
fenrg-09-655051 June 3, 2021 Time: 10:22 # 1

ORIGINAL RESEARCH
published: 21 April 2021

doi: 10.3389/fenrg.2021.655051

Edited by:
Alexis B. Rey-Boué,

Universidad Politécnica de Cartagena,
Spain

Reviewed by:
Mojtaba Nasiri,

Trinity College Dublin, Ireland
Mehdi Firouzi,

Islamic Azad University, Iran

*Correspondence:
Hind Barghash

hind.barghash@gutech.edu.om

Specialty section:
This article was submitted to

Smart Grids,
a section of the journal

Frontiers in Energy Research

Received: 18 January 2021
Accepted: 08 March 2021

Published: 21 April 2021

Citation:
Okedu KE and Barghash H (2021)

Enhancing the Transient State
Performance of Permanent Magnet

Synchronous Generator Based
Variable Speed Wind Turbines Using

Power Converters Excitation
Parameters.

Front. Energy Res. 9:655051.
doi: 10.3389/fenrg.2021.655051

Enhancing the Transient State
Performance of Permanent Magnet
Synchronous Generator Based
Variable Speed Wind Turbines Using
Power Converters Excitation
Parameters
Kenneth E. Okedu1,2 and Hind Barghash3*

1 Department of Electrical and Electronic Engineering, Nisantasi University, Istanbul, Turkey, 2 Department of Electrical and
Communication Engineering, National University of Science and Technology, Muscat, Oman, 3 Department of Engineering,
German University of Technology, Muscat, Oman

One of the ways of generating electrical power from wind energy is by employing
the promising technology of the permanent magnet synchronous generator (PMSG)
variable speed wind turbine (VSWT). With the daily increase and integration of wind
farms into traditional power grids, it is imperative to carry out transient stability studies
of wind generators in wind farms, in order to fulfill the operational grid codes. To solve
the transient stability intricacies posed by the stochastic nature of wind energy during
transient states or grid faults, this paper presents the enhancement of PMSG wind
turbine considering the excitation parameters of the insulated gate bipolar transistors
(IGBTs) of the wind generator. The investigation was carried out using the turn on and
turn off resistances of the IGBTs of the power converters of the PMSG wind turbine,
considering different scenarios, with and without over voltage protection scheme.
A severe three-line-to-ground fault was used to test the robustness and rigidity of
the controllers of the wind generator during transient state. Furthermore, the results
obtained using the PMSG wind turbine were compared to those using the doubly fed
induction generator (DFIG) wind turbine. The evaluation of the system performance was
done using the power system computer “aided” design and electromagnetic transient
including DC (PSCAD/EMTDC) platform. The same conditions of operation were used
in investigating the various scenarios considered in this study.

Keywords: permanent magnetic synchronous generators, wind energy, transient state, insulated gate bipolar
transistors, power converters

INTRODUCTION

Based on the recent emerging grid requirements, wind farms are expected to have good
performance under grid fault, considering the capability of voltage control. There are bound to
be intricacies in operating the power grid smoothly due to grid disturbances. Consequently, it is
necessary to proffer solutions using new techniques to overcome this shortcoming considering
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the complex nature of the control strategies of modern power
grids (Singaravel and Daniel, 2015). The topologies of variable
speed wind turbine (VSWT) have various generator and
converter schemes with regards to capturing of energy, cost,
efficiency, and control strategies complexity (Ahmed et al., 2019).
The two most commonly used VSWT for wind energy conversion
in modern wind farms are the doubly fed induction generator
(DFIG) wind turbine and the permanent magnet synchronous
generator (PMSG)-based VSWT. Although the earlier wind
turbine is more popular, the later wind turbine technology has
a more feasible wind generation technology, making it more
promising due to its self-excited nature; hence, it is possible to
operate higher efficiency and power factor. Besides, the PMSG
technology has no gearbox system because of its low rotational
speed. Therefore, no careful and regular maintenance is required
in this wind turbine topology, unlike the DFIG-based wind
turbine (Okedu et al., 2011). More so, the PMSG wind turbine
power converters have room for flexible control of active and
reactive power dissipation during transient conditions (Michalke
et al., 2007; Rosyadi et al., 2012). This type of wind turbine
technology has a full-rated back-to-back power converter tied
to the grid. As a result, compared to the earlier wind turbine
topology, the flexibility in the later type of wind turbine is
maximum, making the control of real and reactive power more
effective. However, some challenges of the PMSG wind turbine
are high cost and construction and control strategy complexities.

In the literature, there are many reports on the control
strategies and fault ride through topologies concerning PMSG
wind turbines. Nasiri and Mohammadi (2017) enhanced the
PMSG wind turbine considering its peak current limitation, while
a control strategy based on the maximum power point tracking
(MPPT) for both power converters was used (Gencer, 2018).
Superconducting fault current limiter (SFCL) was used in Yehia
et al. (2018) to improve the performance of the PMSG wind
turbine during grid fault. The use of expensive static synchronous
compensator (STATCOM) in Zeng et al. (2016) and DC braking
chopper fault ride-through (FRT) solution in Alepuz et al. (2013);
Ghatikar et al. (2016), and Hossain (2017) are some of the
most common control strategies employed in enhancing the
performance of the PMSG wind turbine during transient state.

Furthermore, soft computing techniques have been extended
to the PMSG wind turbine control topology. In Pulido et al.
(2018), the fuzzy logic controller was employed for the PMSG,
with some benefits over conventional controllers of the wind
generator. The drawback of this computing scheme is the
architecture and low sensitivity level to parameters variation.
A combined approach of using conventional proportional
integral derivative (PID) controllers with the soft computing
scheme of fuzzy logic was carried out in Rosyadi et al. (2012), for
improved performance of the PMSG wind generator. Some more
complex soft computing techniques were extended for the PMSG
wind turbine by implementing linear observer extended state in
Youjie et al. (2019) and fuzzy adaptive strategy in Mahmoud et al.
(2019), respectively.

A dynamic voltage restorer was used to improve the
performance of the PMSG wind generator in Jerin et al. (2017).
In the literature, an SFCL that is modified considering flux

coupling was used to enhance the FRT performance of the
PMSG wind turbine. The principle and theoretical influence
of the modified SFCL structure on the PMSG ride through
capability were conducted, and a comparison of the SFCL with a
dynamic braking chopper was performed in Chen et al. (2017).
In Moghadasi et al. (2016), a resistive SFCL was employed as
an additional self-healing mechanism to support large wind
power plant in order to enhance the rated active power of the
PMSG wind turbine. The scheme was also able to improve the
DC-link voltage smoothness and the low voltage ride-through
(LVRT) capability of the wind generator. A cooperative strategy
that is integrated with a cost-effective superconducting magnetic
energy storage (SMES) unit, considering two modified wind
turbine generator control strategies, was presented in Huang
et al. (2019). In that paper, the effective utilization of SMES
system was achieved during grid faults based on the over voltage
suppressing effect in the DC link of the wind generator. A new
multistep bridge-type fault current limiter (MSBFCL) PMSG
FRT enhancement was presented in Firouzi et al. (2020). The
multiresistors were connected in parallel with the insulated-gate
bipolar transistor (IGBT) switches and were employed to provide
a controllable discrete step resistance.

Although these enhancement schemes highlighted above were
able to improve the performance of the PMSG wind turbine
during transient state, however, they are additional circuitries
to the PMSG wind turbines. In this regard, this paper tends
to propose a simple and cost-effective FRT solution for the
PMSG wind generator. The effects of the excitation parameters
of the power converter’s IGBTs of the PMSG wind turbine
during transient condition was investigated. The excitation
parameters of the IGBTs that were investigated include the turn
on and turn off resistances. It has already been reported in
Okedu and Barghash (2021) that the forward break over and
reverse withstand voltages have no much effects on the transient
performance of the variable speed wind generators. An extensive
analysis of the effects of the excitation parameters of the IGBTs
was carried out by considering three scenarios of the IGBT’s
turn on resistances with and without considering DC-chopper
braking resistor for over voltage protection of the PMSG wind
turbine. The IGBT turn on resistance has a significant effect on
the responses of the wind generator’s variables, while its turn off
resistance has little or minimal effects on the variables of the wind
generator. The results obtained using the PMSG wind turbines
were compared to those obtained using the DFIG wind turbines.
The evaluation of the system performance was carried out using
power system computer design and electromagnetic transient
including DC (PSCAD/EMTDC).

MODELING OF THE PMSG WIND
TURBINE

Figure 1 shows the wind generator characteristics, relating the
turbine output power and the rotor speed for varying wind speeds
with maximum obtainable power output of 1.0 pu at 1.0 pu
rotational speed for the PMSG wind turbine. In this type of wind
turbine technology, the reference power Pref is limited to the wind
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generator rated power. The full back-to-back power converters
of the PMSG wind turbine (Li et al., 2017), tied to the grid, are
shown in Figure 2. For MPPT realization in this type of wind
generator (Lee and Chun, 2019; Priyadarshi et al., 2019), the
speed control is achieved by the machine side converter (MSC).
However, the grid side converter (GSC) does the effective DC-
link voltage stabilization and regulation of the power factor and
power quality. The ratings and parameters of the PMSG wind
turbine used for this study are given in Table 1.

FIGURE 1 | Maximum power characteristics for PMSG wind turbines.

Filter

PMSG

FIGURE 2 | A typical PMSG based wind turbine.

TABLE 1 | Parameters of the PMSG wind turbine.

Parameters Ratings

Rated power 5.0 MW

Stator resistance 0.01 pu

d-axis reactance 1.0 pu

q-axis reactance 0.7 pu

Machine inertia (H) 3.0

Effective DC-link protection 0.2 �

Over voltage protection system (OVPS) 110%

The mechanical power extracted by the PMSG wind turbine
from the wind is expressed as (Okedu et al., 2012):

Pw =
1
2
ρπR2V3

wCp(λ, β) (1)

From Eq. 1, Pw is the wind power that is captured, expressed in
(W); the air density is ρ expressed in (kg/m3); the radius R is
expressed in (m); and the wind speed Vw is expressed in (m/s).
The wind generator’s power coefficient is Cp and is related to the
ratio of the tip speed (λ) and angle of the pitch (β), respectively,
as expressed in Eq. 2 (Matlab documentation center, 2012).

Cp (λ, β) = c1

(
c2

λi
− c3β− c4

)
e
−c5
λi + c6λ (2)

where
1
λi
=

1
λ− 0.08β

−
0.035
β3 + 1

(3)

In Eq. 2, c1 to c6 are the characteristic coefficients of the wind
turbine. In the PMSG wind turbine, the MPPT is based on
the rotor speed and the maximum power could be obtained by
Muyeen et al. (2011):

PMPPT =
1
2
ρπR2

(
ωrR
λopt

)3
cpopt (4)

where λopt is the optimal value of λ, and ωr is the rotor speed
of the wind generator. The d–q reference rotating frame for the
dynamic model of the PMSG wind turbine is expressed as (Li
et al., 2010):

dψsd

dt
= −Vsd − RsIsd − ωeψsq (5)

dψsq

dt
= −Vsq − RsIsq − ωeψsd (6)

Considering Eqs 5 and 6,

ψsd = (Lsd + Lmd) Isd +ψm (7)

ψsq = (Lsq + Lmq)Isq (8)

where Vsd and Vsq are the voltages of the stator circuit, Rs is the
winding resistance of the stator, Isd and Isq are the currents in the
stator d and q reference frames, ωe is the rotational speed of the
wind generator, ψsd and ψsq are the flux linkages of the stator
circuit, Lsd and Lsq are the stator wind leakage inductances, Lmd
and Lmq are the magnetizing inductances, and ψm is the linkage
flux of the machine’s permanent magnet. Substituting Eqs 7 and
8 into Eqs 5 and 6, the PMSG differential equations could be
obtained as:

Ld
dIsd
dt
= −Vsd − RsIsd − ωeLqIsq (9)

Lq
dIsq
dt
= −Vsq − RsIsq + ωeLdIsd + ωeψm (10)

Ld = Lsd + Lmd (11)

Lq = Lsq + Lmq (12)
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The PMSG active and reactive powers are given as:

Ps = VsdIsd + VsqIsq (13)

Qs = VsqIsd − VsdIsq (14)

The wind generator electrical torque with number of pole pairs is
given as:

Te = 0.5p(ψmIsq +
(
Ld − Lq

)
IsdIsq) (15)

CONTROL STRATEGY FOR THE PMSG
WIND TURBINE

Figure 3A shows the controller of the MSC of the PMSG that
regulates both active and reactive powers of the wind turbine.
The abc to dq variables transformation is achieved via angle
position rotor (θr), considering the rotor speed of the wind
generator. The d-axis current (Isd) regulates the active power
(Ps), while the q-axis current (Isq) controls the reactive power
(Qs) of the wind generator, respectively. The MPPT technique for
the characteristic of the wind turbine in Figure 1 is employed in
the reference active power (Pref ). Usually, the reference reactive
power (Qs∗) is fixed at 0 to obtain effective operation of unity
power factor. Three reference phase voltages (Vsa∗, Vsb∗, Vsc∗)
are generated for the PWM switching through the outputs of
the current controller based on the voltage references Vsd∗ and
Vsq∗. The GSC control of the wind generator is also shown in
Figure 3B and is regulated considering the d–q rotating reference
frame based on the grid voltage the same as the speed of rotation.
The Park transformation is used in converting (Iga, Igb, Igc)
and (Vga, Vgb, Vgc) three-phase voltage and current of the grid
into their rotating d–q reference frame. The extraction of the
phase angle (θg) of the grid side is done by considering the
phase lock loop.

EXCITATION PARAMETERS OF THE
INSULATED GATE BIPOLAR
TRANSISTORS OF THE PMSG WIND
TURBINE

The schematic diagram of the basic structure and equivalent
circuit of an IGBT switch is shown in Figure 4. Table 2 gives
the summary of the excitation parameters and their respective
ratings, investigated in this study.

The operation of the IGBT in Figure 4 is characterized
by the conductivity modulation of the n− region in addition
to the operation represented by the equivalent circuit. In
the IGBT circuit, the holes are the minority carriers and
because they are injected into the n− region from the
p+ − n+ region, conductivity modulation occurs in the
n− region. From the equivalent circuit in Figure 4, the
saturation voltage [VCE(sat)] of the IGBT can be expressed as
(Toshiba Electronic Devices & Storage Corporation., 2018):

VCE(sat) = VBE + ID(RN−(MOD) + Rch) (16)

From Eq. 16:
VBE is the base-emitter voltage;
ID is the drain current;
RN−(MOD) is the resistance of the n− region after conductivity

modulation; and
Rch is the channel resistance.
If the collector current and the DC gain current are IC and hFE,

respectively, then, ID is calculated as:

ID = IC/hFE (17)

The total current of the IGBT (IIGBT) is:

IIGBT = ID + IC

Equation (16) reflects that the saturation voltage VCE(sat) of
an IGBT depends on ID, which is a direct function of hFE in
Eq. 17. From Eq. 16, increasing the resistance in the n− region
would result in conductivity modulation of the IGBT in the
PMSG wind turbine.

The ratings of the turn on and turn off resistances and forward
break over and reverse withstand voltages excitation parameters
of the IGBTs considered in this study for the three scenarios
are shown in Table 2. The IGBT turn on resistance has much
effect on the responses of the PMSG wind generator’s variables,
while its turn off resistance has little or minimal effects on the
variables of the wind generator. These would be demonstrated in
the simulation results and discussion section of this paper. The
forward break over and reverse withstand voltages of the IGBT
have no effect on the performance of the wind generator variables
during transient conditions. Thus, the variation of the forward
break over and reverse withstand voltages of the wind generator
power converter does not contribute to the wind turbine
enhancement during steady state and grid fault conditions.

EVALUATION OF SYSTEM
PERFORMANCE

Effects of the Insulated Gate Bipolar
Excitation Parameters on the PMSG
Without Over Voltage Protection Scheme
The effects of the excitation parameters on the PMSG variable
speed wind turbine responses considering a severe bolted three-
phase-to-ground fault was investigated in this section based on
the different scenarios given in Table 2. Some of the simulation
results of the PMSG variables are presented in Figures 5–9.

The system performance was evaluated using
PSCAD/EMTDC (Pscad/Emtdc Manual, 2016) environment.
The fault type is a severe three-phase of 100 ms happening at
10.1 s, with the circuit breakers operation sequence opening
and reclosing at 10.2 and 11 s, respectively, on the faulted line
at the terminals of the PMSG wind turbine. Figure 5 shows the
response of the PMSG wind turbine DC-link voltage for the three
scenarios of Table 2. With a high IGBT turn on resistance of
0.003 � in scenario 3, the DC-link variable of the wind generator
recovered on time, compared to a low resistance of 0.001 � for
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FIGURE 3 | Control strategy of PMSG based wind turbine. (A) Machine side converter control circuit of the PMSG. (B) Grid side converter control circuit of the
PMSG.
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FIGURE 4 | Basic structure and equivalent circuit of IGBT.

TABLE 2 | Excitation parameters of the insulated gate bipolar transistors.

Scenarios IGBT turn on resistance (Ohm) IGBT turn off resistance (Ohm) Forward break over voltage (kV) Reverse withstand voltage (kV)

1 0.001 1.0E6 1.0E5 1.0E5

2 0.002 1.0E6 1.0E5 1.0E5

3 0.003 1.0E6 1.0E5 1.0E5

scenario 1 and 0.002 � for scenario 2, respectively. It should
be noted that the IGBT’s turn off resistance and forward break
over voltage and reverse withstand voltage were kept constant
in the course of the study. In Figure 6, the terminal voltage for
scenarios 1 and 2 gave more voltage overshoot and dip, with
less settling time than scenario 3. In Figure 7, the response of
the active power of the wind generator was better controlled in
scenario 3, with less over shot, few oscillations, and faster settling
time. The PMSG reactive power dissipation in Figure 8 was more
for scenarios 1 and 2, respectively. While in scenario 3, the higher
resistance value of the turn on resistance was able to limit the
reactive power dissipation within the power converter limit. In
Figure 9, the rotor speed of the wind generator recovered faster
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FIGURE 5 | DC-link voltage of PMSG without OVPS.

for scenario 3, with less overshoot and oscillations, compared to
the other scenarios. Scenarios 1 and 2 show a huge depression
and recovery of the wind generator rotor speed compared to
scenario 3 with mitigated effects of the grid fault on the rotor
speed during transient state. This is because an increase in the
turn on resistance of the IGBTs of the PMSG wind turbine power
converters would decrease the circulation of currents and boost
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FIGURE 6 | Terminal voltage of PMSG without OVPS.
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FIGURE 7 | Active power of PMSG without OVPS.
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FIGURE 8 | Reactive power of PMSG without OVPS.
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FIGURE 9 | Rotor speed of PMSG without OVPS.

10.0 10.2 10.4 10.6
0.4

0.6

0.8

1.0

1.2

D
C

-l
in

k
 v

o
lt

ag
e 

o
f 

P
M

S
G

 [
p

u
]

Time[s]

 Scenario 1
 Scenario 2

 Scenario 3

 Scenario 1

 Scenario 2

 Scenario 3

FIGURE 10 | DC-link voltage of PMSG with OVPS.
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FIGURE 11 | Terminal voltage of PMSG with OVPS.

the capability of the switching mode of the converter’s legs during
transient state. Hence, this topology could be a cheaper way
to enhance the FRT of the PMSG variable speed wind turbine
during transient condition.

Effects of the Insulated Gate Bipolar
Excitation Parameters on the PMSG
Considering Over Voltage Protection
Scheme
A further investigation was carried out for the three scenarios
using the same conditions in section A but considering the use
of DC-chopper braking resistor for 110% over voltage protection
as shown in Table 1. The PMSG variables for this case are shown
in Figures 10–14.
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FIGURE 12 | Active power of PMSG with OVPS.
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FIGURE 13 | Reactive power of PMSG with OVPS.
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FIGURE 14 | Rotor speed of PMSG with OVPS.

0.0 0.2 0.4 0.6
0.0

0.2

0.4

0.6

0.8

1.0

1.2

D
C

-l
in

k
 v

ol
ta

ge
 o

f 
D

F
IG

[p
u

]

Time [secs]

 Scenario 1
 Scenario 2

 Scenario 3

FIGURE 15 | DC-link voltage of DFIG.
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FIGURE 16 | Reactive power of DFIG grid side converter.

From Figure 10, with the help of the DC chopper connected
at the GSC of the PMSG with turbine, the DC-link voltage
was maintained within the permissible limit of 110% as set
in Table 1 for all the scenarios. It could be observed from
Figure 11 that the DC-link overvoltage protection scheme
(OVPS) was able to mitigate the effects of the grid disturbance,
oscillations, overshoot, and undershoot for scenario 3, which is
usually caused by grid fault, due to the fragile nature of the
power converters of the wind generator. Thus, the vulnerable
power converters of the wind generator are protected during
transient state. The response of the terminal voltage of the
wind generator’s variable in Figure 11 indicates that the OVPS
scheme could help reduce the voltage dip and over shoot
in the terminal voltage of the wind turbine for scenario 3.
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FIGURE 17 | Active power of DFIG.

1 2 3 4 5
1.2

1.3

1.4

R
ot

o
r 

sp
ee

d
 o

f 
D

F
IG

 [
p

u]

Time [secs]

 Scenario 1
 Scenario 2

 Scenario 3

FIGURE 18 | Rotor speed of DFIG.
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FIGURE 19 | Terminal voltage of DFIG.

A smoother active power of the wind generator was achieved
for scenario 3 in Figure 12 because the effective control of
the DC-link voltage by the OVPS has a direct effect on the
active power of the wind turbine. The reactive power dissipation
was less for scenario 3 with the help of the OVPS as shown
in Figure 13. In Figure 14, the rotor speed of the PMSG
wind turbine was further improved considering the OVPS for
scenario 3. An improved performance of the variables of the
PMSG wind turbine during transient state, in scenarios 1 and 2,
respectively, was achieved using the OVPS for all the scenarios
compared to the case without OVPS in section A; however,
the OVPS has little or no effect on scenario 3 in the transient
performance of the PMSG wind turbine. Thus, a cheaper and
cost-effective way for the enhancement of the PMSG wind
turbine is scenario 3, without the circuitry of DC-chopper
braking resistor.

ANALYSIS OF THE DFIG WIND TURBINE
CONSIDERING THE POWER
CONVERTERS EXCITATION
PARAMETERS

In order to compare the performance of the effects of the power
converters on the transient stability of the PMSG wind turbine,
a further analysis was carried out in this section to investigate
the effects of the power converter on the DFIG wind turbine.
The same condition of operation was considered as above for
the PMSG wind turbine. The simulation results for some of the
key variables of the DFIG are shown in Figures 15–19, based on
(Okedu and Barghash, 2021).

Figure 15 shows that for scenario 1, the DFIG DC-link voltage
experienced overshoot, while for scenario 3, the terminal voltage
was not recovered on time. The effective performance of the
DFIG wind turbine terminal voltage was observed in scenario
2. When compared to the PMSG wind turbine, scenario 3 was
better than the other two scenarios. The reactive and active power
responses in Figures 16, 17 show that the DFIG was effectively
stable for scenario 2 compared to the other scenarios; however,
scenario 3 gave the effective performance of the PMSG wind
turbine. Although scenario 1 gave a better response for the DFIG
rotor speed in Figure 18, while in Figure 19, scenario 3 gave
the best performance for the terminal voltage variable of the
DFIG,however, for the PMSG wind turbine, scenario 3 gave the
most effective performance.

CONCLUSION

This paper investigated the effects of the insulated gate bipolar
transistor of the PMSG wind turbine power converters, during
transient state. A severe three-phase-to-ground bolted fault was
considered in this study during transient condition in order
to test the robustness and rigidity of the controllers of the
wind generator. Various scenarios were considered, where the
turn on resistance of the IGBTs were varied, while keeping
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the turn off resistance, forward break over voltage, and reverse
withstand voltage constant. The study also considered the
performance of the wind generator with and without the use
of DC-chopper over voltage protection scheme, connected to
the grid side converter of the wind generator. The presented
results show that a high turn on resistance of the IGBTs of the
PMSG power converters could help improve the performance
of the variables of the wind generator during transient state,
even without considering over voltage protection scheme. This
is because an increase in the turn on resistance would limit the
excess circulating current that normally occur during transient
state of the wind turbine. More so, the performance of the PMSG
wind turbine seems to be better with a slightly higher turn
on resistance compared to the turn on resistance value for the
DFIG wind turbine, based on the presented results. This could
be as a result of the full back–back power converter rating for
the PMSG wind turbine, as compared to only 20–30% power
converter rating for the DFIG wind turbine. As part of future
scope, an optimization approach using dragon fly algorithm
is the next phase of this work for optimal performance of
the wind generator.
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