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Abstract

The popularity of converter-based generations, such as wind and solar, suggests that
future power systems will be dominated by power-electronic converters, reducing the
share of conventional generation, and, inevitably decreasing inertia and short circuit
contribution of the system. When this happens in power systems, they become more
vulnerable to instabilities. A promising solution for counteracting this vulnerability could
be equipping converter-based generation units with grid forming control schemes. A
study of the fault-ride through capability of wind turbines with different grid forming
control schemes is presented in this paper. In this context, Virtual Synchronous Machines,
Power Synchronisation Control, and Distributed PLLs based Control are considered. The
performance of these control schemes is evaluated and compared during three-phase sym-
metrical faults using a case study that consists of a wind turbine connected to an AC grid.
The simulated results indicate the strengths and drawbacks of each control scheme during
faults.

1 INTRODUCTION

New challenges are posed to the modern power system by
the prevalence of converter-based generation. In networks
with large amounts of power electronic converters (PECs), the
features of conventional power systems, traditionally provided
by synchronous generators, are not available. There is a strong
connection between these advantages and the inertia of rotating
masses which contain mechanical (kinetic) energy. This energy
can be released into the grid in the event of a fault, equipping
the synchronous generators with a high short-term overload
capability [1]. For operation and control of power electronic
converters based on conventional grid following control [2],
the aforementioned characteristics must be present in the grid.
Therefore, to ensure safe and efficient operation of converter-
rich grids, a radical change in the control paradigm might
be necessary. Recent studies have shown that grid-following
controls applied to power systems with high penetrations of
PEC-interfaced generation (over 65%) are prone to instabilities
caused by interactions between the controls [3].

Alternatively, grid forming control schemes (GFCSs) [2]
can be used for converter-based generation units, so these
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units contribute to forming the voltage and frequency of the
grid, instead of depending on a stiff voltage that is needed
for synchronisation in grid following control. Additionally,
the grid-forming units that are connected at medium and
high voltage levels are effective in stabilising systems in cases
of sudden load changes, system splits, and grid faults [4].
Thus, they can be used to replace the existing ’must-run-
units’ and enable 100% PEC operation, as demonstrated
in [4].

In this direction, grid forming capability of converter-based
generators could become a requirement for future power sys-
tems, a discussion that is currently under way [5]. Even systems
with stiff voltage might benefit from GFCSs during special
operating conditions, such as faults. In onshore grid following
wind turbines (WTs), for instance, failures followed by network
splits can cause a weakened grid at the WTs’ PCC and lead
to loss of synchronisation. The use of grid forming control
mode (or switching to it) can be advantageous in such cases.
VSC-HVdc connected offshore wind power plants (WPPs)
are another example in which grid-following wind turbines are
connected to the grid formed by the HVdc offshore converter.
An offshore fault can cause all or some wind turbines to lose the
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AC grid voltage supplied by the offshore substation. When such
circumstances arise, GFCSs can be advantageous, for exam-
ple, to keep array cables and turbine transformers energised,
to supply offshore auxiliary loads, or even to maintain grid
connectivity.

Evaluating the performance of various GFCSs might be one
of the first steps toward implementing this type of controllers
on wind turbines to be used during abnormal conditions in
currently available power systems, or during both normal and
abnormal conditions in future power systems.

In the literature, several GFCSs are discussed, for example,
virtual synchronous machine [6, 7], power synchronisation
control [8, 9], and distributed PLL-based [10]. Several research
works study the FRT capability of these GFCSs. An exami-
nation of the performance of distributed PLL-based (dPLL)
during faults is provided in [11] and [12]. In addition, reference
[9] discusses the limitations of Power Synchronisation Control
(PSC) during faults, and proposes switching to traditional PLL.
Compared to dPLL and PSC, more studies on FRT perfor-
mance of Virtual Synchronous Machine (VSM) are available.
Switching to a hysteresis controller to limit the output current
quickly and protect VSM is proposed in [13]. The impact of
different current limiting algorithm on the transient stability
of VSM is investigated in [14]. Reference [15] investigates the
aforementioned stability by Lyapunov’s direct method and
proposes an enhanced control strategy to improve the transient
angle stability by adjusting the reference power. A similar solu-
tion is proposed in [16] by dynamic virtual damping controller
and modifying the outer power reference. An adaptive virtual
impedance-based voltage reference generation method for
enhancing FRT behaviour of VSM is presented in [17]. Addi-
tional research works on FRT of grid forming controls, such
as [18] which proposes an auxiliary voltage controller for FRT
control of voltage-controlled inverters; or reference [19] which
proposes a FRT strategy for grid forming converters to limit
the current and maintain grid forming behaviour even during
protective operating modes. Still, to the best of the authors’
knowledge, there is not any work on comparing FRT capability
of VSM, PSC, and dPLL when connected to an ac grid, hence
eluding the impact that the grid characteristics have on the FRT
performance.

This paper builds upon [20], where the performance of the
mentioned GFCSs is compared under faults, considering only
a passive load (i.e., WT in islanded operation). Now, the com-
parison is done for grid-connected WTs, taking another step
towards bridging the research gaps of a comprehensive compar-
ison of GFCSs. In this context, three phase symmetrical faults
are applied at PCC of the WTs. The simulations are performed
for variations in strength of grid, fault impedance, and duration
of the fault. The result and discussions reveal the strengths and
weaknesses of each scheme.

The remainder of the text is organised as follows. A brief
review of the studied GFCSs appears in Section 2. Afterwards,
the case study and the control tuning methods are provided in
Section 3. Then, in Section 4, the simulation results and their
interpretation are presented. At the end of the paper, Section 5
lists the conclusions.

2 CONTROL SCHEMES

A brief overview of the implemented GFCSs is provided in
this section.

Generally, power systems require the control and balance of
four variables: voltage, frequency, active power, and reactive
power. The voltage and frequency of conventional power sys-
tems are stabilised by a large number of interconnected syn-
chronous generators. Therein, the converter-based generation
units can control their active and reactive powers by relying
on the provided voltage and frequency (grid-following con-
trol schemes [2]). Nevertheless, when synchronous generation
is replaced by converter-based generation in future power sys-
tems, the latter is required to play a part in frequency and voltage
stabilisation of the system (grid forming/supporting [2]).

It is well known that in a power system, frequency and
voltage are strongly correlated with active or reactive power.
This correlation is highly impacted by the nature of the system.
For instance, due to the mechanical characteristics of the
generators (which are directly coupled to the conventional
power system) as well as high X ∕R ratio in these systems, the
frequency tends to be influenced primarily by active power, and
the voltage is mainly determined by reactive power. Therefore,
frequency and voltage in conventional power systems can
be controlled by adjusting the active power and the reactive
power, respectively. Accordingly, most of the proposed control
schemes relate active power to frequency in one control loop
and reactive power to voltage in the other. The dPPL is unique
in that it was developed primarily for offshore WPPs con-
nected to diode rectifier units [10] that makes reverse coupling
between voltage/frequency and active/reactive power possible
(active power with voltage amplitude, and reactive power with
frequency).

The schematic of the case study along with the implemented
controllers is depicted in Figure 1. The figure shows that VSM
and dPLL share the same voltage and current control loops, and
PSC and VSM have similar synchronisation loops as both of
them rely on active power balance for synchronisation and do
not incorporate a PLL during normal operation.

Considering that all of the GFCSs have a voltage con-
troller cascaded with a current-controller/current-limiter, it is
expected that all of them will be able to limit the current during
fault and recover the voltage after the fault. In the following, the
interested readers can find the working principle of each control
scheme in simple words and with more details.

2.1 VSM

VSM, as its name represents, emulates the behaviour of the
synchronous machines using virtual inertia. As can be seen in
Figure 1a, any deviation in the active power from its refer-
ence, introduces a non-zero value into the synchronisation loop
(boxed in green) which then passes through a low pass filter
(virtual inertia with the damping behaves like a low pass fil-
ter). Figure 2 depicts the equivalent synchronisation loop of the
GFCSs, illustrating this point more clearly.
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FIGURE 1 Schematic of (*) the case study, and the GFCSs: (a) VSM,
(b) PSC and (c) dPLL

Afterwards, the referenced frequency and synchronisation
angle are altered. This means any deviation between the refer-
ence value and the generated power introduces a transient in the
frequency as is formulated in Equation (1).

𝜔∗
VSM

=
1

k d + T s
(Δp+ kd 𝜔g + 𝜔0 T s). (1)

Upon compensation of the active power, frequency returns to
its original value after experiencing a transient. If the deviation

FIGURE 2 The equivalent synchronisation loop of the considered
GFCSs. (a): VSM, (b): PSC, (c): dPLL

of the active power can not be compensated, a steady state devi-
ation in the frequency remains. The factor which relates devia-
tion in the active power to frequency is inverse of the damping
coefficient (kd ) as is expressed in Equation (2).

𝜔∗
VSM

| t=∞ = 𝜔g +
1

k d
Δp. (2)

In this way, VSM impacts the frequency of the grid and con-
tributes to the stabilisation of the frequency. Integrating the fre-
quency yields the synchronisation angle, which is given in Equa-
tion (3).

𝜃∗
VSM

=
𝜔n

s
𝜔∗

VSM

=
𝜔n

s

1
k d + T s

(Δp+ kd 𝜔g + 𝜔0 T s). (3)

Based on Equation (3), power to angle transformation in VSM
exhibits a second-order dynamic, accompanied by all its pros
and cons. Second-order control systems, for example, exhibit
oscillatory and overshoot characteristics, leading to transient
angle instability of VSM [15, 21].

Because of the integration properties, even if the devia-
tion between the required active power and its reference is
compensated, the synchronisation angle might experience
a steady state shift after the transient. In this sense, if an
increase/decrease in the generated power is demanded, the
resultant angle is shifted up/down. This is very similar to the
operating principle of the synchronous machines.

The VSM implemented in this work includes a cascaded
voltage-current controller, which allows it to control and limit
the current/voltage during large disturbances such as faults.
Other implementations for voltage control in VSM, such
as direct PWM [22], are available. However, since the main
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objective of this paper is to investigate performance of the
GFCSs during fault, the VSM with a cascaded voltage-current
controller for current limitation is implemented.

2.2 PSC

As its name suggests, the PSC maintains synchronisation based
on active power balance. As a result, any deviation between
reference and generated power will affect the synchronisation
angle. Like VSM, if an increase/decrease of power is, PSC will
change the generated angle accordingly. As a result, the synchro-
nisation loop of PSC is comparable to VSM.

There are, however, some differences between them. PSC,
for example, has neither time constant nor virtual inertia, so
changes in power are immediately reflected in the reference fre-
quency without any delay and only with a proportional gain as
illustrated in Figure 2b and expressed by Equation (4) .

𝜔∗
PSC

= 𝜔0 + kp Δp. (4)

During steady state, the impact of active power deviation on
frequency in PSC is comparable with that of the VSM (compare
Equations 2 and 4). The frequency deviation is integrated and
impacts the generated angle of PSC as given by Equation (5).

𝜃∗
PSC

=
𝜔n

s
𝜔∗

PSC
=
𝜔n

s
(𝜔0 + kp Δp). (5)

Based on Equation (5), PSC relates power to angle by a sin-
gle integrator, meaning its synchronisation loop has a first-order
transfer function, in contrast to VSM, which has a second-order
synchronisation loop. Thus, PSC is more stable and performs
better than VSM when it comes to transient angle instability
and re-synchronisation after fault clearance. However, due to
the lack of inertia and damping, the impact of power error
appears faster on the generated synchronisation angle of PSC
with respect to VSM. Hence, even during short duration events,
such as faults, the generated synchronisation angle of PSC will
be impacted in case of errors in the power.

A solution for maintaining synchronisation with the ac grid
during faults is to switch to conventional PLL [9]. However, this
has also some disadvantages, such as the additional transients
and potential instability of PLL that may result [23, 24]. Since
switching to PLL during fault is not an intrinsic characteristic of
PSC (it can continue without switching), for a more complete
picture, the result of PSC without switching to the backup PLL
is also presented in Section 4.

Despite the similarities with VSM in the synchronisation
loop, PSC’s voltage control differs considerably from VSM’s,
namely in their current control structure. In fact, PSC’s current
controller is not able of following the current set-point in all cir-
cumstances, being a proportional current controller with a cur-
rent limiter which makes the voltage controller of PSC stiff [8].

Overall, PSC differs from VSM in the synchronisation loop,
which has no virtual inertia, and the current controller, which is
basically a current limiter.

2.3 dPLL

In dPLL, the voltage is controlled as in conventional grid fol-
lowing WTs, and similarly to the VSM implemented in this
work. It consists of cascaded voltage-current loops for control-
ling the voltage at the filter bus and limiting the current during
large transients.

However, the synchronisation loop of dPLL differs from that
of the VSM and PSC, employing conventional PLL, as illus-
trated in Figure 1c. Any deviation in the active power from its
referenced value modifies the frequency set-point, leading to
a non-zero voltage on q-axis. Owing to the working principle
of PLLs, it will impact the frequency in order to compensate
for the active power deviation and return Uq value to zero. In
this way, dPLL contributes to frequency stabilisation of the grid
[10, 20].

As Figure 2c illustrate, the dynamics of the embedded PLL
form a part of the synchronisation loop. Consequently, the syn-
chronisation loop of dPLL becomes more complex and inherits
the corresponding limitations of a PLL. Neglecting the dynamic
of inner loops, and estimating the dynamic of PLL as a low-
pass filter, the generated frequency of dPLL can be expressed as
Equation (6).

𝜔∗
dPLL

=
1

1 + TPLL s
(𝜔0 + kp Δp), (6)

during steady state, it can be simplified as:

𝜔∗
dPLL

| t=∞ = 𝜔0 + k p Δp, (7)

which is comparable with Equations (2) and (4).
In Equation (6), TPLL is the time constant of PLL dynamic

and is equal to inverse of its bandwidth. Integrating the fre-
quency gives the synchronisation angle of dPLL.

𝜃∗
dPLL

=
𝜔n

s
𝜔∗

dPLL
. (8)

Considering Equations (6) and (8), the synchronisation loop of
dPLL shows a second order dynamic.

Putting it all together, the voltage and current controller of
dPLL is similar to VSM and different from PSC. In contrast,
dPLL synchronisation loop differs from VSM and PSC as they
rely on power balance for synchronisation, while dPLL uses
a PLL. On the other hand, the synchronisation loop of PSC
exhibits a first order dynamic while that of VSM and dPLL is
equivalent to a second order system which makes them more
prone to transient angle instabilities. For illustration purposes,
the transient phase angle response of the controllers is numeri-
cally evaluated in Section 2.4.

It is worth emphasising that dPLL was originally intended
to control WTs in offshore WPP connected to diode rectifier
units (DRU) [10], where the correlation between reactive power
and frequency is strong enough to be used for controlling pur-
poses. Hence, in the original dPLL, the reactive power is linked
to the frequency, and the correlation between active power and
the voltage amplitude is used for controlling the voltage. How-
ever, in this work, the performance of the GFCSs is investigated
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while connected to an ac grid. As previously explained, because
of the mechanical characteristics of the synchronous generators
(directly coupled to the grid), the correlation between reactive
power and frequency is negligible. Accordingly, it is not possi-
ble to link reactive power with the frequency in the controller.
Hence, in this work, dPLL is adapted to be compatible with the
nature of the studied system. Although this adaptation is essen-
tial, it results in a significant interaction between the d and q
axes, which might adversely affect the controller’s performance
in very complex systems.

Rather than swapping active and reactive powers, moving
the frequency loop to d-axis seems like a better approach for
keeping the active power control on d axis as well as relating
this power to frequency. However, with this approach, we are
departing from the initial dPLL concept, where the frequency is
regulated by the PLL controlling Uq to 0.

2.4 Transient phase angle response of the
control schemes

For e better understanding of the synchronisation loop
behaviour, the transient phase angle response of the controllers
is numerically evaluated. For this purpose, the phase angle
between the voltages of WT terminal and PoC is considered as
indicated in Equation (9).

𝛿 = 𝜃∗ − 𝜃 PoC , (9)

where 𝜃∗ is the phase angle at WT terminal (Equations 3, 5,
and 8 for VSM, PSC, and dPLL, respectively), and 𝜃 PoC is the
phase angle at PoC which can be computed by integrating the
frequency of the grid.

𝜃 PoC =
𝜔 n

s
𝜔∗g . (10)

Discrete time domain derivation of Equation (9) for the con-
sidered control schemes is presented in Appendix A. Solving
the derived equations with the parameter values in Table 1,
the transient response of 𝛿 can be obtained, as presented in
Figure 3. This figure depicts the transient response of 𝛿 when
UPoC recovers from various voltage drops to rated voltage; rep-
resenting the post fault voltage recovery for fault with various
severity. The phase angle 𝛿 undergoes oscillatory transient and
experiences undershoot in case of VSM and dPLL, indicating
a possible transient angle instability after fault clearance, While
for PSC it smoothly reaches the new value without any oscilla-
tion. This confirms the the second order dynamic characteristic
of the synchronisation loop of VSM and dPLL versus the first
order one of PSC.

3 CONTROLLERS TUNING

The case study and GFCSs used in this study are illustrated in
Figure 1. In this case study, a wind turbine grid-side converter

TABLE 1 Parameter values of the GFCSs

Parameter Value Unit

VSM T 0.2 s

kd 20 pu

kq 0.02 pu

(kp, ki ) of current controller (0.48, 3.76) (pu, rad/s)

(kp, ki ) of voltage controller (2, 200) (pu, rad/s)

(R,L) of the virtual impedance (0.02, 0.1) pu

PSC kp 0.038 pu

kq 0.02 pu

Other parameters Taken from [8]

dPLL kp 0.05 s

kq 0.02 pu

(kp, ki ) of current controller (0.4, 3.1) (pu, rad/s)

(kp, ki ) of voltage controller (0.2, 150) (pu, rad/s)

PLL bandwidth 20𝜋 rad/s

TPLL (=
1

Bandwidth
) 0.016 s/rad

(R,L) of the virtual impedance (0.01, 0) pu

FIGURE 3 Transient response of the phase difference between WT
terminal and PoC (𝛿) when recovering from various PoC voltage drops

is connected to an AC grid. The main parameters of the model
(voltages, power, cable length, etc.) are shown in Figure 1(*).
Tuning the voltage and frequency control loops for the studied
GFCSs is verified by considering their response to voltage and
power steps.

GFCSs’ response to a change in the voltage reference on d-
axis is presented in Figure 6. The current controllers are tuned
by loop shaping method for a bandwidth of 200 Hz, while volt-
age controllers are tuned by trial and error to have a bandwidth
around 20 Hz [25].

The power loop is tuned using root-locus of the power
synchronisation loops. For this purpose, the transfer function
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FIGURE 4 The equivalent power synchronisation control when assuming

sin(𝛿) ≈ 𝛿 and renaming
U f U PoC

X eq

as K0

of the power synchronisation loop is derived. Disregard-
ing the negligible active power loss between WT and PoC
(which are connected through transformer and lines), the
power loop at the PoC can be expressed with the following
equation.

P =
U f UPoC

Xeq
sin(𝛿), (11)

where 𝛿 and Xeq are the equivalent phase angle and inductance
between the WT and PoC, respectively ( Xeq is around 0.2 pu in
the considered case study).

Renaming
U f U PoC

X eq

as K0 and assuming sin(𝛿) ≈ 𝛿 simplifies

the expression and leads to a linear power loop as is depicted in
Figure 4 and indicated in Equation (12).

P ≈ K0 𝛿 = K0 (𝜃∗ − 𝜃 PoC ). (12)

Substituting 𝜃∗ and 𝜃 PoC by their equivalence (Equations 3, 5,
8, and 10), and after some computations, the transfer function
of the power synchronisation loops for the considered control
schemes can be derived (the detailed derivation of the transfer
functions is provided in Appendix B). Substituting the parame-
ter values reported in Table 1 in the derived transfer functions
gives the following equations.

PVSM

Pref
=

2500𝜋
s2 + 5 Kd s + 2500𝜋

,

PPSC

Pref
=

500𝜋 Kp

s + 500𝜋 Kp
,

PdPLL

Pref
=

62,500𝜋 Kp

2 s2 + 125 s + 62,500𝜋 Kp

, (13)

where the Kd for VSM, and Kp for PSC/dPLL are selected using
the root-locus of the transfer functions. Recalling the standard
format of the root-locus transfer function [26] as is given in
Equation (14), the transfer functions in Equation (13) can be
re-arranged.

Krlocus G (s)
1 + Krlocus G (s)

. (14)

FIGURE 5 Root locus of the power synchronisation loop of the
considered controllers (The gain in this figure is equal to Kd for VSM, Kp for
PSC and dPLL; as is indicated in Equation 16)

Rewriting Equation (13) in the format of Equation (14) gives
the following transfer functions.

PVSM

Pref
=

2500𝜋

s2+2500𝜋

1 + Kd
5 s

s2+2500𝜋

,

PPSC

Pref
=

Kp
500𝜋

s

1 + Kp
500𝜋

s

,

PdPLL

Pref
=

Kp
62,500𝜋

2 s2+125 s

1 + Kp
62,500𝜋

2 s2+125 s

. (15)

Comparing Equations (14) and (15) exhibits the associated G (s)
and Krlocus of each control schemes as follows.

G VSM(s) =
5 s

s2 + 2500𝜋
and Krlocus = Kd ,

G PSC(s) =
500𝜋

s
and Krlocus = Kp,

G dPLL(s) =
62,500𝜋

2 s2 + 125 s
and Krlocus = Kp. (16)

Worth noting that the derived transfer function of VSM in
Equation (15) is not identical to Equation (14), but the resul-
tant root-locus is the same since the difference is in the nom-
inator of the transfer function, which does not introduce new
poles.

Based on the plotted root-locus in Figure 5 and Equa-
tion (16), the gains of the controller are selected as is reported
in Table 1. Their value, as shown in Figure 5 is a trade-off
between the natural frequency, damping, and overshoot of the
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FIGURE 6 Response of the implemented GFCSs to a step in the voltage
reference

FIGURE 7 Response of the implemented GFCSs to a step in power
reference

TABLE 2 Parameter values of the case study

Parameter Value Unit

Nominal Power 10 MW

Nominal frequency 50 Hz

SCR of the grid 5 -

X ∕R of the grid 7 -

Fault impedance 0.1 pu (S =10MVAR, U = 66kV)

Fault duration 0.5 s

controllers. Interestingly, the following relation holds between
the designed gains of the controllers which is consistent with
Equations (2), (4), and (7).

Kp, PSC ≈ Kp, dPLL ≈
1

Kd , VSM
. (17)

The response of the controllers with the designed power-loop-
gains for a step in the power reference is shown in Figure 7.

Upon obtaining reasonably similar responses to a step change
in voltage and power reference, the following section investi-
gates the performance of the GFCSs during faults.

4 SIMULATION RESULTS

The fault response of the considered GFCSs is examined for
different scenarios in this section.

By varying the parameters of the case study, the performance
of GFCSs during fault are discussed and compared. The sim-
ulation parameters are listed in Table 2. In each variation, only
one parameter is varied, all other remaining constant (as shown

in Table 2). By this means, the fault response of GFCSs for
variations in the short circuit ratio of the grid (SCR), the fault
impedance, and the fault duration is assessed.

For this purpose, the voltage, current, active power, reactive
power, and frequency are presented in each scenario. Voltage,
current, active power, and reactive power are measured at the
filter bus of the WT, while the plotted frequency is the one gen-
erated by the synchronisation loop of GFCSs (which can be
identified in Figure 1 as 𝜔∗ for VSM and PSC, and as 𝜔 PLL

for dPLL). The rms values of ac voltages and currents are used,
for simplifying the comparison.

We compare both the FRT performance of GFCSs against
each other and the individual responses against parametric vari-
ation.

4.1 Comparison of GFCSs responses

In this part, GFCSs, including PSC without switching to
backup PLL (for simplicity, PSC without switching to the
backup PLL is called PSC2 in the subsequent results), are com-
pared against each other for various values of SCR and fault
impedance.

4.1.1 Comparison for various SCR

The response of GFCSs for various SCR of the ac grid is
depicted in Figure 8. As seen in the figure and expected, all
GFCSs limit the current during a fault and restore rated volt-
age after the fault is cleared.

For a SCR of 10, VSM and dPLL experience a smooth
post-fault transient as they maintain the synchronisation with
the main ac grid during fault and do not switch between control
modes (Figure 8a). On the other side, PSC and PSC2 experience
some oscillations after fault which is mainly due to the stiff
voltage controller of PSC [8, 27]. Nevertheless, the stiff voltage
controller of PSC, which introduces oscillations with strong
grids, provides a better voltage support during fault; see the
top subplot in Figure 8a. The fact that both PSC and PSC2 are
providing an equal voltage boost during the fault verifies that
the voltage boost occurs mainly due to the voltage controller
rather than the synchronisation loop of PSC. Worth noting that
the post fault transient of PSC and PSC2 are similar in this
case because, on one hand, the back up PLL is able to keep the
synchronisation with the main ac grid, and on the other hand,
PSC is able to inject the prefault active power during fault (no
power error in the synchronisation loop). That means both
PSC and PSC2 are maintaining their synchronisation with the
grid during the fault, experiencing similar post-fault transient.
Additionally, the subplot shows that dPLL has a higher voltage
level during the fault than VSM, mostly due to the larger virtual
impedance needed for VSM stability [27]. The values of virtual
impedance for VSM and dPLL are given in Table 1.

The fault response of GFCSs for a SCR of 5 is given
in Figure 8b. In this case, PSC experiences the largest post
fault transient due to switching from the backup PLL to the
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FIGURE 8 Fault response of GFCSs for different values of the grid
strength. (a): SCR = 10, (b): SCR = 5, (c): SCR = 3

internal synchronisation loop. Opposite to the previous case,
the injected power during fault cannot reach the pre-fault
set-point value. As indicated by Equation (5), an error in the
power leads to frequency deviation and alters the resultant
synchronisation angle of the controller. That introduces a jump
in the synchronisation angle after fault and deteriorates the
post fault response of PSC. The post fault transient of PSC
can be improved by a bumpless-transfer scheme [8]; however,
it needs an appropriate design and increases the complexity of
the controller. The response of PSC2 for SCR of 5 is similar to
that of with SCR = 10, since PSC2 does not switches between
control modes.

Finally, the fault response of GFCSs for a SCR of 3 is
depicted in Figure 8c. In this case, PSC2 demonstrates the best
response, especially after fault. That is because it does not rely
on any conventional PLL and has a simple but stiff voltage con-

FIGURE 9 Fault response of GFCSs for different values of the fault
impedance. (a): R f = 0.2, (b): R f = 0.1, (c): R f = 0

troller. PSC and dPLL are experiencing large transients because
of the poor performance of PLL in very weak grids (a weak grid
with SCR = 3 would be even weaker during faults). Also, the
post fault response of VSM is deteriorated because of its vul-
nerability to transient angle instabilities.

4.1.2 Comparison for various fault impedance

The response of GFCSs for various values of the fault
impedance is depicted in Figure 9.

The result for a fault impedance of 0.2 pu (shown in
Figure 9a) is very similar to the one for a SCR of 10 (shown in
Figure 8a), except that with a larger fault impedance, the PLL
is tracking the angle of voltage easier and, consequently, the
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performance of PSC is improved respect to PSC2. Apart from
that, as is discussed for SCR=10, PSC and PSC2 experience
some oscillations after the fault which is mainly due to their
stiff voltage controller. Regarding the voltage level during faults,
PSC an PSC2 show the highest voltage boost (because of the
stiff voltage controller), and dPLL has a higher voltage level
because of its smaller virtual impedance respect to that of the
VSM (see Table 1).

The fault response of GFCSs for a fault impedance of 0.1 is
given in Figure 9b. This case is same as the one for a SCR of 5
given in Figure 8b as both of them leads to the defaulted param-
eter values in Table 2. Therefore, the discussion is not repeated.

Finally, the fault response of GFCSs for a negligible fault
impedance is presented in Figure 9c. In this case, PSC2 demon-
strates the best response, especially after fault. Again, that is
because PSC2 does not embed any PLL and has a stiff voltage
controller accompanied by a first-order synchronisation loop.
PSC and dPLL are experiencing frequency drift during the fault;
due to the instability which PLL experiences during severe faults
[23, 24]. Despite the different response of PSC and PSC2 dur-
ing fault, their post fault transient is identical since in both cases
the synchronisation with the main ac grid is lost during fault
and the controller needs to re-gain its synchronisation with the
grid. Thanks to the first order synchronisation loop of PSC,
they are able to achieve post fault synchronisation. Additionally,
regarding that the implementation of PSC and PSC2 is identi-
cal during normal operation, re-synchronisation with the main
grid follows the same transient. On the other hand, VSM does
not experience frequency drift or oscillations during the sever
fault; but it is not able to re-synchronise with the main ac grid
after fault, and the pre-fault operating point is not achieved after
fault clearance. This is a consequence of its second order syn-
chronisation loop.

The sensitivity analysis in the following part provides more
insight about the FRT response of the considered GFCSs.

4.2 Sensitivity analysis of GFCSs’
performance

In this part, the FRT performance of GFCSs is investigated for
various SCR, fault impedance, and fault duration. Respect to the
previous part, which compares GFCSs against each other, in
this part the sensitivity of each control scheme, when varying
the parameters, is analysed.

4.2.1 Varying the SCR of the grid

FRT response of GFCSs when connected to grids with different
SCRs is given in Figure 10. This figure displays the result for
VSM, PSC, PSC2, and dPLL from top to bottom.

Figure 10a shows the results of VSM with different SCRs,
the results indicating that the strength of the grid does not
significantly affect VSM performance. However, the transient
response of VSM after fault clearance is slightly deteriorated
when the SCR of the grid goes down to 3. The inferior perfor-
mance of VSM with weak grids might seem counter-intuitive

FIGURE 10 Fault response of GFCSs for different values of the grid
strength. (a): VSM, (b): PSC, (c): PSC2 (without backup PLL), (d): dPLL
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(because VSM, as a grid forming controller, might interact with
stronger grids more vigorously). That happens because VSM
is prone to transient angle instability when connected to weak
grids. Also, the VSM implemented in this work is not com-
pletely independent from PLL, but it does make use of a PLL
for damping purposes (see Figure 1a). As a result, the best
response from VSM occurs with SCR = 5; where, on one side,
VSM maintain its transient angle stability (against SCR = 3) and,
on the other side, VSM experiences lower interaction with the
main ac grid after fault clearance (against SCR = 10).

The fault response of PSC with different SCR of the grid is
presented in Figure 10b. Apart from voltage level during fault,
which clearly is higher with stronger grids, the worst post fault
transient occurs with SCR = 5. There are several reasons for
this. First, for SCR = 5, the injected power during fault cannot
reach the pre-fault set point value. That introduces a jump in the
synchronisation angle after fault and deteriorates the post fault
response of PSC. Also, for SCR=5, in comparison to SCR =3,
PSC is experiencing higher interaction with the grid after fault.
The presented result in Figure 10c for PSC2 illustrates this point
in a better way, as it is not affected by the PLL dynamic. As can
be seen in this figure, PSC2 experiences much smaller post-fault
oscillations with the weaker grid (SCR=3). In this regard, the
stronger the grid, the larger the post-fault transient of PSC2.
With a strong grid, the equivalent impedance between the con-
verter and the AC power source is reduced. Obviously, when
this impedance is smaller, the grid forming control of the con-
verter, which tries to adjust voltage and frequency to the set-
points, will experience more oscillation.

Finally, the fault response of dPLL for different strengths of
the grid is presented in Figure 10d. The impact of SCR on dPLL
performance is evident in this figure. Whenever the grid is very
weak, the PLL becomes unstable, causing the controller to expe-
rience stability problems. The difference in voltage-current con-
trol as well as the high interaction between d-q axis in the imple-
mented dPLL (which is mentioned in Section 2) cause dPLL to
behave differently during the fault compared to PSC (despite the
fact that both of them rely on PLL for synchronisation during
fault).

It is worth noting that the aim of this work is not to
find the optimal tuning of the controllers, but rather to com-
pare GFCSs and identify their fundamental shortcomings. For
instance, when a fault occurs on a grid with SCR = 3, one may
improve FRT response of dPLL through re-tuning of the con-
troller. Yet, there is always the risk of loss of synchronisation
with dPLL; even with the optimum tuning of the controller,
since the PLL is a key component in this control scheme and
cannot be removed.

4.2.2 Varying the fault impedance (or severity of
the fault)

The simulations presented here include three different values
of the fault impedance: 0.2 pu, 0.1 pu, and a solid fault with
negligible impedance. The results shown in Figure 11 indicate
that the smaller the fault impedance, the larger the transients

FIGURE 11 Fault response of GFCSs for different values of the fault
impedance. (a): VSM, (b): PSC, (c): PSC2 (without backup PLL), (d): dPLL
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during and after the fault. The dynamics of PSC, PSC2 and
dPLL, in comparison to VSM, are more sensitive to fault
impedance. When the fault impedance is reduced, injecting the
pre-fault active power is not possible, so an error in the power
is inevitable. This error impacts the synchronisation loop of
PSC2 and deteriorates its FRT performance. The smaller the
fault impedance, the larger the error in active power and, con-
sequently, the larger the impact on FRT performance of PSC2.
Regarding PSC and dPLL, their FRT response is impacted
by the PLL dynamics, and they experience stability problems
when the fault impedance becomes smaller. It is because the
conventional PLLs are more prone to instability when the grid
becomes weaker (or, alternatively, the fault impedance becomes
smaller). Particularly, dPLL and PSC experience frequency drift
when the fault impedance is zero. In these GFCSs, frequency
drift occurs due to PLL instabilities during severe faults [23, 24].

The frequency drift for PSC during sever faults was correctly
predicted in [20]. PSC is, however, capable of re-synchronising
with the grid after fault clearance, since it switches back to
its own first-order synchronisation loop instead of keeping the
PLL in the circuit (as dPLL does). The first-order synchroni-
sation loop of PSC improves its transient angle stability, and
makes it capable of re-synchronising with the grid after fault
(even if the fault is severe). VSM does not undergo large tran-
sient/oscillations when increasing severity of the fault; however,
it fails to recover the voltage after the severe fault mainly due to
its transient angle instability and partly due to the PLL used for
damping purposes.

The presented results in Figures 10 and 11 indicate that PLL
contributes to instability issues in critical conditions such as
weak grids and faults with negligible impedance. Therefore, if
the controller is planned to work in all systems and conditions,
it is recommended to avoid using PLL in the controller and use
alternative ways for measuring frequency and angle.

Worth noting that the plotted frequency undergoes large
transients during faults and might go beyond the requirements
defined is some of the grid codes, specially the plotted frequency
for PSC and PSC2. Hence, it needs to be re-emphasise that the
plotted frequencies in the presented figures are the generated
frequency in the synchronisation loop of the controllers. The
grid frequency experiences a different transient (because of the
damping by the impedance and the impact from grid frequency).
This point is more drastic for PSC as the generated frequency
approximately follows the error in active power. As a result of
the fast recovery of voltage after fault, the active power experi-
ences a rapid change in the power, so the generated frequency
by PSC. In the light of that, the results presented in this work
should be seen as are more suitable for comparison purposes,
rather than for evaluating GFCSs ability of meeting the grid
code requirements.

4.2.3 Varying the fault duration

The response of GFCSs for different duration of the fault (0.25,
0.5, and 1 second) are presented in this part. As depicted in
Figure 12, the response of GFCSs does not change noticeably

FIGURE 12 Fault response of GFCSs for different fault duration. (a):
VSM, (b): PSC, (c): PSC2 (without backup PLL, (d): dPLL
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with variation in the fault duration. It is because the integrators
are saturated during the first moments of fault, after which the
anti-windups prevent further accumulation of the error signal.
Moreover, the PLL used in dPLL and PSC remains stable during
the imposed fault (with an impedance of 0.1pu, as indicated in
Table 2). Hence, when the fault persists for an extended period,
it will not have a significant impact on the responses. Interest-
ingly, the post fault response of PSC and dPLL is slightly bet-
ter when the fault lasts longer. That is because the backup PLL
has more time to acquire an accurate measurement of the volt-
age angle.

The response of PSC2 for different fault duration is depicted
in Figure 12c. A low frequency oscillation can be visualised in
the response of PSC2 (more easy to observe it in longer faults).
The low frequency oscillation occurs primarily due to the fact
that the generated angle by its synchronisation loop is negatively
impacted by active power error as indicated in Equation (5).
When the synchronisation angle is impacted by the power error,
there will appear oscillations in the outputs due to the difference
with the voltage angle (defined by the ac grid). Accordingly, the
low frequency oscillation in the outputs of PSC is not expected
to appear in islanded operation (when there is no other ac grid),
as shown in [20], which studies GFCSs in islanded operation.

A fault with zero impedance decouples the converter from
the main ac grid, therefore it is expected that for a fault with
zero impedance, PSC2 does not experience the oscillation dur-
ing fault (even in grid connected mode and without switching to
the backup PLL). Actually, the results presented in Figure 11c
for PSC2 illustrates that for a fault with zero impedance, the
controller does not experience the low frequency oscillations.

One solution for avoiding the oscillation that PSC2 expe-
riences during fault, when connected to another ac grid, is
switching to conventional PLL as is proposed in [8]. According
to the explanation in the previous paragraph, another potential
solution might be eliminating the error between power refer-
ence and the generated power. The generated power can not be
modified as it is limited because of the voltage drop during the
fault. However, the reference power can be adapted according
to the fault severity. Adaptation of power reference is proposed
in [15, 16] for VSM controller, but there is not any study on
effectiveness of the power reference adaptation for PSC. A
preliminary investigation of the solution for PSC is presented
in this work.

The plots in Figures 10b–12b for PSC, illustrate the for-
mer solution, while Figure 13 shows the response with the sec-
ond solution. PSC with the latter solution (without switching
to the backup PLL and adapting power reference instead) is
called PSC3 for simplicity. In this way, the reference of the
active power is adapted by multiplying the power reference by
the instantaneous voltage magnitude as is formulated in Equa-
tion (18).

P∗
adapted

= |U f | P∗. (18)

It can be seen that the frequency of oscillation which is seen
in Figure 12c is reduced when adapting the power. That means
even faults with longer duration do not sense the oscillations

FIGURE 13 The fault response of PSC3 (with adaption of power
reference and without switching to the backup PLL) for different fault duration

FIGURE 14 The angle of the voltage across the filter bus of the
converter with PSC controller in different cases

(compare results in Figure 12c and Figure 13). This, how-
ever, does not totally eliminate oscillations because the imple-
mented adaptation is very basic and the reference to the power
is not exactly equal to the generated active power. In addition,
the adaptation is not considered for the reactive power ref-
erence, since the main objective is to illustrate the impact of
active-power-error on the performance of PSC during the fault.
A detailed investigation on the impact of referenced-power-
adaptation on performance of PSC needs a broader discussion
which is out of the scope of this work.

For more insight on the PSC synchronisation angle dynamic,
Figure 14 depicts the angle across the filter of the converter, Δ𝜃
as is indicated in Equation (19), for the three cases: PSC, PSC2,
and PSC3.

Δ𝜃 = 𝜃∗
PSC

− 𝜃U f
. (19)

For PSC, the angle across the filter does not change noticeably
when switching to the backup PLL because it calculates the
synchronisation angle from the voltage measured at the filter
bus. If the backup PLL is not used (PSC2), the angle expe-
riences a rapid change due to the active power error during
fault. As stated, the power error integrates and impacts the
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TABLE 3 Summary of the comparison

VSM PSC dPLL

SCR Low sensitivity moderate sensitivity (due to switching
to PLL during fault)

high sensitivity with a risk of frequency
drift (because of the embedded PLL)

Fault impedance Low sensitivity moderate sensitivity high sensitivity with a risk of frequency
drift

Fault duration A bit of deterioration for longer fault
(due to the accumulation of power
error in the synchronisation loop)

better response with longer fault as the
back up PLL has the time to re-gain
synchronisation with the main grid

slightly better response with longer fault as
PLL has the time to re-gain
synchronisation with the main grid

Voltage support during
fault

Limited due to the cascaded
voltage-current controller

good (due to its simple and stiff
voltage controller)

limited mainly due to the cascaded
voltage-current controller

Frequency transient during
fault

Controllable by its virtual inertia high (power errors reflect immediately
in the reference frequency used for
generating the synchronisation
angle)

mainly depends on the PLL dynamic

Re-synchronisation after
the fault

Prone to transient angle instability
during sever faults (mainly due to its
second-order synchronisation loop)

capable of re-synchronising even in
severe circumstance thanks to its
first-order synchronisation loop

has a risk of frequency drift and loss of
synchronisation during severe faults due
to the embedded PLL and its
second-order synchronisation loop

Dependency on
conventional PLLs

Low (PLL is used only for damping
purposes)

switches to the backup PLL during
fault but is able to work without
switching to the PLL (needs further
studies)

PLL is an essential component and cannot
be removed

generated angle by PSC2, and consequently, the angle across
filter of the converter. After fault, when the error in the active
power is compensated, the angle across the filter attains its
pre-fault value. Finally, without relying on the backup PLL
and simply with adaptation of the active power reference
(PSC3), the power error during fault is reduced, decreasing
the change in the generated angle, and subsequently, the angle
across the filter is reduced noticeably. The phase jump that
appears after fault in case of backup PLL can be ameliorated
by the bumpless-transfer scheme proposed in [9]. However,
as mentioned before, it increases the complexity of the con-
troller. Instead, the rapid change in the generated angle by PSC
during fault can be avoided simply by adaptation of the power
reference as Figure 14 illustrates.

For a synthetic and concentrated overview, the outcomes of
the performed comparisons are summarised in Table 3.

5 CONCLUSIONS

The three control schemes studied (VSM, PSC, and dPLL) all
limit current during a fault and restore the normal operating
point after the fault is cleared.

VSM exhibits the lowest sensitivity to variation in the sys-
tem and fault parameters, has a controllable frequency response
thanks to the damping and virtual inertia, and is the least
dependent on conventional PLLs. However, the second order
dynamic of the synchronisation loops, caused by inertia and
damping, result in transient angle instability. Furthermore,
the implemented VSM is unable to provide adequate volt-
age support during faults mainly due to the cascaded voltage-
current control.

PSC, on the other hand, provides a better voltage support
during faults as a result of its stiff voltage controller, which
in turn introduces post-fault oscillations. Also, the first-order
dynamic of the synchronisation loop in PSC improves its
stability and provides strong post-fault re-synchronisation
capabilities. However, it also increases the sensitivity of PSC to
power errors. The presented result and discussions illustrates
the negative impact of the active power error on synchroni-
sation angle in PSC. There are two potential solutions to this
problem: switching to the backup PLL and adjusting the refer-
enced power. Switching to the backup PLL is a handy solution,
but incorporates the drawbacks of PLL specially during severe
faults. It is shown that for severe faults, PSC has a superior
performance without switching to the backup PLL. Adapting
the referenced power is a promising solution as it does not
rely on the backup PLL, but needs further and more detailed
investigations.

Finally, dPLL shows a high sensitivity to variations in the
parameters, due to its embedded PLL. Specifically, dPLL experi-
ences frequency drift and loss of synchronisation during severe
faults. In this sense, dPLL has a major disadvantage, since the
PLL is an essential component that cannot be removed, whereas
PSC and VSM can ride through faults without relying on a con-
ventional PLL.

This work has focused on the performance of GFCSs during
symmetrical faults. The presented analysis is quite comprehen-
sive and illustrates the impact of GFCS’s inner controllers on
voltage support during faults, as well as the interactions between
the controller and the main grid post fault. For a holistic com-
parison of GFCSs performance, the present work should be
expanded to cover unbalanced faults. While less challenging in
terms of over-currents and voltages, unbalanced faults reveal
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the capability of GFCSs in dealing with unbalanced currents
and voltages and with the high frequency oscillations in active
power. The final step then would be to test the GFCSs exper-
imentally. This would allow to add the dimension of practical
considerations not captured by (often simplified and/or ide-
alised) simulations.
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APPENDIX A: PHASE ANGLE EQUATIONS

IN DISCRETE TIME DOMAIN

The discrete time domain equations for obtaining transient
response of the phase angle between WT terminal and PoC
is presented in this section. The Euler forward method is
used for deriving discrete equivalent of the equations. In this
direction, the phase angle of WT terminal at each time step
can be calculated according to the phase angle at previous
step plus the change of angle in the current step. Similar
method can be applied to obtain the phase angle at PoC.
Then, the phase difference between WT and PoC is obtainable
by subtracting the aforementioned phases as is formulated in
Equation (20).

𝜔∗(n) = 𝜔∗(n − 1) + Δ𝜔∗(n),

𝜃∗(n + 1) = 𝜃∗(n) + 𝜔∗(n)Δt ,

𝜃 PoC (n + 1) = 𝜃 PoC (n) + 𝜔g Δt ,

𝛿(n + 1) = 𝜃∗(n + 1) − 𝜃 PoC (n + 1). (A.1)

In Equation (A.1), Δt is the time step between two consecutive
steps. Also, Δ𝜔∗(n), which is used for calculating 𝜔∗(n), can be
obtained based on Figure 2 as is expressed in Equation (A.2) for
VSM, PSC, and dPLL.

Δ𝜔∗
VSM

(n) =
ΔP (n) + kd (𝜔g − 𝜔∗(n − 1) )

T
Δt ,

Δ𝜔∗
PSC

(n) = kp ΔP (n),

Δ𝜔∗
dPLL

(n) =
kp ΔP (n) + 𝜔0 − 𝜔∗(n − 1)

T
Δt , (A.2)

where:

ΔP (n) = P∗ − P (n), (A.3)

and

P (n) =
U f UPoC

Xeq
sin(𝛿(n) ), (A.4)

where Xeq is the equivalent inductance between WT termi-
nal and PoC which is around 0.2 pu in the considered case
study.

Equations (A.1)–(A.4) are implemented in a Matlab script
and the outcome is presented in Figure 3. The time step (Δt )
is considered equal to 10𝜇s and other values are taken from
Table 1 and 2.

APPENDIX B: DERIVATION OF POWER

SYNCHRONISATION TRANSFER

FUNCTIONS

In this section, the close loop transfer function of the
power synchronisation loop in the considered control schemes
is derived.

B.1 VSM power synchronisation loop

Taking into account the stated simplifications in Section 3,
the output power of the converter with VSM controller
as a function of 𝜃VSM and 𝜃 PoC can be written as
Equation (B.1).

PVSM =
U f UPoC

Xeq
sin(𝛿VSM) ≈ K0 𝛿VSM = K0 (𝜃VSM − 𝜃PoC).

(B.1)

Substituting 𝜃VSM and 𝜃 PoC by their equivalence in Equa-
tions (3) and (10), respectively, gives Equation (B.2).

PVSM = K0 𝜔 n

(
Pref − PVSM + Kd 𝜔g + T 𝜔0 s

s (Kd + T s)
−
𝜔g

s

)
.

(B.2)

Solving Equation (B.2) for PVSM leads to:

PVSM =
K0 𝜔 n

(
Pref + T 𝜔0 s − T 𝜔g s

)
T s2 + Kd s + K0 𝜔 n

. (B.3)

Assuming 𝜔0 ≈ 𝜔g:

PVSM =
K0 𝜔 n

T s2 + Kd s + K0 𝜔 n
Pref. (B.4)

Substituting parameter values from Table 1 (except for Kd which
is going to be defined based on the root locus) provides the
transfer function of the power loop for the implemented VSM
as is written in Equation (B.5).

PVSM

Pref
=

2500𝜋
s2 + 5 Kd s + 2500𝜋

(B.5)

Note that 𝜔n is the rated angular frequency and is equal to
2𝜋 fn = 100𝜋.

B.2 PSC power synchronisation loop

The close loop transfer function of PSC power synchronisation
loop can be derived by following the same steps to that of VSM.
Firstly, output power of the converter with PSC controller as a
function of 𝜃 PSC and 𝜃 PoC can be written as:

PPSC = K0 (𝜃PSC − 𝜃PoC). (B.6)
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Substituting 𝜃 PSC and 𝜃 PoC by their equivalence (Equations 5
and 10) gives Equation (B.7).

PPSC = K0 𝜔 n

(
Kp (Pref − PPSC) + 𝜔0

s
−
𝜔g 𝜔 n

s

)
. (B.7)

Solving Equation (B.7) for PPSC gives:

PPSC =
K0 𝜔 n

(
Kp Pref + 𝜔0 − 𝜔g

)
s + K0 Kp 𝜔 n

. (B.8)

Assuming 𝜔0 ≈ 𝜔g:

PPSC =
K0 𝜔 n Kp

s + K0 Kp 𝜔 n
Pref. (B.9)

Substituting parameter values (except for Kp which is going
to be defined based on the root locus) provides the transfer
function of PSC power loop as is written in Equation (B.10).

PPSC

Pref
=

500𝜋 Kp

s + 500𝜋 Kp
. (B.10)

B.3 dPLL power synchronisation loop

Similar to VSM and PSC, the output power of the converter
with dPLL controller as a function of 𝜃 dPLL and 𝜃 PoC can be
written as:

PdPLL = K0 (𝜃 dPLL − 𝜃PoC). (B.11)

Substituting 𝜃 dPLL and 𝜃 PoC by their equivalence ( Equations 8
and 10) gives Equation (B.12).

PdPLL = K0 𝜔 n

(
Kp (Pref − PdPLL) + 𝜔0

s (TPLL s + 1)
−
𝜔g

s

)
. (B.12)

Solving Equation (B.12) for PdPLL gives:

PdPLL =
K0 𝜔 n

(
Kp Pref + 𝜔0 − 𝜔g − TPLL 𝜔g s

)
TPLL s2 + s + K0 Kp 𝜔 n

. (B.13)

Assuming 𝜔0 ≈ 𝜔g and neglecting the bias term in the nomina-
tor:

PdPLL =
K0 𝜔 n Kp

TPLL s2 + s + K0 Kp 𝜔 n
Pref. (B.14)

Substituting parameter values from Table 1 (except for Kp which
is going to be defined based on the root locus) provides the
transfer function of dPLL power loop as is written in Equa-
tion (B.15).

PdPLL

Pref
=

62, 500𝜋 Kp

2 s2 + 125 s + 62, 500𝜋 Kp

. (B.15)

In this way, the close loop transfer function of all the con-
trol schemes is derived. Based on the derived transfer func-
tions, the gains of each controller can be chosen as is done in
Section 3.
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