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Abstract

Wind energy is currently the fastest-growing electricity source worldwide. The cost efficiency of wind generators must be high
because these generators have to compete with other energy sources. In this paper, a system that utilizes an open-winding
permanent-magnet synchronous generator is studied for wind-energy generation. The proposed system controls generated power
through an auxiliary voltage source inverter. The VA rating of the auxiliary inverter is only a fraction of the system-rated power.
An adjusted control system, which consists of two main parts, is implemented to control the generator power and the grid-side
converter. This paper introduces a study on the effect of unbalanced voltages for the wind-generation system. The proposed
system is designed and simulated using MATLAB/Simulink software. Theoretical and experimental results verify the validity of
the proposed system to achieve the power management requirements for balanced and unbalanced voltage conditions of the grid.
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I. INTRODUCTION

Wind generators must meet any load requirements and
produce energy at the minimum investment cost. In wind
power applications, more attention is being focused on

synchronous generators, particularly permanent magnet types.

Permanent-magnet synchronous generators (PMSGs) have
the advantages of high efficiency and power density.
Moreover, PMSGs with high pole numbers reduce the
maintenance cost of wind farms because of their ability to
enable direct-drive wind turbines that can eliminate the
gearbox. By contrast, to decouple the line frequency and the
rotor speed, a full power rating converter is required because
synchronous speed is essential for generating power by the
PMSG. Wind power systems that utilize PMSGs commonly
use a back-to-back PWM voltage-source converter (VSC).
Generator efficiency and utilization can be maximized by
controlling the generator current with the machine-side PWM

Manuscript received Feb. 14, 2016; accepted Jul. 27, 2016
Recommended for publication by Associate Editor Gaolin Wang.
TCol’responding Author: Eng__ ashraf@aast.edu
Tel: +2-01062079555, AASTMT
"Electrical Power & Control, Arab Academy for Science, Technology,
and Maritime Transport, Egypt

VSC. The PWM converter at the grid side provides the grid
with controllable real and reactive powers. The system ability
and power quality can be improved, but the high cost of the
full-rating active power electronic converter is the only
disadvantage of this system [1]. Replacing the generator-side
PWM VSI with a low-cost diode rectifier has been proposed
to reduce the cost of the overall system [2]-[6]. Power
conversion technology uses the magnetic energy recovery
switch (MERS) to improve output power and efficiency [7],
[8]. A DC/DC boost converter must be sized based on the full
power rating of the system. However, cost reduction is
limited because of the possible need for a high power
inductor. The generator also suffers from underutilization
issues when operating in a diode rectifier wind power system.
A simplified non-salient PMSG model can explain the
generator underutilization issue of diode rectifier generating
systems. The displacement power factor is unity when the
diode rectifier is used. Reducing the terminal voltage applied
to the generator can enable the DC/DC boost converter to
increase the generator current. The generator power, however,
may not increase along with the increase of the generator
current. At the same time, the generator current vector will
always lag at the back EMF, leading to an inability to deliver
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the rated power at the rated generator current and voltage [1].
Maximum power point tracking (MPPT) is one of the inherent
characteristics of a variable speed wind turbine generator for
the optimal operation of wind power systems [9], [10].

On the other hand, the power management control strategy
for wind energy systems depends on controlling both active
and reactive powers [11], [12]. The advancement of power
electronics provides control flexibility. The grid-connected
wind power system is used to transfer power to the grid;
however, the grid voltage is balanced or unbalanced.
Moreover, an unbalanced voltage on the power system causes
double-frequency power oscillation at the output power, as
reflected by the ripple in the DC bus voltage [13], [14]. In
certain cases, these oscillations lead to instability if the DC
bus voltage surpasses the most extreme limit. In general, the
unbalanced voltage problem can be compensated using a
series active power filter by injecting a negative sequence
voltage [15], [16], a shunt active power filter by injecting a
negative sequence current [17], [18], and series parallel
compensators such as the unified power quality conditioners
[19], [20].

The present paper discusses an open-winding PMSG with
an uncontrolled diode rectifier and an auxiliary
fractional-sized compensating VSI. The output power and
generator current are improved compared with those in the
case of conventional diode rectifiers. In addition, the effects
of balanced and unbalanced grid voltages for the system are
obtained to achieve power management requirements. The
overall system is modeled and simulated using
MATLAB/Simulink software and verified by experimental
work. The paper is organized as follows. Section I is the
Introduction, Section II presents the Proposed Topology and
Operating Principle, Section III discusses the Control Method,
Section IV explains the Simulation Study, Section V is the

Experimental Work, and Section VI is the Conclusion.

II. PROPOSED TOPOLOGY AND OPERATING
PRINCIPLE

An open-winding PMSG is used with an uncontrolled
rectifier and an auxiliary fractional-sized compensating VSI,
as shown in Fig. 1. To understand how the power can be
managed from the generator side to the grid side, consider the
conventional D-Q model of the IPMSG below [21]:

Va = Rglg + ppa — @qwe (1)
Vq = Ralq T PP + Pawe 2
Pq = Lqlq ©)

¢@q = Lqlq + @ 4

where (V, VZI) are the d- and g-axis components of the stator
voltages, R is the generator resistance, (Ig,l;) are the d-

and g-axis components of the stator currents, (Lq, Lg) are
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the d- and g-axis components of inductance, Q¢ is the
amplitude of the flux linkages established by the permanent
magnet, P is the operator for differentiation, W, is the
electrical angular frequency, and (QPg, Pq) are the d- and

g-axis components of the flux linkages. In case the
three-phase grid voltages possess constant amplitude and

frequency, V; and Vq are constant. Therefore, the active

and reactive powers injected into the grid side in the d—q
reference frame can be expressed accordingly [22]:

3
Pgrid =3 (Vdgridldgrid + ngridlqgrid) Q)
3
Qgrid =3 (ngridldgrid + Vdgriqugrid) (6)
where Pgrig and Qgyriq are the active and reactive powers
injected to the grid. The dq transformations can be used to

align the d-axis of the synchronous frame with the grid voltage
vector. Therefore, the g-axis grid voltage, Vgyiq is equal to its

magnitude, and the resultant d-axis voltage Vggriq is equal to

zero. Consequently, the active and reactive powers will be as

follows [23]:
3

Pgrid =3 ngridlqgrid @)

Qgrid = z ngrid[dgrid (3)

The power transferred via the DC link should be equal to
the power fed into the grid. Therefore [23],

% (ngridlqgrid) = Vac lac O]

These equations indicate that the active power infused to
the grid can be controlled via the quadrature current Iggriq,
whereas the reactive power infused to the grid is accordingly
controlled via the control of Iggrig. Thus, the d-axis current
reference should be set to zero to acquire the unit power
factor.

To achieve this goal, the assistant inverter is used for
generator control and utilization improvement. The auxiliary
inverter is a series compensation device identical to the static
series synchronous compensation and can be controlled as a
variable three-phase impedance. By contrast, the whole
system can be represented by the simple equivalent circuit
shown in Fig. 2, in which the AC side voltage of the diode
rectifier Vigc¢ 1S equivalent to the vector sum of the
generator voltage Vs and the compensation voltage V.. The
inverter is equivalent to a three-phase inductor if the injected
voltage is leading the generator current by 90°. When the
injected voltage lags the current by 90°, the inverter is
effectively a three-phase capacitor. The DC bus of the
assistant inverter is basically a DC capacitor that is not
associated with a power source, meaning that the inverter can
be used to control the compensation DC bus voltage, which is
expanded at the point when the injected voltage possesses a
component in phase with the current. When the injected
voltage is 180° from the current, the compensation DC bus
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Fig. 1. Proposed control system with wind energy system.

voltage is decreased. Thus, by neglecting the generator E IXs
resistance and its compensation, the generator is assumed to
be purely reactive. The total power flow into the rectifier can

be evaluated according to Equation [1]: Vsc

3EV . 3Vse V. .

Pgen — Xls‘ect sin & + scXSrect sin g, (10) @T Vrect T
where Pgen is the generator power, E is the generator
back-EMF, ¢ is the power angle defined from the back-EMF
E to the rectifier voltage V., and ¢, is the angle defined

Fig. 2. Series compensation equivalent circuit.

from the compensator voltage V. to the rectifier voltage.
The generated power can be controlled by changing the III. CONTROL METHOD
compensation voltage. If the current is in phase with the
voltage, then the rectifier operates at the unity displacement

In the proposed system, the control of the grid-side
converter is the same as the other topologies using standard
active front-end configurations. The control of the generator
compensation VSI is examined here because the diode
rectifier is not controllable. The proposed control strategy
utilizes this idea [1] and examines the performance of power
management requirements under both balanced and
unbalanced grid voltages using the estimated generator power
as the control variable in both cases [1]. The expected source
of the imbalance on the grid could be a sudden voltage dip on
the single phase of the grid. This study aims to examine
whether the control strategy manages power injection to the

power factor. The generator works on its most extreme torque
per ampere curve when the compensation voltage wipes out
the voltage drop on the synchronous reactance. The generator
power decreases when the compensation is inductive,
whereas the generator power increases when the
compensation is capacitive.

MPPT algorithms are utilized in wind power systems to
convert variable voltage and frequency output to a fixed
frequency and fixed voltage output. For example, in the
optimum relationship-based control technique, the optimum

relationship between the rectifier output voltage V. and the grid under this transient condition.
de-power Py, is recorded for different wind speeds. The As shown in Fig. 1, the controller of the compensation VSI
I3, values corresponding to the maximum power are is in the synchronous frame fixed to the generator current,

extracted from the V. versus P, relationship. that is, the g-axis is aligned with the peak of phase “A”
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TABLE I
PARAMETERS OF PMSG

Parameter Description Value
E, Rated frequency 30
N, Rated speed 900
P Number of poles 4
Lg d-axis inductance 0.3
Ly g-axis inductance 0.37
R, Stator resistance 2
hs Permanent flux linkage 0.8
L Smooth inductor 311 mH
R Internal resistance 21 Q

current. The two orthogonal components of the compensation
inverter voltage, Vy;, Vg, control the real and reactive
powers of the compensation VSI. The components of the VSI
voltage V,;; are utilized to control the floating capacitor
voltage. This converter should be designed to exclusively
provide reactive power. The only power needed is
approximately 5% of its rated KVA to address losses in the
devices. As previously mentioned, this power is extremely
small compared with the KVA rating of the converter.
Another PI controller is used to control the generator power
by changing the reactive component of the VSI voltage [1].
The generator power is estimated using the measured current
and the main DC bus voltage. The most common
synchronization algorithm for extracting the phase angle of
the grid voltages is the phase locked loop, which can produce
the angle needed in the park transformation from the abc to
dq0 synchronous reference frames.

IV. SIMULATION STUDY

The developed system contains an open winding generator
with a rated phase voltage of 220 V. All generator parameters
are given in Table 1. The system contains two power
electronic converters. The first converter produced two
control input command signals, namely, compensator voltage
(V) and generator power (Pgen). Series compensation
devices are used to counter the voltage drop on the
synchronous reactance of the generator. These devices are
controlled in the impedance mode. The other converter is the
grid-side converter, which has been controlled similarly to
the other topologies to regulate two control command inputs,
Iqgria and Vg, such that Iggriq equals zero-to-zero reactive
power injection, thus achieving a unity power factor. On the
contrary, Vy. provides the means for controlling the active
grid current at the unity power factor. The DC-link voltage
controller is designed to balance the power flow into the grid.

The flowchart of the simulation study is shown in Fig. 3.
The figure clearly illustrates that power management for the
balanced grid voltage was achieved. However, the effect of
the unbalanced grid voltage on the active and reactive powers
injected to the grid still requires further study.

¥ Li
Balanced Grid Unbalanced
Voltage Grid Voltage
‘
L] ] L] ¥ ¥
Change Change
Generator Compensator Change Speed (I;J If:n‘],m]l:ed ;ana: nl':d
Power (Pgen) voltage (Vsc) rid Yoltage phase Yoltage
Fig. 3. Flowchart of simulation study.
TABLEII
COMPARISON BETWEEN CONVENTIONAL AND PROPOSED
STRUCTURES

Conventional s
tructure

Configuration Proposed structure
(Open winding)

Control of the

No control on

Control DC - generator-side DC
. the generator
side . voltage through the
side RO
auxiliary inverter
Weight Light Heayy (auxiliary
inverter)
Cost Low High
Generator size Same Same
Efficiency Low 5% increase

Conventional s
tructure

Configuration Proposed structure
(Open winding)
Auxiliary inverter
controls only 15%—

25% of the total power

Controls the

Grid inverter
total power

DC-link ripple 24 1
Total harmonic o o
distortion 16.2% 3.6%
Grid voltage 110 110

A. Balanced Grid Voltage

In this case, the grid voltages are balanced, and the system
is tested under different conditions of input required power,
input compensated voltage, and speed.
1) V¢ is kept constant at 100 V, and the speed is maintained
at 900 rpm, whereas Fyey is increased from 750 W to 1500

Wat0.5s.
Figs. 4 to 10 show the machine performance before and

after the step change of the input power. Figs. 4 and 5 clearly
indicate that (Vg.) and (Fyep,) are fully controlled and follow
the command value. Figs. 6 and 7 reveal that both actual
values of (Iggrig) and (Iggrig) respond to their command
value. Both the active and reactive powers injected into the
grid are shown in Fig. 8. The component of reactive power is
equal to zero, which means the developed system satisfies the
power management requirements. Fig. 9 illustrates the
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Fig. 10. Uncompensated current for the step change in generator
power.

generator current, which generally shows that the generator
current is almost smooth and indicated a decreased torque
ripple. Fig. 10 shows the uncompensated generator current
for the step change in generator power. Tables II show the
comparison between the
structures.

2) Byen is kept constant at 1500 W, and the speed is

conventional and proposed

maintained at 900 rpm, while the compensator voltage Vi
is decreased from 100 V to 50 V at 0.5 s.

Figs. 11 to 15 illustrate the machine performance before
and after the step change of the compensation voltage. Figs.
11 and 12 show the performance of the compensator voltage
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Fig. 15. Generator current for the step change in compensation
voltage.

Visc and the generator power Fj.,; notably, both actual
values of Vi, and Py, respond to their command values. As

indicated in Fig. 13, the actual value of (V) follows the
command value. Both the active and reactive powers injected
into the grid are shown in Fig. 14. Fig. 15 shows the
generator current waveform before and after the step change
of the compensation voltage, denoting that the current
remains constant.
3) Byen is kept constant at 1500 W, and Vs is at 100 V,
whereas the speed is changed from 900 rpm to 1050 rpm at
0.5s.

Figs. 16 to 19 represent the machine performance before
and after the step change in speed. Figs. 16 and 17 show the

performance of the compensator voltage Vi, and the
generator power Fyep. Both actual values of Vg. and Fyep

follow the command values. The active and reactive powers
injected into the grid are shown in Fig. 18. Fig. 19 shows the
generator current waveform before and after the step change
of the speed. Notably, the current frequency changed from
30 Hz to 35 Hz.

B. Unbalanced Grid Voltage

As for the unbalanced grid voltage, power management
was studied by changing the grid voltage as follows.
1) Case One

During the unbalanced voltage dip, the negative-sequence
currents flow from the inverter to the grid, causing
unacceptable oscillation at the point of common coupling.
This oscillation creates instability in the system. If the voltage
dip issue at the point of common coupling is not considered
while developing a control strategy for a wind power system,
then the system may be disconnected from the grid. This case
was studied by changing the voltage by 10% and 15% of the
rated voltage for phases B and C respectively. Fig. 20 shows
both active and reactive powers while changing the value of
the grid voltage to
V, =11020, V=110 * 0.92240, V=110 * 0.852120

Clearly, the power oscillations at the output power increase
owing to the effect of second-order harmonics and the double
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frequency during the voltage dip.
2) Case Two

This case was studied by changing the voltage phase angle
by 10% for phases B and C to V,= 11020, V,, =110 £216,
V. =110 2132.

An unbalanced phase voltage will increase the peak current
of the power converter in the same active and reactive power
production. Fig. 21 shows the active and reactive powers of
the grid while changing the phase voltage. Notably, in Fig. 21,
the oscillations increased at the output power in the case of
changing voltage phase angle. All calculations of power
ripple and DC-link volt ripple are illustrated in Table III.
These results prove the validity of the system to supply power
management under small changes in voltage levels of the
grid.

V. EXPERIMENTAL WORK

The system shown in Fig. 22 is experimentally validated
for the open loop system shown in Fig. 23(a) by using the
TMSf28355 DSP, which is configured by the
MATLAB/Simulink software. The two inverters are
experimented by DSP with a switching frequency of 2.5 KHz.
The vector sum of the compensator voltage and the generator
voltage are rectified by using an uncontrollable full-wave
rectifier bridge. To reduce the ripple content in the DC-link
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voltage, a 1000 pF, 400 V electrolytic capacitor is inserted
between the rectifier output and the grid-side inverter. Fig.
24(a) shows the fundamental component of the compensator
voltage versus the phase “A” of the generator voltage. Fig.
24(b) shows the generator voltage and the current of phase
“A.” Fig. 25 indicates the rectification voltage V.. Fig. 26(a)
shows the fundamental component of this voltage versus the

(b)

Fig. 24. Generator side. (a) The fundamental component of the
compensator voltage versus the phase “A” of the generator
voltage. (b) Generator voltage and current of phase “A.”

Vde (Rectified voltage)

(Zero o/p)

n LT ._:'__ - : —
Fig. 25. DC Side: rectified voltage (V4c).

phase “A” of the grid voltage. Fig. 26(b) represents the grid
voltage and current of phase “A”, and clearly shows that the
phase “A” voltage and current are in phase. Accordingly, the
reactive power is equal to zero.

On the basis of the above experimental results, the active
and reactive powers at the generator side have values because
the voltage leads the current, as shown in Fig. 27(b). At the

DC side, the power can be calculated as (V. * I4c).
Injecting pure active power into the grid, as shown in Fig.
29(b), with the open loop control can be substituted in this

equation to calculate the values of the Vj;, and theta (@).
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Fig. 26. Grid-side control: (a) the fundamental component of the
grid inverter voltage versus the phase “A” of grid voltage; (b)
grid voltage and current of phase “A.”

VinL® = ILO (R +Jx)) + Vgpigl O (11)

The magnitude is used to determine the modulation index,

and the theta is added to the firing angle to achieve power
management requirements.

VI. CONCLUSION

Wind energy is a renewable energy that can be connected
in an electrical network to meet increased load demands. In
wind power applications, more attention is being focused on
synchronous generators. The generator current and torque
ripple have been improved by using a static synchronous
series compensator. The proposed topology consists of an
open-winding PMSG, which uses an uncontrolled diode
rectifier and an auxiliary fractional-sized compensating VSI.
Series compensation devices are used to counter the voltage
drop on the synchronous reactance of the generator. This
method is suitable for both constant- and variable-speed
turbine systems. The overall system is verified through
simulation and experimental work. The simulation is verified
within two cases, namely, balanced and unbalanced line
voltages. The obtained results show that the power system
behavior associated with the series compensator is improved
when the adjusted control system is applied to the verified

model. The above simulation and experimental results also
verify the validity of the system to satisfy all power
management requirements under different voltage-level
conditions.
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