
Citation: Durgam, R.; Karampuri, R.;

Rangarajan, S.S.; Subramaniam, U.;

Collins, E.R.; Senjyu, T. Investigations

on the Modulation Strategies for

Performance Improvement of a

Controlled Wind Energy System.

Electronics 2022, 11, 3931.

https://doi.org/10.3390/

electronics11233931

Academic Editor: Ahmed

Abu-Siada

Received: 29 September 2022

Accepted: 25 November 2022

Published: 28 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

electronics

Article

Investigations on the Modulation Strategies for Performance
Improvement of a Controlled Wind Energy System
Rajababu Durgam 1, Ramsha Karampuri 2, Shriram S. Rangarajan 3,4,*, Umashankar Subramaniam 5 ,
E. Randolph Collins 4,6,* and Tomonobu Senjyu 7

1 Department of Electrical and Electronics Engineering, S R University, Hasanparthy,
Warangal 506 371, Telangana, India

2 Department of Electrical Engineering, Visvesvaraya National Institute of Technology,
Nagpur 440011, Maharashtra, India

3 Department of Electrical and Electronics Engineering, Dayananda Sagar College of Engineering,
Bengaluru 560078, Karnataka, India

4 Department of Electrical and Computer Engineering, Clemson University, Clemson, SC 29634, USA
5 Renewable Energy Lab, College of Engineering, Prince Sultan University, Riyadh 11586, Saudi Arabia
6 College of Engineering and Technology, Western Carolina University, Cullowhee, NC 28723, USA
7 Department of Electrical and Electronics Engineering, Senbaru, Nishihara, Nakagami District,

Okinawa 903-0213, Japan
* Correspondence: shriras@g.clemson.edu (S.S.R.); collins@clemson.edu or rcollins@wcu.edu (E.R.C.)

Abstract: The challenges faced in an isolated wind energy conversion system (WECS) are larger
transient times, high steady-state error, and larger harmonic content. To overcome these issues, an
adaptive voltage controller (AVC) along with the load current observer (LCO) could be the better
proposition. However, the AVC and LCO, in conjunction with the conventional space vector pulse
width modulation (SVPWM) technique to operate the three-phase inverter of WECS, would not be
able to further improve these parameters. This paper proposes the use of the unified voltage SVPWM
(UVSVPWM) technique along with the AVC and LCO, which could improve the transient behavior
by about 30% as well as reduce the harmonic content of the load voltage and current by about 70%
and 2%, respectively. This paper considers an isolated WECS connected to the linear load, which is
operated under balanced as well as unbalanced load conditions. The proposed control technique is
verified for both the balanced and unbalanced cases using MATLAB/Simulink.

Keywords: adaptive voltage controller; inverter; load current observer; renewable energy; space
vector PWM

1. Introduction

Worldwide, the electrical load demand is continuously increasing due to increasing
population and industry needs [1]. To supply the increasing electrical load demand and
remote area electrification [2], the countries are looking toward renewable energy-based
electrical power generation, such as wind and solar energy sources, because they are en-
vironmentally friendly and freely available [3,4]. Renewable energy-based distributed
generation systems (DGS) has been increased in recent years to reduce global warming due
to greenhouse gases emission by conventional energy sources and utilization of conven-
tional sources such as coal, diesel, petrol, etc. [5,6]. In practice, the DGS can be operated as
either a grid-connected application or a stand-alone application. When the DGS operates
as grid-connected, they not only supply the required electrical power but also increase the
reliability of the grid. If any fault occurs in the grid, the grid is isolated from the system,
but the DGS can be operated in isolated mode, and they can supply the electricity to the
local loads and improve the system reliability [7–11].

In stand-alone mode, the DGS are used to supply electricity to remote areas and/or
isolated areas that are isolated from the grid. In general, the DGS are preferred to operate in
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isolated mode, and they should supply the electricity to the local loads within the specified
voltage and frequency range [12–17]. However, in case of large and sudden changes in the
linear loads and/or non-linear loads under balanced or unbalanced conditions, controlling
voltage and frequency is a challenging task. Therefore suitable controllers are required to
control the terminal voltage and reduce its total harmonic distortion (THD) of a stand-alone
system, specifically a wind energy conversion system (WECS).

In recent years, many types of controllers have been proposed to control the terminal
voltage and frequency of an isolated DGS [18–24]. In [18,20], a robust servomechanism
control theory with a discrete sliding mode current controller is used to estimate the change
of voltages under sudden changes in linear or non-linear loads. This is performed to
reduce the THD and to improve the transient response of the DGS. Another work reported
in [21,24] again uses a robust servomechanism controller along with internal frequency
control to regulate the system voltage and frequency. In this case, the system has more
stability, fast transient response, and zero steady-state error.

Later in [25], the direct iterative learning controller scheme is proposed to achieve
improved steady-state performance with very low errors. Using this controller, the dynamic
response of the system is not so suitable under sudden change in the load. So, a modified
proportional and derivative (PD) controller is connected in parallel to iterative learner,
which could improve the dynamic response. However, the controller has many loops,
which increases the complexity of the system and response time.

A closed-loop feed-forward voltage compensation system was proposed in [26] to
regulate the voltage and frequency of a DGS. In addition, a predictive controller has been
designed to forecast the voltage and current under linear load variations [27]. However, it
is not suitable for sudden and large changes in loads. To overcome this issue, a steepest
descent digital adaptive algorithm is used for the design of a modified stationary frame
predictive current controller with zero steady-state error for DGS [28]. In this, a multi-loop
control technique is proposed, which increases the complexity of the system.

The theory of adaptive voltage control [29] was used in [30] to improve the transient
response and to reduce the harmonics in the voltage and current in a WECS. This system
also shows better dynamics under balanced and unbalanced load conditions. The system
proposed in [30,31] uses load current observer (LCO) and adaptive voltage controller (AVC)
along with the conventional space vector pulse width modulation (SVPWM) technique [32].
The AVC is employed to regulate the system voltage and frequency, which uses the data of
inverter and load voltages and currents. The voltages and currents were measured using
sensors and fed to the AVC. However, the use of more sensors leads to slow response and
complexity of the system. Hence, the LCO is used to estimate the load currents, thereby
eliminating the sensors. The three-phase inverter is operated using the conventional
SVPWM technique, which acquires reference data from the AVC.

However, there is still scope for improvement in the transient response and reduce
the harmonic content. This could be achieved by utilizing unified voltage SVPWM
(UVSVPWM) [32–35] in place of the conventional SVPWM technique. Hence, this pa-
per proposes UVSVPWM in conjunction with the AVC and LCO to reduce the transient
response time of the WECS under sudden load change conditions; also, to reduce the THD
of the load voltage and current of the WECS.

Rest of the paper is divided into five sections, wherein the Section 2 describes the
system considered, Section 3 elaborates the controller design. Sections 4 and 5 depict the
simulation and experimental results, respectively. Section 6 concludes the work presented
in this paper.

2. Mathematical Model of the System

The schematic circuit diagram of the system is shown in Figure 1. It consists of WECS
along with the rectifier, a three-phase inverter, inductive and capacitive (LC) filter, controller,
and local load. This paper mainly deals with the design of voltage controller to regulate
the load voltage under steady state and dynamic loaded conditions. Hence, the energy
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conversion system from renewable energy resources, i.e., WECS and the converter can
be replaced by DC voltage source as emulated by two dc-link capacitors viz. C/2. In
Figure 1, the inverter is used to convert DC to AC and the variations in the output voltage
and frequency can be obtained using suitable pulse width modulation (PWM) technique.
The LC filter is used to reduce the higher order harmonics in the output power of the
inverter. After elimination of the harmonics and making the power nearly sinusoidal, the
supply is given to the local load. The work presented in this paper is limited to linear load.
However, the proposed system and controller can be extended to non-linear loads either.
The mathematical modeling of all the components of the system shown in Figure 1 is briefly
explained below for the use of simulation studies.
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Figure 1. Schematic circuit diagram of the wind energy conversion system.

The DC-bus voltage is considered to be Vdc. The inverter is operated using a specific
PWM technique that generates the firing pulses, which can be represented by the switching
functions Sa, Sb, and Sc for three phases, a, b, and c, respectively. The inverter output
voltages and currents are represented by Via, Vib, Vic and Iia, Iib, Iic, respectively, whereas
the load voltages and currents are represented as Vla, Vlb, Vlc and Ila, Ilb, Ilc, respectively.
The inverter output voltages can be represented by using the switching functions:

Via =
Vdc
2

[
2
3

Sa −
1
3
(Sb + Sc)

]
(1)

Vib =
Vdc
2

[
2
3

Sb −
1
3
(Sc + Sa)

]
(2)

Vic =
Vdc
2

[
2
3

Sc −
1
3
(Sa + Sb)

]
(3)

Applying Kirchhoff’s laws at the filter nodes to obtain the voltage and current equa-
tions as follows: dVla/dt

dVlb/dt
dVlc/dt

 =
1

C f ilter

Iia − Ila
Iib − Ilb
Iic − Ilc

 (4)

dIla/dt
dIlb/dt
dIlc/dt

 =
1

L f ilter

Via −Vla
Vib −Vlb
Vic −Vlc

 (5)
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The above Equations (4) and (5) can be transformed into stationary reference frame (αβ)
and then synchronously rotating reference frame (dq). The transformed dq quantities can be
used in implementing LCO and AVC. The derived dq quantities can be written as follows:

dVld
dt

= ωVlq +
1

C f ilter
(Iid − Ild) (6)

dVlq

dt
= −ωVld +

1
C f ilter

(
Iiq − Ilq

)
(7)

dIid
dt

= ωIiq +
1

L f ilter
(Vid −Vld) (8)

dIiq

dt
= −ωIid +

1
L f ilter

(
Viq −Vlq

)
(9)

Equations (6)–(9) resemble state-space equations wherein the parameters Vld, Vlq, Iid,
and Iiq are the state variables; Vid and Viq are taken as control inputs; and Ild and Ilq are
considered to be disturbances.

3. Detailed Description and Design of Controllers

The system shown in Figure 1 is controlled using AVC. The input parameters required
to implement AVC are: inverter output current (Ii), load voltage (Vl), and load current (Il).
The load current to the AVC can be fed either directly from the sensors or through the LCO.
The LCO can be used to improve the transient behavior of the system.

3.1. Adaptive Voltage Controller

The AVC can be designed using reference adaptive control theory. It depends on the
existing reference model that brings out the desired performance of the voltage control
scheme. The block diagram of AVC is shown in Figure 2. The inputs given to the AVC
are the transformed dq-axis parameters from the sensed values of inverter current, load
current, and load voltages, along with the generated reference load voltages. All the given
signals are processed using Equations (10)–(15) to obtain the desired reference dq-axis
voltage signals for the PWM algorithm.
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The inverter output reference currents before the filter are represented as:

Iidq re f = I∗ldq ∓ω C f ilter Vlqd (10)

where I*ldq represents either Ildq for sensed load currents or Îldq for estimated load currents
using LCO, as discussed in the next subsection.

The dq-axis error in voltages after the filter is represented as:

V ldq = Vldq −Vldq re f (11)

The dq-axis error in currents before the filter is represented as:

Iidq = Iidq − Iidq re f (12)

The following adaptive control laws can be used to dq-axis compensation control
parameters and feedback control parameters to stabilize the error under dynamic conditions
of WECSs. The compensation control parameters can be represented in terms of adaptive
gains of the dq-axis (Gdn and Gqn) as (n being the number of rows of the matrix that is
equal to 4).

Vidq =

(
4

∑
n=1

GdqnRdqn + Vldq

)
−
(

∂dqσdq

)
(13)

where

Gdqn = − 1
φdqn

t∫
0

Rdqnσdqdτ (14)

Rdqn =
[
Vlqd Iid Iiq 1

]T (15)

σdq = V ldq + αdq Iidq (16)

where αdq are positive design constants and ∂dq and φdqn are tuned following the tuning
rules provided in [36,37].

3.2. Load Current Observer

As discussed above, the AVC requires the load current data, which can be obtained
either by using sensors or by estimation. However, usage of sensors leads to increased
cost of the system and degrades its reliability. Hence, estimation of load currents using the
available data from the inverter output voltages and inverter output currents could be the
better proposition.

The estimated values of load currents (Ildq) required by the AVC could be obtained
using the dynamic state-space model, as discussed below.

The state-space representation of Equations (6)–(9) can be performed as given in (17).
From (17), the matrices X, A, B, and U can be deduced, which is in the standard state-space
representation form. Using these matrices, the LCO can be designed as given in (18). In
(18), the voltage and current values are the estimates of load voltages and currents.

.
X

.
Ild.
Ilq.
Vld.
Vlq

 =

A
0 0 0 0
0 0 0 0

−1/Cfilter 0 0 −ω
0 −1/Cfilter −ω 0


X

Ild
Ilq
Vld
Vlq

+

B
0 0
0 0

1/Cfilter 0
0 1/Cfilter


U[
Iid
Iiq

]
(17)

.
X̂ = AX̂ + BU + MCX−MCX̂ (18)

where

X̂ =
[
Îld Îlq V̂ld V̂lq

]T (19)
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Also, matrix M is the LCO gain matrix, as mentioned in [30]. The estimated values of
load currents can be deduced from (19), as mentioned in (20).

Îldq =

[
Îld
Îlq

]
=

[
1 0 0 0
0 1 0 0

]
Îld
Îlq
V̂ld
V̂lq

 (20)

The deduced estimated currents can now be used as inputs to the AVC, as shown in
Figure 2.

3.3. Pulse Width Modulation Techniques

The harnessed dc power from the WECS and the rectifier is converted into ac for
local load utilization through an inverter. The three-phase inverter shown in Figure 1 is
operated using the appropriate pulse width modulation technique to obtain the desired
output power. The work proposed in [30] has used the conventional SVPWM technique,
as discussed below. This paper proposes the use of the UVSVPWM technique to improve
the performance of the system. Both of the PWM techniques are discussed in detail in the
subsequent parts.

3.3.1. Conventional Space Vector PWM

The SVPWM technique is one of the best methods for operating the three-phase
voltage source inverter (VSI) to be used in renewable energy conversion systems and AC
motor drive systems [32]. The conventional way of implementing the SVPWM, either in
simulation or in the experiment, is shown in Figure 3. The reference input voltages Vid and
Viq are obtained from the AVC and are processed to generate the reference voltage vector.
The magnitude and angle are deduced using (21).∣∣∣∣→Vref

∣∣∣∣ = √V2
α + V2

β and ∠
→
Vref = θ = tan−1

(
Vβ

Vα

)
(21)

Ti = Ts

√
3
∣∣∣∣→Vref

∣∣∣∣
Vdc

sin
[
60− θ−

(
N−1

3

)
π
]
;

Tii = Ts

√
3
∣∣∣∣→Vref

∣∣∣∣
Vdc

sin
[
θ−

(
N−1

3

)
π
]
;

Tz = Ts − Ti − Tii

(22)

where Ts is the switching time.
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Then using the angle information, the sectors are identified and divided into six equal
parts as N = 1 to 6. Now, the switching times are calculated for each sector as given in (22).
Then these switching times are used to realize the proper gating pulse as per given Table 1,
which varies with the sector number.

Table 1. Switching time at each sector.

Sector Number Switching Time of Upper
Switches Sa, Sb, Sc

Switching Time of Lower
Switches Sa, Sb, Sc

1
Sa = Ti + Tii + Tz/2
Sb = Tii + Tz/2
Sc = Tz/2

Sa = Tz/2
Sb = Ti + Tz/2
Sc = Ti + Tii + Tz/2

2
Sa = Ti + Tz/2
Sb = Ti + Tii + Tz/2
Sc = Tz/2

Sa = Tii + Tz/2
Sb = Tz/2
Sc = Ti + Tii + Tz/2

3
Sa = Tz/2
Sb = Ti + Tii + Tz/2
Sc = Tii + Tz/2

Sa = Ti + Tii + Tz/2
Sb = Tz/2
Sc = Ti + Tz/2

4
Sa = Tz/2
Sb = Ti + Tz/2
Sc = Ti + Tii + Tz/2

Sa = Ti + Tii + Tz/2
Sb = Tii + Tz/2
Sc = Tz/2

5
Sa = Tii + Tz/2
Sb = Tz/2
Sc = Ti + Tii + Tz/2

Sa = Ti + Tz/2
Sb = Ti + Tii + Tz/2
Sc = Tz/2

6
Sa = Ti + Tii + Tz/2
Sb = Tz/2
Sc = Tii + Tz/2

Sa = Tz/2
Sb = Ti + Tii + Tz/2
Sc = Tii + Tz/2

3.3.2. Unified Voltage Space Vector PWM

Despite the advantages of conventional SVPWM, such as better DC-bus utilization,
lower THDs in inverter output voltage and current, and low switching losses, this PWM
technique has few drawbacks. The drawbacks of the conventional SVPWM technique are:
location identification of the reference vector, predetermining the nearest active voltage vectors,
and, based on the vector information calculating the switching times. In other words, the
conventional SVPWM uses a look-up table for its implementation. So, it is observed that in
practical implementation conventional SVPWM technique is more complex and requires more
time for the calculation of switching times because of trigonometric functions.

However, in the UVSVPWM technique [33], the switching time of each inverter arm
can be calculated directly using the concept of the effective time period to realize the voltage
vector. In this PWM technique, an exact switching pattern can easily be implemented, and
the execution time and space required on the processor can be reduced.

The UVSVPWM technique is implemented, as shown in Figure 4. This technique
requires the same input as in the case of conventional SVPWM, i.e., inverter voltage
reference, Vidq, which could be obtained from AVC. Then the three-phase reference voltage
waveforms are generated using standard transformation. Later the imaginary switching
times are calculated, as shown in Figure 4. The maximum and minimum values from these
imaginary switching times were extracted to calculate the effective time period (which is
defined as the difference between the maximum and minimum times). The effective time
is used to know the offset time required to add it to the imaginary times, such that those
times turn into reality and can generate the switching pulses by comparing them with the
generated carrier waveform. The UVSVPWM helps the WECS improve its transient time
and hence its performance, which is discussed in the subsequent sections.
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Figure 4. Block diagram for the implementation of the UVSVPWM technique.

4. Simulation Studies

In this section, the simulation results of WECS shown in Figure 1 are presented using
MATLAB/Simulink. The mechanical input to the system (wind energy), the electrical
energy generator, and the ac-dc converter together are emulated using a regulated dc
power source, Vdc, whose value is set to 564 V (so as to attain the inverter output voltage
to be 230 Vrms). The three-phase inverter, shown in Figure 1, is connected to the LC
filter with the designed parameters of inductance, Lfilter = 0.3 mH/phase and capacitance,
Cfilter = 500 µF/phase. The filter output is connected to the linear resistive and inductive
loads, whose values are considered to be Rl = 0.726 Ω/phase and Ll = 0.3 mH/phase.

The system shown in Figure 1 is tested with two different load conditions viz. balanced
three-phase and unbalanced three-phase linear loads. These two conditions are simulated
by connecting a three-phase circuit breaker between the filter and the load. To realize the
balanced load operation, the circuit breaker is kept open from time 0 to 0.1 s. Later, all
three phases of the circuit breaker are closed. The second part of the simulation considers
unbalanced load operation, which is realized by closing only two phases (say b and c phases)
of the three-phase circuit breaker at the same time as above, i.e., phase-a is considered to be
open completely.

The three-phase inverter shown in Figure 1 is operated using the conventional SVPWM
technique and the proposed UVSVPWM techniques. In addition, the considered system
is operated using the AVC and the LCO in conjunction with the modulation techniques
individually. The simulation is carried out in four different cases, viz. case-I, II, III, and
IV, as mentioned below. In each case, the simulation results are analyzed to determine the
time response of the controller and the THD of load voltage and load current.

Case-I: AVC + Conventional SVPWM
Case-II: LCO + AVC + Conventional SVPWM
Case-III: AVC + UVSVPWM
Case-IV: LCO + AVC + UVSVPWM

Figures 5–12 show the simulation results of WECS. Each figure show the waveforms
of load voltages (Vlabc), current waveforms from LCO (Îldq), voltage waveforms from AVC
(Vidq) and the measured load currents (Ilabc) from top to bottom, respectively. The bottom
two plots show the harmonic spectrum of load voltage and load current (say phase-b, since
phase-a is considered to be open under unbalanced condition).
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Figure 5. Simulation results for case-I with balanced load condition.
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Figure 6. Simulation results for case-I with unbalanced load condition.
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Figure 7. Simulation results for case-II with balanced load condition.
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Figure 8. Simulation results for case-II with unbalanced load condition.
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Figure 9. Simulation results for case-III with balanced load condition.
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Figure 10. Simulation results for case-III with unbalanced load condition.
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Figure 11. Simulation results for case-IV with balanced load condition.
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Figure 12. Simulation results for case-IV with unbalanced load condition.
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4.1. Case-I

Initially, the system is simulated using AVC only but not the LCO, and the inverter is
operated using the conventional SVPWM technique. In Figure 5, Figure 5a represents the
three-phase load voltages that are captured after the LC filter but before the circuit breaker.
Figure 5b gives the dq-axis currents from the LCO. In this subplot, it can be observed that
the dq-axis currents are equal to zero because this case is simulated without LCO. When
the three-phase load is connecting to the WECS using the circuit breaker (in other words,
when the circuit breaker is closed), the AVC senses the load parameters and takes necessary
action, which can be observed from the dq-axis voltages as shown in Figure 5c. From this
plot, it can be observed that at t = 0.1 s, the AVC is ready to take the necessary action to
obtain a steady-state load current within a few milliseconds. Figure 5d shows the load
currents flowing through the three-phase linear load. From the plot, it can be seen that
from time t = 0 s to 0.1 s, the load currents are equal to zero because the three-phase circuit
breaker is kept open, so no current flows through the load. At t = 0.1 s, the circuit breaker
is closed completely (i.e., in all three phases), and the corresponding load currents flow
through the connected linear load. From Figure 5c,d, it can be observed that the system is
reaching a steady state at t = 0.12 s because of only AVC action. The Vid and Viq or load
currents are reaching a steady state within 20 ms. From the results, the THD value of the
load voltage and load current under steady-state condition, i.e., from 0.13 s, is obtained as
0.01% and 0.06%, respectively, as shown in Figure 5e,f.

The same system is also simulated with an unbalanced linear load, i.e., one of the
phases (say phase-a) of the three-phase circuit breaker is kept open continuously, and
the simulation results are shown in Figure 6. From Figure 6d, it can be observed that the
phase-a current is equal to zero. In addition, the AVC takes necessary action, and the system
approaches near steady-state. However, without using the LCO, the steady-state results
are not convincing for unbalanced load conditions with conventional SVPWM, as seen in
Figure 6d. The THD values of load voltage and load current for phase-b are obtained as
1.36% and 0.08%, respectively, as shown in Figure 6e,f.

4.2. Case-II

In this case, the system is simulated with AVC along with the LCO, and the inverter is
operated using the same conventional SVPWM technique, and the simulation results are
shown in Figures 7 and 8 for balanced and unbalanced load conditions, respectively [38].
All the results are similar to the results of case-I, except the current waveforms from the
LCO, as shown in the second subplots of Figures 7 and 8. In this case, the load current
reaches the steady state within a few milliseconds, and the response is faster as compared
to case-I for both the balanced and unbalanced loads. The faster response is because of
the use of LCO in conjunction with the AVC [30]. The harmonic spectra of respective load
voltage and current are also shown in the plots, along with their THD values.

4.3. Case-III

In this case, the same WECS is simulated only by considering AVC but not the LCO,
and the inverter is now operated with the UVSVPWM technique under balanced and
unbalanced linear loads. The simulation results with a balanced load are shown in Figure 9,
and for unbalanced load is shown in Figure 10. Similar conditions are considered as in
case-I and case-II. The major advantage of using the UVSVPWM technique can be depicted
by the faster and more precise action of AVC without LCO, as shown in Figure 10c (when
compared to Figure 6c). All the respective harmonic spectra and THD values are shown in
the last subplots for both the balanced and unbalanced load conditions.

4.4. Case-IV

In this case, the WECS is simulated using AVC along with LCO, and the inverter
is operated with the UVSVPWM technique. In this case, also, the system is simulated
with balanced and unbalanced linear loads [38]. Similar conditions that are considered
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in the above three cases are considered, and the simulation results obtained as shown
in Figure 11 with a balanced load and Figure 12 with an unbalanced load. These results
show no difference in the waveforms with respect to transient and steady-state behavior;
however, the use of LCO along with the UVSVPWM technique helps in reducing the THD
values of load voltage and current.

All the numerical values of the above-discussed simulation results are tabulated in
Table 2. The THD values of load voltage and load current, along with the transient times, are
presented. The THD values are calculated by considering three cycles of the fundamental
waveform. The transient time is measured from the instant when the circuit breaker is
closed. The THD gives information about total harmonic content, but it does not indicate
the level of each harmonic component. If a filter is used at the output of the inverter,
the predominant harmonics corresponding to the designed value of the filter would be
attenuated more effectively. Therefore, knowledge of both the magnitude and frequency of
each harmonic is important. The distortion factor (DF) indicates the amount of harmonic
distortion that remains in a particular waveform after the harmonics of the waveform have
been subjected to a second-order attenuation (i.e., divided by n2).

Table 2. Summary of simulation results.

S. No. Case Type of Load Voltage
THD (%)

Distortion
Factor (%)

Current
THD (%)

Transient
Time (ms)

1 Balanced 0.01 99.99 0.06 22
2 I} Unbalanced 1.36 59.23 0.08 30
3 Balanced 0.01 99.99 0.06 20C

on
.

SV
PW

M

4 II} Unbalanced 1.22 63.39 0.06 22
5 Balanced 0.01 99.99 0.06 20
6 III} Unbalanced 0.39 93.16 0.06 20
7 Balanced 0.01 99.99 0.06 20U

V
SV

PW
M

8 IV} Unbalanced 0.30 95.78 0.05 20

The DF of an individual (nth) harmonic component can be defined as

DF =
V0n

V01 × n2 (23)

The distortion factor calculated using the THD data is furnished in Table 2. The distor-
tion factor in the voltage is seen to be the same for both PWM techniques under balanced
load conditions. However, under unbalanced load conditions, the UVSVPWM could be
proved to be effectively superior to the conventional SVPWM technique. Hence from Table 2,
it can be concluded that the proposed AVC, along with the UVSVPWM technique, yields
better results with respect to the transient time, THD, and distortion factor of voltage.

5. Experimental Studies

An experimental prototype is developed to implement the proposed system, as shown
in Figure 13. A 3-phase, 400 V, 50 Hz AC supply is connected to the three-phase rectifier
through a 3-phase autotransformer. The regulated DC voltage is obtained from the output
of the rectifier, and the regulated DC voltage is given to the input of the three-phase voltage
source inverter. The inverter is used to convert regulated DC voltage to AC voltage with
constant voltage and frequency, which is supplied to the RL load. An LC filter with an
inductance of 15 mH and capacitance of 10 µF is connected between the inverter and the
load. The phase currents and voltages are measured in an oscilloscope, and the currents are
sensed by the current sensors LEM LA-25NP whereas the voltages are sensed using LEM
LV-25-P transducers. The computing signals and load currents and voltages are given to
dSPACE1104controller to generate the gate signals. Practically, the electrical loads are not
constant. The change in load currents can be sensed by the sensors, and the information
send to the controller when LCO is not used.
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Figure 13. Experimental test rig.

Figures 14–16 show the experimental results captured from the oscilloscope as well
as the dSPACE control desk. The experimental test rig is operated with the conventional
SVPWM and also with the UVSVPWM. However, as discussed in Section 4, the simulation
results confirm that the nature of load voltages and currents will be the same irrespective
of the PWM technique used. Hence, the experimental results (load voltages and currents)
presented in this section are restricted to UVSVPWM. On the other hand, the major differ-
ence is in the transient time of the controller action, which is given in Figure 16 for both of
the PWM techniques.
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Figure 14 shows the three-phase load currents and the load voltage of one of the
phases before the filter. The top plot of Figure 14 contains all the said currents and voltage,
whereas the bottom plot is the zoomed view of the currents and voltage. Initially, the
DC-bus voltage is applied as 150 V, and the gating pulses are generated by the controller
and given to the driver circuits of the inverter without connecting any load. So, the load
currents are zero until the load circuit breaker is turned ON; however, the inverter generates
voltage, as seen in Figure 14. At the moment when the load circuit breaker is turned ON,
the load current flows, as observed in Figure 14. Due to the unavailability of resources
(such as inadequate filters) and due to the restrictions imposed (sampling frequency) by
the controller, the ripple content in the phase current is very high. This ripple content can
be minimized by the proper selection of filter components with respect to the switching
frequency (as shown in the simulation results). However, the point of interest of this paper
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is in the fast transient behavior even under unbalanced load conditions, which is shown in
Figures 15 and 16.

Figure 15 shows the experimental results considering all the above conditions and are
similar to Figure 14, but the only difference is in the load, i.e., one of the phases is open-
circuited. So, even under unbalanced load conditions, the proposed UVSVPWM, along
with the AVC, maintains the balance in the two-phase currents, as shown in Figure 15.
Figure 16 depicts the transient behavior of the system using AVC voltages (direct axis–left
and quadrature axis–right). When the system is operated with the conventional SVPWM
technique, the transient time is seen to be 27 units (≈ 27 ms). In contrast, the transient time
is observed as 23 units (≈23 ms) for the system operated with the UVSVPWM technique.
This proves the faster dynamics of the proposed UVSVPWM along with the AVC over the
conventional SVPWM technique. These plots were captured from the control desk of dSPACE,
where the mathematically calculated AVC voltage signals were extracted from the controller.

6. Conclusions

The voltage and frequency control of local loads connected to the wind energy con-
version system under both the balanced and unbalanced conditions is presented in this
paper. For this purpose, an adaptive voltage control along with the load current observer is
employed. The conventional space vector pulse width modulation technique is replaced
with the unified voltage space vector pulse width modulation technique to operate the
three-phase inverter. The simulation and experimental results were presented for various
cases depending on the loading conditions and the controller combinations. From the
presented results, it can be concluded that the use of the unified voltage space vector pulse
width modulation technique could help the wind energy conversion system to reduce the
transient response time by 9% to 33.3% and improve the distortion factor of the voltage for
the connected linear load by 36%.

The work presented in this article is mainly based on the investigations of the PWM
techniques in combination with the control techniques for an isolated wind energy conver-
sion system consisting of various loads. However, the work can be extended to various
aspects, such as the applicability of the investigated control algorithms and PWM tech-
niques for the grid-connected wind energy system. The presented work is limited to the
two-level three-phase inverter; however, the multilevel inverter connected isolated wind
energy system could be studied.
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