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ABSTRACT The control and operation of a grid-connected wind-turbine with a permanent magnet syn-
chronous generator have been investigated under asymmetrical voltage sags at the grid side. To deal with
such conditions, a fast-acting control scheme is needed. It is shown in this paper that a sliding mode control
can meet the challenge. In the proposed control scheme, the dc link voltage, and active/reactive powers are
decoupled first so that the asymmetrical voltage sag issues can be dealt with independently. To minimize
additional stress inflicted by the asymmetrical voltage sag on the power electronic converters, a feed-forward
negative sequence voltage is used in the vector current control strategy. Using the developed control scheme,
the wind power generation system can remain on-line to support the grid even during the asymmetrical voltage
sags. The effectiveness of the proposed control scheme has been validated by extensive simulations as well
as through real-time hardware based experiments on a physical wind-turbine test platform.

INDEX TERMS  Control of permanent magnet synchronous generator (PMSG), sliding mode control,

voltage sag, wind turbine.

NOMENCLATURE
AC Alternating current

AC Alternating current

DC Direct current

DGs Distributed generators

DLV DC link voltage

GSC Grid side converter

LC Inductor-capacitor filter

MPPT  Maximum power point tracking

MSC Machine side converter

PCC Point of common coupling

PCF Power compensation factor

PI Proportional-integral

PLL Phase locked loop

PMSG  Permanent magnet synchronous
generator

SMC Sliding mode control

SRF Synchronous reference frame

VCCF  Vector current control with feedforward

VSWT  Variable speed wind turbine

WES Wind energy source.

. INTRODUCTION
In recent years, small-scale wind-turbines combined with per-
manent magnet synchronous generators (PMSGs) are gaining
popularity in distributed generation systems, due to their
relatively small footprints, lower noise level, quick-payback,
and capability to operate in either grid connected or islanded
modes [1]. In a grid connected mode, these turbine-generator
sets are often linked to a distribution network operating as
active DGs. Being active DGs, they are also called up on
to support the grid in an event of emergencies. One of such
conditions is low voltage, such as asymmetrical voltage sags
as defined in IEEE 1547 standard [2]. A wind-turbine-driven
PMSG is a Type IV system, which is capable of performing
grid support tasks because there is a full-scale frequency
converter between the generator and the PCC [2]. Such con-
verters can effectively isolate the generator from the grid so
that desirable amount of active and reactive power can be
injected into the grid independently.

As documented, an asymmetrical voltage sag can cause the
following issues in a wind-turbine-driven PMSG system [3]:
(1) double system frequency components would appear in the
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injected currents due to the presence of negative sequence
currents; (2) ripples with rising magnitude could occur in
the DC link voltage due to unbalanced power flow between
the generator and the grid side converter; and (3) the mag-
nitude of the injected currents could rise beyond the safe
operating limit of the inverter due to grid-side voltage sags.
Furthermore, small-scale wind turbines are highly exposed to
inherent transient disturbances such as frequent wind fluctua-
tions, variations in loads, and intermittent faults. These distur-
bances undoubtedly create stress on the sensitive components
in power electronic converters [4], where a large amplitude
transient can cause catastrophic damage [5]. These issues,
in fact, have limited the wide-spread adoption of small-scale
grid-tied wind turbine systems. To increase the acceptance of
such systems, impacts of asymmetrical grid voltage sags have
to be reduced, so that the generator can remain connected to
support the grid by injecting reactive power to improve the
voltage profile at the PCC. However, a turbine-generator set
is a highly non-linear system whose dynamic characteristics
varies with the operating conditions and/or disturbances. This
makes the design of a control system more challenging.

In the literature, there are some works on the control of
power electronic converters (or inverters) and PMSG-based
wind turbines. For example, different techniques for synthesis
of current references under asymmetrical grid voltage profile
have been studied in [6]. However, their impacts on the DC
side under abnormal conditions have not been considered,
neither did it try to limit the peak current in an event of voltage
sags. The approaches taken in the literature, however, did
not consider the grid disturbances [7]. A dual vector current
controller is developed in [8], where two separate current
controllers, one for positive and the other for negative syn-
chronous reference frames, have been used. Unfortunately,
this approach leads to a complex controller structure and
potentially produces asymmetrical phase currents.

A current controller with positive-sequence grid voltage
is used in the positive synchronous reference frame [9],
but it does not completely address the issue of asymmet-
rical voltages. Controlling each phase separately by peak
detection method (PDM) is also proposed for asymmetrical
voltages [10], but such a strategy is hampered by PDM’s
sensitivity to low frequency fluctuations and harmonics.

A feed-forward power compensation technique has been
investigated in [11] and [12]. In [11], sinusoidal balanced
currents are obtained at the expense of DLV’s oscillation
and/or employment of a large DC link capacitor. Effective
suppression of the increase in the grid current due to asym-
metrical voltage sags has not been considered in [12]. This
could lead to damage to power electronic components in the
converter, unless overrated components are used. In addition,
the control strategy requires real-time calculation of the com-
pensating power, which is complex to implement and can
add additional delay to the time required for the sequence
extraction. Classical PI controllers are commonly used in
the above-mentioned work. Such PI controllers perform well
under small disturbances, but may not be able to cope with
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large ones, such as transients described in [13]. The non-
linear characteristics of wind turbines require a controller that
is sufficiently robust to the change in the dynamics due to
variation of the operating conditions and/or in the presence
of disturbances.

In this paper, a sliding mode vector current control scheme
is developed, which is equipped with feed-forward of the
negative sequence voltage to limit the injected current, elim-
inate the asymmetrical voltage sags, and suppress the impact
of disturbances. The performance of the developed scheme
has been validated by simulations and experiments under
asymmetrical voltage sags at the PCC. The results have
shown that the negative sequence current can be regulated
to zero, a ripple-free DC link voltage has been maintained,
the extracted frequency is free of any oscillations, and the
output currents are maintained within the safe levels (pre-
disturbed value). In addition, the dynamic behavior of the
entire system has been improved over those with classical
PI controllers. The robustness of SMC against parametric
variations has also been improved. In summary, this paper
has contributed to the safe and reliable operation of PMSG
based wind turbine systems under asymmetrical voltage sags
at the PCC, and makes it possible for ride through to support
the grid during transients.

The paper is organized as follows. Section II describes
the system under consideration and explains the problems
to be addressed in this paper. The proposed SMC based
control strategy is developed in Section III. The results of
simulations and experimental investigation are presented in
Section IV and V, respectively, and followed by conclusions
in Sections VL.
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FIGURE 1. Schematic diagram of PMSG based variable speed
wind turbine connected to a power grid network.

Il. SYSTEM DESCRIPTION AND EXISTING PROBLEMS
A. SYSTEM DESCRIPTION

A wind turbine-driven PMSG investigated is shown in Fig.1.
A two-stage power electronic converter is used to maintain
system operation under the grid connected mode. The first
stage consists of a three-phase diode rectifier plus a DC-DC
converter (referred as MSC), and the second stage consists
of an H-bridge of six pulse inverter (referred as GSC). The
MSC is used to regulate the DLV in a voltage control mode
with the inner current loop, whereas the GSC performs the
power flow control based on a MPPT scheme. The LC filter
is used in line with the inverter to provide a smooth and pure
sinusoidal waveform, while the step-up transformer is used
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to bring the inverter output voltage up to the grid level at the
PCC. In this paper, the focus will be on the controller design
and analysis for the above system under severe disturbances
using a sliding mode VCCEF of negative sequence currents to
deal with asymmetrical grid voltage sags.

B. PROBLEMS TO BE INVESTIGATED AND

CONTROL OBJECTIVES

In this paper, the focus will be on the controller design
and analysis for the above system under severe disturbance
conditions, such as asymmetrical grid voltage sags. An effec-
tive solution to the above problem is to use a VCCF of
the negative sequence voltage, including the current limiting
strategy using the sliding mode control approach. An SMC is
insensitive to parameter changes and load disturbances, thus
it is an effective control strategy for this situation [14].

Applications of SMC in wind turbines are not new. It has
been shown that SMC can improve the performance over
classical PI controllers under ideal grid conditions [15]. The
effects of voltage sags can also be eliminated using a SMC
approach [16]. However, asymmetrical conditions have not
been considered therein. Similarly, the issues of rising the
current amplitude due to voltage sags have not been con-
sidered [17] and [18]. Even though, a SMC based direct
power control is implemented to achieve fast dynamics during
asymmetrical voltage sags [17] and [18], however, the SMC
control does not guarantee zero steady state error under
all disturbances because no integral action is considered on
the sliding surface. In addition, a high order compensator
required to use the same sliding surface for multi-variables,
which can be complicated to implement.

The number of differentiations of the output function
required for the input to appear explicitly is known as the
relative degree of the system [19]. The complexity in imple-
mentation of SMC arises with the relative degree of the
system. The relative degree of the grid side converter is 2 as
shown in [16]. In the developed control strategy, the dynamics
associated with DLV, active power, and reactive power parts
are decoupled. Hence, separate sliding surface is used for
each variable resulting the relative degree being just one. The
developed control strategy performs the following tasks:

(1) MSC - SMC based DC link voltage regulation; and

(2) GSC - SMC based VCCF for power control.

Thus, the SMC based VCCF and DLV regulation can
eliminate oscillations in the injected current, reduce ripples
and suppress the effects of disturbances. This allows the wind
turbine to remain connected to the grid and to support the grid
voltage with necessary reactive power. Further, the amplitude
of the inverter current is also kept within the safe limits.

Two separate SMCs are used for DC-DC converter and
inverter respectively. The SMC provides the control signal
to the buck converter to maintain constant DLV, also for the
inverter to maintain the output AC voltage with the desired
injected grid current as shown in Fig.1. Therefore, the control
objectives are to track the predefined inductor current and the
output DC voltage for the DC-DC converter and d — g axes
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currents. These d — g axes currents are directly related to the
active and reactive powers of the inverter.

lll. PROPOSED SLIDING MODE CONTROL STRATEGY

The pre-defined sliding surface is chosen based on the desired
behavior of the system as the states converge to this sliding
surface. A general equation to represent the sliding surface is

as follows [20]:
d n—1
s = <E + c) e )

where c is a positive coefficient which is related to the band-
width of the controller, e is the output error and n is the
relative degree of the state variables. A Lyapunov approach
is used to design the sliding surface for the control law that
will drive the state along an equilibrium sliding surface. The
Lyapunov function can be represented as follows:

STS

W= 5 >0 2)
A necessary condition for the system to remain within the
vicinity of the sliding surface or always converging to the
sliding surface is ss < 0. The switching function of the sliding
mode controller ensures the stability by keeping the state
trajectories on the sliding surface. Therefore, the switching
control signal can be calculated based on the system behavior
along the sliding manifold characterized as:

s=5=0 A3)

A. MSC: DC LINK VOLTAGE REGULATION

A buck converter is used to regulate the output voltage or DLV
(Vge) for its simplicity. The dynamic model of the converter
can be derived by using the generalized state space averaging
method [21], which provides two sets of topological state-
space equations as:

diing 1
—= = = (deVin = Vac)
dt L; )
dVdc 1 . Ve
L .
dt Cc ind R;

where Vi, d¢, iing, Li, C4c and R; are the input voltage, duty
cycle of the pulse width modulation (PWM), inductor current,
line inductor, DC link capacitor, and the load, respectively.
The sliding surface for the output is chosen with a relative
degree 1 from (1). The surface can be chosen as:

s=e (5)

A linear combination of the state variables in (4) is set as the
sliding surface of the converter:

e=ae| +bey+cez3 =0 (6)

where a, b, and c are the coefficients of the SMC, while ¢,
€2, and e3 are the current error, voltage error, and the integral
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of these errors with different weights, which are defined as:

€1 = iref — lind
€y = Vdcref — Ve @)
e3 = [ (e1 + ker)dt
where i,y = ke, is the reference average inductor current,
k = %, ki is the gain for the voltage error, and Veper

is the reference DLV. Substituting (7) in (6) and using (5),
the sliding surface becomes:

s=a (iref — iina) +b (Vacrer — Vac) + C/ (e1 + kex)dt =0

Then, substituting i,,r and differentiating this equation with
respect to time on both sides yields

é — akdvdcref —CldedC adiind +bdvdcref _ dedc

+ck+1) (Vdcref - Vdc) — cijpg =0 (8)
Substituting (4) in (8) and replacing d. by u.,, the following
is in order
ds _ auegV, aVge bijpg  bVae  akipg  akVge
dt L; Ly Ci RiCgq Cac  RiCy
+ ¢k + 1) (Vaerer — Vae) = cima =0 (9)
From (9), u,, can be derived as
aR;C 3 Vae — (Riijng — Vac) (bL; + aLik)
aR;C4.Vin
+CRlLiCdc[2k (Vdcref - Vdc) — lind]
aR;C 4. Vin

where u,, is the equivalent control signal. The control law
now becomes:

Meq =

(10)

1=0ON, ifs>0

= . (11)
0=OFF, ifs<0

Ugt
This switching control ensures that the state trajectory is
directed towards the sliding surface. However, it does not
guarantee that the trajectory is maintained on the surface.
Therefore, the condition as prescribed in terms of Lyapunov
function in (2) must be satisfied to ensure that the trajectory
is on the selected sliding surface. A combined switching
function (sf (¢)) ensures that the trajectory stays on the sliding
surface.

sf (1) = Ueg + Ust (12)

In this current work, (12) is used to implement the con-
troller for regulating the DLV in the SMC scheme.

B. GSC: POWER INJECTION STRATEGY

The power reference is determined by the MPPT scheme to
inject maximum power under normal conditions. However,
the power production has to be reduced during an asymmet-
rical voltage sag for two reasons: (1) to balance the power
flow with respect to the positive sequence voltage; and (2)
to limit the current within the safe limit. The active power P
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and reactive power Q in d- g positive synchronous reference
frame (SRF) can be represented as:

3 . .
P = D) [Vpdplpdp + quplpqp]
(13)

3 . .
Q0= 5 [—Vidpipap + Voapipdp]

where V), and iy, are the primary side voltage and current,
with subscripts d, ¢, p and n denoting d-axis, g-axis, positive
sequence and negative sequence, respectively. The PLL reg-
ulates the positive sequence g-axis voltage to zero (Vg = 0)
to extract the system frequency for synchronization. There-
fore, the current references in d- g frame (i,gp,er and ipgpref)
can be calculated based on (13) as

2
ipdpref = P ref
3Voap
| v (14)
Ipgpref = _mQref
pap

The reactive power reference Qs (i.e. the g-axis current
reference, ipgprer) is determined based on the appropriate grid
code. Whereas the active power reference is derived from the
apparent power and Qy,r.

From (14), the active power reference is obtained as

Pref = 1-Svpdpipdpref (15)

When the grid voltage is symmetrical, the voltage is equal
to the nominal rated voltage denoted by ‘V,,,,’. The power
injected into the grid is equal to the maximum power (P,,,,;)
determined by the MPPT scheme, such that

Pmppt = 1~5Vnomipdpref (16)
From (15) and (16), the reference power can be chosen as:
Vo,
Pref = P meppt
Vnom
Vi, (17)
PCF = 7

nom

The ratio between the positive sequence voltage and the
nominal voltage is defined as the power compensation fac-
tor (PCF). As indicated in (17), the injected power during
an asymmetrical voltage sag event will be proportional to
the positive sequence voltage. For a given PCF, the reactive
power demand is determined by the grid code. The active
power flow can then be calculated using the apparent power
from the MPPT algorithm and the demanded reactive power.
In this way, the output current will be maintained within
the rated limit of the inverter irrespective of the grid voltage
conditions.

C. GSC: REGULATION OF THE NEGATIVE

SEQUENCE CURRENT

The VCCEF of the negative sequence voltage is proposed to
cancel out the flow of the negative sequence currents during
an asymmetrical grid voltage sag. Therefore, this control
strategy requires information on the positive and the negative
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sequences of the voltage, and the system frequency which can
be extracted through a PLL as shown in Fig. 2.

'PLL.: > 0 Voltage
Synchr generated
at the inverter
Lpdqp f
SMC in 2
Phase Positive SRF " ,)
Sequence i) T
D position
Vpabc N Vpdq p
Vpdqn

FIGURE 2. Control block diagram for VCCF.

In Fig. 2, parameters 8, Ve, Vpxxx, and ipyyy are the phase
angle, secondary side voltage, primary side voltage, and pri-
mary side current, respectively, with subscripts abc, d, g, p
and n denoting abc axes, d —axis, g—axis, positive sequence
and negative sequence, respectively. The voltages and cur-
rents are decomposed into positive and negative sequence
components, and then they are transformed into positive
sequence d — g coordinates as shown in Fig. 2. The vector
current control using SMC is implemented in the positive
SRF, while the negative sequence grid voltage is augmented
with the current compensator output as a feed-forward term
shown in Fig. 2. Therefore, the voltage generated at the
inverter has the identical negative sequence voltage as in the
grid voltage. Hence, the negative sequence voltage difference
between the inverter terminal and the local grid will be zero.
This means that the negative sequence current has been elim-
inated. Hence, only the positive sequence current flows into
the grid.

The SMC is designed to generate the inverter output volt-
age, which is then used to produce PWM control signal.
Hence, the output states are the primary side currents, iygp
and i,4p, in the positive sequence d — g axis. These currents
are then used to control the active and reactive power indepen-
dently. The sliding surface is chosen with a relative degree 1
from (1).

One surface that satisfies the chosen output states can be
chosen as:

51 = €1 and §2) =€) (18)
where ey = ipdp — Ipdpre and €2 = ipgp — Ipgpref -

The reference d—axis current ipgprer is determined from
the MPPT scheme to control the flow of the active power,
whereas the reference g—axis current iy s is obtained from
the unity power factor operation or the voltage support mode
to control the reactive power flow.

The sliding surfaces s; = e; = 0 and s» = ep = 0 indicate
that the sliding mode occurs only at the origin. Therefore,
smooth transients and robustness cannot be guaranteed in the
transient state for all disturbances. To deal with this issue,
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an integral function is included in the sliding surface:
s1 = e + ki /eldt (19)

s) = ey + ko / exdt (20)

where k1 and kj are integrator gains.
From (3), (19) and (20), one can have:

512522312.'?2:

= 20 ke = 21)
Si=—"+ker =

=2y (22)
S = — éH —=

2 dr 2€2

Substitute e in (21) by the error in current,

dipdp — ipdpref) . .
1= pprpref + ki (lpdp - lpdpref) =0

dipg, . :
51‘1) + ki (lpdp — Ipdprer) = 0 (23)
The d- g components of the inverter AC side terminal voltage

in positive sequence can then be represented as [22]

Or.§1 =

dipg . .

Vpap = —L <%> — Ripgp + @Lipgp + Vigy  (24)
di ) )

Vogp = —L < 5;1p> — Ripgp — wLipgp + Vigp  (25)

where Vigp, Vigp, R, and L are the positive sequence inverter
output voltages in d- g axes, the line resistance, and the
inductance of the LC filter at the output of the inverter.
Re-arranging (24) and substituting it into (23), it follows
that
. 1 . .
§1 = =(=V = Ripgp + wLipgp + Vigp)
L pdp
+ kl(ipdp_ipdpref) =0
Define the following variables
1

fi = = (=Vpap = Ripap + 0Lipgp), g1 =

I —, u1 = Vigp

L

Then,

s1=f+gm (26)
Similarly, (22) can be represented in the following form:

§2 =fo + gour 27)

where

1 . . 1
f= I (_qup — Ripgp — “)L’pdp)v 82 = IR uz = Vigp

Using the following compact vector/matrix format

_|A | &0 | Voap s
F_|:f2:|7 G_[ng], U_[qup] ands—[sz:|
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Taking the derivative of the Lyapunov function in (2) with
respect to time, it follows:

dw d
AR (28)
dt dt
Substitute (26) and (27) in (28),
aw
- = s (F + GU) (29)

The switch control law can be chosen such that (29) is nega-
tive definite with s # 0, to guarantee the stability. Therefore,
the control law can be chosen as

_ _~1]A —c10 ][ tanh (s1)
v=-6 {|:f2j|+[0—czi||:tanh(sz)i|} (30)

where ¢ and ¢, are positive constants. The sliding surface
dynamics are the tangent function of the surface such that
the switching function is continuous and chatter free [23].
A block diagram of the proposed control scheme is shown
in Fig. 3.

o 17
i a B4 BN |
pdpref \ surf ‘\c(c function
T (Eq. 19) G-t
Ipdp CT
=€ G } N
-Cy A

Lpap

Sliding S2 | Tangent

surface function
(Eq. 20) ‘

. or
lpgpref —o )€

FIGURE 3. Developed SMC for inverter voltage output.

D. GSC: OVERALL CONTROL STRATEGY
The overall control strategy for the GSC is shown in Fig. 4.

Power Injection Strategy

o )2 Va {\/’) Pref papref/” ) Ly )l Mg
of j !
Ipdp | sMC Vpan
MPPT | Prppt 1 based PWM
Scheme — G Block
15Vpap urrent
i Control
fqv ‘ipqn
i i N S
PCF Grid Code pqpret‘ L, o Fomy
Voltage drop vs Reactive o -
power (percentage)

FIGURE 4. The overall control strategy for GSC in the positive
sequence SRF.

This system can be categorized into three sections:

(1) Power injection strategy: The reference power is deter-
mined based on the grid code during a voltage disturbance at
the PCC. The power indicated from the MPPT scheme is the
apparent power. The control strategy in Fig. 4 can fulfill the
reactive power requirements based on the grid code require-
ments. The active power is then determined based on the
apparent power and the injected reactive power through PCF.
The PCEF carries the information about the voltage sag. If the
grid is operating normally, the PCF would be unity. In this
case, the WES is operating at the unity power factor under
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MPPT scheme. If the PCF < 1, the WES will inject adequate
amount of active and reactive powers per grid requirements.

(2) SMC based current control: The negative sequence
current is regulated to zero and the positive sequence current
is allowed to flow from GSC to the PCC. This is accomplished
by the control system as shown in Fig. 3.

(3) PWM signal generation: The sliding mode current con-
troller is designed to regulate the inverter output voltage. The
inputs are the SMC output signal and the feed-forward term
of the negative sequence voltage. The modulating signals (14
and m,) at the outputs of the PWM can be expressed as:

Ve
Ly

Vidp + Vpdn = P

(3D
V[qp + qun - qu

The GSC terminal voltage in the positive sequence
d — q axis (Vjgp and Vjyp), along with the negative sequence
voltages as feed-forward terms and the DC link voltage,
determine the modulating (control) signals. Since the flow
of the negative sequence current is regulated to zero, only
the positive sequence currents have to be considered in the
control scheme.

IV. PERFORMANCE EVALUATION BY SIMULATION

The parameters of the wind turbine system and the grid used
in this study are given in Appendix A. A grid disturbance
causing an asymmetrical voltage sag is considered to validate
the effectiveness of the developed control strategy. Transient
disturbances, such as changes in wind speed and grid fre-
quency, have also been considered. Properly designed PI
controllers are used as a benchmark. They are designed using
frequency response techniques to provide at least 60° phase
margin.

A. CASE STUDY I: VARIATIONS IN WIND SPEED
The wind speed (normalized at 9.5 m/s) with turbulence effect
is shown in Fig. 5 (a). The average wind speed is increased
from 6.5m/s to 9m/s at 0.59s and then decreased to 6.5m/s at
1.01s. The reason for such a wind profile is to evaluate the
performance of the control system in transient conditions.
The control signals for both PI and SMC are shown
in Fig. 5 (b). As can be seen, the signal from the P/ con-
troller is more sluggish than that generated by the SMC.
The PI controller tries to strike a balance between the over-
shoot and the settling time in the event of a disturbance.
As such, the PI controller could not provide as effective
stabilizing control as the SMC. As a result, the DLV under-
goes both undershoot and overshoot of 9.2 % as shown in
Fig. 5 (c). However, neither undershoots nor overshoots have
been observed in the DLV with SMC. With the increased
wind speed, the output power from the WES also increases.
This is reflected in the increase of the output current
when the grid voltage is kept constant. It is important to
point out also that oscillatory responses in the current have
been observed as shown in Fig. 5 (d) with PI controller.
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FIGURE 5. (a) Wind speed (normalized at 9.5 m/s), (b) Control
signal, (c) DC link voltage (zoomed at upper display) and
(d) Inverter current (zoomed at upper display).

However, no such oscillation exists when the SMC is
used.

B. CASE STUDY II: VARYING SYSTEM FREQUENCY

To investigate the robustness of the developed SMC to the
grid frequency variation, the grid frequency is deliberately
reduced by a factor of 10 % (339.3 rad/s) at 0.591s and
brought back to the nominal value (377 rad/s) at 0.91s as
shown in Fig. 6 (a).

(a) (b)

=

Freguency (pu)
=
DC link voltage (pu.)
;
.~
=

"
Jz
\j
8
o
=

Inverter current (pu)
I l‘\

=
i

[ 1 12
Time (5)

=
=

FIGURE 6. (a) System frequency-omega (rad/s), (b) DC link
voltage (c) Inverter current.

Both overshoot and undershoot in DLV have been observed
at 0.591s and 0.910s as shown in Fig. 6 (b) when the PI con-
troller is used, but the system with the SMC is almost immune
to the frequency disturbance. Similarly, the inverter output
current is also maintained at the reference level under the
SMC as shown in Fig. 6 (c). However, the current increases to
the saturation level to compensate the frequency drop when
the PI controller is used.

C. CASE STUDY lil: ASYMMETRICAL GRID VOLTAGE SAG
(87%, 37% AND 50 % DROP) WITH NO CONTROL

It is assumed that an asymmetrical grid voltage sag has
occurred due to a sudden change in unbalanced loads. The
asymmetrical loads considered are for 82 cycles starting at
0.174 s as shown in Fig. 7 (a). As a result, the negative
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sequence current appears as shown in Fig. 7 (b). Conse-
quently, the inverter d- g axis positive sequence voltages and
currents start to oscillate at twice of the system frequency
as indicated in Fig. 7 (c) and (d). The voltage and current
continue to oscillate for a few more cycles even after the clear-
ance of the asymmetrical condition when the PI controller is
used. In fact, the current hits the upper saturation limit for the
pre-disturbed power reference and reduced voltages as shown
in Fig. 7 (d). The DLV also oscillates at 20% in amplitude as
shown in Fig. 7 (e). The rise in the DLV with oscillation indi-
cates that the power flow is unbalanced between the generator
and the GSC in the presence of negative sequence currents.
The asymmetrical network voltage sag also destabilizes the
system frequency as shown in Fig. 7 (f). The frequency (rad/s)
is oscillating at (+/—) 15% around the nominal value.
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FIGURE 7. Wind system during an asymmetrical voltage sag with
an Pl control but without the proposed control strategy
(zoomed version at upper display): (a) AC voltage at PCC,

(b) Inverter negative sequence d- q axis currents (c) Inverter
positive sequence d- q axis voltages (zoomed at upper display),
(d) Inverter positive sequence d- q axis currents (zoomed at
upper display), (e) DC link voltage (zoomed at upper display),
and (f) Extracted per unit frequency-omega (rad/s) (zoomed at
upper display).

D. CASE STUDY IV: ASYMMETRICAL GRID VOLTAGE SAG

(87%, 37% AND 50 % DROP) WITH CONTROL

The wind system is operating as in Case study III but
using the proposed control strategy as shown in Fig. 8. The
negative sequence currents are regulated to zero as shown
in Fig. 8 (b). Thus, there are no oscillations in the positive
sequence voltages. However, the voltage sag still exists as
shown in Fig. 8 (c). The g—axis voltage is regulated to zero
by using the extracted system frequency from the PLL. The
positive sequence d — ¢ axis currents are regulated per the
grid code during the voltage sag as shown in Fig. 8 (d).
The positive sequence d—axis current is reduced whereas
the positive sequence g-axis current is increased to provide
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the reactive power. The DLV is maintained at its reference
level without any oscillation throughout this study as shown
in Fig. 8 (e). The frequency has also been maintained at its
nominal value (377 rad/s), as shown in Fig. 8 (f). Hence,
it can be concluded that the developed SMC can provide
much improved control over the PI controller under different
grid and load conditions.
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FIGURE 8. Wind system during an asymmetrical voltage sag with
proposed SMC control (zoomed version at upper display):

(a) AC voltage at PCC (b) Inverter negative sequence d- q axis
currents, (c) Inverter positive sequence d- q axis voltages
(zoomed at upper display), (d) Inverter positive sequence d- q
axis currents (zoomed at upper display), (e) DC link voltage,
and (f) Extracted per unit frequency-omega (rad/s).

V. EXPERIMENTAL VALIDATION

The effectiveness of the SMC based control strategy has also
been validated on a lab-scale wind-turbine test facility as
shown in Fig. 9.

BUCK NI LABVIEW
CONVERTER CONTROLLER

“ TACHOMETER

| WIND TURBINE
| snwrator

MoTOR
PMSG SET

7 a

»

FIGURE 9. Experimental test facility.

An induction motor is used to drive the PMSG to emulate
the wind turbine as the wind turbine simulator (WTS) [24].
A buck converter and an inverter have also been designed and
fabricated to support this experiment. The grid is emulated
by a commercial 1.5 kVA programmable three phase AC
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power source (model 310 HE, Pacific Power Source Corpo-
ration). The Texas Instruments (TI) controller and National
Instruments (NI) LabVIEW controller are used to control the
buck converter and WTS, respectively. The inverter control
is implemented in dSPACE, and the data is collected through
dSPACE control desk at a sampling interval of 290us. The
experiments are carried out under similar conditions as in the
simulation Section D Case Study 1V.
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FIGURE 10. Behaviors of the system subject to an asymmetrical
voltage sag with the SMC based control strategy (zoomed
version at upper display for ¢ and d): (a) AC voltage at the PCC;
(b) Inverter negative sequence d- q axis currents; (c) Inverter
positive sequence d- q axis voltages; (d) Inverter positive
sequence d- q axis currents; (e) DC link voltage; and

(f) Extracted per unit system frequency —omega (rad/s).

The experimental results are presented in Fig. 10. It is
interesting to note the resemblance of the results to those
in Fig. 8 based on simulations, except that the experiment
results contain more noise. Both results have convincingly
shown that the SMC based control strategy can eliminate
oscillations and negative sequence components in the current
injected to the grid and at the DLV. Furthermore, the inverter
current can be maintained within the safe operating limit.

In summary, one can conclude that proposed control
strategy based SMC can effectively deal with asymmetrical
voltage sags at the PCC to ensure that the wind turbine
system remains connected to the grid to supply the needed
reactive power to support the grid voltage under unbalanced
conditions.

VI. CONCLUSION

A VCCEF of negative sequence voltage using sliding mode
control strategy has been developed for a wind-turbine-
driven PMSG system. The control objectives are to elimi-
nate impacts of asymmetrical voltage sags at the PCC and
to suppress the effects of disturbances. The investigation
has concluded that sliding model control is more robust
than conventional PI controller to achieve the above control
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objectives. With the newly developed control scheme,
the wind turbine system can remain connected to the grid
during asymmetrical voltage sags and to provide adequate
active and reactive power support. By doing so, the grid
voltage at the PCC can be maintained. Four case studies
have been carried out by simulations, and the performance
of the control system has also been validated experimentally
on a physical component based test facility. The experimental
results have shown that the SMC control strategy can regulate
the negative sequence current to zero, balance the power flow,
and ensure the peak current within the safe operating limit.

APPENDIX
See Table 1.

TABLE 1. Parameters of wind system and the grid.

Grid voltage/frequency 170 [V]/60 [Hz]

Switching frequency 10 [kHz]

Rated power 1.0[kW]

DC link voltage 36 [V]

Rated rotational speed 900 [rpm]

Stator reactance 3.067 [Ohm]

Stator resistance 1.03 [Ohm]

Flux Linkage 0.1976 [Wb]

Number of poles 8

Air density 1.225 [kg/m’®]

Blade radius 1.2 [m]

Optimal power coefficient 0.43

Optimal tip speed ratio 6.28
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