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Augmentation of DC-Link Protection System of PMSG
Based Wind Turbine Using Fuzzy Logic Controlled
Buck Controller System
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Abstract- Recently, permanent magnet synchronous
generator (PMSG) is one of the most familiar type of
generator for wind power plant (WPP). Generally, PMSG
is connected to grid using back to back converter. During
fault period, power imbalance situation can be happened
between machine side and grid converter. Thus, the DC-
link voltage can be rise significantly which can damage
the whole converter system. In this paper, a novel DC-
Link protection system based on fuzzy logic controlled
buck converter is designed in order to augment the
transient stability of the PMSG system. The new buck
converter along with its control system is designed to
manage the supplied voltage of the braking resistor
during fault period. For investigating the performance of
the proposed system, fault analysis is performed on
different scenarios in PSCAD/EMTDC software.

Keywords: PMSG, power system stability, fuzzy logic
controller, buck converter, DC-Link protection.

I. Introduction

Coal, oil and gas used in conventional power plants
emits greenhouse gases. Global warming is becoming
a serious problem for the world due to the use of fossil
fuel-based power plant [1]. Moreover, fossil fuels are
being depleted gradually. That is why exploring
alternative fuel sources is becoming essential. Clean
and renewable energies are being searched to get rid of
conventional power plant’s drawbacks. Many countries
have been planning WPPs, because of economic
competition [2]. In recent times, PMSG is becoming so
much popular for wind turbine instead of doubly fed
and squirrel cage induction generators. PMSG has
reduced flux linkage because of having large air gaps
[3-4]. Full rating power electronics converters of
PMSG increases its fault ride through (FRT) potential
at the time of network disturbance.
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According to FRT code, during network
disturbance, the PMSG should stay connected with the
power system and should support similar like
conventional units. To ensure effective FRT capability,
DC-Link protection controller should be incorporated
in PMSG system. Additionally, the power converter
can be damaged due to excessive DC-Link voltage
during fault condition which is expensive to replace.

A rapid voltage drop appears at the wind generator
terminal, if there occurs any fault in the grid side. After
that active power supplied to the grid is minimized. As
a result, generator keep continuing to generate the
active power, because the stator side converter (SSC)
of PMSG is not coupled with AC grid system. So that
voltage rises in the DC-Link circuit because of
unbalance energy between the grid side converter
(GSC) and the SSC. In conventional way, the active
power produced by PMSG is dissipated by inserting a
DC chopper circuit with a breaking resistor into the
DC-Link circuit for maintaining the active power
stability in the DC-Link circuit [3, 5-6]. But
conventional strategies cannot control the dissipating
power in a more efficient way.

The fuzzy logic controller (FLC) based buck
converter in the DC-Link circuit of PMSG can resolve
the above-mentioned problem. The FLC have the
capability to provide variable gain during network
disturbance which ensures effective power dissipation
across the braking resistor.

Therefore, the key contribution of this paper is to
design a new FLC based buck converter for DC-Link
protection of PMSG. The new strategy will augment
the transient stability of the PMSG system. The
usefulness of the new strategy is tested through
simulation analysis on a simple grid system consists of
PMSG. The overall system performance of the
proposed DC-Link protection is compared with the
conventional DC-Link control strategy.

I1. PMSG based Wind Turbine Model

The overall block diagram of the PMSG system is
presented in Fig. 1. The rotor of the generator is made
of permanent magnets and the stator is attached to an
AC grid system via AC/DC/AC converter. The SSC
converts the AC power comes from the PMSG to DC
power. This SSC is controlled by an SSC controller.
The GSC is employed to transform the DC power into
AC power and supply to the AC grid system. This GSC
converter is controlled by a GSC controller which
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Fig. 1: PMSG system.
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are used for both converters. Also, the necessary gate 0.054 Aw=81
pulses for the converters are generated using pulse o222 ..‘.' .

width modulation (PWM).

2.1 Aerodynamic Design

Mechanical power obtained (Py) from wind can be
mathematically defined as follows [7-8]:

P, =0.5p2RY,’C (1, B) 1)

Here, the density of air is denoted by p, power
coefficient is denoted by C,, wind speed is denoted by
Vw and rotor blade radius is denoted by R.

The expression C, can be defined as follows [9]:

C,(4. A =c{i2—csﬂ—c4}e’“s +C A )

1_ 1 003% 3)
4 A-0088 pB°+1
o R
A=—" 4)
Y/

Here, Ci, Cy, Cs, Cs4 Cs, Cg are characteristics
coefficient [10]. Turbine’s rotational speed is denoted
by wr, blade pitch angle is denoted by £ and tip speed
ration is denoted by /.

Based on various S, the Cp- A characteristics is
presented in Fig. 2. Fig. 2 shows that when g is 0° then
optimum tip speed ratio (Zop) is 8.1 and optimum power
coefficient (Cpopt) is 0.48.
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Fig. 2: Cp-4 characteristic curve for different g.
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Fig. 3: MPPT curve for PMSG.
In this work, the maximum power point tracking
(MPPT) method presented in equation (5) is considered
[11]:

R 3
Fuorr =050 (W Ly ) o

Depending upon the equation, the MPPT curve of
PMSG is presented in Fig. 3.
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2.2 PMSG Model

The PMSG model can be expressed using differential
equations based on dq axis frame, where the equations
are referred to the stator [12]. The equation can be
written as follows:

digs . .

Lgs d_(; = Vas — Rsigs + wslqqus (6)
digs ) .

LqS d‘; = Vqs - Rslqs + wsLgslas — WsPm (7)

Where, inductances of stator winding = Lgs and Lgs,
winding resistance of the stator = Rs, voltages of stator
= Vgs and Vg, stator currents of stator = lgs and lgs,
angular frequency of stator = ws, flux linkage of the
permanent magnet = ym.

2.3 Model of Mechanical Drive Train

The impact of wind speed fluctuation can be
analyzed from the shaft model of single rotating [13].
Two mass shaft model must be used, at the time of
analyzing the result of a sudden fault in the power
system [14].

It is possible to represent a gear box, generator and
the wind turbine rotor as two mass inertia model. Two
mass drive train model’s state space equations can be
written as follows:

%(5t —85) = (wr — wg) @)

dwt _

=t = (zth (T — D(w¢ — wy) — K(8; — 6,)) (9)

dwg _

d; (%) (D(w¢ — wg) + K(8 — 65) — Te)
(10)

Here, Hgand H; = moment of inertia of generator and
turbine rotor. wq and w: = wind turbine generator and
rotor speed. Tn and T. = wind turbine torque and
electromagnetic torque. dg and J; = angular positions of
generator and rotor. Dspar and Kswat = damping
coefficient and spring constant.

2.4  Pitch Control Mechanism

A pitch controller system of wind turbine is
demonstrated in Fig. 4 [3]. Usually, rotor speed of
variable speed wind turbine is regulated not to be over
its setting value by the pitch controller.

If the rotor speed of the generator does not exceed
setting value (1 pu), the blade pitch angle is set to 0°.

r Prmax
1 1
- K 3{0_ I 1 =
+ 1| ko= L, R 7|C
or Tizo [T LiEss | > b
I 1 —
- 1/ I Actuator Rate Limiter
1 PrFmin I
1.0 T i
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Fig. 4: Pitch control mechanism of PMSG.
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2.5 Converter Control Scheme

The SSC controller block diagram is depicted in Fig.
5 [10-11]. Active and the reactive power output of the
PMSG is controlled through SSC. In the SSC
controller, g-axis current (lsq) controls the active power
and d-axis current (lsg) controls the reactive power.
MPPT controller gives active power reference (Prer).
Unity power factor activity is confirmed by taking zero
reactive power reference (Qs*).

|—> Vsa*
— Voo™
f—>\/sc*

L Voa*
— Vgo*
—>\Vgc*

Fig. 6: GSC control system.

Fig. 6 depicts the GSC controller block diagram [10-
11]. GSC controller has two cascade loops. GSC output
d-axis and g-axis currents (lqq and lgq) are controlled by
the GSC controller for managing the reactive power of
GSC along with DC-Link voltage. The reference DC-
voltage is established to 3.0 kV and reactive power
reference (Qg*) is set to zero.

I1l. Proposed Protection System of DC-
Link Circuit

The GSC output power of the PMSG decreases
during network disturbance. Thus, excess voltage
appears in DC-Link circuit of the power converters of
PMSG. When a fault occurs, voltage between the SSC
and GSC increases suddenly due to the energy
imbalance. If a breaking resistor is inserted in the DC-
Link circuit, it can control the voltage expansion by
dissipating the surplus energy across a power electronic
switch as described in Ref. [3, 5, 10]. However, using
conventional methods [3, 5, 10], energy of SSC and
GSC can be still imbalance because of uncontrolled
dissipated energy of braking resistor. This unbalanced
energy appears because of the imbalance between the
breaking resistor’s power capacity and the generators
output power.

Therefore, to avoid the problems of conventional
strategy, in this paper, a novel DC-Link protection
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system based on FLC is proposed, which is shown in
Fig. 7. The main switch along with buck converter
make the overall protection system. When the voltage
of DC-Link circuit goes above 1.05 pu because of any
network disturbance, main switch activates the DC-
Link protection.

According to the power generated by PMSG (P),
buck converter controls the DC voltage (Vac) of the
breaking resistor (Rrc). MPPT controller determines the
PMSG output from its rotational speed. By using this
information, PMSG stability can be increased by
balancing the produced power of PMSG and received
power of breaking resistor.

+

DC-Link Circuit (3kV)

1.05Pu — Comparator | Trigger 1
1: Vg >1.05 f---mmm IGBT 1 Main Switch
Vg —| 0: Vg <1.05

IGBT 2
0.001 H

Fuzzy
Logic
Controller

Buck Converter

+O—Vee
bl V* =VPR,. |-——|P MPPT |

Carrier
3000 Hz

Fig. 7: Proposed DC-Link protection system.

The buck-chopper’s basic principle as a switch
breaker is shown in Fig. 8 [15].

The chopper becomes on during the period Ton and
during this period source voltage and load (Rr) are
connected. During Tof period current ip of Ryc flows to
communication diode (Dr) and Vic goes to zero. The
following equation shows the average DC voltage of
the load.

L N
i &
Vi, IGBT
! Dr
1
1
€
Ve
Ton Totr
—
t
T

Fig. 8: Buck converter system.

Where, eg: DC voltage on load, a, D: duty cycle, f:
frequency, T: period.

There occurs a voltage dip in grid side voltage at the
time of network disturbance. That’s why power
supplied from the converter is influenced. Once the
network fault is eliminated, voltage of converter gets
back to the normal condition and active power will be
feed to power system.

Additionally, the grid parameters are changed
during fault condition than that of steady-steady
condition. During fault period, protection system
controller must provide variable gain in order to
enhance the transient stability of the PMSG. To
guarantee the above-mentioned concern, a FLC is used
to regulate the buck converter. The detail design
technique of the proposed FLC will be described in the
next section.

IV. Design of Fuzzy Logic Controller
A block diagram of proposed FLC is shown in Fig.
9. A membership function, fuzzification, a rule base, a
fuzzy interface and defuzzification make the FLC as
shown in Fig. 10 [16].

Change in
error signal
= of Vrc
+ Fuzzy
E ignal Logic  |—— output
rror signa Controller
of Vrc
Fig. 9: Proposed FLC.
Error signal
of Vic 7|
ificati Fuzzy I
Change in Fuzzification [, e otce [ Defuzzificationf—output
. —
error signal
of Vrc I i i -
Membership Membership
Function of Rule base Function of
input fuzzy set Outputtfuzzy
se

Fig. 10: Inside structure of FLC.

The error and change in error signal of Vi is taken
as input of the FLC and the output will be compared
with high frequency carrier wave in order to generate
the gate driving signal.

NB NM NS ZzO PS PM NB NM NS ZO PS PM

X AN

-0.75-05-0.25 0 0.25 0.5 0.75 -06 04 -02 0 02 04 06
(@) inputs (b) output
Fig. 11: Membership functions.

The input and output fuzzy sets of the proposed
controller are designed using triangular membership
functions (MFs) which is shown in Fig. 11. In Fig. 11,
linguistic variables are zero (ZO), negative small (NS),

eg = Vyea (11) negative big (NB), negative medium (NM), positive

«=D =( Ton )=To_n= £.T,, (12) medium (PM), positive big (PB) and positive small
Ton=Toff T
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(PS). The MFs are designed using trial and error basis
to get the best result.
Table 1 shows the complete rules which is used in

this study.
Table 1: Rules of FLC.
output change in error signal of V.
PB [PM |[PS [ ZO [ NS | NM | NB
PB | PB|PB|PB|PM|PM| PS | ZO
PM | PB | PB | PM | PM | PS | ZO | NS
error | ' ps | PB [PM | PM | PS | ZO | NS | NM
Z‘?r\‘/a' ZO [PM | PM | PS | ZO | NS | NM | NM
“I NS |PM|PS | ZO| NS |NM|NM]| NB
NM | PS | ZO | NS | NM | NM | NB | NB
NB | ZO| NS |NM|NM | NB | NB | NB
Defuzzification in accomplished by center of

gravity method [16].

V. Model of Power System

Fig. 12 depicts the power system configuration,
which is designed to verify the ability of the proposed
protection system of DC-Link. In this model, a 20 MW
PMSG-based wind turbine is attached to an infinite bus
power grid with a dual transmission line and two
transformers. The frequency of the grid is 50 Hz and 20
MVA is considered as the base. Table 2 presented the
parameters of PMSG.

breakers (CBs). The wind speed put in to PMSG is
remained constant at 12 m/s.

The proposed DC-Link protection control system’s
effectiveness is confirmed by considering three
scenarios. In scenario 1, there is no protection system
involved in the DC-link circuit. In scenario 2,
conventional DC-link protection is used for the
protection of DC-link circuit [3, 5, 10], and in scenario
3, proposed fuzzy logic-based DC-Link protection
system is considered for the protection of DC-link
circuit.

Fig. 13 presents the profile of DC-Link voltage of
PMSG. The graph clearly indicates that the DC-Link
voltage can be perfectly regulated in Scenario 3
(proposed case) compared to Scenarios 1 and 2. This is
because, the dissipating power across the breaking
resistor is now controlled using proposed FLC-based
buck converter system in the DC-Link protection.

8 T

T
Scenario 1
—— Scenario 2
7 —— Scenario 3

DC-Link Voltage of PMSG [kV]

0 1 2 3 4 5 6 7 8 9 10
Time [s]

Fig. 13: DC-Link voltage response of PMSG.
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V1. Simulation Results and Case Study g os
Simulation analysis is achieved by g ™
PSCAD/EMTDC software on a model system &
presented in Fig. 12. Three line to ground (3LG) fault § -
adjacent to bus 1 is taken as acute network disturbance. 0o
The network disturbance applied at 0.1 s with a time 01
span is 0.1 s. The faulty transmission line is opened at o e ®
0.2 s and reclosed again at 1.0 s by using the circuit . .
g y g Fig. 15: Active power response of PMSG.
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Fig. 16: Reactive power response of PMSG.

The profile of rotor speed of PMSG is depicted in
Fig. 14. From the figure, the rotor speed of PMSG is
more stable and less fluctuating in Scenario 3 compared
to Scenarios 1 and 2 after the network disturbance.

Finally, the profile of active and reactive power of
PMSG are illustrated in Figs. 15 and 16. The power
swing and variation are smaller in Scenario 3 then other
Scenarios.

From the above analysis and discussions, the
proposed FLC controlled buck converter-based DC-
Link protection system can improve the transient
stability of PMSG-based wind turbine.

V. Conclusion

In this paper, a new fuzzy logic-based DC-link
protection system is proposed to enhance the PMSG’s
transient stability. Different scenarios are presented to
substantiate the suitability of the proposed system. To
verify that, severe network disturbance, i.e. 3LG, is
considered. Simulation results indicate that proposed
protection system based of FLC can manage well the
DC-link voltage and other parameters of PMSG i.e.
rotor speed, active and reactive power output.

As a future work, the proposed protection system of
DC-Link can be employed to doubly fed induction
generator (DFIG) system.
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