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ABSTRACT Typically, permanent magnet synchronous generator (PMSG)-driven wind turbines (WTs)
present a two-stage power converter topology based on a DC/DC boost converter and voltage source inverter.
In this study, this configuration is substituted by a quasi-Z-source inverter (qZSI), which is an attractive
solution for boosting and converting the voltage from DC to AC in a single stage. A 2 MW PMSG WT
with qZSI was studied herein. A switched dynamic model (SDM) of the qZSI (including the modeling of
all switches and firing pulses) is not recommended for steady-state stability studies, long-term simulations,
or large electric power systems. For such studies, two averaged dynamic models are proposed in this work.
Both models present the same control system as the SDM, except for the generation of firing pulses, which
is not necessary in the averaged models. The two proposed models were evaluated and compared with the
SDM in the large-scale WT under different operating conditions, such as wind speed fluctuations, variable
power references, and grid disturbances (voltage sag and 3rd and 5th order harmonics injection), in order to
demonstrate their adequacy to represent the system response with a high reduction in the simulation time
and computational efforts.

INDEX TERMS Control system, modeling, quasi-Z-source inverter, wind turbine.

I. INTRODUCTION
The increase in energy consumption worldwide, associated
with growing environmental concerns, poses a challenge to
generation systems. For this reason, energy sources based
on fossil fuels have been gradually replaced by alternative
energy sources. Among the various clean energy sources,
wind energy stands out because of the abundance of wind
availability. Therefore, the number of high-powerwind power
plants has increased dramatically.

The associate editor coordinating the review of this manuscript and
approving it for publication was Nishant Unnikrishnan.

Among the different variable-speed wind turbine (WT)
technologies available, doubly fed inductor generators
(DFIGs) and permanent magnet synchronous genera-
tors (PMSGs) are usually employed owing to their high
energy efficiency [1]–[4]. PMSGs have several advantages,
such as high performance, low maintenance compared to
DFIGs, and the possibility of direct-drive operation. Detailed
information about commercial models of these WTs can be
found in [5].

Currently, WTs can have different topologies in terms of
their power converters. Some alternatives for the machine-
side converter (MSC) of PMSG WTs were suggested in [6],
whereas several options for the grid-side converter (GSC)
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were presented in [1]. For instance, a three-phase diode bridge
can be used as a rectifier for MSCs. However, when the WT
rotates at a low speed, the uncontrolled rectifier may not
provide the DC voltage level required at the input of the GSC.
In these cases, a DC/DC boost converter can be employed
to increase the voltage to adequate values for the GSC. This
solution is simple, cost-efficient, and allows the extraction of
the maximum power from the WT. Nevertheless, it presents
high harmonic current distortions in the generator windings,
overheating, and oscillations in the torque.

On the other hand, PMSGs can be connected to grid
through two two-level voltage source converters (VSCs) in
a back-to-back (B2B) configuration and controlled by pulse-
width modulation (PWM). Additionally, a voltage trans-
former is usually inserted between the GSC and the grid.
This solution is relatively simple, robust, and reliable. The
drawbacks of this configuration are larger switching losses
and lower efficiency at high powers, in addition to a high
THD [1].

Z-source converters (ZSCs) were proposed in [7] as an
improvement to traditional VSCs. ZSCs present a specific
structure that achieves a large voltage buck-boost character-
istic in a single stage, which is an efficient way to handle
power between a source and a load. Single-stage conversion
is an attractive option owing to its robustness, reliability, and
low cost [7]. In addition, they can work in a shoot-through
state without damaging the devices. Several advantages were
highlighted in [8], where the configuration based on the
DC/DC boost converter and voltage source inverter (VSI)
was compared with a configuration based on the ZSC. The
ZSC achieved better performance owing to its shoot-through
capability. However, its main drawbacks are a discontinuous
input current in the boost mode and high-voltage stress in the
capacitors of the impedance network [9].

Several ZSC topologies were analyzed in [10]–[13]. The
switched trans boost inverter is presented in [10], highlighting
its main advantages, such as a high boost factor and a lower
number of passive components that reduce size, weight, and
cost in comparison with the switched-inductor ZSC. Addi-
tionally, a new switched-inductor quasi-Z-source inverter was
proposed in [11]. According to the authors, this converter has
a continuous input current, a shared DC source ground point,
a suppressed startup inrush current, and a high boost voltage
inversion ability. Among the different topologies, the quasi-
Z-source inverter (qZSI) is particularly attractive owing to
several improvements compared to the conventional ZSC [9].
For instance, the qZSI (Figure 1) presents a continuous input
current and reduced current and voltage in inductors L2 and
C2, respectively. Furthermore, it can work as a bidirectional
converter by replacing the diode with a bidirectional con-
trolled switch.

Regarding the use of the qZSI with renewable energies,
several studies on small-scale photovoltaic solar energy (with
rated power below 10 kW) can be found in the literature.
The qZSI was used in [14] and [15] for photovoltaic dis-
tributed generation with rated powers of 1 kW and 1.3 kW,

respectively. In both studies, the closed-loop control of the
output voltage/current was applied through the voltage on
capacitor C1 of the impedance network. A model predictive
control technique was applied to a 550 W qZSI and PV array
system in [16].

Applications based on small-scale wind power generation
have also been discussed in the literature. A control strategy
for a grid-connected Z-source inverter (ZSI) was presented
and compared with a conventional VSI in [17], highlighting
the main benefits of the former. A solution using a double-
input ZSI was proposed in [18] for a WT with a dual-
star PMSG. The authors emphasized the increased generator
reliability against short circuits, the need for less passive
components, and the desired output voltage waveform as the
main advantages.

A dynamic model of the qZSI equipped with an energy
storage systemwas presented in [19], [20]. This converter was
used on a PMSG WT in a stand-alone application. Addition-
ally, closed-loop control schemes for the DC and AC sides
were presented, validating the adequate performance of the
control system through simulation. The authors highlighted
the need for further study in this area.

A qZSI can be modeled by a detailed or switched dynamic
model (SDM), which includes the modeling of all switches
and their firing pulses. However, this model is not recom-
mended for steady-state stability studies, long-term simula-
tions, or large electric power systems because of its large
computational requirements. Therefore, a simplified model
that can accurately represent the system response while sig-
nificantly reducing the computational time is an interesting
option for such studies. To the best of our knowledge, only the
small-signal model described in [21] has been presented as an
alternative to the SDM of the qZSI with lower computational
efforts. However, it is based on the circuit analysis of the
qZSI, rather than on the use of averaged voltage and current
sources that can be easily implemented in an electric circuit
representation of the qZSI.

In this regard, two averaged dynamic models of the qZSI
were developed in this study. These models are implemented
using controlled voltage and current sources. The deriva-
tion of these models and their control strategies is presented
herein. The proposed models can replace the SDM in several
scenarios to reduce the simulation time and computational
efforts, such as long-term simulations, or large, complex
systems with many power sources and/or conversion devices,
reproducing a response similar to the SDM. In this work,
the averaged models are used for the grid connection of
a large-scale WT in a single conversion stage, substituting
other traditional configurations that require additional ele-
ments. The system was evaluated under different operating
conditions. Moreover, the proposed models are compared
with the SDM of the qZSI, which includes the individual
model of all switches and their firing pulses. The advantages
and main characteristics of the averaged models, as well as
their limitations, are presented, demonstrating a significant
reduction in the simulation time and computational efforts,

VOLUME 9, 2021 114349



E. P. P. Soares-Ramos et al.: Averaged Dynamic Modeling and Control of qZSI

making these models a good option for long-term simulation
of complex systems.

The main contributions of this paper can be summarized
as follows: 1) Derivation of averaged models for the qZSI
that can reproduce the performance of a detailed model (with
the modeling of all the power switches) with a satisfactory
degree of accuracy. By revising the equations of the qZSI,
it is possible to express the AC voltage and the DC current in
terms of other magnitudes in the system (DC voltage, mod-
ulating signal, etc.). This allows substituting the switches in
the detailed model for controlled current and voltage sources.
This method has already been applied to other power convert-
ers in the literature, such as VSC [22] or different DC/DC
topologies [23], [24]; however, to the best of our knowledge,
it has not been applied to qZSIs. The derivation of such aver-
aged models becomes crucial when performing long-term
simulations or simulation of large power systems, given the
reduction achieved in the simulation time and computational
efforts compared to the detailed model. 2) Evaluation of the
performance and control of the averaged models is presented
as a part of a large-scale grid-connected wind energy conver-
sion system, where the qZSI substitutes other conventional
conversion topologies in such applications.

The paper is organized as follows: Section II presents
the configuration of the PMSG WT with qZSI under study.
Section III illustrates the modeling and control of switched
and averaged dynamic models for qZSI. In Section IV,
the simulation results are presented and analyzed. Finally,
the most relevant conclusions of this study are presented in
Section V.

II. WIND TURBINE WITH qZSI
Figure 1 shows the overall configuration of the PMSG WT
with qZSI under study. It uses a full-scale power converter,
which is composed of a 3-phase uncontrolled bridge rectifier
and qZSI. The use of an uncontrolled rectifier is an econom-
ical solution, but it has the main drawback of a significant
dependence of the DC bus voltage on the wind speed [6].

Hence, the uncontrolled rectifier usually requires a two-stage
power converter based on a DC-DC boost converter and
B2B-VSI to control the power flow between the WT and the
grid as well as the DC bus voltage. In this work, this two-stage
power converter is replaced by a qZSI, which is composed
of an impedance network and a 3-phase VSI. The switching
control of the VSI allows the regulation of the active power
generated by the WT, the reactive power exchanged with the
grid, and the DC bus voltage. Finally, an LCL filter is used to
reduce the harmonics injected into the grid.

A 2MWPMSGWTwas considered in this study. The rotor
of the WT is modeled through the quasi-static model defined
by the actuator disk theory, and the drive train is represented
by the two-mass model, as is usual in fundamental frequency
simulations [25].

The generator is modeled by assuming that the flux dis-
tribution in the stator is sinusoidal, by its third-order model,
which is defined by the following equations in the syn-
chronous dq reference frame [26].

uds = Rsids + Lds
dids
dt
− ωeLqsiqs (1)

uqs = Rsiqs + Lqs
diqs
dt
+ ωe

(
Ldsids + ψpm

)
(2)

Te =
3
2
p

(
Lds − Lqs

)
idsiqs + ψpmiqs (3)

where u and i denote the voltage and current, respectively;
indices d and q are the direct and quadrature components,
respectively; index s refers to the stator; Rs and Ls are the
stator resistance and inductance, respectively; ωe is the elec-
trical speed; ψpm is the permanent magnetic flux; Te is the
electromagnetic torque; and p is the number of pole pairs of
the generator.

Each element of the rectifier is modeled as an ideal diode
with an RC snubber circuit connected in parallel and a small
resistance in series.

A typical qZSI configuration is shown in Figure 1.
It consists of a three-level VSI and an impedance network

FIGURE 1. General configuration and control of the full switched model of the qZSI.
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composed of two capacitors (C1 and C2) and two inductors
(L1 and L2). These components are sized to limit the switch-
ing frequency of the current and voltage [27].

The minimum values of the components of the impedance
network (L1, L2, C1, and C2) were calculated according
to [28]. Thus, the inductors are sized as follows:

L = L1 = L2 =
1
2
T0,max

MminVin
riIin

(4)

where ri is the current ripple (20%), To,max represents the
maximum value of the shoot-through period, Mmin is the
minimum value of the modulation index (M ), and Vin and Iin
are the input voltage and current of the impedance network
of the qZSI, respectively.

The capacitors are calculated by the following expression:

C = C1 = C2 =
2To,maxIin(1− 2Dmax)

rvVin
(5)

where rv is the voltage ripple (1%) andDmax is the maximum
value of the shoot-through duty ratio (D).

In this work, L1 = L2 = 13 µH and C1 = C2. = 2.5 mF.
As shown in Figure 1, an LCL filter is considered at the

output of the qZSI because it provides high harmonic atten-
uation and is suitable for large-scale renewable energy appli-
cations [29]. Proper sizing of the inductors and capacitors of
the filter requires considering the following criteria: 1) the
inductor reactance XL1 must be lower than 10% of the base
impedance to limit the voltage drop; 2) the capacitance Cf
is limited to absorb less than 5% of the rated reactive power
converter; and 3) to avoid resonance problems, the resonant
frequency must remain between ten times the grid frequency
and half of the switching frequency [29].

The minimum inductance of L1f can be obtained
through [30].

L1f =
Vo

2
√
6fs1IL1f

(6)

where Vo is the nominal phase-to-ground voltage, fs is the fre-
quency of the first harmonic of the converter output voltage,
and 1IL1f is the maximum tolerable current ripple.
The minimum capacitance of the filter capacitor (Cf ) is

calculated by considering the reactive power absorbed by the
filter under rated conditions [29].

Cf = Xf Cb (7)

where Xf is the percentage of the absorbed reactive power
(5%), and Cb is the base capacitance.
The minimum inductance of L2f can be determined as a

function of L1f [29].

L2f = rL1f (8)

where r represents the ratio between both inductances.
The values of the filter are L1f = 0.085 mH,

L2f = 0.003 mH and Cf = 560 µF.
Finally, a transformer was used to connect the qZSI to the

grid. The main parameters of the transformer are as follows:

2.3 MVA, 0.69/33 kV, Dy1, L1 = L2 = 0.001 p.u., R1 =
R2 = 0.03 p.u., and Rm = Lm = 500 p.u, where the base
impedance is Zb = 0.159 �.

III. SWITCHED AND AVERAGED DYNAMIC MODELS
OF qZSI
This section describes the SDM of the qZSI, which includes
the modeling of all switches and their firing pulses. Then,
the two averaged dynamic models (ADMs) for the qZSI
are explained, denoted as ADM1 and ADM2, respectively.
In these ADMs, the impedance network and the VSI are
represented by controlled voltage and current sources, which
generate the current and voltage averaged values (AC and
DC) over one cycle of the switching frequency. Therefore,
these models do not represent the current and voltage har-
monics, but they can represent the low-frequency response
of the converters in dynamic studies, long-term simulations,
and modeling and simulation of large power systems. As a
result, the sample time can be increased, resulting in a faster
simulation and lower simulation rate. The control schemes for
thesemodels, which allow the control of the power exchanged
with the grid, are also explained in this section.

A. SWITCHED DYNAMIC MODEL (SDM): DESCRIPTION
AND CONTROL
Figure 1 illustrates the SDM of the qZSI, where all the
components, including all switches and switching pulses, are
modeled.

The control strategy implemented herein is depicted
in Figure 1, where the control loops for the active and reactive
power, DC bus voltage, and pitch angle can be seen. The aim
of the control system is to optimize the power extracted by the
wind turbine (PWT ) for below-rated wind speeds (maximum
power point tracking, MPPT), to limit the power to the rated
value of the generator for above-rated wind speeds, to provide
the reactive power demanded by the grid and to maintain the
DC bus voltage (at the input of the VSI) at its rated value.

To accomplish the aforementioned objectives, a Z-space-
vector modulation (ZSVM) technique was applied to the
switches of the VSI. Thus, M (index modulation), D (shoot-
through duty ratio), and β (pitch angle) are the control vari-
ables in the system under study.

In comparison with a traditional SVM technique, where
there are six active states and two zero states, the ZSVM
applied to the qZSI adds one additional state, called the shoot-
through state, in which both the upper and lower switches of
one or several legs are connected at the same time.

Several ZSVM techniques can be used according to
the switching pattern: ZSVM6, ZSVM4, ZSVM2, and
ZSVM1. More details about these techniques can be found
in [8], [31], [32]. In this work, the ZSVM6 technique is
applied owing to twomain advantages over other alternatives:
a higher voltage gain and a lower voltage stress for the same
voltage gain [8].

As in a VSI, in the proposed control scheme, the qZSI
is responsible for controlling the active and reactive power
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through M . For this reason, a dq reference frame oriented
along the grid voltage is used to decouple active and reactive
power control. Two cascaded control loops are used to control
these powers [22], as shown in Figure 1.

The outer control loops are dedicated to active and reactive
power regulation, which can be calculated using Eq. (9) in
the dq reference frame. It can be seen that controlling the
d and q components of the grid current (id,grid and iq,grid )
is equivalent to controlling Pgrid and Qgrid , respectively,
because ud,grid is constant in a stiff grid [21].

Pgrid =
3
2
ud,grid id,grid

Qgrid = −
3
2
ud,grid iq,grid (9)

The reference values for these currents (irefd,grid and irefq,grid )
are generated by the outer control loops through PI con-
trollers, one controlling active power indirectly through Vin,
and the other controlling reactive power.

The reactive power reference is imposed externally,
whereas the active power depends on the power extracted
from the wind. In this sense, anMPPT controller based on the
perturb and observe algorithm is implemented to define the
optimum DC input voltage for the qZSI (V ref

in ) that achieves
maximum power generation in the WT.

The inner loops are the current control loops, where two PI
controllers regulate id,grid , and iq,grid to follow the reference
values provided by the outer control loops. These PI con-
trollers generate the compensation terms (ud and uq). With
the contribution of the decoupling terms shown in Eq. (10),
independent control of id,grid and iq,grid , and thus, active and
reactive power, can be achieved through the d and q compo-
nents of the modulating signal (namely md and mq) [22].

md =
2

VDC

(
ud − Lf ω0iq,grid + ud,grid

)
mq =

2
VDC

(
uq − Lf ω0id,grid + uq,grid

)
(10)

where ud and uq are the dq components of the qZSI output
voltage, Lf is the inductance from the qZSI output to the grid
connection (Lf = L1f + L2f ), and ω0 is the electric angular
frequency.

Once md and mq are determined, they are transformed into
mabc (abc/dq transformation) to generate the switching pulses
of the qZSI according to the ZSVM6 technique. A phase-
locked loop (PLL) ensures tracking of the grid voltage fre-
quency [28]. The magnitude of M can be obtained using md
and mq.
Figures 1 and 2a show the control scheme implemented to

control D, which is used to maintain Vdc around the desired
value (1.2 kV). Because measuring Vdc is quite difficult and
inaccurate in the qZSI, its value is approximated by means
of the voltage in C1 (VC1), as in Eq. (11). A PI controller is
used to obtainD from the error between the reference voltage
(Vdcref ) and Vdc.

Vdc = VC1
1

1− D
(11)

The output of the PI controller is limited by the maximum
value of D (Dmax), which is a function ofM [31].

Finally, the pitch angle controller of the WT adjusts the
blade pitch angle β to reduce thePWT , thus limiting the power
generated by the WT for the above-rated wind speeds.

FIGURE 2. Vdc control. a) ADM1, and b) ADM2.

FIGURE 3. Proposed averaged dynamic models (ADMs). a) ADM1 and
b) ADM2.

B. AVERAGED DYNAMIC MODEL 1 (ADM1): DESCRIPTION
AND CONTROL
In this model, the dynamic response of a qZSI is obtained
through the equivalent modeling of two power converters
connected in series, one for the impedance network and the
other for the VSI, as shown in Figure 3a. This ADM adapts
the variable DC input voltage (WT output) to a constant
3-phase AC output voltage. Thus, the voltage boost provided
by the impedance network and its behavior are modeled as a
conventional DC converter using a switching-function model
directly controlled byD [33]. Figures 2a and 2b show the con-
trol schemes implemented to controlD in ADM1 and ADM2,
respectively, which are described in detail in Section III-C.

On the other hand, the VSI is modeled by the averaged
equivalent circuit of a three-level VSI, which is composed of
a controlled current source at the DC side and three controlled
voltage sources at the AC side. In this case, the value of these
sources is governed by M , which is output by the control
system.

For the equivalent model of the impedance network,
the relation between the input (Vin) and output (Vdc) voltages,
assuming a lossless converter, is given by [34]

Vdc = Vin
1

1− 2D
(12)
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The boost factor of the qZSI (B), which represents the
voltage gain of the equivalent model, is expressed as follows:

B =
1

1− 2D
(13)

Therefore, Vdc can be calculated from:

Vdc = VinB (14)

It can be derived from a power balance in which the
input current (Iin) is also related to the output current of the
impedance network (Idc) through D.

Iin = Idc
1

1− 2D
(15)

In this model, the output voltage of the VSI uabc is calcu-
lated through the modulating signalmabc, which is a balanced
3-phase signal.

ua =
1
√
3
(Vdcma)

ub =
1
√
3
(Vdcmb)

uc =
1
√
3
(Vdcmc) (16)

Assuming a lossless VSI, it implies that the input power on
the DC side equals the output power on the AC side.

VdcIdc = uaia + ubib + ucic (17)

Merging Eqs. (16) and (17), the DC current injected into
the VSI can be obtained.

Idc =
1
√
3
[iama + ibmb + icmc] (18)

The control scheme implemented to generate mabc was the
same as that used in the SDM.

C. AVERAGED DYNAMIC MODEL 2 (ADM2): DESCRIPTION
AND CONTROL
In ADM2, the dynamic performance of the qZSI is mod-
eled using the averaged model of a VSI. The scheme is
composed of a controlled current source at the DC side and
three controlled voltage sources at the AC side, as illustrated
in Figure 3b.
Vdc was not measured, and it was calculated from Vin and

B (Eq. (14)). Thus, by substituting Vdc into Eq. (16), a direct
relationship between Vin and the AC output voltage can be
obtained.

ua =
B
√
3
(Vinma)

ub =
B
√
3
(Vinmb)

uc =
B
√
3
(Vinmc) (19)

Moreover, the following equation can be obtained applying
the power balance:

VinIin = uaia + ubib + ucic (20)

Finally, by substituting Eq. (19) into Eq. (20), the value of
Iin was calculated.

Iin =
B
√
3
[iama + ibmb + icmc] (21)

Eqs. (19) and (21) show that the input controlled current
source and the output controlled voltage source depend on B
and mabc, respectively.

In this model, the control schemes for mabc and D are the
same as those used in ADM1. A PI controller is used to obtain
D from the error between Vdcref and Vdc, calculated from
Eq. (12). D is also limited by Dmax . Figure 2b illustrates this
control scheme for ADM2.

D. STABILITY ANALYSIS OF THE PROPOSED MODELS
The following stability analysis focuses on the DC side of
the converter, provided that the AC dynamics rely on the
characteristics of the grid connection filter, which is the same
for the three models presented. It is well known that the qZSI
is an open-loop unstable system with regard to its DC side
dynamics [15], [35]. Therefore, a feedback control loop is
required to regulate Vdc. In this study, a PI controller was
implemented in the Vdc control loop, as shown in Figure 2.
The Bode plot shown in Figure 4 illustrates that both SDM
and ADM1 are closed-loop stable systems with such config-
urations, thus proving the stability of the proposed ADM1.

Regarding ADM2, the DC side dynamics are modeled
simply as a static gain that provides the voltage gain of
the impedance network in the SDM of the qZSI. Therefore,
no stability analysis is required for ADM2.

IV. RESULTS AND DISCUSSION
The system under study (Figure 1) was implemented
in MATLAB/Simulink R© using the SDM, ADM1, and
ADM2 for the qZSI. The main parameters of the
PMSG-driven WT model are listed in Table 1.

The time-domain response and control performance of the
proposed models were evaluated under different operating
conditions: fluctuating wind speed (below and above rated
values), variable reactive power reference, and grid distur-
bances (voltage sag and presence of harmonics in the grid).
Three simulation cases were used to test the proposedmodels,
in which the responses of the averaged models (ADM1 and
ADM2) were compared with those obtained from the SDM.

A. CASE 1: OPERATION WITH VARIABLE WIND SPEED
AND CHANGES IN REACTIVE POWER
Case 1 includes a 80-second simulation with variable wind
speed (Figure 5a) between 8.8 (below rated wind speed) and
12.6 m/s (above rated wind speed) and changes in the reactive
power reference between -0.2 and 0.2 MVAr (Figure 5c).

As shown in Figure 5b, the active power delivered to the
grid is maintained at its rated value for above-rated wind
speeds, mainly because of the performance of the pitch angle
controller (Figure 5d). For below-rated wind speeds, the pitch
angle is kept at 0◦, and the WT operates at variable speed
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FIGURE 4. Open-loop Bode plot of SDM and ADM1 with controller.

TABLE 1. Parameters of the PMSG.

to inject the maximum power into the grid according to the
incoming wind speed. Both ADM1 and ADM2 show similar
results to those provided by SDM,with very small differences
in pitch angle for above-ratedwind speeds and in active power
for below-rated wind speeds.

Figure 5c shows the reactive power exchanged with the
grid. It can be observed that the WT provides the desired
reactive power, which varies between 0.2 and -0.2 MVAr,
remaining at zero (unity power factor) for some peri-
ods. Regarding the reactive power, the results obtained by
ADM1 and ADM2 matched perfectly with those achieved by
SDM.
M and D are shown in Fig. 6a. M was used to control the

active and reactive powers. It varies significantly with the
changes in the reactive power and slightly with the changes in
the active power at below-rated wind speeds (variable speed
operation). In this case, ADM1 and ADM2 show differences
with SDM, although the results obtained for the active and
reactive powers are very similar, as illustrated in Figures 5b
and 5c.
Vdc is perfectly controlled at 1.2 kV (Figure 6b). As shown

in Figure 6a, the three models present identical results to
control Vdc through D.

B. CASE 2: OPERATION WITH GRID DISTURBANCES
The WT and the proposed models are evaluated in
Case 2 under two grid disturbances: grid voltage sag and grid
voltage with 3rd and 5th harmonics. A 3-second simulation
with a constant wind speed of 11.5 m/s (rated wind speed)
was performed for both grid disturbances.

FIGURE 5. Case 1. (a) Wind speed; (b) grid active power; (c) grid reactive
power; and (d) pitch angle.

Figure 7 shows the grid voltage and current. Disturbances
occur at the second 1. In the simulation with the voltage sag,
the grid voltage decreases from 1 to 0.3 pu during 60 ms,
whereas in the simulation with harmonics, the 3rd and 5th

harmonics in the voltage with an amplitude of 0.08 p.u. each,
for 100 ms, are considered. As can be observed, ADM1 and
ADM2 can accurately reproduce the grid voltage and current
before and after the disturbances.

The active and reactive powers delivered to the grid are
shown in Figure 8. As shown, the WT operates at the rated
active power and unity power factor before the grid distur-
bances. During the voltage sag, the active power falls equally
in all threemodels owing to the voltage drop.When the distur-
bance disappears and the grid voltage is recovered, the active
power increases above the rated value transitorily, reaching
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FIGURE 6. Case 1: a) Modulation index (M) and Duty cycle (D); and b) Vdc .

the same maximum value in all three models. Then, owing
to the action of the controllers (active power, Vdc, and pitch
angle controllers), a transient occurs until the steady-state
value of the active power (rated active power) is recovered.
Some differences between the models were observed in this
transient. ADM1 and ADM2 present less variability in the
transient and reach pre-fault conditions earlier than SDM.
On the other hand, a small variation in the active power can be
seen when the other disturbance (grid voltage with 3rd and 5th

harmonics) occurs. In both disturbances, the reactive power
hardly deviates from zero.

In the case of the voltage sag, ADM1 and ADM2 present
less variability in the control variables M and D (Figure 9)
than SDM, which explains the differences observed mainly
in the active power (Figure 8a) and Vdc (Figure 10a). On the
contrary, M and D are very little affected by the other grid
perturbations, as seen in Figures 9b, 9d, and 10b.

Figure 10 illustrates the control of Vdc. In the transient after
the voltage sag, significant differences appear for ADM1 and
ADM2 compared to SDM because of the simplifications
made in the averaged models, although an adequate regula-
tion of Vdc can be observed. Finally, as expected, the harmon-
ics in the grid voltage do not affect the control of Vdc.

The results obtained show the satisfactory response of
the averaged models proposed in this work to represent the
steady-state response and control performance of the system
under study, although some differences can be observed dur-
ing the transient response, as expected.

C. COMPUTATIONAL EFFORT
Finally, the models described in Section III are simulated
for different time intervals to compare the reduction in the
computational effort for ADM1 and ADM2 against SDM.
The models were simulated on a computer with an Intel Core
i7-4510U processor at 2.60 GHz and 8 GB RAM. As the

FIGURE 7. Case 2: a) Grid voltage sag: Phase-A voltage; (b) Grid voltage
with 3rd and 5th harmonics: Phase-A voltage; (c) Grid voltage sag:
Phase-A current; (d) Grid voltage with 3rd and 5th harmonics: Phase-A
current.

purpose was to analyze the simulation time and computa-
tional effort, the wind turbine was simulated using the rated
wind speed and unity power factor.

Table 2 presents the reduction in the simulation time
achieved by ADM1 and ADM2 over SDM for several simula-
tion horizons (from 2.5 s to 80 s). Very significant reductions
in the simulation time registered for the proposed models
compared with the SDM can be observed. ADM1 achieved
an average time reduction of 91%, whereas the average
reduction was 94% for ADM2. Therefore, ADM2 is the
fastest among the models used to represent the time-domain
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FIGURE 8. Case 2: a) Grid voltage sag: Active power; b) Grid voltage with
3rd and 5th harmonics: Active power; c) Grid voltage sag: Reactive power;
d) Grid voltage with 3rd and 5th harmonics: Reactive power.

TABLE 2. Comparison of the computational effort of the models.

response of the system under study. Furthermore, the average
reduction in ADM2 was 27% compared to ADM1.

FIGURE 9. Case 2: a) Grid voltage sag: Modulation index (M); b) Grid
voltage with 3rd and 5th harmonics: Modulation index (M); c) Grid voltage
sag: Duty-cycle; d) Grid voltage with 3rd and 5th harmonics: Duty-cycle.

V. CONCLUSION
Two new averaged models for qZSI were presented in
this paper. In ADM1, the voltage boost provided by the
impedance network in the qZSI, as well as its dynamic
behavior, are modeled as a DC/DC converter using a
switching-function model directly controlled through the
shoot-through period. This DC equivalent-averaged model of
the impedance network is connected to the averaged equiva-
lent circuit of a three-phase VSI. On the other hand, the qZSI
is modeled through the averaged model of a VSI with a
static gain on the DC side in ADM2, obtaining Vdc from Vin
and boost factor B. Both proposed models are simple, easy
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FIGURE 10. Case 2. Vdc : a) Grid voltage sag; b) Grid voltage with 3rd and
5th harmonics.

to implement, and to integrate into large power systems as
an electric circuit based on controlled voltage and current
sources.

These models were used on a 2 MW PMSG-driven WT
connected to a grid through an uncontrolled rectifier and a
qZSI, where the active and reactive powers delivered to the
grid were controlled by the qZSI. The time-domain response
and control performances of the proposed models were eval-
uated under different operating conditions: fluctuating wind
speed, variable reactive power reference, and grid distur-
bances. The results showed a suitable time-domain perfor-
mance and a significant reduction in the simulation time for
both averaged models compared to the SDM (ADM2 reached
a 94% reduction in the simulation time). ADM1 showed a
better response under grid disturbances than ADM2, which
could be expected as ADM2 models the DC dynamics as
a static gain. Hence, ADM1 is recommended for studies
in which such situations are relevant. ADM2 was 21 times
faster than SDM and 1.6 times faster than ADM1 in the best
scenario, due to the absence of dynamic states on the DC side.
Therefore, ADM2 is preferred, where the speed of simulation
and lower computational effort are more valuable than the
response to grid disturbances. Notwithstanding the previous
remarks, it can be concluded from the results obtained that
both proposed averaged models can substitute the SDM with
satisfactory accuracy in terms of time-domain response in
steady-state stability studies, long-term simulations, or large
electric power systems in order to reduce the computational
effort and simulation time.
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