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Abstract

Grid codes mandate that wind turbines (WTs) remain connected even during severe

faults. This requirement can lead to WTs' loss of synchronisation (LoS) with the AC

grid under severe symmetrical faults. In this paper, the LoS is illustrated by the power

balance principle. Then, a solution with improved performance for avoiding LoS dur-

ing severe faults is proposed, implemented and verified by simulations. The results

show that the solution eliminates the steady-state frequency deviation during faults,

resulting in a smoother WT transient during and post-fault.
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1 | INTRODUCTION

The most demanding grid code requires connectivity of wind turbines (WT) for around 200 ms even when the voltage drops below 10% of the

nominal voltage.1 These type of voltage drops occur due to three phase symmetrical fault with negligible impedance which are known as severe

faults. As it has been shown in the literature, severe faults occurring nearby wind power plants (WPPs) can cause instability of the WTs, that is, an

inability to maintain synchronism with the main grid, known as Loss of Synchronisation (LoS).2 Consequently, if WTs are mandated to remain con-

nected during severe faults, it becomes important to implement a control scheme that can prevent the aforementioned operational instability.

Several research works investigate LoS phenomenon with different analytical approaches,2 proposing different solutions for the associated

stability problem. They encompass modifying the active current references based on frequency deviation3 and voltage drop,4 adjusting references

based on the impedance estimation,5,6 phase-lock-loop (PLL) freezing7 and coordinating WT control with an external static synchronous compen-

sator (STATCOM).8

The authors consider that adjusting the active current reference based on the frequency deviation has a very good potential, for not relying

on external components such as STATCOMs, and allowing continuous operation of PLL without blocking it. Furthermore, it is autonomous and

does not require any information about the system parameters, in contrast to adjusting the references based on the impedance estimation. Finally,

adjusting the active current reference based on the frequency is more promising compared to using the voltage magnitude since, to date, there is

not any analytical method to calculate the voltage below which LoS occurs.2 Accordingly, in this work, performance improvements of this

approach are proposed.

In Göksu et al,3 current reference modification is realised by a control block called frequency dependant active current injection (FDACI).

While performing quite well, further improvements can be obtained by changing some of the implementation aspects. There are two important

points, in the authors' opinion, that need to be re-considered in the implementation described in Göksu et al.3 The first point is related to using a

dead-zone for filtering out the frequency errors below the specified threshold value. This dead-zone introduces a steady state error in the output

frequency which is not desirable, as the final aim of the solution is avoid frequency deviation and prevent LoS. Second, as the detail of PLL imple-

mentation impacts the performance of WT during faults, the authors believe that the PLL implemented in Göksu et al,3 which normalises the input

voltage, degrades the performance of the controller under severe voltage drops and needs to be modified. Modifications to both points are
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presented in this work. In this regard, a solution to eliminate the steady state error by using a logical circuit for activation of FDACI block instead

of the dead-zone is presented and modifications to the original PLL are proposed. The improvements achieved are compared with the original

implementation, using a test setup similar to the one used in Göksu et al,3 a WT connected to an AC grid, simulated in Matlab.

In the following, LoS is illustrated by power balance principle. Then, in Section 3, the proposed modifications for improving the performance

of FDACI are presented. The case study along with the simulation results are presented in Section 4. Lastly, in Section 5, the paper is summarised.

2 | EXPLANATION OF LOS BY POWER BALANCE PRINCIPLE

In this section, the LoS is illustrated based on the power balance principle to have an insight about the phenomenon and understand the limita-

tions that it introduces. For the sake of simplicity, the power balance principle is applied only for solid faults (0% voltage at fault location) assum-

ing there is no power from the grid side.

With this assumption, the WT is decoupled from the grid and can be considered as connected to a passive load. Based on the power balance

principle, the active/reactive power generated by the WT (PWT=QWT ) must be equal to the power dissipated in the passive load (PL=QL) as stated

in Equation (1).

PWT ¼PL , QWT ¼QL ð1Þ

with Rth and Xth as the resistive and inductive elements of the equivalent impedance between WT and the fault location, the dissipated power in

this impedance would be

PL ¼Rth � I2WT , QL ¼Xth � I2WT ð2Þ

Also, the generated power by WT can be expressed in dq frame as follows:

PWT ¼Ud
WT � IdWT þUq

WT � IqWT

QWT ¼Uq
WT � IdWT �Ud

WT � IqWT

ð3Þ

due to PLL settings, during steady state operation Uq
WT ¼0, hence

PWT ¼Ud
WT � IdWT , QWT ¼�Ud

WT � IqWT ð4Þ

substituting Equations (2) and (4) in Equation (1) gives:

Ud
WT � IdWT ¼Rth � I2WT

�Ud
WT � IqWT ¼Xth � I2WT

ð5Þ

dividing two formulas in Equation (5) leads to

IdWT

IqWT

¼�Rth

Xth
ð6Þ

Equation (6) shows that during severe faults with negligible impedance, the ratio between dq currents needs to be equal X=R ratio. Conse-

quently, an effective solution, for avoiding LoS during severe faults would maintain the currents ratio Id=Iq close to the X=R ratio. Due to practical

challenges in obtaining the precise value of the X=R ratio, an alternative approach should be chosen for adjusting the current references. FDACI is

realising that by adjusting the reference value of Id based on the frequency deviation as a large frequency deviation is an indicator of LoS. This

solution is briefly described in the next section.

3 | IMPROVEMENT OF FDACI SOLUTION

Recognising the merits of the FDACI solution, improvements related to the activation and the PLL implementation are suggested in this section.

Both are elaborated in the subsequent.
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3.1 | Activation of the FDACI block

An overview of the FDACI solution for severe fault, proposed in Göksu et al,3 is given in Figure 1. To save space and time, only the frequency

dependant active current injection (inside the dashed rectangle in Figure 1) is discussed here. Interested readers can find full explanation, including

design of kfðsÞ, in Göksu et al.3 As Figure 1 shows, the measured frequency at WT's terminal is compared with the reference value, and the differ-

ence passes through a dead-zone. Then, it enters the kfðsÞ control block which is implemented by an integrator to compensate steady state errors

in the resultant frequency.3 Finally, the output of this control block is summed up with the reference value of active current and creates a modi-

fied reference for active current. In this way, whenever the error in the measured frequency goes beyond the dead-zone thresholds, FDACI auto-

matically adjusts Id current and, hence, the Id
Iq ratio to a value which is required for preventing LoS. As indicated by Equation (6), for a solid fault,

this value must be equal to the X=R ratio of the equivalent impedance between WT and fault location. However, if the fault is not solid, the Id
Iq ratio

should be inside a range instead of being equal to a specific number. The higher the fault impedance, the wider the acceptable range for Id
Iq ratio

due to the increase in the contribution of the ac grid.3 A short discussion on dead-zone clarifies the potential improvements that can be added in

this solution.

Having a dead-zone is an effective way for blocking small oscillations which can always happen due to measurement noise, or other minor

events in the system. It has, however, the drawback of introducing a small steady state error, which in this case would deteriorate the post fault

response of the controller. Actually, the final aim of the solutions for avoiding LoS is to keep the frequency as close as possible to the grid fre-

quency and, consequently, ameliorate the post fault transients. Hence, if FDACI is going to be used, the steady state error introduced by the

dead-zone needs to be removed.

To overcome it, this work proposes to replace the dead-zone with a logical circuit to activate the FDACI block. The proposed modifications

to FDACI are shown with grey colour in Figure 2. In this way, the block is activated when the voltage drops below a threshold and the frequency

reaches values beyond the specified limits.3 Then, it will remain in circuit as long as the voltage is not recovered, regardless of the frequency value.

F IGURE 1 The frequency dependant active current injection (FDACI) as proposed in Göksu et al.3

F IGURE 2 Modified-frequency dependant active current injection (FDACI) proposed in this work
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This is realised by resetting the flip-flop merely based on voltage level as can be seen in Figure 2. In this way, the steady state frequency deviation

introduced by the dead-zone is removed and the block remains operating even though the frequency error is zero.

Additionally, the reset signal of the Flip-Flop is also used to reset the output of kfðsÞ and switch its input to zero, to prevent integration of

small errors in the measured frequency during normal operation (similar to having a dead-zone).

3.2 | The implemented PLL

The PLL implemented in Göksu et al3 is depicted in Figure 3. It has a normalisation block dividing the measured voltage by its amplitude just

before the abc=dq transformation. By doing so, the amplitude of the input into the abc=dq block remains always close to 1, which is, in author's

view, not desirable under severe faults. This is verified by the results presented in Section 4.

As mentioned in Section 1, under severe faults, the voltage drops severely which means the voltage amplitude is very small. Therefore,

normalisation by the voltage amplitude is equivalent to division by a small number or, consequently, multiplication by a relatively large number.

This reflects in the value of the resultant Uq and potentially feeding a large signal error into the PI controller (since U ∗
q ¼0). That increases signifi-

cantly the control effort. In this way, the normalisation block deteriorates the response of the WT at the instant of fault occurrence. Accordingly,

it is expected that removing the normalisation block improves the performance of FDACI. The simulation results, in the following section, support

the proposal.

4 | SIMULATION RESULTS

In this section, a single WT connected to the AC grid, as shown in Figure 4, is used to demonstrate the improvements that are gained by the pro-

posed modifications. In this study, only symmetrical faults are considered, since LoS and frequency drift are instability issues encountered only

during severe symmetrical faults.2 Additionally, due to the very limited injection of active power during severe faults (high voltage drops), the DC

link chopper will be activated. Therefore, the results presented focus on the ac side of the grid side converter. Figure 5 depicts the response of

the WT to a severe fault in three cases; namely,

(a): FDACI with normalisation in PLL and with the dead-zone (which is the original implementation of FDACI)

(b): FDACI without normalisation in PLL and with the dead-zone

(c): FDACI without normalisation in PLL and with logical circuit replacing the dead-zone

F IGURE 3 the implemented PLL in Göksu et al.3

F IGURE 4 A simple system consisting of a wind turbine (WT) connected to an AC grid with a three phase fault with negligible impedance
occurring near the grid transformer ðtrgridÞ
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The original implementation of FDACI, with the dead-zone and normalisation in the PLL, undergoes a larger transient during and post fault.

Moreover, it experiences a steady-state frequency deviation due to its embedded dead-zone. That can be observed in the dotted plots in

Figure 5, labelled with (a).

When the normalisation is removed from PLL, the WT shows a smoother transient during fault as was expected. The steady state deviation

in the frequency can be still observed in this case, due to the fact that the dead-zone is not replaced by the logical circuit yet (see the dashed plots

in Figure 5, labelled with (b)).

Finally, case (c), without normalisation in PLL and with the logical circuit replacing the dead-zone, does not undergo high transients during the

severe fault. Furthermore, it does not experience the steady state frequency deviation and reaches the nominal frequency during the fault.

Removing the PLL's normalisation block along with eliminating the steady-state frequency deviation result in an improved response of the system

at the fault instance, during fault and after fault clearance, as demonstrated by solid lines in Figure 5 for the voltages, currents and frequency.

5 | SUMMARY

In this paper, LoS is illustrated by power balance principle to have an insight about the phenomenon and it's limitations. Then, performance

improvement of an available solution, called FDACI, is achieved by removing the normalisation block in PLL and proposing a logical circuit to

replace the dead-zone. With those improvements, the steady state frequency deviation during the fault is eliminated and the WT experiences

smoother transients at the instant of fault as well as post fault.

F IGURE 5 Response of wind turbine (WT) to a severe fault with (a) frequency dependant active current injection (FDACI) with normalisation
in phase-lock-loop (PLL) and with the dead-zone (which is the original implementation of FDACI), (b) FDACI without normalisation in PLL and
with the dead-zone, and (c) FDACI without normalisation in PLL and with logical circuit replacing the dead-zone
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