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This paper deals with control of wind turbine connected to the grid through the
back-to-back converter in case of unbalanced grid voltages. The motivation for
this research has been found in recent transmission and distribution grid code,
which demand modern wind turbines to stay connected to the grid and supply the
highest possible apparent power during the grid disturbances. In order to comply
with these requirements we proposed improved dual vector current controller to
deal with the unbalance imposed by the electrical grid. Controller provides injec-
tion of active and reactive power to the grid, even if the voltages are lower than
the nominal one. The results are validated using low power prototype and con-
temporary hardware-in-the-loop emulation platform. In both cases the controller
is based on TMS320F2812 DSP.
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Introduction

Wind energy systems, photovoltaics and small hydro power-plants are common type
of DG units, integrated in the power system. They have a number of positive impacts on the
grid such as, lower capital costs due to their smaller size and possibility to contribute to the
overall system stability [1-3]. Wind turbine (WT) is one of the most usually employed types
of DG units. Almost all WT require controllable power electronics interface [4]. One com-
plete WT system is shown in fig. 1. Squirrel cage induction generator is connected through
the back-to-back converter, LC filter and transformer to the grid, providing an efficient injec-
tion of active and reactive power.
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Figure 1. WT unit connected to the grid through the power electronic interface
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In the early stage of the WT technology development there were no requirements,
imposed by power companies, demanding WT to stay connected to the grid during the fault,
or grid disturbances [5]. The main focus of engineers was protection of WT unit itself. In the
last two decades, increasing of DG pene-
tration has led to the fast establishment of
a variety of grid codes which define WT
behaviour in the case of unconventional
conditions. Grid code provides minimum
operational and security requirements of
the WT installations connected to the
electric network in order to guarantee
supply continuity in the presence of volt-
age sags. One of the most commonly
used LVRT requirements is created by
Voltage sag instant the German company E.ON Netz. Grid
code in other countries usually relies on
the German grid code, taking into ac-
count specific needs of a certain power system. According to E.ON Netz grid code require-
ments in the case of grid faults, the generating plant must stay connected and inject available
active and reactive power [7]. These grid code requirements are illustrated in fig. 2. It shows
voltage pattern limit of the WT plant based on the induction generator in the point of grid
connection.

This paper proposes control algorithm which improves WT behaviour in the case of
grid voltage sags. It allows WT to stay connected to the grid and inject active and reactive
power, even in the case of severe voltage drops at the connection point. Balanced and unbal-
anced voltage sags are considered. Controller is based on the standard DVCC technique and
introduces regulation of both, positive and negative sequence components. The main im-
provement proposed here has been modification in calculating currents references, which
reflects on the amount of active and reactive power injected to the grid.

Tests on WT systems are difficult to perform in a real laboratory due to high power
rating of hardware, system complexity, difficulties associated with generation of desired grid
voltage profile, and impracticability of disconnecting a WT unit form the rest of the system
[8, 9]. The alternatives to the final system testing are either to build a small-scale prototype,
which is time consuming, inflexible and expensive, or to use the HIL rapid prototyping simu-
lation tools [10]. In this paper both approaches have been combined to achieve comprehensive
test results. Firstly, HIL device behaviour was verified in normal operation circumstances by
comparison with the real hardware low power test bench, and after that the HIL emulation
platform was employed to evaluate the ability of the proposed control algorithm in order to
meet pre-defined grid code requirements in balanced and severely unbalanced grid voltage
conditions. The entire hardware is emulated in the real-time, using the FPGA platform with a
fixed simulation time step of 1 ps. The FPGA based platform interacts with the controller
through the custom made 1/O board. The control algorithm is implemented using a control
platform based on the TMS320F2812 DSP.
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Figure 2. E.ON grid requirements for DG connection

Voltage sags

A three phase fault in the power system leads to an equal voltage drop in each phase.
Unsymmetrical faults leads to drops in one, two or three phases, with not all phases having
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the same attenuation [11]. Unbalanced voltage sags caused by network faults introduce nega-
tive sequence grid voltage and current components. The control and operation of a grid-
connected VSC under these circumstances have been widely investigated in the literature [12-21].

One example of unbalanced voltage sag is shown in fig. 3. Voltages in two phases
drop down to 50% of the nominal one, while third phase remain the same. Disturbance lasts

for three periods.
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Figure 3. Example of unbalanced voltage sag

In order to calculate balanced voltage sag amplitude in the radial distribution net-
works, the schematic shown in fig. 4 has been used. The Zg represents the source impedance,
while Z represents impedance between connection point and fault location.
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Figure 4. Balanced voltage sag calculation

Remained voltage at the connection point could be calculated:

Zc
- . E 1
sag Zo+27Z¢ @)

If the fault location is closer to the connection point, than impedance Z. will be
smaller, so remained voltage will be lower (Z has lower value). In the case of unbalanced
voltages, schematic from fig. 4 cannot be used. It is necessary to use symmetrical components
domain. Equivalent circuit from fig. 4 should be separated to positive, negative and zero se-
guence components in order to calculate voltages and currents properly. Detailed analyses of
all possibilities are thoroughly explained in [22, 23]. There are seven basic voltage sag types
according to the ABC classification. They are shown in fig. 5. Grid voltages in the normal
condition are denoted with the dashed line, while voltages during the sag are represented with
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the solid line. Voltage sags A, B, and E do not introduce phase shift, while voltage sags F, C,
D, and G introduce both, phase and amplitude change.
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X . Type C “-._ Type G
¥ ’V ¥ ¥

Figure 5. Voltage sags types — ABC classification

Voltage sags A-D are caused by one-phase, two-phase or three-phase fault, while
voltage sags E-G are consequence of two-phase to ground fault. If there is any transformer in
the system, like in fig. 6 it can lead to changing of voltage types at the converter terminals
from one to other [11].

Connection
point

AC DC

-

DC AC

Figure 6. DG unit connected to the grid

Regardless winding connection of the transformer, voltage sag classification men-
tioned in fig. 5 include all possible cases and explain the propagation of three-phase unbal-
anced sags from one voltage level to another [11].

System description under unbalanced grid voltages

Unbalanced system voltages and currents can be represented by its positive and
negative sequence equivalents. A fast and precise detection of positive and negative sequence
voltage angle and magnitude during the transient faults in the grid is an important issue. An
unbalanced spystem of the three phase-voltages (u,, Uy, Uc,) could be represented with its posi-
tive (Ui, = uf + juj) and negative sequence (Ugq = Ug + jug) components, as given by:

_ plat p —jot; n
Uyp =€ Ugq +€ "“Ugq )

where u,, = (2/3)"% (Us + upe””™ + ue ™ ) is the grid voltage vector expressed in the sta-
tionary reference frame (using a power-invariant transformation) and @ is the angular grid-
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frequency. In the same manner, unbalanced grid currents also appear and they could be repre-
sented in terms of positive and negative sequence current components, similarly to eg. (2):

ip =elif, +e7 g, 3)
where ifq = i§ + jig and igq = ig + jig.

One case of unbalanced grid-voltage in the original and synchronously rotating ref-
erence frame (type C) is shown in fig. 7. It should be noted that in the positive sequence refer-
ence frame, a positive component appears as DC, whereas a negative component oscillates at
twice the grid frequency. In negative reference frame it is opposite, which is explained thor-

oughly in [12]. After filtrating oscillating components DC values for positive and negative
sequences (U} ¢, uf ;) are obtained.
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Figure 7. Unbalanced grid voltage representation

The representation of a two-level VSC, used as an actuator in DG application, could
be described by differential eq. (4) in the stationary reference frame:

di,; _.
Vo =Ugs+L pm +Ri,p 4)

where R is the grid resistance, and L — the grid inductance and

2 _ _
Vo5 = \/;(va +v,el?r’3 +vce’12”’3) (5)
] 2( . .
|aﬁ=\/;(|a+|be12”’3+|ce‘2”’3) (6)

where v,g and i,z denote converter pole voltages and line currents, respectively.
Equation (4) can now be transformed and decomposed into two parts in the positive and
negative synchronous rotating reference frames, respectively, as shown in egs. (7) and (8) [12]:
p d idpq ip i iP p
Vi = LE+ Rig, + Jolig +Ug, (7)
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in

n dl n H in n
Vi, = Ld—“t“+ Rij, — jaliy, +uj, (8)

With regards to this, instantaneous apparent power could be expressed:

S=U,4l.5 = P(t) + ja(t) ©

where active power p(t) and reactive power q(t) are:
p(t) =Py + P.scos(2mt) + Ps,sin (2mt) (10)
q(t)=Qy +Q.2c0s(2wt) + Qgosin (2mwt) (1)

Terms P, and Q, designate the value of the average power, while Pc,, Ps,, Qc,, and
Qs, are magnitudes of power oscillations caused by unbalance. Detailed expressions for all six
terms are given in [12]. If egs. (10) and (11) are written in matrix form, it follows:

p p n n iP
P Ui U Uy Ug | 14
p p n niip
Q| Uy —U§ Ug —Uqg|lg (12)
P - n n p p n
n n p p n
P, Ug U Ug Ug |l 1

Control algorithm development

Song and Nam [15] recommended the DVCC to achieve robust operation of a VSC
under unbalanced grid-voltage conditions. Its core is regulation of positive and negative se-
guence components, allowing transfer of active power to grid at grid frequency, while sup-
pressing oscillations at twice grid frequency and maintaining the desired average power fac-
tor. A conventional DVCC cannot be implemented under extreme voltage conditions [21]. For
severe voltage sags, grid currents could reach unacceptably high values, several times higher
than the nominal value. For reliability and converter protection reasons, this should not be per-
mitted. Therefore, the modified DVCC with imposed current limitation is proposed here [23].

Current references in the case of modified DVCC are extracted from the equation:

2 2 - pref - pref =nref snref | & pref
|IGRID| [ iy I iy I iy
Q |_| O |_|u -ul oug o -ugfig® (13)
P, | | O | [ul —uf —ud up |ig
P, 0 ug ougoud P |

First row in the eq. (13) is current limiting condition imposed by the grid side inverter.
When solving this matrix equation, current components references are obtained:

ot U
Idp f_ LIMD d (14)
iqpref — ILIM qu (15)

D
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igref - _ ILIM ug (16)
D
. -1, Ul
I:ref — LIM ~q (17)
D

where D = [(U5)? + (uf)® + ((uf)” + (up)’1*%. The power delivered to the grid will be lower due
to lower grid voltages and imposed current limitation. The conventional DVCC controller
structure is shown in fig. 8. In the case of modified DVCC the only difference is in calcula-
tion of current references, according to eqgs. (14)-(17).

The control block scheme

of the whole WT system is repre- i Positive

sented in fig._9. '_I'he back to bapk i — »{sequence]|us’
converter which is fed from squir- i __,| vector " dap
rel cage induction generator unit i __,] curent j« o [
is connected to the grid through __,Jcontroller|—=>
. . 9 . 9 Uap X
the LC filter and grid impedance.  ug, _.
Transformer is also used between 9
rid and DG unit. Three phase Z . Y Ui [aB/ sv
g p O . | .
grid currents (ix.) and voltages T hbcl—e|PWM
(usc) are measured and trans- jéﬁi—» Negative
formed to of (i, Uy) and dq do- '@ —={sequence| Ui v
main (igq Ugg) USing the transfor- ‘o ——s Vector dan
. . . . ign current | yref .
mation angle which is obtained " = . ioler =" @B
by employing PLL estimator. The ‘0 —*]
PLL is designed to estimate accu- " "]

rately frequency and phase angle
in the case of distorted voltages,
including phase jump. More de-
tails can be found in [12] Voltages and currents in dg domain are used to calculate active and
reactive power according to egs. (10)-(11). These expressions are used in order to design dual
vector current controller, which is employed in the case of unbalanced voltages.

There are two separate control structures. During the normal system operation WT
side inverter is in charge of controlling WT torque (myys) and speed (n) using vector control
technique, while grid side inverter is in charge of controlling active and reactive power and
DC bus voltage. In normal grid conditions torque reference my for WT controller is obtained
based on optimal turbine power characteristic Py = f(n) [11]. At the grid side, in normal
conditions conventional DVCC is used (fig. 5.). There, power transfer reference command
Psc comes from the output of DC voltage controller and reference average reactive power is
set to Qp = QL, = 0. If reactive power different from zero is injected, reference Qu = Qi
will be set to the desired value.

After the voltage sag has been detected, control structure has to be altered so that
modified DVCC imposes current limit in the output current and WT side converter takes over
DC voltage control. Obviously, power flow through the back-to-back converter will be re-
duced. Therefore, the WT mechanical input has to be restricted by means of the pitch control.
The control structure completes sag detector that manipulates the switching between the two
control objectives.

Figure 8. Dual vector current controller
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Control parameters are obtained using symmetrical and module optimum. For prac-
tical implementation, the controller is transformed into a time-discrete form using bilinear

transformation.
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Figure 9. The WT control structure

System performance verification using HIL emulator and
experimental set-up

Performance of the proposed control structure is difficult to verify in laboratory for
all operating conditions. Difficulties are associated with the lack of high power equipment and
impracticability of doing such experiments on live power systems [24-26]. Here, it was de-
cided to combine two standard approaches. Firstly, fidelity of HIL emulator was verified us-
ing low power hardware setup. After that, HIL platform was configured with the parameter of
real 560 kW wind turbine, equipped with induction generator in order to confirm proposed
control algorithm for real operating condition.

The HIL verification

In order to verify HIL platform fidelity, experimental setup shown in the fig. 10 is
used. Two electrical machines are mechanically coupled, one synchronous machine which is
used to set-up wind profile and one induction generator, as a part of wind energy conversion
system. Synchronous generator is fed by standard industrial ABB frequency converter, while
the wind generator is fed bytailor made back-to-back converter. In this case, dSpacesystem
was used as a control card, located inside the PC computer.

Figure 10. Low power hardware prototype
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In addition, HIL experiment has been carried out due to show system fidelity. Power
stage including power converters and machines is emulated with the universal ultra-low la-
tency HIL FPGA-based platform dedicated to power electronics applications. Experimental
results are shown in figs. 11-14.
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Figure 11. g axis machine current (left — experiment, right — HIL)
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Figure 13. Wind turbine generator speed (left — experiment, right — HIL)
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Figure 14. Grid dq axis currents (up — experiment, down — HIL)

Step response of induction machine currents has been shown. In both cases critical
periodical response is obtained, according to control aims. Figure 13 shows induction genera-
tor speed response. It can be seen that set reference is achieved in both cases. The HIL and
experimental results perfectly match, which means that HIL platform can be used for further

algorithm testing.

Verification of DVCC control algorithm using HIL platform

In this section performance of the proposed control principle is verified by using
HIL platform. Power stage of the emulated electrical system (fig. 15) is comprised of electri-
cal grid, power transformer, voltage sag emulator, grid side converter, machine side converter
(back-to-back) and induction generator. It is executed on the FPGA based platform with 1us

latency.
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Figure 15. Schematic diagram of WT connected to the grid
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The VSC is modelled using HIL emulator. They are inherently nonlinear switched
circuits where the control of power flow is achieved with precisely timed switching events.
The combination of continuous time dynamics (continuous-time state-space) and discrete
events (finite automaton) that VSC exhib-
its lends itself naturally to a hybrid sys-
tem modelling approach. Thus, modelling
framework was adopted based on GHA
with piecewise linear continuous dynamics.
The PE circuits (grids side inverter sup-
ported by WT) is represented with passive
elements (R, L, and C), piece-wise linear
switches, a controlled current source and
independent voltage sources that yield a
piecewise linear state-space representation.

The hardware set-up is shown in fig.
16. On the right side, the HIL emulator box
can be seen and on the left side the DSP- Figure 16. The HIL experimental set-up
based control board. TMS320F2812 DSP
controller for control code generation has been used.

Control algorithm is tested for three cases: performance in normal operating condi-
tion, behaviour in the case of balanced voltage sag and behaviour in the case of unbalanced
voltage sag. Figures 17-21 illustrates behaviour of WT based system in normal voltage condi-
tion.

Grid voltages are nominal with the line voltage of 400 V. Parameters of electrical
transformer are: 1.5 MVA, 11.4/0.63 kV/kV. These parameters are selected based on real
power system data. From fig. 18 it can be seen that grid currents are balanced. There is some
ripple due to chosen switching frequency of 2 kHz, but PWM filter cut off most of it. It is
similar with the induction generator line currents, shown in fig. 19. Machine electrical torque
is quite constant and equals 2500 Nm. The DC bus voltage is also stable, which indicate that
the power transfer is correctly managed. In this case generator produces 560 kW of active
power, while the reactive power is kept to zero.
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Figure 17. Grid voltages — no fault
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Figure 21. DC bus voltage — no fault

Figures 22-27 show test results in the case of balanced voltage sag (type A). Bal-
anced voltage sag is introduced using RL impedance and contactor. With the proper selection
of R and L the depth of voltage sag can be chosen.

Figure 22 shows grid voltage sag, type A, with the amplitude attenuation of 49% in
regards to nominal voltage. Transient can be seen in the instant of voltage change which is
due to RL circuit dynamic. During the voltage sag grid currents are higher than nominal, but
they are limited in accordance to the grid side converter control algorithm. A lower grid volt-
age and limited grid current imply a decrease in active power flow from the generator to the
grid (fig. 24).
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Figure 22. Grid voltages — voltage sag type A
Grid currents
1200 —
1000) —
800;32 Mnu AAAAAARAARLA
600
< 400 ” e VYT YYY LY )
oo i
g 0 ‘ i i | |
| L
400 l, U IV
—600 J
-800 LATRARLARARRRR AL RRRAL
—-1000
0 0.05 0.1 0.15 0.2 025 03 035 04

Time [s]
Figure 23. Grid currents — voltage sag type A
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In order to keep power flow balance it is necessary to reduce energy production of
distributed generator. This is achieved by proper reduction of machine torque reference. Ac-
cording to the lower torque references machine currents will be also reduced (fig. 25). The
DC bus voltage is still stable, except during transient, when minor deviation occurs. The DC
bus stability is indicator that the power flow is correctly managed.
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Figure 24. Active and reactive power — voltage sag type A
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Figure 25. Machine currents — voltage sag type A
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Figure 27. The DC bus voltage — voltage sag type A

The results shown in figs. 28-33 show the response on unbalanced voltage sag type
E. Two phases drop to 50 % of nominal voltage, while third one stay the same as before the
voltage sag happen. Before the voltage sag active power injected to the grid was 300 kW.
During the voltage sags currents are sinusoidal, but unbalanced. Currents are slightly higher
than the values before sags. Due to limited currents and lower grid voltages, the power in-
jected to grid is lower (fig. 30). This means that production of generator is slightly lower, due
to the fact that generator speed is kept constant. The DC bus voltage is stable in this case,
which means that our DVCC controller work properly.
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Figure 28. Grid voltages — voltage sag type E

Grid currents

1200
1000{—1b
800— |
600

\ dAALA L Ay [
00 AR

—208 W Wﬁ%ﬁ%ﬁ
o L

—600 !
—-800

-1000
0 005 01 0.15 02 025 03 035 04 045 05
Time [s]

Current [A]

Figure 29. Grid currents — voltage sag type E
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Figure 32. Electrical torque — voltage sag type E
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Figure 33. The DC bus voltage — voltage sag type E

Conclusion

This paper proposed a novel power flow control strategy for wind turbine systems
connected to the grid under unbalanced conditions. Proposed control algorithm enabled dis-
tributed generator to stay connected to the grid during disturbances and to inject active and
reactive power in accordance with its capability. Algorithm principles are verified using real
hardware and hardware-in-the-loop emulation platform.
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Acronyms

DC - direct current PC — personal computer

DG - distributed generation PE — power electronics
DVCC - dual vector current control PLL - phase locked loop
FPGA - field programmable gate area PWM - pulse width modulation
GHA — generalized hybrid automaton VSC - voltage source converter
HIL - hardware-in-the-loop WT - wind turbine

LVRT - low voltage ride-through
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