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Abstract- This paper presents an application of Fuzzy-Pl controller to current controller of voltage source converter based
permanent magnet wind generator in order to improve Fault Ride through (FRT) capability of wind farm. Fuzzy logic
controller is proposed to adjust PI controller gain parameters. Fuzzy rule base and the inference mechanism of the fuzzy logic
controller (FLC) are designed based on gain and phase margin analysis plotted on the bode diagram characteristic. To eva-luate
the controller system capabili-ties, simula-tion analyses are per-formed on a model system com-posed of two wind farms
connec-ted to an infinite bus. Simulation results by PSCAD/EMTDC show that the proposed controller is very robust and

effective to improve the FRT of wind farm during fault in the grid system.
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1. Introduction

Due to the increasing concerns about decreasing
pollu-tion production and improving environ-mental
conditions, recently the integ-ration of large scale wind farms
into elec-trical network system have been significantly
increased. Global Wind Energy Council (GWEC) predicted
that global wind power generation capacity will reach to 459
GW and new capacity of 62.5 GW will be added to the
global total at the end of 2015 [1]. It is well known that
power production of wind generator fluctuates depending on
wind speed variations which affects power system stability
and power quality [2]-[5]. Increasing of the penetration level
of the wind generator into grid system has led power system
operators to revise the grid code connection requirements for
their power system in many countries [6]. The grid code
prosecutes that the wind generator should give a contribution
to control the power in case of abnormal operating conditions
such as network disturbance. The low voltage ride through
grid code requirement should be taken into account for a
short circuit fault in grid system. Out of synchronism of a
large number of wind generators can have serious impact on
power system stability. Therefore, the interaction between

wind farm and power system has become important to be
analyzed in the few last years.

The Fixed Speed Wind Turbines with Induction
Generator (FSWT-IG) is the simplest type compared with
others and is most widely installed in wind farms [7].
However, the main problem of FSWT-IG is that it does not
have any fault ride trough capability for a voltage dip in the
grid system [8]-[10]. During fault in the grid system, the
induc-tion wind generators require large reactive power to
recover the air gap flux [9]. If suffi-cient reactive power is
not supplied, the induction generator becomes unstable and it
requires to be disconnec-ted from the grid system. Utilization
of Flexible AC Trans-mission Sys-tems (FACT) devi-ces has
become the better choice due to their advantages of good
damping performance for power system dynamic oscillations
[11]-[14]. However, the system overall cost will be
expensive when FACTS devices are installed at a FSWT-IG
based wind farm.

Variable Speed Wind Turbine with Permanent Magnet
Synchronous Generator (VSWT-PMSG) is attractive type of
wind turbine technology. The VSWT-PMSG system is
equipped with AC/DC/AC electronic converters in which the
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active and reactive power produced by PMSG can be
controlled. Accordingly, the wind generator has strong low
voltage ride through capa-bility [15]-[17]. However, this type
of wind generator is expensive compared with other types.
Therefore, combined installation of VSWT-PMSG and
FSWT- IG in a wind farm can be efficient due to reduced
system investment cost.

Conventional Pl controller is very common in the
con-trol of the AC/DC/AC converter of PMSG due to their
simple structure and good performan-ces in a wide range of
operating conditions. The PI control-lers are simple but
cannot always effectively control systems with changing
parameters or strong nonlinearities. Change of parameters in
the grid system, especially in a fault condition, leads
significant impact on the control system performance of the
converter. The deviation of the grid system impedance will
change gain margin and phase margin of the control system.
Therefore, the PI controller should have a function of online
retuning of their parame-ters.

On the other hand, fuzzy logic controller has attracted
the attention of researchers because it can deal with nonlinear
systems and does not need precise mathematical modelling
of the system [18]. Compared with conven-tional PI
controller, fuzzy logic controller has the potential to provide
an improved performance even for a system with wide
parameter variations [19]. The fuzzy logic controller has
advantages of robust, simple, easily to be modified, usable
for multi input and output sources, and to be implemented
very quickly and cheaply. Integration of fuzzy logic control
with conventional PI controller (Fuzzy-PI controller) can be
an effective way to solve the problem of system parameter
change. The fuzzy logic control can be used to adjust the
gain parameters of PI controller for any operating conditions.
Hence, a good control performance can be achieved.
Therefore, application of Fuzzy-Pl controller on the PMSG
converter controller system is proposed in this paper.

2. Power System Model

The power system model used in this study is shown in
Fig. 1. Wind Farm 1 (WF 1) with VSWT direct drive PMSG
rated at 5 MW is connected to the infinite bus through a back
to back (AC/DC/AC) power converter, a filter inductance,
a 1.0/66 kV step up transformer and a double circuit
trans-mission line. The rated frequency of the PMSG is 20
Hz. WF 2 with FSWT-IG rated at 10 MW is also connected
to the infinite bus via a 0.69/66 kV step up transformer and a
single circuit transmission and double circuit transmission
lines. WF 1 and WF 2 are connected at point of common
connection (PCC). In order to compensate reactive power
consumption by IG, a capacitor bank (Qc) is installed in
Wind Farm 2. The value of the capacitor is determined so
that the power factor becomes unity at rated power operation.
The resistance and reactance of the trans-mission line are
represented in the form of R+jX as shown in the figure,
respecti-vely. Parameters of PMSG and IG are shown in
Table I. The system base is 10 MVA and grid frequency is
50 Hz.

Wind Farm 1
5 MW

ACIDCIAC
Converter
Wind Farm 2

-@ oy

0.69 kV/66kV
10 MVA

1.0 kv/66kV
5MVA

V=1.0pu

nd 10°0f + 500'0

10 MVA, 50 Hz
Base System

Fig. 1. Model System

Table 1. Generators parameter

Rated | 5 MW Rated | 10 MW
Rs 0.01 pu Rs 0.026 pu
Ls 0.06 pu Ls 0.046 pu
Xd 0.9 pu Lm 3.86 pu
PMSG | Xq 0.7 pu 1G Rry 0.298 pu
W 1.4 pu Rr, 0.018 pu
H 3.0s Lry 0.122 pu
Lr, 0.105 pu
H 3.0s

3. Wind Turbine Model

The mechanical power output of wind turbine captured
from the wind power can be calculated as follows [20]:

P, = 0.5,07Z'R2VV3CP (5)) (1)

where P, is the captured wind power (W), p is the air
density (Kg/m3), R is the radius of rotor blade (m), V,, is
wind speed (m/s), and C, is the power coefficient.

The value of Cp is dependent on tip speed ratio (1) and
blade pitch angle (f) based on the turbine characteristics as
follows [20]:

C,(4,p)= C[ﬂ, c.fB— cj e’ +cd @)
with
1 1 0.035

= ©)

A A-0083 S+1

where ¢; to cg denote characteristic coefficients of wind
turbine (c,=0.5176, c¢,=116, c5=0.4, c4=5, ¢s=21 and
c6=0.0068).

The Cp-A performance characteristic of wind turbine is
shown in Fig. 2. The optimum value of power coefficient
(Cpopt) is 0.48 at A = 8.1 with g = 0°. This value of 1 is set as
the optimal value (4y). Fig. 3 depicts the characteristic
between the turbine power output and the rotor speed for
different wind speeds. The maximum power output (1 pu) of
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wind turbine is obtained at 12 m/sec wind speed and 1 pu
rotational speed.
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Tip Speed Ratio (1)

Fig. 2. Cp - A characteristic of wind turbine

Turbine Power Output (pu)

- g T
0.2 0.8 1.0

Rotor Speed (pu)
Fig. 3. Turbine power characteristic ( = 00)

In variable speed wind turbine system, the rotor speed of
wind turbine (w,) is measured in order to determine the
Maximum Power Point Tracking (MPPT). The maximum
power (Pmget) is calculated without measuring the wind speed
as expressed in eq. (4) [17]. The reference power (Py) is
limited within the rated power of generator.

3

4. PMSG Control System

Detail of proposed control system for VSWT-PMSG is
shown in Fig. 4. The VSWT-PMSG consists of the following
components: a direct drive PMSG, back to back converters
based on two levels of IGBT which are composed of stator
side converter (SSC) and grid side converter (GSC), a DC-
link circuit composed of a chopper with a resistance (R.) and
a capacitor (C4), two voltage source converter controllers
(stator side controller and grid side controller), L filter, and
step up transformer.

The SSC is connected to the stator of PMSG, and it
converts the three phase AC voltage generated by PMSG to
DC voltage. The three phase voltage and current are detected
on the stator terminal of PMSG. The rotor speed of PMSG is
obtained from the rotor of the generator. All outputs of the
sensors are fed to the stator side controller as input signals in
order to control the voltage references of the stator side
voltage source converter for modulation.

The stator side controller scheme is shown in Fig. 5. The
aim of the stator side controller is to control active and
reactive power output of the PMSG. The current control loop
is designed based on the d-q rotating reference frame. The
rotor angle position (6;) used in the transformation between
abc and dq variables is obtained from the rotor speed of
generator. The active power (Pg) and reactive power (Qs) of
the generator are controlled by the d-axis current (lsg) and the
g-axis current (lsg), respectively. The value of active power
reference (Pref) is determined by MPPT method of the wind
turbine characteristic as shown in Fig. 3. The reactive power
reference (Qy*) is set to zero for unity power factor
operation. The cross couplings lsywelLs and Isqw.Ls should be
compensated at the output of the current controllers in order
to improve tracking capability of the control system. Finally,
Vy* and Vg™ are voltage reference of current controller
which is used to generate the three phase reference voltage
(Vsa*, Vo™, Vs*) to control stator currents of the PMSG.

_ 2 wr R
Pt =0.507R l CP, 4)
opt
SSC  Chopper GSC Filter ~ Transformer PCC
Vsa rls\a * * L 3 v u
—+*— Acioc Jeu | pemc 12 \NGAC
b b }-o Py gb
fo\l 2 Level A 2 Level ; 7
Ver ] Converter |} [, T Converter Y / S
A A - - ¢ A A
Vdc
Vdc
[ THIPWM | [ THIPWM | l
A A V.\a* Vsb* Vsc* Vg"* Vg"* Vgcgt :
Stator Side Grid Side
Controller Controller
Trigger ¢ 1

Fig. 4. PMSG control system
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Fig. 6. Grid side controller

The GSC converts DC voltage into three phase AC
voltage of the grid frequency. The converter is connected to
the grid system through L filter and a step up transformer.
The grid current and voltage are detected on the output of
GSC and the high voltage side of the transformer,
respectively. The DC voltage (Vy) is detected on the DC
capacitor.

Fig. 6 shows a block diagram of the grid side controller
system. In this control strategy, the control system based on
the d-q rotating reference frame is imple-mented which has
same rotational speed as the grid voltage. The three phase
grid currents (lgs, lgs, o) and the grid voltages (Vga, Vg, Vec)
are transferred into the d-q rotating reference frame by using
Park transformation. The Phase Locked Loop (PLL) is used
to extract the grid side phase angle (6y). The controller is
divided into two cascade loop control, one for active power
and the other is for the reactive power. When grid voltages
on the stationary reference frame are transformed into the d-q
rotating reference frame, Vyq is set to constant and Vg is set
to zero. Therefore, the active and reactive power delivered to
the grid can be controlled separately by the d-axis current
(Ige) and the g-axis current (ly), respectively. The voltage of
DC-link capacitor (V4) is maintained constant in order to
transfer the active power generated by PMSG to the grid.
The d-axis current reference signal (Ig¢*) is determined from
output of the DC-voltage controller, and the g-axis current
reference signal (lg4*) is obtained so that the grid terminal
voltage (V) is kept constant at 1 pu. In order to improve
tracking capability of control system, the cross coupling
should be canceled by adding lgwLg and lgqwLg at the output

of the current controllers. The output of current controller
(Voo™ and Vg*) is transformed into the stationery reference
frame (Vga*, Vgo*, V™) Which is used as reference signal for
pulse wave modulation. In fault condition, the active power
transferred to the grid is set to zero by resetting PI5 in order
to maximize the reactive power support and at the same time
the fault detector sends the trigger command for activation of
the DC link protection. The fault detector is activated when
the grid voltage decreases under 0.95 pu.

The grid side converter has important role to ensure the
active and reactive power delivered to the network
effectively. Change of parameters in the grid system leads
significant impact on the control system performance of the
converter especially in fault condition. The deviation of the
grid system impedance will change gain margin and phase
margin of the control system. Because the GSC is directly
connected to the grid system, to control the dg-axis current
loop in the grid side controller the Fuzzy-Pl controller is
proposed. The control strategy for the Fuzzy-PI controller
will be explained in Section V.

In modulation technique, Third Harmonic Injection
Pulse Wave Modulation (THIPWM) is used in this work.
Injection of third harmonic in the reference voltage makes it
possible to utilize the voltage reference without over modu-
lation. In addition, the THIPWM can maximize fundamental
amplitude of the output voltage [21].

5. Fuzzy-PI Controller Design

In this study, the d-axis and the g-axis components are
assumed identical, and hence the current loop control system
can be analyzed by using one axis component only. Block
diagram of Fuzzy-PI controller for d-axis current component
is shown in Fig. 7. Here FLC adjust the Pl parameters
according to operating conditions, e.g., the error (e) and
change in error (de) of the input signals, which characterizes
its first time derivative during process control. To determine
control signal for proportional gain (K;), inference engine
with rule base having if-then rules in the form of “If e and de,
then K, ” is used.

Figs. 8 and 9 show the membership function for input
e/de and output K,. The variables fuzzy subsets for input e/de
are Negative Big (NB), Negative Small (NS), Zero (2),
Positive Small (PS), and Positive Big (PB). Due to the
variation of the d-axis or g-axis current between -1 to 1 pu,
the range of input membership function is also set at this
interval. The variables fuzzy subsets for output K, are Small
(SM), Medium (MD) and Big (BG). Table 2 shows fuzzy
control rule base for gain Kp. In this work, Mamdani’s max-
min method is used for inference mechanism. The center of
gravity method is used for defuzzification.
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Fuzzy-PI Controller

Fig. 7. Fuzzy-PI controller
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Table 2. Fuzzy control rule base

e/de NB NS Z PS PB

NB BG BG MD BG BG

NS BG MD SM MD BG
Z MD SM SM SM MD

PS BG MD SM MD BG

PB BG BG MD BG BG
Igd* + K; 1 Vin 1 Igd;
- Kot s i 1+Tgs | RiottLiass ”

PI Controller Processing Plant
elay

Fig. 10. The d-axis current loop control of GSC

In order to design the membership function for output of
Ko, block diagram of current loop control shown in Fig. 10 is
used for dynamic stability analysis. The controller is com-
posed of a Pl controller, a processing delay, and a plant
system. The time delay (Tg) is composed of one sample delay
caused by switching frequency (T,=1/f;) and one half sample
delay caused by the dead time of PWM converter (T, =1/T).
The transfer function (lge/Vin) can be expressed as 1/(Rio
+LiS), Wwhere lgg is current output on grid side of
transformer, Vi, is voltage output of converter, Ly and Ry
are total inductance and resistance of L filter and
transformer, respectively. The integral time constant (T;) of
Pl controller is set equal to the plant system time constant

(Liot/Ror). Proportional gain K, can be selected by analyzing
the frequency response of the bode diagram with 3 kHz
switching frequency of GSC selected. Finally, the integral
gain value can be obtained by K; = K,/T;.

Bode Diagram
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Fig. 11. Bode diagram of the current loop control of GSC

Fig. 11 shows a bode diagram of the current loop control
of GSC for four different gain K. In this study, in order to
stabilize the current loop, gain margin (Gm) larger than 6 dB
and phase margin (Pm) larger than 45 deg are required. The
bode diagram shows that maximum gain K, of 0.14 is
obtained. Therefore, the range of membership function for
output K is set at [0.0 to 0.14] as shown in Fig. 9.

6. Simulation Results

A symmetrical three-line-to-ground (3LG) fault at the
trans-mission line as shown in Fig. 1 is considered as
network disturbance. The fault occurs at 0.1 sec, the circuit
breakers (CB) on the faulted line are opened at 0.2 sec, and at
1.0 sec the CBs are re-closed. The wind speeds for the wind
generators are kept constant at the rated speed. Two cases are
investigated in the simulation study to show the
effective-ness of the proposed control strategy. First,
simulation study is performed in which the Fuzzy-Pl
controller is applied to GSC of PMSG. Second, simulation
study is performed using the model system in which the
conventional PI controller is applied. Simula-tions were
performed by using PSCAD/ EMTDC.

Reactive Power (MVar)

Time (sec)

Fig. 12. Reactive power output of PMSG
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Figs. 12 and 13 show responses of reactive powers, from
which it is seen that the grid side converter of WF 1 can
provide necessary reactive power during the symmetrical
3LG fault. Therefore terminal voltage of the wind farms at
PCC can return back to the rated value quickly as shown in
Figs. 14. The rotor speed of I1G in WF 2 is also return back

to initial condition as shown in Fig. 15. Figs. 16 and 17 show
responses of the active power output of PMSG and IG,
respectively. From Figs. 12 through 17, it can be seen that
the performances of the wind farms can be stabilized more
effectively in the case of VSWT-PMSG with the Fuzzy-Pl
controller than that with conventional PI controller.

7. Conclusion

In this paper Fuzzy-Pl controller is proposed in the grid
side converter controllers of Variable Speed Perma-nent
Magnet Wind Generator (PMSG) to improve its fault ride
through capability as well as the performance of the
neigh-boring wind farm composed of Fixed Speed Wind
Generators. The controller combines fuzzy logic to classical
PI controller to adjust online the PI gains. The results show
that the proposed Fuzzy-Pl controller is very effective in
improving the fault ride through capability of overall wind
farm system during fault conditions.
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