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Abstract
Fast and accurate synchronization capability of grid-connected converters is becoming more and more

important to ensure proper performance during transient events, such as grid faults. The higher re-

quirements during the operation, as Fault-Ride-Through with reactive current injection, cause higher

requirements on the operation during severe system conditions. This paper analyzes an addition to

Synchronous-Reference-Frame Phase-Locked Loops for power electronic converters, that is linearizing

the input signal. This enhances the tracking capabilities during abnormal transient events in the power

grid. The improved control is analyzed and its increased performance is validated through simulations

and experimental results.

Introduction
Due to the high penetration of renewables into the power system, Transmission System Operators (TSOs)

have issued grid codes requiring e.g. wind farms to stay connected during fault events and perform volt-

age support through reactive current injection [1]. However, a fast inner current loop in a vector con-

trolled converter is not alone responsible for such behavior, since its performance is also determined by

the synchronization unit of the converter (as shown in Fig. 1), which is often a Synchronous-Reference-

Frame Phase-Locked-Loop (SRF-PLL) [2, 3].

Extensive studies have been conducted for the SRF-PLL to investigate its influence on controller perfor-

mance and on the converter stability [4, 5]. This investigation uses the small signal model of the control

to verify the performance and stability. This model linearizes the SRF-PLL during low error values dur-

ing steady-state operation. But the control, used in the converters is non-linear. This paper analyzes a

linear SRF-PLL, that has been recently proposed for the usage in grid connected power electronic con-

verters [6], which linearizes the control behavior. A linear SRF-PLL allows a reliable synchronization in

all different phases of the operation, not only in the steady-state, but also during abnormal grid events,

such as faults or during fault recovery. The time to synchronize during transient events is analyzed with



Fig. 1. Power Converter Scheme with Control Structure.

simulations and verified with experimental results. It is also determined, if this control change has to

be taken into account in the converter stability analysis methods, such as the impedance-based approach

[7].

SRF-PLL
The SRF-PLL is a well established control algorithm which is used to estimate the phase angle θG of the

grid voltage vector. If the current control is done with a stationary reference frame, then the angle is used

to construct a desired current reference value in a grid connected power converter. When the current

control is done in a rotating reference frame, then the measured and reference currents are calculated

with the estimated grid angle and are then controlled to maintain the converter output currents at the

desired operating point.

The synchronization is done, by controlling the q-axis voltage component Vq in the Synchronous-Reference-

Frame to zero, as shown in Fig. 2.
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Fig. 2. Control Structure of a SRF-PLL.

Any deviation in Vq from zero is corrected by the proportional-integral (PI) controller by adjusting the

internal frequency value, which is then integrated in order to obtain the synchronous angle θPLL. To get

Vq, the Clark transformation is first used to calculate the grid voltage in the stationary reference frame.
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This is illustrated in the vector diagram in Fig. 3(a).

The angle of the grid voltage vector is represented with (2).

tan(θG) =
Vβ

Vα
(2)

A positive sequence filter can be used afterwards for better performance during unbalanced conditions,
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(a) Grid Voltage in the Stationary Reference Frame.
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(b) Grid Voltage in the Synchronous-Reference-Frame.

Fig. 3. Grid voltage Vector Diagrams in the different Reference Frames.

which is not analyzed in this paper, because only balanced voltages are considered. For the SRF-PLL,

the Park-Transformation with an estimated grid voltage angle θPLL is done, as it is given by (3).[
Vd
Vq

]
=

[
cos(θPLL) sin(θPLL)
−sin(θPLL) cos(θPLL)

]
·
[
Vα
Vβ

]
(3)

Solving this results in the voltage components in the synchronous reference frame. This is illustrated in

the vector diagram in Fig. 3(b) and also shown in (4) and (5).

Vd = |VG| · cos(θG −θPLL) (4)

Vq = |VG| · sin(θG −θPLL) (5)

Analysis of SRF-PLL
As shown in (5), Vq is dependent on the voltage magnitude and on the angle deviation. To compensate

the dependancy on the voltage magnitude, Vq can be normalized with the measured voltage magnitude to

only rely on the phase difference [8]. For the small signal analysis, it is assumed that the angle difference

is small, which simplifies (5) to a direct representation of the angle error.

Vq ≈ θG −θPLL = θERR (6)

The open loop transfer function of the SRF-PLL is then

Gol(s) =
(

K p +Ki · 1

s

)
· 1

s
(7)

The closed-loop transfer function of the SRF-PLL can be developed as

Gcl(s) =
Gol(s)

1+Gol(s)
=

K ps+Ki

s2 +K ps+Ki
(8)

This (second order) closed loop transfer function can be tuned by changing the control parameters Kp and

Ki. The parameters are typically chosen with respect to the inner current control in such a way, that the

synchronization bandwidth is much smaller than the current controller bandwidth to avoid instabilities

and with a sufficient damping coefficient.

Non-Linearity of SRF-PLL
Notably, the above mentioned small signal simplification is only valid if the angle deviation is within the

linear range. This non-linearity of the SRF-PLL can be best visualized with some examples. When the



angle difference doubles, Vq, as the input signal to the proportional-integral (PI) controller is not directly

doubled. This is shown in (9), where the error angle signal is doubled from 45◦ to 90◦, but sin(θERR), is

only multiplied with the square root of two.

sin(θERR) =

⎧⎨
⎩

√
2

2
≈ 0.707 ,θERR = 45 ◦

1 ,θERR = 90 ◦ (9)

Further, the SRF-PLL can not appropriately track the grid voltage phase when the angle difference value

exceeds 90◦. An example of this behavior is given in (10). Here, the same value is used as controller

input, with the error angles of 45◦ as well as 135◦.

sin(θERR) =
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√
2

2
,θERR = 45 ◦

√
2

2
,θERR = 135 ◦ (10)

This behavior can also be seen in Fig. 4. The figure shows the positive angle range, hence the mathemat-

ical representation can be used for positive as well as negative inputs. It shows a comparison between

the error angle value and the sinus of the angle difference value, represented by Vq.
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Fig. 4. Comparison of Vq and the voltage phase angle error.

The figure proves the correct simplification for low angle difference values (up to ca. 0.5 rad). In this

condition both lines match up with each other, thus there is no difference in the control behavior, no

matter which signal is used. Nevertheless, when the linear region is left, the error signal that is processed

in a SRF-PLL (the normalized Vq) is smaller than in a linear system. This implies a slower response of

the control system for high angle difference values than originally set with the control parameters.

Linear PLL
Linear phase-locked-loops are well established techniques in communication systems [9]. Lately, they

have also been proposed for converter controls to enhance the performance of the synchronization [10].

This is done by calculating the angle difference as the control input, instead of the sinusoidal value of it.

The angle difference can be calculated with a combination of Vq and Vd as described in (11).

Vq

Vd
=

|VG| · sin(θG −θPLL)

|VG| · cos(θG −θPLL)
= tan(θG −θPLL) (11)



The phase angle difference is then calculated with the inverse tangent function. This can also be con-

cluded from Fig. 3(b).

θERR = θG −θPLL = tan -1

(
Vq

Vd

)
(12)

The signs of Vd and Vq can be used to determine the exact value of the angle error. It has also been

proposed to control angle errors higher than 180◦ by comparing the error angle from the current and the

last computational cycle [6]. The SRF-PLL control scheme can now be redrawn with the linearization as

shown in Fig. 5.
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Fig. 5. Control Structure of a linear SRF-PLL.

This linear SRF-PLL is able to control angle deviations with the same response time, no matter how high

the magnitude of the error signal is.

Stability Analysis with linear SRF-PLL

The open-loop and the closed-loop transfer functions are still the same as described above in (7) and

(8), as the controller is behaving as before with the small-angle simplification now being implicit in the

model. The linearization has not included any filtering or delay to the system behavior. To analyze the

converter stability one can use the impedance based approach [7]. There, the SRF-PLL transfer function

is determined with

Δθ = ΔVq ·Gcl(s) (13)

With Gcl being the closed-loop transfer function of the SRF-PLL. In order to determine the small signal

model for the linear SRF-PLL, the following approximation is used.

Δθ = tan -1

(
Vq

Vd

)
≈ Vq

Vd
=

ΔVq +V1q

ΔVd +V1d
(14)

The steady-state value V1q is assumed to be zero. With this, the equation for a small signal deviation is

rewritten to

Δθ =
ΔVq

V1d +ΔVd
·Gcl(s) (15)

This means, the ratio between the small signal changes in ΔVq and the steady state voltage V1d are

mainly influencing the control behavior. ΔVd is ignored for the further stability analysis, because it is

rather small, compared to the steady state voltage V1d . The control change is therefore not influencing

the small signal behavior and the well-known analysis for controller stability is still valid.

Simulations
In the simulations, various phase jumps with different amplitudes are simulated and the time to control

the error angle back to a certain threshold is compared. Phase jumps in the grid voltage mainly occur

during grid faults, especially with reactive power injection [11]. The phase change is affected by the fault

location and the system impedance. The angle steps that are performed in the simulations are performed



from 10 ◦ to 170 ◦ in 10 ◦ steps. The parameters for the simulation of the SRF-PLL are given in Table I.

Table I

SRF-PLL Control Parameters

K p 36

Ki 5

nominal Grid frequency 50 Hz

Simulation of SRF-PLL

First, the standard control with Vq as the PI-controller input is analyzed. Afterwards, the linear SRF-PLL

is tested to verify the control performance changes.
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(a) Phase angle difference between θG and θPLL after

applying Steps in the Grid Voltage Phase from 10◦ to

170◦ with SRF-PLL.
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(b) Normalized Phase angle difference to compare the

Control Performance.

Fig. 6. Simulation results of Phase Tracking Performance with SRF-PLL.

Fig. 6 shows the simulation results of symmetrical grid voltage phase jumps. The reduction of the error

signal is performed by the PI controller. At low initial angle deviations, the error signal is reduced in a

nearly exponentially decreasing curve. But high initial phase jump magnitudes in the grid voltage cause

a flat curve, meaning a slower response, at the beginning of the synchronization. This causes a longer

time to synchronize after a phase disturbance.

To better illustrate the dynamic performance, the results are also shown normalized with the applied

initial grid voltage phase angle step in Fig. 6(b). With low starting deviations, the control is synchronized

in ca. 100 ms. Higher starting values cause, that this time increases up to approximately 200 ms. This

behavior is also verified with different control parameters.

The delay in the synchronization is further analyzed in Fig. 7(a). The graphs show the time until the error

angle has been reduced by 50%, 80% and 95% by the PI controller. This is done in order to evaluate,

how much time the synchronization takes (rise time to remaining 5% error signal of the initial error

angle).

This illustrates how much and when the delay happens. The delay is already taking place in the first 50%

of the synchronization process. After this returned the angle value back to the linear range. The time

to control 50% of the error value changes from 25 ms to 100 ms, so the time increase is approximately

75 ms. The time to be synchronized 95% increases approximately 85 ms from 100 ms to 185 ms. Dif-

ferent controller parameters will change these times, but the time delay is proportional to the presented

results.

Therefore, the synchronization time is set into relation to the fastest rise time in Fig. 7(b). This illustrates

the increased time compared with the expected synchronization, defined by the control parameters. One
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Fig. 7. Analysis of increased Synchronization time.

can see that the time to synchronize is increased less than 10% below an initial angle error value of

90 ◦. The time to synchronize 170 ◦ is almost doubled. This means that the current control can fulfill

its purpose for this longer time. This increased synchronization time, presented in Fig. 7(b) is valid for

other control parameters, hence the delay comes from the controller input reduction.

Simulation of linear SRF-PLL

Now, the control has been extended with the linearization block as shown in Fig. 5. The simulation

results with the linear SRF-PLL are shown in Fig. 8.
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(a) Phase angle difference between θG and θPLL after ap-

plying Steps in the Grid Voltage Phase from 10◦ to 170◦
with linear SRF-PLL.

50 100 150 200 250 300
Time [ms]

-0.2

0

0.2

0.4

0.6

0.8

1

E
rr

or
 V

al
ue

(b) Normalized Simulation Results to compare the Con-

trol Performance.

Fig. 8. Simulation results of Phase Tracking Performance with linear SRF-PLL.

Fig. 8(a) shows the error signal in the control loop to verify the behavior due to the different grid voltage

phase jumps. These graphs also shown normalized with respect to the applied step size in Fig. 8(b). With

the linear SRF-PLL it can be seen, that the rise time is constant, hence all lines are on top of each other

in this graph. There is no impact of the different starting error angle values. This illustrates the enhanced

control performance, without any severe drawbacks. The linearization can be computed fast and with

only a minor impact on the controller complexity.



Experiment
The experiments to verify the control behavior with and without linearization are shown in this section.

A grid simulator is used to produce the three-phase grid voltages. The parameters are the same as in

Table I. The currents and grid voltages during a grid voltage phase jump of 90 ◦ are shown in Fig. 9.

Fig. 9. Measurement during a phase jump of 90 ◦ at 0.2 sec.

Upper Graph: Grid Voltage [V].

Middle Graph: Converter Output Currents [A].

Lower Graph: Phase jump (Green), Phase tracking with SRF-PLL (RED) and linear SRF-PLL (BLUE).

The experimental results for the different phase jumps are shown in Fig. 10. The phase error signal

with different grid phase voltage jumps is shown in Fig. 10(a) and the same signals are normalized in

Fig. 10(b).

These results verify the increased time to a synchronization with the usage of a conventional SRF-PLL.

Small oscillations occur due to a small imbalance in the grid voltages. This can be avoided with positive

sequence filters, which would add an additional control delay. Therefore, this has not been done in this

comparison to achieve the same dynamics as in the simulations. The value of Vq in the SRF-PLL during

the experiment is shown in Fig. 11. The lower values of Vq at higher error angles, as the PI controller

input, cause the slow controller response at the beginning of the synchronization.

A linear SRF-PLL can calculate the angle difference, not only relying on this Vq signal. This has been

validated with experiments.
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(a) Phase angle difference between θG and θPLL after ap-

plying Steps in the Grid Voltage Phase from 10◦ to 170◦
with SRF-PLL.
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Fig. 10. Experimental results of Phase Tracking Performance with SRF-PLL.

0 50 100 150 200 250 300
Time [ms]

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

E
rr

or
 S

ig
na

l

Fig. 11. Error Signal Vq inside the SRF-PLL during the grid voltage phase jumps in the experiment.
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(a) Phase angle difference between θG and θPLL after ap-

plying Steps in the Grid Voltage Phase from 10◦ to 170◦
with linear SRF-PLL.

0 50 100 150 200 250 300
Time [ms]

-0.2

0

0.2

0.4

0.6

0.8

1

E
rr

or
 V

al
ue

(b) Normalized Experimental Results to compare the

Control Performance.

Fig. 12. Experimental results of Phase Tracking Performance with linear SRF-PLL.



The results of the experiments with linear SRF-PLL are shown in Fig. 12 prove the constant synchro-

nization time and verify therefore the enhanced dynamics of the control system with a linear SRF-PLL.

The performed experiments have validated the simulation results and prove the behavior. The slowed

synchronization severely affects the controller during transients in the power grid. A linear SRF-PLL

can correct this, which makes the control predictable.

Conclusion
In this paper, a synchronization method which significantly improves the dynamic performance of the

phase tracking capability of the SRF-PLL during high magnitude phase jumps is analyzed. It is verified

with analysis, simulations and experiments, that this control adaption is beneficial for a reliable control in

power electronic converters. With this control is it possible to achieve a constant and predictable control

behavior even during severe grid events.

SRF-PLLs have a slower response when it comes to higher phase deviations. With a phase deviation of

170 ◦ takes it almost double the time to synchronize, than with the linear SRF-PLL.

• The linear SRF-PLL can be tuned with a fixed bandwidth that is not dependent on the magnitude

of the angle difference.

• This control change does not affect the well-known tuning techniques and stability analysis.

• This technique can easily be applied in more advanced PLLs, such as D-SOGI PLLs, and also for

single-phase systems.

As long as the phase jump is smaller than 90 ◦, the synchronization time is not significantly affected.

The influence on impedance based stability analysis can be neglected, because it had the linearization

already as a simplification inside. But for the safe operation during transient events, such as grid faults,

is it necessary to guarantee the linear behavior of a SRF-PLL to achieve a control that can fulfill the

operational requirements, such as fault-ride-through. Control interactions between the synchronization

and the outer control loops (reactive power, active power) can be analyzed in future research.
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