in each phase leg of the PWM
inverter. This enables the proposed wind generation system
to achieve the demanded variable-speed operation.

The utilization of quasi-Z-source (qZS) network in
the interface converter (Fig. 4b) in addition to the benefits
of the Z-source based converter offers continuous input
current of the gZS-network as well as reduced DC voltage
of the capacitor C; [7].

In contrast to the traditional back-to-back topology
both Z-source network based back-to-back interface
converters have three voltage regulation freedoms: the
generator side converter can boost the generator voltage to
obtain required level of the DC link voltage, and the grid-
side inverter can perform both the voltage boost and buck
functions.
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Fig. 4. Z-source network based back-to-back interface converters:
topology with Z-source (a) and topology with quasi-Z-source (b)

This paper proposes a possibility for further
improvement of the quasi-Z-source based back-to-back
interface converter by the introduction of the switched
inductor quasi-Z-source network (Fig. 5). In contrast to
converters presented in Fig. 4 the new topology offers the
increased voltage boost capability of the grid-side inverter.
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Fig. 5. New proposed switched inductor quasi-Z-source based back-to-back converter for VSWTs with PMSG

Operation principle of a switched inductor quasi-Z-
source inverter

As stated above, this paper proposes the switching
inductor (SL) technique to be implemented in the
traditional qZSI to improve its voltage boost properties.
The second inductor L, in The qZS-network (Fig. 4b) was
replaced by switched inductors, as shown in Fig. 5.

The proposed SL gZS network consists of three
inductors (L;...L;), four diodes (D;...D;) and two
capacitors (C; and C;). Inductors L, and L; can be
implemented as coupled inductors. Coupled with the grid
side PWM inverter, the SL qZS network forms the SL
quasi-Z-source inverter (SL qZSI). Similarly to the
traditional qZSI [9], the SL gZSI has two main types of
operational states at the DC side: non-shoot-through states
and shoot-through states. Let us assume that the operating
period T of the SL qZSI consists of a shoot-through state #s
and an active state 4

L
T

+[—S=DA+DS=1, 1)
T

where D, and Dg are the duty cycles of an active and
shoot-through states, correspondingly.

In order to simplify the analysis it was assumed that
the capacitors, inductors and diodes of the SL qZS network
are lossless. Fig. 6 shows the equivalent circuits of the SL
qZSI operating in the CCM for the shoot-through (a) and
active (b) states.

At the steady state the average voltage of the

inductors over one operating period is zero:

t+T
ULI = Iulet: 0,
t

t+T
UL2 = J.MdefZO,
t
t+T
UL3 = IML3dt:0.
t

2

Based on that fact and defining the shoot-through
duty cycle as Dy and the non-shoot-through duty cycle as
(1-Dg), the inductors voltages over one operating period
could be represented as:

Up=up =DsWUpci +Uc2)+(1=Ds)Upci =Ucy) =0,
- Ucs (3)
Uiy =Up3 =iips =iip3 =DsUcy +(1=Dg)(=— ) =0.
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Equations for average capacitor voltages Uc; (4), Ucs (5)
and peak inverter input voltage Upc, (6) are derived from
the steady state analysis:

U, -1-D
= v 52) ) 4
(1-2-Dy - D?)
U, 2D
o = DC1 S2 , (5)
(1-2:Ds-D})
5 UDCl'(1+Ds)
DC2 (1—2-DS—D§) DC1 (6)

The voltage conversion ratio G of the whole inverter
can be expressed by

u,.
G=—24"_)M.B,

UDCI (7)

where M is the modulation index. The modulation index is
connected with the shoot-through duty cycle by the
following relation [7]

M <1-Dj. (8)
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Fig. 6. Equivalent circuits of the SL qZSI: during shoot-through
state (a) and during active (non-shoot-through) state (b)



In Fig. 7 the voltage boost factor B and the voltage
conversion ratio G of the traditional qZSI are compared
with those of the proposed SL qZSI. It is seen that the
shoot-through duty cycle Dg for the SL qZSI is lower than
for traditional qZSI at the same voltage conversion ratio G
(Fig. 7b). This is significant feature of the SL qZSI that
allows expand the grid voltage regulation possibilities at
reduced grid side DC link peak voltage Upcy,.
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Fig. 7. Boost factor B (a) and voltage conversion ratio G (b) as
functions of the shoot-through duty cycle for qZSI andd SL qZSI

New proposed back-to-back interface converter

This section unveils the operation principle of the
new proposed interface converter (Fig. 5) in residential
PMSG based wind turbines with power rating up to 15 kW.

Operation modes of the interface converter.
Generally, PMSG based VSWTs have three distinct
operation modes: silent mode, variable speed operation
mode and constant speed mode. A turbine is silent in two
cases: wind speed is below a cut-in level or above the cut-
off speed. Turbines operate at variable speed in the wind
velocity range from cut-in to rated wind speed. Rated wind
speed differs by turbine types, but often has the value of 12
meters per second. Constant speed mode takes place above
the rated wind speed and output power of the turbine
remains constant at this mode.

PMSG with 8 pole pairs was considered as a power
source in this research. Its line voltage is 140V at
375 rpm, but it can operate up to 510 rpm. This speed is
considered as the maximum power operational point for
the turbine and the generator. Generator power reaches
1250 W at this point with the output voltage of 183 V. Cut-
in speed for a turbine is 125 rpm and it can produce 40 W,
but the generator voltage is only 48 V at this point. So this
is the lowest input voltage for an interface converter.

Based on the specifications of the PMSG the
operation modes of the proposed back-to-back interface
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converter are presented in Fig. 8. The necessary voltage
boost is obtained in two steps. The PWM rectifier
stabilizes the DC link voltage Upc; to a 150 V level when
the generator voltage is below 112 V. This operation mode
of the converter is called a PWM mode. The transferred
power of the converter lies between 40 W and 330 W at
this mode.

The controlled rectifier works as diode rectifier when
the generator voltage U,,, is above 112 V. In this mode the
DC link voltage is changed proportionally to the generator
voltage, at the range from 150 V in rated generator speed
conditions up to 250 V at the maximal speed.
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Fig. 8. Operation modes of the proposed converter

21 24 27

The SL qZS network with appropriate inverter
control is stabilizing the peak value of the inverter side DC
link voltage Upc, to 490 V despite the voltage variations
on the generator side DC link. The inverter input voltage
Upc; regulation is obtained by changing the shoot-through
duty cycle Ds [9]. The peak value of the inverter side DC
link voltage Upc; is so high due to lower modulation index
M if compared with voltage source inverters. Modulation
index is limited by shoot-through states implemented in SL
qZSI.

The variation range of the voltage conversion ratio G
(Eq. 7) lies between 1.44 and 2.4 that corresponds to the
generator side DC link voltage Upc; range from 250 V up
to 150 V. Since the modulation index M and the boost
factor B are the functions of Dy, the appropriate values of
shoot-through can be found for minimum and maximum G
values. The variation range of the shoot-through duty cycle
Dy is from 0.17 in maximum speed conditions to 0.27 in
the cut-in speed conditions.

Analysis of simulation and experimental results. A
series of simulations and experiments were performed to
verify the proper operation of the proposed SL qZSI based
back-to-back converter. Tests were performed at three
characteristic operation points of the VSWT system to
demonstrate the converters operation modes in the entire
generator voltage and power range [2]. These points are:
cut-in speed (low voltage and minimum power), rated
speed (corresponds to 7.5 m/s wind speed) and maximum
generator speed, power conditions. General parameters of
experimental setup based on 1.3 kW PMSG and proposed
interface converter are summarized in Table 1. The simple
boost control technique [7] was implemented for the SL
qZSI during simulations and tests. The operating frequency



of the SL qZSI network was 20 kHz and maximal
switching frequency of transistors — 40 kHz.

Table 1. General specifications of experimental setup

Component Value or type
PMSG
Phase resistance 1Q
Phase inductance 5 mH

Interface converter

7,...Ts 600 V/48 A IGBT (IXSH24N60AU1)
T Ty 600 V/12 A IGBT (G4PC30UD)
D,...D, 600 V/120 A fast diode (STTH200L06TV)
Capacitance of C 470 uF

Inductance of L,...L; 1.2 mH

Capacitance of C;...C, 180 uF

Inductance of L, 100 uH

Capacitance of ; 2uF

The tests were performed in two stages. First, the
operation of PWM rectifier was studied, which is followed
by the validation of the SL qZSI.

Analysis of experimental results of PWM rectifier.
Experiments with PWM rectifier were performed in order
to ensure that there is no need for additional inductors
between PMSG and rectifier for proper boost functionality.
First test was performed at generator voltage U, = 53 V
and 40 W load, which corresponds to the cut-in speed
conditions. Simple boost control was realized by
controlling only three lower transistors with the fixed duty
cycle at 10 kHz switching frequency. Generator current /.,
(Fig. 9a) is not sinusoidal due to simple boost control, but
the amplitude of the generator voltage U, appears as
150 V, since this is modulated signal with amplitude equal
to DC link voltage Upc; (Fig. 9b).

Second test was performed at rated speed conditions,
when generator speed is 315 rpm and its power reaches
330 W. The amplitude value of generator voltage U,
reaches 150 V and there is no need for the boost (Fig. 10).

Third test was performed at maximal speed and
power of the PMSG: 510 rpm and 1250 W, respectively
(Fig. 11). Since the nominal speed of generator is 375 rpm,
the test was necessary to verify the generator ability to
produce required power at this speed. The amplitude value
of generator output voltage reaches 250 V at this point and
is maximal input voltage for the SL qZSI.

After the experiments it was concluded that the PWM
rectifier operates as expected thus ensuring the demanded
voltage on the generator side DC link within the whole
operation voltage range of the selected PMSG.
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Fig. 10. PMSG voltage and current (a) and generator side DC
link voltage and current (b) at 330 W
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CHZ 5004 M 5.00ms.

Analysis of simulation and experimental results of the
SL qZSI. First simulations and tests were performed at the
generator side DC link voltage of 150 V. The power rating
was 330 W. To boost this voltage to the desired level of the
intermediate DC link (Upc, = 490 Vpear) the shoot-through
duty cycle Dy was set to 0.27. Fig. 12a shows that the SL
qZSI operates in CCM and ensures the demanded gain of
the input voltage (Upc; = 490 Ve, as expected).

The simulated and experimental waveforms of the
grid voltage and current U,y and I, of the proposed
interface converter at this operation point are presented in
Fig. 13. It is seen that the grid side PWM inverter operates
correctly thus ensuring the 230 VAC,,;s 50 Hz grid voltage.

The second group of simulations and experiments
was performed at the generator side DC link voltage of
250 V. The power rating was 1250 W. The shoot-through
duty cycle of the SL gZSI was set to 0.17 to ensure
necessary voltage boost at this operation point. Both DC
link voltages and input current are shown in Fig.14, while
the grid voltage and current in Fig.15. Experimental results
clearly demonstrate the converter’s ability to ensure the
required grid voltage level at all operation modes of the
interface converter.
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Conclusions

This paper presents a new SL qZSI based back-to-
back converter for grid-connected PMSG based wind
turbines. The general structure and operating principles of
the proposed converter are discussed and general equations
are given. To verify theoretical assumptions the 1.3 kW
laboratory prototype of the proposed converter was
elaborated and tested. The results of performance tests
demonstrate the SL qZSI ability to ensure the required
sinusoidal output voltage at all operation modes of PMSG-
based WSVT.

The main advantage of the proposed converter is the
enhanced output voltage regulation properties thanks to the
new SL qZS network implemented.

The proposed topology could be implemented in the
residential PMSG based wind turbines with power rating
up to 15 kW.
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