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Abstract

This paper presents a new operational strategy for a large-scale wind farm
(WF) which is composed of both fixed speed wind turbines with squirrel cage
induction generators (FSWT-SCIGs) and variable speed wind turbines with
permanent magnet synchronous generators (VSWT-PMSGs). FSWT-SCIGs
suffer greatly from meeting the requirements of fault ride through (FRT), be-
cause they are largely dependent on reactive power. Integration of flexible ac
transmission system (FACTS) devices is a solution to overcome that problem,
though it definitely increases the overall cost. Therefore, in this paper, a new
method is proposed to stabilize FSWT-SCIGs by using VSWT-PMSGs in a
WE. This is achieved by injecting the reactive power to the grid during fault
condition by controlling the grid side converter (GSC) of PMSG. The con-
ventional proportional-integral (PI)-based cascaded controller is usually used
for GSC which can inject small amount of reactive power during fault period.
Thus, it cannot stabilize larger rating of SCIG. In this paper, a suitable fuzzy
logic controller (FLC) is proposed in the cascaded controller of GSC of PMSG
in order to increase reactive power injection and thus improve the FRT capabil-
ity of WF during voltage dip situation due to severe network fault. To evaluate
the proposed controller performance, simulation analyses are performed on a
modified IEEE nine-bus system. Simulation results clearly show that the pro-
posed method can be a cost-effective solution which can effectively stabilize the
larger rating of SCIG compared to conventional PI based control strategy.

*http://orcid.org/0000-0002-1398-3013

DOI: 10.4236/jpee.2018.611004 Nov. 26, 2018 40

Journal of Power and Energy Engineering


http://www.scirp.org/journal/jpee
https://doi.org/10.4236/jpee.2018.611004
http://www.scirp.org
http://orcid.org/0000-0002-1398-3013
https://doi.org/10.4236/jpee.2018.611004
http://creativecommons.org/licenses/by/4.0/

M. R. Hazari et al.

Keywords

Wind Turbine Generator, Fuzzy Logic Controller, Power System Stability,

Power Converter, PI Controller

1. Introduction

Global warming is one of the serious problems that the world faces recently due
to the use of fossil fuel-based power plants to generate electricity [1]. Owing to
the drawbacks of conventional power plants, clean energy has grown signifi-
cantly since the last decade. Wind power (WP) is one of the clean energy sources
which grow significantly since the last decade. According to the global wind
energy council (GWEC), the cumulative installation size of WP was 539.1 GW at
the end of 2017 and it will reach 840.9 GW by 2022 [2]. This huge installation of
WP into the power system has serious impacts on system stability. In order to
continue the smooth operation of power grid including WP, FRT necessities
have been executed all over the world. It demands that the WF must remain
connected to the power grid during a fault event and support the system in a
similar way as conventional synchronous generators (SGs) [3].

Most of the WFs are constructed using FSWT-SCIG due to their superior
characteristics, e.g., brushless operation, robust construction, operational sim-
plicity and low cost [4]. However, the SCIG is directly coupled with the grid sys-
tem and does not have FRT capability during network disturbance situation [4].
In addition, the SCIG necessitates large reactive power during fault situations to
recover air gap flux. If sufficient reactive power is not injected, the developed
electromagnetic torque drops significantly. Usually, a capacitor bank is placed
near the SCIG terminal to inject the reactive power. However, the SCIG requires
large amount of reactive power during transient period than steady state condi-
tion and the capacitor bank is unable to inject this high amount of reactive pow-
er during transient period.

In order to improve the FRT capability during network fault situation, some
supplementary devices, for example, an energy capacitor system (ECS) [5], super-
conducting magnetic energy storage (SMES) [6], and a static synchronous com-
pensator (STATCOM) [7] are installed in WFs with FSWT-SCIGs. However, the
overall system cost increases.

On the other hand, the VSWT-PMSG is a smart kind of wind turbine system
in which both active and reactive power output can be controlled effectively [8].
The advantages of VSWT-PMSG configurations are [9] [10]: 1) No brushes and
gearbox, thus higher reliability and lower maintenance are required; 2) The full
power converter totally decouples the generator from the grid, therefore power
system disturbances have no direct impact on the generator; 3) No supplemen-
tary power supply for magnetic field excitation is required as permanent magnet

is used in the rotor; 4) The converter allows very flexible control of active and
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reactive power in all grid conditions (normal or disturbed); 5) The converter
can fully control the amplitude and frequency of the generator voltage. How-
ever, the only drawbacks of VSWT-PMSG are expensive cost due to use of full
rating power electronic AC/DC/AC converter. Thus, combined installation of
small-scale VSWT-PMSG along with large-scale FSWT-SCIG could be an ef-
fective solution. The VSWT-PMSG system can supply additional amount of
reactive power during transient period to the FSWT-SCIG. Therefore, the FRT
capability of SCIG can be ensured at lower cost. The power converters of
PMSG consist of machine side converter (MSC) and GSC. The GSC is respon-
sible to inject reactive power to the grid system [11]. Thus, the designing of GSC
control strategy is very crucial and equally important. Normally, cascaded con-
trol strategy based on four conventional PI controllers is used in the inner and
outer loops of GSC controller [11]. But the accomplishment of the conventional
PI controller is insufficient during transient period and it cannot provide effec-
tive amount of reactive power [12]. This is because, for example, conventional PI
controller cannot deal with the system non-linearity due to parameter changes in
the grid system. According to the deviation of the grid system impedances, gain
margin and phase margin of the control system should be changed.

On the other hand, the FLC can handle nonlinear systems very effectively be-
cause it offers variable gain during transient conditions. Compared with conven-
tional PI controller, FLC has the potential to provide an improved method even
in the wide parameter variations. The FLC can take the place of conventional PI
controller.

Thus, using an FLC in the inner loop of GSC controller to provide efficient
amount of reactive power to stabilize SCIG-based WF during fault periods is
convenient. Therefore, the main contribution of this paper is the design of a
novel FLC-based GSC controller of PMSG to improve the FRT capability and
stabilize the gird-connected SCIG-based WF. Detailed design procedure and
control strategies of the overall system are presented in this paper. The effec-
tiveness of the proposed control strategy is verified by both transient and dy-
namic simulation analyses. Real wind speed data measured in Hokkaido Island,
Japan, are used for dynamic study.

The transient performance of the overall system composed of proposed GSC
controller controlled PMSG, SCIG, and conventional SGs is compared with that
composed of a PMSG controlled by conventional PI-based cascaded controller
presented in [11]. Finally, it is found that the proposed FLC-based GSC control-
ler is very effective to improve the FRT capability of SCIG-based WF.

The rest of the paper is organized as follows. Section 2 presents the descrip-
tion of power system model. Section 3 describes the wind turbine model, and the
design procedure of the PMSG control system with proposed GSC controller is
introduced in Section 4. The simulation results and a discussion of the perfor-
mance of the proposed and conventional methods are presented in Section 5.

Finally, Section 6 summarizes the findings and concludes the paper.
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Figure 1. Power system model.
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2. Description of Power System Model

This study employed the power system model illustrated in Figure 1 for tran-
sient stability and dynamic performance analyses. It is composed of IEEE nine-bus
main model and a WF. The main system consists of three conventional SGs
(SG1 rating: 150 MV A, SG2 rating: 250 MV A and SG3 rating: 200 MV A). IEEE
type AC4A exciter model presented in [13] is considered for all SGs. The SG1
and SG2 are thermal power plants whereas SG3 is a hydro power plant. The
models and parameters of thermal and hydro governor systems are taken from
[13]. The WF is connected to bus 5 through double circuit transmission lines,
transformers, and it consists of one SCIG (rated capacity: 35 MW) and one
PMSG (rated capacity: 15 MW) as shown in Figure 1. The total capacity of WF
is 50 MW. Each PMSG and SCIG are denoted by an aggregated equivalent single
generator to decrease computational time [14] [15]. The parameters of conven-
tional SGs, SCIG, and PMSG are presented in Appendix.

3. Wind Turbine Model

The extracted mechanical power from a wind turbine can be expressed as [8]:

where,
s
C 1
Cp(l,ﬂ)=cl(72—c3ﬂ—c4jeﬂ’ +c A (2)
1 1 0.035
- = - 3)
A A=0.08 p+1
. R
A=—2L 4
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w

where, P, = Captured wind power, p = Air density (KG/m®), R = Radius of the
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Wind Turbine

rotor blade (m), V, = Wind speed (m/s), C, = Power coefficient, # = Pitch an-
gle,and A = Tip speed ratio. In addition, ¢ to ¢, are characteristic coefficients of
wind turbine [16], and w, = rotational speed of wind turbine (rad/s).

The maximum power point tracking (MPPT) technique shown in Equation
(5) is adopted in this work [8].

PMPPT = OSpﬂ'RZ (a)r//lapt )2 Cp_upt (5)

The rotating mass of variable speed wind turbine is composed of rotor hub
with blades and generator shaft. The two-mass drive train model is considered in
this work [11] [17].

4. PMSG Model and Control System

An arrangement of VSWT-PMSG and control scheme is illustrated in Figure 2.
The complete system comprises wind turbine with drive train models, PMSG
without gearbox, MSC, GSC, and pitch angle controller. The both converters are
built by using two levels of insulated gate bipolar transistor (IGBT), and the
machine side controller and the grid side controller are responsible for control-
ling them. The MSC is directly associated to the stator terminal of PMSG whe-
reas the GSC is attached to the grid system through step up transformers. PMSG
model available in PSCAD library is used in this work [18]. A DC chopper is lo-
cated in the DC-Link circuit. It is controlled by the comparator block. When the
DC-link voltage (V) = 1.05 pu, the comparator activates the DC chopper and
protect the DC-Link circuit. The pulse width modulation (PWM) method is
used in this work and the carrier frequency is taken 3.0 kHz for both converters.
The rated V,.is 3.0 kV.

4.1. Machine Side Controller

The MSC transforms the three phase AC voltage generated by PMSG to DC vol-
tage. The controller for MSC is composed of four conventional PI controllers as

depicted in Figure 3. The controller is consisting of two loops; upper loop is for
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Figure 2. Arrangement of PMSG system.
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Figure 3. Machine side controller.

reactive power whereas lower one is for active power. The g-axis current (/)
and the d-axis (/,,) current control the active power (2, and reactive power (Q,)
of the PMSG system, respectively. The reference active power (2., is obtained
by the MPPT algorithm described in Section 3. The unity power factor operation

is performed by setting the reference reactive power ( Q. ) to zero.

4.2. Grid Side Controller

This chapter describes the proposed controller of GSC and detail design proce-
dure of FLC.

4.2.1. Proposed Grid Side Controller Operation

The GSC transforms the DC voltage into three phase AC voltage of the grid fre-
quency. Figure 4 depicts the proposed controller for GSC. It is composed of
three PI controllers and one FLC. The controller is used to control the reactive
power (Q,) delivered to the grid and keep the V,, constant by using the d-axis
(4, and g-axis (Z,,) currents of GSC. The FLC is used in the inner loop of the
GSC controller to supply reactive power more efficiently during fault condition.
Based on the system parameters, the FLC can provide variable gain. Therefore, it
is possible to inject effective amount of reactive power during transient period.
Thus, the terminal voltage can quickly be going back to the pre-fault value. In
addition, the proposed control strategy can effectively stabilize the SCIG-based
WF compared to conventional PI based cascaded GSC controller of PMSG.

4.2.2. Fuzzy Logic Controller Design

In order to design the proposed FLC, the error of the grid d-axis current (eZ,,)
and rate of change of the e/, (cel,,) are considered as the controller inputs. The
grid d-axis voltage reference (V;d ) is chosen as the controller output. The main
structure of the FLC consists of fuzzification, rule base, fuzzy inference, and de-
fuzzification as illustrated in Figure 5 [19]. For fuzzification, the triangular
membership functions with overlap are used for inputs and output as shown in
Figure 6, in which the linguistic variables NB, NM, NS, ZO, PS, PM, and PB

stand for negative big, negative medium, negative small, zero, positive small,
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Fuzzy Logic Controller
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Figure 4. Proposed grid side controller.
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Figure 5. Structure of FLC.
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Figure 6. Membership functions: (a) inputs (el cel,y), and (b) output ( V;d ).

positive medium, and positive big, respectively. The membership functions have
been determined by trial and error approach to obtain the best system perfor-
mance.

The rules of fuzzy mapping of the input variables to the output are specified in

the form below:
IF <el,,;is PB> and <cel,;is NS > THEN < V;d is PM>
The entire rule base is presented in Table 1, which includes a total of 49 rules.

In this work, Mamdani’s max-min method is used as the inference mechanism

[19]. For defuzzification, the center of gravity method is used in order to obtain

5

Ve, [19].

8
5. Simulation Results and Discussion
5.1. Transient Stability Analysis

In this study, simulations were conducted by using PSCAD/EMTDC software on
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Table 1. Fuzzy rules.

ng cely

PB PM PS ZOo NS NM NB

PB PB PB PB PM PM PS Z0O

PM PB PB PM PM PS Z0O NS

PS PB PM PM PS Z0 NS NM

el Z0o PM PM PS Z0 NS NM NM
NS PM PS Z0 NS NM NM NB

NM PS Z0O NS NM NM NB NB

NB Z0O NS NM NM NB NB NB

the power system model illustrated in Figure 1. The FLC was designed using
FORTRAN code. For transient stability analysis, three line to ground (3LG) fault
near bus 11 was considered as depicted in Figure 1. The fault is considered to
happen at 0.1 s, the duration of fault is 0.1 s (5 cycles), the circuit breakers (CBs)
on the faulty line are opened at 0.2 s in order to isolate the faulty line from the
entire power system and reclosed at 1.0 s. The simulation time is 10.0 s with a
solution time step of 5 ps. The wind speed applied to each wind turbine is kept
constant at 11.0 m/s based on the assumption that the wind speed does not
change dramatically within this short period. Simulations were performed for
two cases in order to validate the effectiveness of the proposed FLC controlled
GSC controller of PMSG.

Case 1: with conventional cascaded GSC controller of PMSG presented in [11].

Case 2: with proposed cascaded FLC-based GSC controller of PMSG pre-
sented in Section 4.2.

The grid code of FRT requirement for WF which is considered in this study is
illustrated in Figure 7 [3]. Based on the curve, the wind turbine must stay con-
nected with the power system if the voltage dip is within the defined range.

The simulation results of PMSG, SCIG, and SGs are depicted in Figure 8 and
Figure 9, respectively. The reactive power injected by PMSG to the SCIG system
in Case 2 is greater than that in Case 1 after a severe network fault as shown in
Figure 8(a). Thus, the connection point voltage is recovered to the pre-fault
value more quickly in Case 2 whereas it fails in Case 1 as depicted in Figure
8(b). Since the connection point voltage does not satisfy the standard FRT graph
presented in Figure 7 for Case 1, the WF is disconnected from the power system
by opening the CB near the connection point of wind generators at t = 2 s. Fig-
ure 8(c) shows the rotor speed response of SCIG. As the reactive power injec-
tion by PMSG is insufficient in Case 1, thus, the rotor speed of SCIG becomes
unstable. On the other hand, the reactive power injection by PMSG is higher and
more effective in Case 2, thus, the rotor speed becomes stable in this case. The
DC-Link voltage is returned to the steady-state value more quickly in Case 2,
wherein it failed to back to the steady-state value in Case 1 as shown in Figure 8(d).
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Figure 9. Responses of conventional SGs: (a) SGs rotor speed, and (b) SGs load angle.
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Figure 9(a) and Figure 9(b) illustrate the rotor speed and power angle res-
ponses of conventional SGs (Jyg,) with respect to SG1 load angle (Jyg,). It is
clearly seen from the figures that the rotor speed and power angle responses of
SGs are more stable in Case 2 than Case 1. As a result, it can be concluded that
the VSWT-PMSG with proposed FLC controlled GSC can enhance the transient
stability of SGs as well as the voltage stability of the WF during transient condi-

tion.

5.2. Dynamic Performance Study

In this chapter, analysis about dynamic performance about the proposed GSC
controller of PMSG is presented. The same power system model depicted in
Figure 1 is used in this study. The total simulation time is 250.0 s. The real wind
speed data measured at Hokkaido Island, Japan, shown in Figure 10(a), is used
in the simulation. Figure 10(b) shows the reactive power output of each wind
generator. The PMSG supplies the necessary reactive power to the SCIG for vol-
tage regulation. Thus, the connection point voltage is approximately constant, as
shown in Figure 10(c). Due to the fluctuations in the wind speed of wind gene-
rators, the frequency response of the power system is varying as shown in Figure
10(d). But, the frequency fluctuations lie within the permissible limit in Japan
(+0.2 Hz).

The dynamic simulation study confirmed that the proposed FLC-controlled

Voltage at Connection Point [pu]
o
(=2}

— PMSG — SOIG] _ 5
s - LB U
3 INIRERENT I8
L WIEE |
[} o . " i
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Figure 10. Responses of power system: (a) applied wind speeds to wind generators, (b) reactive power output of

wind generators, (c) voltage at connection point of wind generators, and (d) power system frequency response.
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PMSG system can effectively supply reactive power and thus maintain the con-

nection point voltage constant under a randomly varying wind speed.

6. Conclusions

This study proposes the application of fuzzy logic in GSC controller of PMSG to
enhance the FRT capability of SCIG-based WF during transient period. The ef-
fectiveness of the proposed controller is tested by considering severe 3LG fault.
The transient performance of the overall system composed of the proposed
FLC-controlled PMSG, SCIG, and conventional SGs is compared with that of
PMSG with the conventional control strategy. It is found that the proposed con-
trol strategy can ensure the FRT capability of WF as well as power system tran-
sient and steady-state stability. Therefore, it can be concluded that the proposed
GSC controller for PMSG can be an effective solution to augment the transient
stability of the grid-connected WF.

Application of adaptive neuro-fuzzy inference system (ANFIS) based control
strategy of GSC for PMSG is strong candidate for future study.
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Appendix

The SGs, PMSG, SCIG, and drive train parameters used in this study are given in

Table Al.

Table A1l. Parameters of conventional SGs and wind generators.

Synchronous Generators PMSG SCIG
SG1 SG2 SG3 MVA 15 MVA 35
Parameters (Thermal) (Thermal) (Hydro) R, 0.01 pu R, 0.01 pu
(AGC) (GF) (AGQ) L,  O.lpu X, 0.1 pu
Rated Power 150 MVA 250 MVA 200 MVA Xy 0.9 pu X, 3.5pu
Voltage 16.5kV 18 kV 13.8kV X, 0.7 pu Ry 0.035 pu
R, 0.003 pu 0.003 pu 0.003 pu Flux 1.4 pu R, 0.014 pu
X; 0.1 pu 0.1 pu 0.1 pu H, 52s X 0.03 pu
X, 2.11 pu 2.11 pu 1.20 pu H, 0.8s X, 0.089 pu
X, 2.05 pu 2.05 pu 0.700 pu D 1.5 H 1.0s
X! 0.25 pu 0.25 pu 0.24 pu K 296
X! 0.21 pu 0.21 pu 0.20 pu
X! 0.21 pu 0.21 pu 0.20 pu
o 6.8s 7.4 7.2s
T 0.033s 0.033 s 0.031s
T, 0.030 s 0.030 s 0.030 s
H 40s 4.0s 40s
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