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Abstract: This paper proposes a coordinated controller for a permanent-magnet synchronous generator
wind turbine to enhance its low voltage ride through capability. In the proposed method, both rotor
side and grid side converters are cooperatively controlled to regulate the DC link voltage during the
grid fault. Moreover, at the fault clearance, the grid side converter produces the previous power value
which is the maximum power in normal operation. It prevents excessive power production at the fault
clearance in order to reduce the rotor load. From the proposed method, better transient response of
the DC link voltage could be obtained with less rotor acceleration. We validated the proposed method
using MATLAB/Simulink SimPowerSystems and compared the performances of with and without the

coordinated control.
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e Nomenclature
- PMSG : Permanent magnet synchronous generator
- WPS : Wind power system
- DFIG : Doubly-fed induction generator
- MPPT : Maximum power point tracking
- FRT : Fault ride through
- LVRT : Low voltage ride through
- WT : Wind turbine
- SMC : Sliding mode control
- RSC : Rotor-side converter
- GSC : Grid-side converter
- PCC : Point of common coupling
- PI : Proportional-integral

1. INTRODUCTION

The wind power generation is taken notice as one of the most
growing renewable energy in terms of its costs and benefits.
PMSG in WPS has many advantages in comparison with the
DFIG wind systems. These advantages are high power density,
no gearbox, simple control method and high precision, whereas
PMSG needs to high initial installation costs Polinder et al.
(2006); Chinchilla et al. (2006) because of the use of permanent
magnet. When the penetration level is not significant, WPS
only has a control objective of MPPT control which could be
achieved by model based or model free methods Kim et al.
(2017). As wind energy penetration level in the electrical power
systems increases, many grid codes requires that wind power
systems remain connected to the grid during the event of net-
work disturbances Tsili and Papathanassiou (2009). Otherwise,
the sudden disconnections of wind turbines when the grid faults
could result in cascaded generation outage. For this reason,
grid codes describe that large wind power plants are required
to remain connected to the grid when voltage dips down to a
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Fig. 1. Limit curves for the voltage to allow generator discon-
nection Tsili and Papathanassiou (2009).

certain percentage of the nominal voltage (0% in some cases)
for a specified duration Tsili and Papathanassiou (2009). And
these specific requirements are decided considering the power
system characteristics. Such requirements are known as FRT or
LVRT requirements for wind power plants and many countries
think it as one of the most important thing for grid integration
to the power system. Grid codes describe voltage character-
istics against time, denoting the minimum required time to
be connected during the dips of the system voltage Tsili and
Papathanassiou (2009). Fig. 1 shows the LVRT requirements
of Germany(E.ON), Great Britain, and Denmark Tsili and Pa-
pathanassiou (2009) and each countries have substantial wind
power penetration level.

To satisfy these requirements during faults, several methods for
PMSG WT were proposed Saccomando et al. (2002); Mullane
et al. (2005); Matas et al. (2008); Conroy and Watson (2007);
Kim et al. (2012); Alepuz et al. (2013); Wang et al. (2010);
Gui et al. (2015, 2016). For a PMSG WT system, the effects
of voltage dips on the performance of the controller under
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unbalanced conditions were studied Saccomando et al. (2002).
The PI controller of the DC link using current feedforward was
proposed without considering the controller impact on the con-
verter currents. A feedback linearization nonlinear controller
was proposed for the grid-side converter of PMSG Mullane
et al. (2005). This controller was designed to improve the be-
havior of the conventional linear current controllers for voltage
sag, keeping the current levels within the limit. However, it
was too difficult to implement, because it involves a number
of terms, divisions and required sensing of the DC link currents
or its time derivative. To avoid these problems, the feedback
linearization was applied through a SMC approach Matas et al.
(2008). To implement this method, the control algorithm is con-
ducted in the grid-side converter to regulate the DC link voltage
considering current. For the PMSG WT system, the combined
control scheme of the braking resistor, the pitch angle, and the
converter control was designed to protect the WT and allow
it to remain connected to the grid Conroy and Watson (2007).
Some research results have been suggested applying the DC
link voltage control strategies in the generator-side converter
instead of the grid-side converter since it is hard to control
the grid-side converter during the network faults. Through this
strategy, the DC link voltage can be regulated as a constant by
increasing the generator speed from rotor-side control during
the grid voltage sag Kim et al. (2012); Alepuz et al. (2013). For
the generator-side converter, a feedback linearization controller
was proposed Kim et al. (2012). There are some other methods
using the additional device for the LVRT. The vanadium redox
flow battery based energy storage system is added at the DC
link bus to regulate DC link voltage Wang et al. (2010). The
passivity based control method with and without considering a
DC chopper control was proposed to improve LVRT capabil-
ity Gui et al. (2015, 2016).

We propose the coordinated LVRT control which modifies both
RSC and GSC to regulate the DC link voltage. To obtain the
better performance of DC link voltage regulation, we use quasi-
continuous SMC method in RSC control and GSC coopera-
tively regulates the DC link voltage during the fault. i.e., GSC
changes its control scheme between normal and fault durations.
During normal operation, the GSC is controlled for tracking
the MPPT point. When there is voltage dips in the grid, GSC
switches its control mode to regulate the DC link voltage co-
operative to the RSC. During the fault ride through period, the
rotor speed increases storing the kinetic energy in its inertia,
simultaneously. Consequently, WT is controlled within derating
region to reduce its power during the ride through period. The
behavior of derating control was studied and its input to state
stability was illustrated in Buckspan et al. (2013). And we
also modifies the after fault behavior of the GSC to produce
the previous MPPT power. From this modification, the rotor
load was reduced after the fault duration and it is more helpful
for grid stability by producing the converged power right after
the fault clearance. We compared the performance of the DC
link regulation with previously proposed SMC method without
coordinated control. The proposed method has less peak value
in DC link voltage during the fault and more fast convergence.

2. PMSG WIND POWER SYSTEMS

In this section, we briefly describe the modeling of the RSC,
GSC and the DC link voltage.
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2.1 Modeling of Rotor Side Converter

To obtain the mechanical power from a WT, the power coeffi-
cient, C,, should be defined composed of tip speed ratio, A and
pitch angle, B Conroy and Watson (2007).
1
P = 5PAC) (A, B)ina:

R ey

Vwind

where p is the air density, A is the blade swept area and C,, is
the power coefficient which is a function of pitch angle, 8, and
the tip speed ratio, A. v,,;,g is the wind velocity. The power
coefficient is the ratio of electricity produced by WT to the
total energy available in that wind speed and theoretical limit
of this value is 0.5926. The practical value is less than this
limit because of the loss of the mechanical systems in WT.
To analyze electrical parts of the PMSG, we use the equations
which are the voltage, current equations of PMSG and electrical
and mechanical torque as introduced in Alepuz et al. (2013).

l:

digg

Vi = Ruiag + L — 0Ly,
, digg .
Vg = Rylgg + LSTCZA + OLsigq + Ay,
3 2
I, = Ep;tfiqg’
dw,

T, — T, =20

m e dt 9

where, Vdg, Vqg are stator Voltages, idg, iqg are stator currents.
L is the stator inductance, R; is the stator resistance and @y is
therotor flux electrical speed. @, is the generator mechanical
speed, Ay is the rotor flux and p is the machine pole pairs. T,
is the electromagnetic torque, 7, is mechanical torque which
could be obtained from the mechanical power. J is the inertia
of rotor. By using 7, 7,, and J, the rotor speed could be decided
according to above equations. We use the surface mounted
PMSG which has same d-axes and g-axes inductance. Thus,
Reluctance torque which is occurred by difference between
these inductances does not exist. Hence the electromagnetic
torque could be described as (2).

2.2 Modeling of Grid Side Converter

The dynamics of the GSC in rotating frame is given by Haque
et al. (2008),

. dig .
Vd = Vid *Rld 7Ld7 + U)qu,
i 3)
vy = Vvig— Ri, _Lqu + ©Lig,

where L is the grid inductance, R is the grid resistance. v; and
vy are d and q axis grid voltages. iy, iy are d and q axis grid
currents. viq, vig are d and q axis voltages of the converter,
respectively. In rotating reference frame, we assumed that d-
axis of rotating reference frame is aligned with vector of grid
voltage. Therefore, the active and reactive powers to the grid
can be described as Haque et al. (2008),

Pgrid = Evdizh
. @)
Qgrid = Evdiq-

We can find out that the active and reactive powers to the grid
are controlled by iy, i, respectively.
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2.3 DC Link Voltage

The DC link voltage could be obtained from the difference
between generator side and grid side power flow Kim et al.
(2012),

Po=CVyo e = Py — Ppyig, )
where P, is the generator power, Py;q is the grid power and P,
is the DC link capacitor power. V. is the DC link voltage, and
C is the DC link capacitor. It is the nonlinear equation since the

DC link voltage and its derivatives are multiplied.

3. CONTROL SYSTEM

In this section, we illustrate the control algorithms for the RSC
and GSC. We use the quasi-continuous SMC controller in the
RSC for DC link voltage regulation. And unlike to previous
works, we modify the GSC controller to cooperatively regulate
the DC link voltage during the fault. In normal operation, the
GSC is controlled to track the MPPT set point. Moreover, we
set the GSC power set point as the previously produced MPPT
power at the fault clearing phase. It is more beneficial to reduce
the rotor load and to the grid since it produces set point power
to the grid.

3.1 Rotor-Side Converter Control

We describe a RSC controller applied the SMC method to
regulate the DC link voltage. Since the SMC method has a chat-
tering problem we use the quasi-continuous algorithm in this
SMC formulation. The controller is known as quasi-continuous
algorithm if it can be redefined according to continuity every-
where except the sliding manifold (s = 0). In practice, due to
disturbances and noise, the trajectory does not hit the sliding
manifold in normal case. Therefore, the control practically re-
mains continuous function all the time. From this scheme, the
chattering could be significantly reduced Levant (2012). For
this reason, we use quasi-continuous SMC to regulate the DC
link voltage in RSC control. To achieve this control objective, a
tracking error is defined as follows.

e=V; —Vy. ©6)
where e is the DC link voltage error and V_ is the DC voltage
reference. The sliding surface is defined as (15) for regulating

the DC link voltage.
s=kiet+k [e, (7
k1 and k; are the controller gains. By differentiating the sliding
surface, we could obtain the following equation.
§s=kie+koé,
ki ki (®)
= —Ppis — =—u+kae.
Ve grid o u+ ke
From (8), the equivalent control is obtained by,
ki ki
0 = — grid — 7u+kze,
CVac CVac 9)

k,C
= Ueqg = Pgrid + Tlevdc.

Proposition 1. Consider the dynamic system (5), if taking a
control law with (9) as

. 1
as+[3|s\2sat(%)

£ (>0, 8>0),
ky(|s|+ Bls|2)

(10)
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where
s
s 2 if s < |g|
sat(=) =< & .12
@ { Sif]s) > Je]
and € is a positive constant, then the system trajectory reaches
the boundary layer of the manifold in finite time. <

Proof: Lyapunov function candidate could be used as,
V=1 (11)

The derivative of this Lyapunov function candidate with respect
to time is

V= Ss,
ki ky (12)
= 8( =5 Feria — =~ u+kze).
S(Cvdc grid CVdCZH_ 26)
If taking a control law as (10), then (12) yields
1
WL s < e,
V=ss= eCVac(sl+BJsI2) er a3
afls|2 i 5] > lel.

CVae(51+Bls|2)+a
If we use control parameters satisfying a>0 and >0, it fol-

lows V<0 when s#0. Therefore, the system trajectory reaches
the boundary layer of the manifold in finite time. ¢

3.2 Grid-Side Converter Control
In normal operation, the objective of the GSC control is the

MPPT. However, In this paper, we change the control algorithm
of the GSC during fault.

1 R
P = *PACpmax(L)S = Kowwfm
2 )v()pt
! . (14)
« _ ) Kopr®y,, if normal operation,
grid =\ Prypr, if grid voltage sag.
where,
PLVRT:kle+k2fe- (15)

If we assumed the electrical and mechanical losses are ne-
glected, the MPPT control of the PMSG WT could be achieved
by denoting the GSC power reference as in (14). The balance
between the mechanical power and the electrical power makes
it possible to track the maximum power from this GSC power
reference. That is, since the RSC is controlled to regulate the
DC link voltage, it is controlled to track the GSC power ref-
erence which results in the rotor speed variation according to
the power balance. Eventually, the rotor speed tracks the rotor
speed of MPPT which is the balancing point from this process.
On the other hand, when the grid voltage sags, the generator
provides the active power continuously but the power delivered
to grid is decrease. Then, if the GSC does not operate any
control action to regulate the DC link voltage during the grid
voltage sag, the DC link voltage changes because of power
imbalance between the generator and the grid. Since the one
of the most important thing for the LVRT control is the DC
link regulation which affect the converter control performance,
we propose that the GSC is controlled to cooperatively regulate
the DC link voltage during faults as described in (14) when the
grid voltage sag. During this fault ride through behavior, the
rotor speed increases storing the kinetic energy in its inertia
simultaneously. Consequently, WT is controlled within derat-
ing region to reduce its power during the ride through period.
The stability of derating control has been studied and its input
to state stability has been proved in Buckspan et al. (2013).
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Fig. 3. Flow chart of the GSC switching operations of the normal and fault operations

Moreover, we designate the power production value at the fault
clearance as the pre-fault MPPT value. From this process at
the fault clearance, the excessive rotor load which occurs when
the MPPT operation is activated right after the fault clearance
according to (14) could be avoided. The proposed control block
diagram for the system is shown in Fig. 2. And the detailed
control flow chart of switch operation is illustrated in Fig. 3.

4. SIMULATION RESULT

To validate the performance of the proposed algorithm, MAT-
LAB/Simulink, SimPowerSystems was used for a 1.5 MW
PMSG WT system connected to the grid. We simulated the
voltage sag conditions with different voltage levels in the PCC
and the parameters of the WT are denoted in Table. 1.

Firstly, we compared the LVRT performance of the proposed
method with previously introduced SMC control without coor-
dinated control of the GSC for the DC link voltage regulation.
We set the 70% voltage sag in the grid voltage from Is to
1.625s so that the fault duration is 0.625s. As shown in Fig.
4, the proposed method produces larger power output to the

grid during the fault than the previous method. And after the
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Fig. 4. Grid power performance for three-phase balanced volt-
age sag (70%).



8762

Generator power
T

0.3 T T
0.25 1
0.2 f J
3 e S ! i
2 ey hij
. 1 1
g015f | ! .
3 | !
g | |
@ 1
o |
0.1 ! | 1
' 1
jp T et
v
0.05 - i 1
SMC w/o coordinated control
= = = SMC w/ coordinated control
0 I I | | |
0 0.5 1 1.5 2 25 3

time(sec)
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Fig. 6. Generator speed performance for balanced voltage sag
(70%).

Table 1. System parameters used in simulation

Parameter Value Unit
Rated Power 1.5 MW
Wind speed 7 m/s

Max.power coeff. 0.44
Optimal tip speed ratio 10.5
Blade radius 33.05 m
Air density 1225  kg/m?

fault, the proposed method produce the pre-fault power out-
put to avoid the excessive grid power output according to the
MPPT control. Fig. 5 describes the generator power output.
From this figure, we can find out that more overshoot in the
previous method when the fault is occurred and cleared. After
the fault, the RSC produces excessive power according to the
MPPT power reference and which forces the rotor speed to
be reduced to the value for the MPPT. However, it results in
excessive load to rotor due to the extreme ramp as shown in
Fig. 6. Moreover, it is more helpful to the grid that the out-
put power from the WT converge to the MPPT value more
rapidly. From these perspectives, the proposed method is more
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Fig. 7. DC link voltage regulation performance for balanced
voltage sag (70%) for SMC w/o and w/ coordinated con-
trol.
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Fig. 8. Comparison of the DC link voltage regulation perfor-
mance for balanced voltage sag (70%) for PI control and
SMC w/o and w/ coordinated control.

helpful to the grid during fault since it produces MPPT set
point power right after the fault clearance and does not cause
excessive load to rotor. Fig. 7 describes the performance of
DC voltage regulation. From this figure, the better performance
could be obtained from the proposed method by changing the
set point power properly when the fault occurs and clears.
After the grid voltage sag clearance, the grid power reference
recovers optimal power thus the grid and the generator power
are recovered. The better transient response is observed under
the SMC method with quasi-continuous algorithm because of
nonlinear relationship between the DC link voltage and the
generator power. Fig. 6 shows generator speed variation. The
proposed method has less overshoot and ripple in the DC link
voltage. It is reasonable since the proposed method has less
overshoot and short convergence time in grid and generator side
power production. Previous method has better performance of
regulating the DC link voltage by modifying the RSC control
with SMC control as shown in Fig. 8. Further improvement is
achieved from the proposed method by adopting coordinated
control of the GSC control of DC link regulation during fault.
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Fig. 9. DC link voltage performance for various voltage sag w/
coordinated control.

We further investigate the various performance according to the
different voltage sag levels. Fig. 9 describes the performance
of different voltage sags as 50%, 70% and 90%. This figure
illustrates that the less the voltage sags, the less peak in the DC
link voltage.

5. CONCLUSIONS

We proposed the coordinated LVRT control which modifies
both RSC and GSC to enhance the regulation of the DC link
voltage. For this, we use the quasi-continuous SMC method
in RSC and coordinated control in GSC by changing the op-
eration during the fault. During normal operation, the GSC is
controlled for tracking the MPPT point. When there is voltage
dips in the grid, the GSC is controlled to regulate the DC link
voltage cooperative to the RSC. And we also modifies the GSC
output power reference as the previous MPPT power. From
this modification, the rotor load was reduced after the fault
duration by avoiding excessive power production in the GSC.
From this control scheme, moreover, it could be more helpful to
grid stabilization by producing the converged power right after
the fault clearance. We compared the performance of the DC
link regulation with previously proposed SMC method without
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coordinated control. The proposed method has less peak value
in DC link voltage during the fault and more fast convergence.
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