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Abstract—With the growth of wind energy conversion systems (WECSs), various technologies are developed for them.
Permanent-magnet synchronous generators (PMSGs) are used by
these technologies due to special characteristics of PMSGs such
as low weight and volume, high performance, and the elimination
of the gearbox. In this paper, a new variable-speed WECS with
a PMSG and Z-source inverter is proposed. Characteristics of
Z-source inverter are used for maximum power tracking control
and delivering power to the grid, simultaneously. Two control methods are proposed for delivering power to the grid: Capacitor voltage control and dc-link voltage control. Operation of system with
these methods is compared from the viewpoint of power quality and
total switching device power (TSDP). In addition, TSDP, current
ripple of inductor, performance, and total harmonic distortion of
grid current of proposed system is compared with traditional wind
energy system with a boost converter.

Fig. 1.

Conventional PMSG-based WECS with dc boost chopper.

Fig. 2.

Proposed PMSG-based WECS with Z -source inverter.

Index Terms—Maximum power point tracking (MPPT) control,
permanent-magnet synchronous generator (PMSG), wind energy
conversion system (WECS), Z-source inverter.

I. INTRODUCTION
IND TURBINES usage as sources of energy has
increased significantly in the world. With growing application of wind energy conversion systems (WECSs), various technologies are developed for them. With numerous advantages, permanent-magnet synchronous generator (PMSG)
generation system represents an important trend in development of wind power applications [1]–[6]. Extracting maximum
power from wind and feeding the grid with high-quality electricity are two main objectives for WECSs. To realize these
objectives, the ac–dc–ac converter is one of the best topology
for WECSs [2]–[6]. Fig. 1 shows a conventional configuration
of ac–dc–ac topology for PMSG. This configuration includes
diode rectifier, boost dc–dc converter and three-phase inverter.
In this topology, boost converter is controlled for maximum
power point tracking (MPPT) and inverter is controlled to deliver high-quality power to the grid [2]–[4].
The Z-source inverters have been reported recently as a competitive alternative to existing inverter topologies with many
inherent advantages such as voltage boost [7]. This inverter fa-
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cilitates voltage boost capability with the turning ON of both
switches in the same inverter phase leg (shoot-through state).
In this paper, a new PMSG-based WECS with Z-source inverter is proposed. The proposed topology is shown in Fig. 2.
With this topology, boost converter is omitted without any
change in the objectives of WECS. Moreover, reliability of the
system is greatly improved, because the short circuit across any
phase leg of inverter is allowed. Also, in this configuration, inverter output power distortion is reduced, since there is no need
to phase leg dead time.
Section II of this paper introduces Z-source inverter and describes operation of rectifier feeding the Z-source inverter. Then,
power delivery and MPPT control of system are explained. Finally, simulation results are presented to verify the performance
of the proposed system.
II. Z-SOURCE INVERTER
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The Z-source inverter is shown in Fig. 3. This inverter has
an impedance network on its dc side, which connects the source
to the inverter. The impedance network is composed of two
inductors and two capacitors. The conventional voltage source
inverters have six active vectors and two zero vectors. However,
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Voltage-type Z -source inverter.

the Z-source inverter has one extra zero vector (state) for boosting voltage that is called shoot-through vector. In this state, load
terminals are shorted through both the upper and lower devices
of any one phase leg, any two phase legs, or all three phase legs.
As described in [7], the voltage of dc link can be expressed
as
Vi = BVdc

Fig. 4.

PWM control method for Z -source inverter.

Fig. 5.

Z -source inverter fed with a diode rectifier bridge.

Fig. 6.

Six possible conduction intervals for the rectifier.

(1)

where Vdc is the source voltage and B is the boost factor that is
determined by
B=

1
1 − 2(To /T )

(2)

where To is the shoot-through time interval over a switching
cycle T . The output peak phase voltage Vac is
Vdc
(3)
2
where M is the modulation index. The capacitors voltage can
expressed as
Vac = M B

V C = VC 1 = VC 2 =

T1
Vdc
T1 − To

(4)

where
T1 = T − To .

(5)

Relation between Vi and VC can be written as
Vi = 2VC − Vdc .

(6)

And current ripple of inductors can be calculated by
∆I =

T1 To Vdc
.
T1 − To L

(7)

Fig. 4 illustrates the simple PWM control method for
Z-source inverter. This method employs two extra straight lines
as shoot-through signals, VS C and −VS C . When the career signal is greater than VS C or it is smaller than −VS C , a shootthrough vector is created by inverter. The value of VS C is calculated by
VS C =

T1
.
T

(8)

In the proposed WECS, a diode rectifier bridge with input
capacitors (Ca , Cb , and Cc ) serves as the dc source feeding
the Z-source inverter. This configuration is shown in Fig. 5.
The input capacitors suppress voltage surge that may occur due
to the line inductance during diode commutation and shootthrough mode of the inverter [9].

At any instant of time, only two phases that have the largest
potential difference may conduct, carrying current from the
PMSG side to the impedance network side. Fig. 6 shows six
possible states during each cycle. In any state, one of upper
diodes, one of lower diodes, and the corresponding capacitor
are active. For example, when the potential difference between
phases “a” and “b” is the largest, diodes Dpa and Dn b conduct
in series with capacitor Ca , as shown in Fig. 7.
In each conduction interval, inverter operates in two modes.
In mode 1, the inverter is operating in the shoot-through state.
In this mode, the diodes (Dpa and Dn b ) are off, and the dc link
is separated from the ac line. Fig. 8 shows the equivalent circuit
in this mode. In mode 2, the inverter is applying one of the six
active vectors or two zero vectors, thus acting as a current source
viewed from the Z-source circuit with diodes (Dpa and Dn b )
being on. Fig. 9 shows the equivalent circuit in this mode. The
load current ii is zero during zero vectors.
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Fig. 7. Equivalent circuit when the potential difference between phases “a”
and “b” is the largest.

Fig. 8.

Equivalent circuit of the Z -source inverter in mode 1.

Two control paths are used to control these currents. In the
first path, with given reactive power, the q-axis current reference
is set. To obtain unit power factor, the q-axis current reference
should be set to 0. In the second path, an outer capacitor voltage
control loop is used to set the d-axis current reference for active
power control. This assures that all the power coming from the
rectifier is transferred to the grid. For this control, two methods
are proposed: 1) capacitor voltage (VC ) control and 2) dc-link
voltage (Vi ) control.
In the first control method (control mode 1 in Fig. 10), capacitor voltage is kept constant at reference value. In the control
loop, when shoot-through time changes, Vdc and Vi will change.
However, in other method (control mode 2 in Fig. 10), a reference value is set for dc-link voltage (Vi ). In this method, with
changing shoot-through time, Vdc and VC will change. The input
voltage of inverter is zero in shoot through state, which makes
Vi a difficult variable to control. Consequently, (6) is used to
control Vi indirectly by controlling VC . In Section IV, operation
of system using these methods will be compared.
B. Maximum Power Point Tracking
The mechanical power delivered by a wind turbine is expressed as
1
3
ρAcp vm
(13)
2
where ρ is the air density, A is the area swept out by the turbine
blades, vw is the wind velocity, and cp is the power coefficient
defined as the ratio of turbine power to wind power and depends
on the aerodynamic characteristics of blades. Fig. 11 represents
the relation between generator speed and output power according to wind speed change. It is observed that the maximum
power output occurs at different generator speeds for different
wind velocities.
The steady-state-induced voltage and torque equations of
PMSG are given by
Pm =

Fig. 9.

Equivalent circuit of the Z -source inverter in mode 2.

III. CONTROL SYSTEM
The structure of the control system is shown in Fig. 10. The
control system is composed of two parts: 1) control of power
delivered to the grid and 2) MPPT.
A. Control of Power Delivered to the Grid
The power equations in the synchronous reference frame are
given by [6]
3
(vd id + vq iq )
2
3
Q = (vq id − vd iq )
2
P =

(9)

3
vd id
2
3
Q = − vd iq .
2

(14)

E = Ke ω

(15)

where ω is rotor speed and Ia is stator current. Also, we have
(10)

where P and Q are active and reactive power, respectively, v
is grid voltage, and i is the current to the grid. The subscripts
“d” and “q” stand for direct and quadrature components, respectively. If the reference frame is oriented along the grid voltage,
vq will be equal to zero. Then, active and reactive power may
be expressed as
P =

T = Kt Ia

(11)
(12)

According to earlier equations, active and reactive power control
can be achieved by controlling direct and quadrature current
components, respectively.

E 2 = V 2 + (Ia ωLs )2

(16)

where V is terminal voltage of PMSG and Ls is its inductance.
The rectified dc-link voltage may be obtained using
√
3 6
V.
(17)
Vdc =
π
From (15) to (17), the rectified dc voltage may be written as
√ 

2
T Ls
3 6
Vdc =
ω Ke2 −
.
(18)
π
Kt
The torque is determined by the generator speed and the
wind speed, therefore according to (18), it is possible to obtain
a prediction for the dc voltage as a function of the generator
speed and the wind speed. As result, the generator speed can be
regulated by setting the dc voltage.
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Block diagram of proposed WECS control system.

Fig. 11. Mechanical power versus rotor speed with the wind speed as a
parameter.
Fig. 12.

Fig. 12 shows the rectified dc voltage versus rotor speed
for maximum wind power operating point. Using rotor speed
feedback and Fig. 12, the optimum rectified dc voltage is specified. Using new optimum dc voltage, PMSG rotor speed will
change and a new dc voltage command is specified from Fig. 12.
With this control strategy, PMSG rotor speed and dc voltage is
continuously changed until an equilibrium point is reached in
Fig. 12 [4].
One can see from Fig. 12 that the voltage–speed relationship
is not a straight line. In order to implement as simple a control
strategy as possible, it is desirable to implement a straight line
voltage–speed relationship. In this paper, a quadratic approximation of the voltage–speed relationship is used. After determining optimum dc voltage from voltage–speed curve, shootthrough signal VS C for PWM control is calculated by
VS C =

VC
T1
=
T
2VC − Vdc−Ref

(19)

DC voltage versus optimum rotor speed characteristic.
TABLE I
PARAMETERS OF PMSG

IV. SIMULATION
To verify the performance of the proposed WECS, several
simulation tests are performed. The simulated system parameters are listed in Tables I and II.
Fig. 12 is plotted using mathematical model of the turbine
and PMSG. The optimum curve can also be obtained by some
tests in various wind speed. Solid curve in Fig. 13 is dc voltage
versus optimum rotor speed. This curve is plotted with simulation of WECS for various wind speed and rotor speed. Dotted

Authorized licensed use limited to: Tarbiat Modares University. Downloaded on July 20,2010 at 09:25:36 UTC from IEEE Xplore. Restrictions apply.

718

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 24, NO. 3, SEPTEMBER 2009

TABLE II
SIMULATION PARAMETERS

Fig. 15.

PMSG rotor speed (capacitor voltage control).

Fig. 13. DC voltage and optimum rotor speed relation: simulated and approximated and calculated (actual).

Fig. 16. Maximum mechanical power of turbine and the extracted mechanical
power from turbine (capacitor voltage control).

Fig. 14.

Wind speed variation.

curve is a quadratic approximation of the bold curve. In next
simulations, the dotted curve is used for maximum power control. The maximum and minimum rotor speeds are considered
as 1.3 and 0.6 per unit (p.u.), respectively.
A. Simulation of Proposed System
In order to evaluate the dynamic performance of the proposed
WECS, it is simulated for 4 s. The wind speed is shown in Fig 14.
Two simulations were performed using two different methods
for active power control as mentioned in Section II.

1) Capacitor Voltage Control Method: In this section, the
proposed system is simulated using capacitor voltage control
of Z-source inverter. Reference voltage for capacitor was set to
140 V. Fig. 15 shows PMSG rotor speed. To obtain maximum
power control, the rotor speed has changed with changing wind
speed. Fig 16 shows maximum mechanical power of turbine
and extracted mechanical power from turbine. It is seen that extracted mechanical power is tracking the maximum mechanical
power after a short time.
Fig. 17 shows capacitor voltage, which is almost constant
reactive power that is kept at zero (unity power factor) is also
shown in Fig. 18.
Fig. 19 shows active power delivered to the grid and the
extracted mechanical power. The electrical power delivered to
the grid is different from the extracted mechanical power due to
electrical and mechanical losses. Inductor current is shown in
Fig. 20. It is seen that the inductor current is variable, however,
current ripple is almost constant.
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Fig. 17.

Capacitor voltage (capacitor voltage control).

Fig. 20.

Inductor current of Z -source inverter (capacitor voltage control).

Fig. 18.

Active and reactive powers (capacitor voltage control).

Fig. 21.

Input voltage of Inverter (V i ) (capacitor voltage control).

Fig. 19. Active power delivered to the grid and extracted mechanical power
(capacitor voltage control).
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In Fig. 21, the input voltage of inverter (Vi ) is shown. For
MPPT control, Vi has changed with variations of wind speed,
while capacitor voltage is constant (Fig. 17) that was expected
from capacitor voltage control method.
2) DC-Link Voltage Control Method: The previous simulation was repeated using dc-link voltage control. Reference voltage for dc link of Z-source inverter was set to 165 V. Figs. 22–24
show rotor speed, maximum mechanical power of turbine, the
extracted mechanical power, and active power delivered to the
grid. In dc-link voltage control method, for MPPT control, capacitor voltage must change, while Vi is constant, as shown in
Figs. 25 and 26. The capacitor has slow dynamics. On the other
hand, there is a right half-plane (RHP) zero in the transfer function of VC , which causes undershoot in capacitor voltage [10].
However, it is not a concern for MPPT control, because dynamics of wind and turbine are slow too. We can see small undershoots in rotor speed (Fig. 22) that are not shown in Fig. 15.
These undershoots have no considerable effect on MPPT, as the
extracted mechanical power tracks the maximum mechanical
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Fig. 25.

Capacitor voltage (dc-link voltage control).

Fig. 26.

Input voltage of Inverter (V i ) (dc-link voltage control).

PMSG rotor speed (dc-link voltage control).

Fig. 23. The maximum mechanical power of turbine and the extracted mechanical power from turbine (dc-link voltage control).

power in Figs. 16 and 23. But variation of capacitor voltage has
more effect on power delivery. As shown in Fig. 24, electrical
power has more fluctuations than shown in Fig. 19.
B. Operation of Constant Wind Speed

Fig. 24. Active power delivered to the grid and extracted mechanical power
(dc-link voltage control).

In order to evaluate the performance of the proposed system, another simulation is performed using constant wind speed
(10 m/s) and with capacitor voltage control.
Fig. 27 illustrates dc-link voltage across rectifier that is changing from 95 to 280 V. With respect to Fig. 8, when a shootthrough vector is applied to Z-source inverter, dc-link voltage of
rectifier will be twice as much as the capacitor voltage (280 V).
With reference to Fig. 13, when wind speed is 10 m/s, dc-link
voltage across rectifier must be 95 V for MPPT. DC-link voltage
across Z-source inverter is shown in Fig. 28, which is zero in
shoot-through time intervals and 185 V in other times according
to (6).
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Fig. 27.

DC-link voltage across the rectifier.

Fig. 28.

DC-link voltage across the Z -source inverter.

Fig. 29.

Inductor current of Z -source inverter.

Fig. 30.

Inductor current of Z -source inverter (zoomed).

Fig. 31.

Grid current in proposed WECS.

Figs. 29 and 30 illustrate the inductor current. With respect to (7), current ripple must be 0.85 A. This is shown in
Fig. 30. However, there is a low-frequency larger ripple, because
Z-source inverter is fed by an uncontrolled rectifier. Figs. 31 and
32 show grid current and its spectra. THD of injected current is
2.95%.
C. Comparison With Conventional System
In this section, the proposed WECS is compared with conventional WECS using boost converter replacing the Z-source
network, as shown in Fig. 1. PWM switching method is implemented to keep dc bus voltage constant that switching pulse is
∗
. Inductance
generated by a new control box using VC and Vdc
and capacitance of boost converter is selected twice as much
as of the proposed system that is 4 mH and 4400 µF. To correct comparison, traditional WECS was simulated in conditions
similar to previous simulation.
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Fig. 32.

Fig. 33.
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Fig. 34.

Inductor current of boost converter.

Fig. 35.

Grid current in traditional WECS without dead time.

Spectra of grid current in proposed WECS.

Inductor current of boost converter (zoomed).

1) Inductor Current Ripple: As shown in Fig. 33, the inductor current ripple is 0.38 A as expected from theory [11]. The
current ripple for the proposed WECS, as shown in Fig. 30, is
twice as much that is 0.85 A. As shown in Fig. 34, there is a
low-frequency ripple caused by uncontrolled rectifier. The same
ripple is shown in Fig. 29 for the proposed WECS.
2) Grid Current THD: In a conventional inverter, a dead
time is included in the switching of semiconductors to prevent
accidental short circuit in an inverter lag. Two simulations are
performed with 0 and 5 µs dead time using conventional WECS
with boost converter. Figs. 35 and 36 illustrate the grid current
and its spectra for zero dead time simulation. THD is 3.1% that
nearly equals THD of current in proposed WECS. Figs. 37 and
38 show the grid current and its spectra for 5 µS dead time
simulation. THD has increased to 4.96%.

3) Efficiency: In order to compare efficiency, both proposed
and conventional WECS was simulated with various wind
speeds. The active electrical power delivered to grid versus wind
speed is shown in Fig. 39. In each simulation, efficiency is calculated by dividing the active electrical power by the maximum
mechanical power (according to Fig. 11). Fig. 40 illustrates the
efficiency of both systems in various wind speeds. According to
Fig. 40, efficiency of conventional WECS is smaller than that of
the proposed WECS, approximately 4%. The reason is the extra
switch and diode in conventional WECS with boost converter.
4) Total Switching Device Power: The total switching device
power (TSDP) is used for comparison of rating of converters
in [11]. TSDP is calculated as
TSDP =

N


Cj Vsj Isj

j =1
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Fig. 39. Active power delivered to the grid in conventional and proposed
WECSs.
Fig. 36.

Spectra of grid current in traditional WECS without dead time.

Fig. 40.
Fig. 37.

Fig. 38.

Grid current in traditional WECS with dead time.

Spectra of grid current in traditional WECS with dead time.

Efficiency of conventional and proposed WECSs.
TABLE III
TSDP OF VARIOUS WECS

where N is number of semiconductor devices, Vsj and Isj are
voltage stress and current stress of device, respectively, Cj is
cost factor, and Cj is defined as 1 for semiconductor switch and
0.5 for diode.
Table III shows TSDP of WECS systems with boost converter,
proposed WECS with voltage control of capacitor, and proposed
WECS with voltage control of dc link. It is seen that TSDP of
proposed WECS with capacitor voltage control is bigger than
conventional WECS. However, with dc-link voltage capacitor,
TSDP is increased only 6%.
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V. CONCLUSION
In this paper, a PMSG-based WECS with Z-source inverter is
proposed. Z-source inverter is used for maximum power tracking control and delivering power to the grid, simultaneously.
Compared to conventional WECS with boost converter, the
number of switching semiconductors is reduced by one and reliability of system is improved, because there is no requirement
for dead time in a Z-source inverter.
For active power control, two control methods: capacitor voltage control and dc-link voltage control is proposed and compared. It is shown that with dc-link voltage control method,
TSDP is increased only 6% compared to conventional system,
but there is more power fluctuations compared to capacitor voltage control. With capacitor voltage control TSDP in increased
19% compared to conventional system. It was also shown that
due to elimination of dead time, the THD of proposed system is
reduced by 40% compared to conventional system by 5 mS dead
time. Finally, with same value of passive components, inductor
current ripple is the same for both systems.
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