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Abstract—With increasing shares of power electronics-
based generation in power grids, grid-following converters
may become unstable during faults, resulting from a loss of
phase-locked loop (PLL) synchronism. Even when current grid
code low voltage ride through (LVRT) requirements are met,
PLLs may still become unstable under high shares of grid-
following converters, due to much reduced reactive current
support from (online) synchronous generators or grid-forming
converters. Consequently, a readily implementable transient
stability enhancement approach is developed for grid-following
converters using a reactive current priority current limiting
strategy for faults on a transmission network. The proportional
gain for the reactive current injection is determined by
formulating an optimization-based transient stability problem,
which ensures a valid PLL equilibrium point, maximizes active
power output, fully exploits converter current capacity, and, at
least, satisfies existing grid code LVRT requirements. An
additional PLL frequency-feedback PI term is used to enhance
PLL dynamic stability, in recognition of parameter estimation
errors and imperfect control. A case study (100% converter-
based grid) verifies that the proposed solution enables grid
robustness against faults and the permissible share of grid-
following converters to be increased (especially in weak grids).

Keywords—Grid-forming converter, grid-following converter,
phase-locked loop, transient stability, low voltage ride through

I. INTRODUCTION

Electric power systems are undergoing a period of
unprecedented change, with conventional generation, based
around synchronous machines, being replaced by renewable
energy sources that are connected to the system via power
converters [1]. However, while power converters can provide
a much faster and more flexible response, when compared
against synchronous generators (SGs), their full impact on
power system operation, stability and control remains to
be fully investigated. At present, power converters are
controlled as current sources by injecting a given active and
reactive power to the grid. To realize this injection, a phase-
locked loop (PLL) synchronizes the converter with the grid
frequency, based on measurement of the converter terminal
voltage. Consequently, such converters are termed as 'grid-
following' or 'grid-feeding'.

Under this control principle, the permissible share of
converters can be limited for two main reasons. Firstly, the
converter share cannot reach 100% since there wouldn't then
be a ‘frequency source' to follow [2]. Secondly, at higher
converter shares, with fewer online voltage and frequency
regulation units, the AC voltage can vary more dramatically
[3], making the synchronization process more challenging
[4]. It, therefore, becomes necessary to identify those factors
which impact the stability of PLLs, and to modify these
controls to ensure that the system can operate successfully
under more challenging conditions. Moving forward with
higher converter shares, in the near future, some power

converters, known as 'grid-forming’, must behave as voltage
sources, being able to regulate the voltage and frequency. In
addition, the control of existing and/or future grid-following
converters should be modified to enhance system robustness
and reduce regulation requirements.

Small-signal and large-signal models, and stability
analysis of grid-following converters are examined in [5] and
[6]-[10], respectively. It is shown that the PLL is the critical
component for the stability of a grid-following converter
under both small and large disturbances. Although several
methods have been proposed for transient stability
enhancement [6]-[10], there is still much which could be
improved. For example, in [6][7], a low bandwidth PLL, or
PLL 'freezing', is suggested during faults. However, it can be
difficult to judge when to switch between the normal and
'frozen’ PLLs. In addition, using a low bandwidth PLL leads
to poor damping, especially at higher short-circuit ratios, and
a slow dynamic response to setpoint or network topology
changes [5]. Adaptive PLL gain tuning [8] can enhance
stability, but the existence of a PLL equilibrium point cannot
be ensured. In [9], the ratio of active and reactive current
references is designed to match the equalized grid impedance
R/X ratio. However, the active current reference reduces to a
very small value for transmission networks, when the R/X
ratio is small. In practice, the active current reference can be
much larger. In [10], the PLL frequency negative feedback-
based method is robust to different operating conditions, but
a current scaling limiting strategy was used, and converter
current capacity was not fully exploited.

This paper focuses on enhancing the transient stability of
power systems with a high share of grid-forming converters,
and contributes mainly in the following two aspects:

e A simple, but practical, transient stability approach for
grid-following converters in transmission networks is
proposed. By formulating transient stability concerns as
an optimization problem, a PLL equilibrium point is
obtained which maximizes active power output, fully
exploits converter current capacity, and, at least, satisfies
grid code LVRT requirements. A further PLL frequency
negative feedback PI term ensures PLL dynamic
stability, considering parameter estimation errors during
optimization formulation and imperfect current control.
With reactive current prioritized, Pl parameters are less
sensitive to changes in system conditions.

e A practical simulation scenario is set up and simulated:
the New England 39-bus test system is modified by
replacing all synchronous units with grid-following and
grid-forming converters; different grid-following shares
are studied with different controls under fault conditions,
in order to confirm that the grid-following share can be
much increased, while the grid remains transiently stable
with little oscillations under symmetrical bolted faults.



The remainder of the paper is organized as follows.
Section Il introduces the control strategy, and the PLL model
of the grid-following converters. Section Ill presents the
transient stability solution and controller parameter tuning.
Section IV presents simulation results, while Section V
summarizes the conclusions.

Il. GRID-FOLLOWING CONVERTER

A grid-following converter connected to an equivalent
AC grid is shown in Fig. 1, where R, and Ly are the
resistance and inductance of the converter output filter, and
R, and L, are the equivalent grid resistance and inductance.
The converter uses a PLL (in the standard synchronous
reference frame) to passively follow the terminal voltage
phase to achieve synchronization with the AC grid.
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Fig. 1. Grid-following converter connected to an equivalent AC grid.

Once synchronized, the g-axis and d-axis terminal
voltages in the obtained synchronous dg-frame become 0 and
V, (amplitude of converter terminal voltage v,). Hence, the
converter active and reactive output power are decoupled and
can be controlled independently by the d-axis (i;) and g-axis
(iq) currents. Therefore, during normal operation the grid-
following converter can output active and reactive power
setpoints of P* and Q* using the current references below:
=1 (1) iy =~ (2)
Since active current is prioritized under normal operation,
ligl < Lngx and |ig| < /134, — 7%, where I,,,,, represents
the maximum allowable current of the converter. Now
considering the PLL model and prerequisites for its stability,
from Fig. 1 it follows that

s _ s s dis
v = vy + Ryi* + L, 2@ 3)

where w,, is the base angle frequency, and superscript S
indicates the voltage and current vectors in the stationary
reference frame. Since v, = vie %l and i = iSe /%!
with § = 6, — 6,4, by assuming that the converter output
current equals the current reference, it is seen that
Veg = V5cos6 + Ryig — (wo + Awpy) Lyig 4
Veq = —V4sind + Ryig + (wo + Awpy)Lyig 5)
where w, = 1.0 is the nominal angular frequency. The PI
and integrator operators before and after Aw,,, are given by
0 = wphwpyy, (6)
Awpy = KpViq + Kivyg. @)
The PLL model can be suitably expressed in the form of
fi6 + f,6 + f3sind = f, by combining (1), (2) and (4)-(7),
together with the specific current limiting strategy, where f;,
i =1..4, are functions of I, Ry, Ly, and/or P* and Q~. If
the PLL is stable, then v, = 0. Thus, based on (5), the
necessary condition for PLL stability (condition of existence

of equilibrium point [6], or within the transfer limit of the
transmission line [10]) can be obtained as

|Lgiz + Ryiz| < V. (8)
It should be noted that condition (8) doesn't provide the final
representation, since iz and iz are given by (1) and (2) under

normal conditions, while, during faults, based on the LVRT
grid code of [11], they are given by

i = —min(1, 200.9—-V,)), V,<09, (9)
. . — P*
ig = min (\Fqx — lqz'ﬁ)' V,<09. (10)

The current reference design in (9) and (10) during faults
may not satisfy (8), especially for a weak grid (large L,) or a
system with a high share of grid-following converters, where
the equalized grid voltage, V;, may be low during faults due
to synchronous generators being replaced by converters, with
much smaller reactive support capability. From (8), it can be
seen that by actively reducing iz and iz (igz should be
negative) during faults, I, can be increased and the value of
the left hand of (8) can be decreased. In this way, the PLL
(and grid-following converter) remains stable.

I1l. PROPOSED TRANSIENT STABILITY SOLUTION

A. Proposed Transient Stability Solution

A simple practical transient stability solution, shown in
Fig. 2, is now proposed which (1) ensures the existence of a
stable PLL operating point, (2) maximizes active power
injection, (3) fully exploits converter current capacity, and,
(4) at least, satisfies grid code LVRT requirements [11].

V,
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(a) Reactive current reference design  (b) Active current reference design
Fig. 2. Control diagram of proposed transient stability solution.

To realize the above objectives, for transmission network
with small R;/L, and grid-following with fast PLLs,
reactive current is proposed to be prioritized during faults,
and the current references are given as

Q*
_7’ Vf = Vthl
lZI = t 0 (11)
Ky(Vens = V) = 5—, Ve <Vina
th1
P
— Ve 2 Vina
* Ve
ld = p* K‘f , (12)
Thg - (Kpf + TL) Awp”, Vt < Vth3

where Aw,;; is Aw,y F Awgp, Ky, Kyy and K;; are positive
constants. Vi1, Ving and V5 are switching thresholds of the
hysteresis comparators.

For the proposed control, by suitably choosing K,,, i;; will
be automatically given by /13,4, — i3? since iy is prioritized
during the fault with the constraint of the existence of a PLL
equilibrium point. Thus, the converter current capacity is
fully used. PLL frequency based Pl negative feedback
control is employed in order to enhance PLL stability
considering system dynamic uncertainties, only being
activated when Aw,;, is outside the deadband. Both



proportional and integral terms are used because the former
is useful during the initial phase of a fault before the integral
term catches up, while the integral term becomes dominant
when the PLL is in steady-state, i.e. Aw,,, is close to zero. In
order to smoothly switch i; between normal and fault modes
in (11), Q*/Vy, is used when V, < V,;. Tuning of K,,, k,
Ky and K;; will be presented in Section 111.B.

It should be noted that: 1) only symmetrical faults are
considered here, although the proposed method is applicable
to non-symmetrical faults. Under unbalanced conditions,
positive- and negative-sequence current components should
be controlled separately in the synchronous reference frame
with simple PI controllers in order to limit converter currents
to a pre-defined threshold, as shown in [12]. 2) for
distribution networks, scaling down current limiting strategy,

.y -y
v ig e ig 2 a2
iy _J e ig _J = when ’ld +iy = Inax

iy +ig iy +ig

where ij;' and i;;' are from (1) and (2), is preferred since the
ratio R, /L, is large. For transmission networks, reactive
current prioritized strategy is used, compared to other current
limiting strategies, because this helps to make PLL stability
much less sensitive to the PI parameters K, and K;¢.

B. Parameter Tuning

1) Determination of K,,, voltage gain

In order to realize the objectives of the proposed transient
stability solution, based on objectives 1, 2 and 4 (Section
I11.A), the optimization problem (13) is formulated as:

max P = V,;i} (133)

subject to V;cos8 + Ryig — Lyig = V; (13b)
Vysind — Ryig — Lgig =0 (13c)

i = Ko(Ve = Vena) = 5= (13d)

i? 42 < ax (13e)
-1<P<1 (13f)

where V;, ig, ig and § are decision variables, and V; and K,,
are given variables. Constraint (13a) maximizes the active
power output, (13b) and (13c) ensure the existence of a PLL
equilibrium point, (13d) ensures that grid code LVRT
requirements are, at least, satisfied, (13e) respects the current
limit, while (13f) limits the active power output to 1 pu.

A suitable value for K, can be found if it ensures problem
feasibility under the specified range of 1, [0.001, 1] pu, in
this paper. Given that I,,,, = 1.2 pu [11], R; = 0.05pu,
Ly =0.5pu, Q" =0 pu, and Viy = 0.9 pu, increasing K,
gradually from 2 (K, = 2 meets the minimum grid code
LVRT requirement in [11]), the largest K,, ensuring problem
feasibility over the whole range of V, is 4.1.

Fig. 3 presents the converter active power output, current
references, and terminal voltage for 4 different K,, values.
Fig. 3(a) shows that with higher K,,, the active power is
increased, mainly due to reactive current support, as seen in
Fig. 3(b) and Fig. 3(c), where i is almost the same, but |ig|
and V; increase with higher K,,. Fig. 3(d) shows converter
current capacity is only fully utilized beyond K,, = 4.1 (nhote
that when V, is high, there remains unused current capacity
under all K;, values, since active power output, P, is limited
to 1 pu). Fig. 3(a) shows that with K,, = 6.1, further increase

of active power is minimal, and Fig. 3(a)-(c) show that the
active current loses its regulation capability when V; is high.
Although large K,, improves PLL stability by fully utilizing
converter capacity, it can reduce damping and introduce
converter oscillations (cf. Section 1V). According to the
above analysis, K,, is chosen here as 4.1, so that the active
current is automatically assigned to ‘unused' current capacity,
i.e.ig = /Iqx — g%, and thus the third objective (Section
I11.A) of using the full current capacity is satisfied, assuming
the existence of a PLL equilibrium point across the entire
range [0.001, 1] pu for V.
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Fig. 3. Results of optimization problem (13) with different K,.

2) Determination of k

It can be seen from (11) that |iz| is limited within \/%
instead of I,,,,,. Otherwise the PLL will output a decreasing
frequency under low V., as seen in [10]. k can be
determined by i; at lowest VV from the above optimization
solution. In fact k = R;/L, (the condition that the PLL is

globally stable according to the proof in [9]).

Normally, k is selected in the range 0.05~0.15. If the
estimated k is larger than the real value k,, an additional
PLL output frequency PI term (12) can stabilize the PLL. If,
instead, k is smaller than k,, the PLL will output a
decreasing frequency when V; is very low, i.e. when V; <
\/(;R—Llfz and k=(G+ 1k, ( G represents the
estimation error). Suppose L, =1 pu, G = 20%, ko = 0.1,
and I, = 1.2 pu, the PLL outputs a decreasing frequency
only when V; < 0.024 pu. However, if |iz| is limited within
Lmax, this occurs when V, < koLglnq, = 0.12 pu. It can be
noted that frequency decreasing instability, when the voltage
is very low, is not of great concern, but frequency increasing
instability is more serious and may happen more frequently.
Itis also noted that |iz| is not limited to 1 pu, as suggested by
the grid code [11], considering that the (transient)
overcurrent capacity is usually of the order of 1.2 pu [11].

Imax '

3) Determination of K, and K;¢, Pl gains

With k and K, suitably tuned, a stable operating point
can be achieved, based on an estimated network impedance,
perfect current tracking and no measurement delays. An
additional PI term can be used to enhance PLL stability, to
cope with variations in the above, and being activated only
when Aw,,; lies outside the deadband. Since i is prioritized,
a sufficiently large K,,r and K;, can ensure Aw,,; stability.

IV. CASE STUDIES

The New England ten-machine 39-bus system [13] is
used to validate the performance of the proposed transient



stability solution. Each synchronous generator is replaced by
in parallel grid-following and grid-forming converters with
droop control, with a rated capacity of nS, and (1 —n)S,,
respectively, where S, is the same as the original generator
rated capacity, and 0 < n < 1. The parameters of the output
filter, voltage control and current control for a grid-forming
converter follow those in [2][14]. The grid-following model
and control parameters follow those in [13], while other
parameters, from Fig. 2, are Vipy = Vo = Vo — 0.05 pu,
Vins = Vo — 0.1 pu, where V,, is the pre-fault value of V;,
k=0.1, and Awy, = 0.001 pu. I,,, for both converter
types is set at 1.2 pu [11]. A threshold virtual impedance
current limitation method [4] is used for the grid-forming
converters. A constant DC voltage is assumed for the
converters, such that the effect of prime movers is not
considered, and system stability issues arise only from the
converter controls. The active and reactive power setpoints
for the grid-following and grid-forming converters remain
the same as the original generators. All loads are modeled as
constant impedances, and all quantities are expressed in per-
unit except wy, base frequency of 314 rad/s. Simulations are
performed in Dymola environment using the Modelica
language, which readily enables transparency of system
component models and control algorithms.

It should be noted that: (i) 100% converter-based
generation is chosen here, since it represents the worst case
for grid-following PLL stability, considering the much
smaller overload capability of converters compared to
synchronous units, (ii) only threshold virtual impedance is
applied here for grid-forming converters to reduce the
converter current, which cannot be strictly limited to a pre-
fault value. This is beneficial for transient stability, since the
converters can give larger support when necessary, and the
downsides of a “hard current limit” for grid-forming
converters are avoided, (iii) the grid-forming converter
control parameters, based on the tuning algorithm of [4],
guarantee stable behavior for different operating conditions.
The PLL PI gains ensure fast voltage angle tracking
capability and strong damping under normal operation and
network disturbances, e.g. line disconnection, which is seen
by the simulation results of [14]. The current control PI
gains of the grid-following converters ensure sufficiently
fast current tracking. Moreover, [14] shows that there are
minimal interactions between the grid-forming and grid-
following converters under small and large disturbances.

Case 1: 3 control methods for grid following converters
are simulated: no action (constant PQ control with active
current prioritized), grid-code (control of (1) and (11) with
iz limit modified to 1.2 pu) and proposed (solution in (11)-
(12)). Here, in Fig. 2, K, = 4.1, K,y =0and K;y =5. A
symmetrical 3-phase bolted fault is applied at bus 2 at 2 s
and cleared at 2.25 s for each method. To identify the max
grid-following share, the n ratio for no action, grid code and
proposed are 70%, 80% and 95%, respectively. The 5
values shown for the different control strategies roughly
represent an upper grid-following boundary, since for lower
n the system is stable, with small oscillations during the
fault conditions. It follows that the proposed control enables
the grid-following share to be increased in a strong grid.

Fig. 4(a)-(f) shows the results of the different control
strategies (and grid-following share) for the grid-following
converter at bus 37. From Fig. 4(a), it is seen that the
voltage at bus 37 experiences large oscillations under no

action and grid code options during the fault, but only minor
oscillations under proposed. Fig. 4(b) shows the PLL
frequency of the grid-following converter at bus 37 (close to
the fault location), while during the fault the PLL is only
stable under the proposed control, and the PLL loses
stability under both other methods. Fig. 4(c)-(d) show the
active and reactive current references under all methods.
With no action, i is increased to 1.2 pu (maximum) so i is
limited to 0. Under grid code, ij is limited by iz when i;
reaches the lower limit of -1.2 pu. Under proposed, ij; is
also increased and has the same capability as grid code, but
the magnitude of i; is smaller. Even with a reduced i
magnitude, the PLL is stable during the fault (red line in
Fig. 4(b)), since the terminal voltage V; under proposed is
much higher than the other two methods (as seen from Fig.
4(a)), resulting from the stronger reactive power support
(K, = 4.1) from other grid-following converters under the
proposed control. With a higher V;, active and reactive
power output under the proposed method is the largest
across the three methods, as seen from Fig. 4(e)(f). It is
noted that under grid-code control, with K, = 4.1, atn =
809% the PLL at bus 37 is stable but with large oscillations
during faults, similar to the No-PLL-feedback+larger-K,
control in Case 2. Fig. 4(g)(h) show the current from the
grid-forming converters at bus 31 and bus 36. Under no
action and grid code the currents exceed the maximum
value of 1.2 pu while under proposed the current remains
below the limit during the fault, implying that under
proposed, a lower regulation requirement is needed.
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Fig. 4. Impact of different control strategies and grid-following share n for
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Case 2: The 39-bus system is made weaker by introducing
additional line impedance (R = 0.02 pu, L = 0.08 pu) for



each generation node connection. To maintain the terminal
voltage within normal range, active and reactive power
setpoints are also modified. Two sets of simulations are
conducted, whereby a symmetrical three-phase bolted fault
is applied at bus 16 at 2 s and cleared at 2.25 s. Group A:
The above three controls are simulated. Simulation results
(not shown, but similar to Case 1) show that the system is
stable until the grid following  ratio for no action and grid
code reaches 55% and 75% (with 5% step change), while
for proposed (K, = 4.1, K,y = 20 and K;; = 0) the system
is stable at 95%. Group B: 3 new situations are defined: 1)
n=74%,K, =41,K,; = 0and K;; = 0, termed No-PLL-
feedback, 2) n =74%, K, =6.1, K, =0 and K;f =0,
termed No-PLL-feedback+larger- K,,, and 3) n = 95%,
K, = 4.1, K, = 20 and K;; = 0, termed as PLL feedback.
Results for grid-following converters at bus 32 and 36 are
shown in Fig. 5. Note post-fault oscillations, due to limited
system damping capability, since grid-forming share is low.
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Fig. 5. Impact of PLL feedback term and reactive current gain for 250 ms
3-phase fault at bus 16.

Fig. 5(a)-(b) and (e)-(f) show that under PLL feedback,
the voltages have reduced oscillations and the PLLs are very
stable during faults, even when n = 95%, while under No-
PLL-feedback and No-PLL-feedback+larger-K,,, there are
Awy,y; oscillations, with stability marginally retained when n
hits 74%. It can also be seen that there is little improvement
under No-PLL-feedback+larger-K, as compared with No-
PLL-feedback. Moreover, there are post-fault oscillations
when V; is larger than V,,,, arising from the grid-forming
converters. Fig. 5(c)-(d) show that under No-PLL-feedback
and No-PLL-feedback+larger-K,, , ij and i; chatter since
their designs rely on real-time measurement of V;. It follows
that the PLL feedback term is useful for regulating the
active current reference i; and PLL stabilization, especially
for weak grids. However, increasing K,,, when it is already
large, cannot further enhance system transient stability.
Similar results are obtained if K;¢ is changed to 5 in Group
B.3, indicating some insensitivity to K, and K;;.

V. CONCLUSION

In order to facilitate higher integration of power
converters, a simple practical transient stability solution is
proposed for grid-following converters in order to enhance
system transient stability and reduce regulation requirements,
considering that the overload capability of converters is much
less than that of synchronous generators. By optimally
selecting the proportional gain for reactive current injection
through formulating an optimization problem, a stable PLL
operating point is obtained while active power output is
maximized during fault conditions. In addition, converter
current capacity is fully exploited and grid code LVRT
requirements are, at least, satisfied. With reactive current
prioritized, an additional PLL frequency feedback PI term is
incorporated to maintain PLL stability, considering estimation
errors of network parameters and imperfect converter control.
Case studies with a high share of grid-following converters in
a 100% converter-based system, based on the modified IEEE
39-bus power system, are simulated, to confirm proposed
solution effectiveness under symmetrical bolted faults.
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