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Optimal Controller Design for Transient Stability
Enhancement of Grid-Following Converters Under

Weak-Grid Conditions
Mads Graungaard Taul , Member, IEEE, Chao Wu , Member, IEEE, Shih-Feng Chou , Member, IEEE,

and Frede Blaabjerg , Fellow, IEEE

Abstract—Modeling and design-oriented control of transient
stability of grid-following converters have attained an increasing
interest in recent years. Despite novel nonlinear models enabling
a design-oriented enhanced transient stability controller, the focus
has so far been limited to study only the synchronization dynam-
ics of the phase-locked loop. To expand upon the knowledge of
the large-signal performance and stability, this article proposes a
systematic analysis procedure of a grid-following converter under
weak-grid conditions and large-signal disturbances including the
outer dc-link and ac-side voltage control loops. A reduced-order
large-signal model is used to analyze the large-signal nonlinear
behavior of the system using the area of the basin of attraction
as a measure for large-signal robustness. Here, stabilizing and
destabilizing trends for outer-loop controller parameters are given.
Through a surrogate-model expensive black-box optimization al-
gorithm, a computational-efficient optimal design of the outer-loop
controller parameters is proposed to maximize the large-signal
robustness. Finally, a recommendation and a design guideline for
converter constraints and outer-loop controller parameters are
given. This can be used to identify the influencing parameters for
grid-following converters under large-signal disturbances, and as a
tool for fast controller optimization toward large-signal robustness.

Index Terms—Grid-connected converters, nonlinear analysis,
reduced-order modeling, transient stability.

I. INTRODUCTION

W ITH the rapid increase of power converter-based gener-
ation installed in today’s and future power systems, the

dynamical response of the power system will be significantly
different from the conventional synchronous generator-based
power system. Unlike synchronous machines, whose transient
dynamical response is mainly determined by the physical prop-
erties of the machine, the converter dynamical response to
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disturbances is entirely determined by the employed converter
control [1]. This fact has led to an increasing interest and
demand for understanding how grid-connected converters act
and interact with the grid during large-signal disturbances and
weak-grid conditions [2]–[5].

In recent years, a significant amount of research has been
conducted to study the transient stability of loss of synchroniza-
tion of grid-following phase-locked loop (PLL) synchronized
converters [4], [6]. This includes enhanced models for transient
stability assessment [3], [7]–[12], novel control methods for en-
hanced transient stability [2], [13]–[21], loss of synchronization
analysis under asymmetrical fault conditions [22], and for mul-
ticonverter systems [23]–[25]. However, in the abovementioned
studies, only the synchronization dynamics of the PLL are con-
sidered. This means that the potential stabilizing or destabilizing
effects of the outer dc-side voltage controller (DVC) and ac-side
voltage controller (AVC) have been overlooked. Accordingly,
the impact and interactions from the outer-loop control must
be considered for obtaining a more complete picture of the
transient stability dynamics of grid-following converters under
large-signal disturbances.

The outer-loop interactions have been comprehensively stud-
ied for grid-following converters under weak-grid conditions
in [26]. However, only the small-signal dynamics are addressed.
In [27], the outer loops have been considered and a large-signal
reduced-order model is proposed. Anyhow, the impact the outer
loops have on the large-signal stability is not disclosed specifi-
cally nor fully understood. To that end, grid faults are considered
in the analysis where usually the dc-link must be protected
by activating dc-side chopper control, which completely alters
the converter control and associated model. Also, in [28] and
[29], the outer-loop controls are considered during large-signal
disturbances. Here, a catastrophic bifurcation is identified for the
system under voltage dips and a large-signal stability criterion
is proposed for the system. In these works, nonlinear overmodu-
lation of the pulsewidth modulation (PWM) module is found as
the origin of instability during large-signal disturbances, but the
influence of outer-loop parameters is not of focus. Also, again
a voltage sag scenario is considered where the dc-link control
will have to protect itself in a practical implementation.

Despite these scattered works, how the outer-loop control
affects the large-signal stability and robustness is not well
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Fig. 1. Structure of grid-connected converter connected to an ac grid. The converter control comprises a grid-following structure with outer direct voltage control
(DVC) and alternating voltage control (AVC) where an SRF-PLL is adopted for grid synchronization. The inner-current loop contains a proportional-resonant
control with VFF. The ac grid resembles a fault recovery or line contingency case where the effective SCR is increased due to circuit breakers opening a faulted
line. The block diagram of a reduced-order large-signal model neglecting the fast inner dynamics is shown in the right, which is used for linear and nonlinear
system analysis.

understood. In that connection, an identification of which
physical and controller parameters that have a significant
influence of the transient stability, and a design guideline
for large-signal stability enhancement is missing in prior-art
studies.

This article addresses these research gaps by performing
a systematic analysis procedure of a grid-following converter
under weak-grid conditions and large-signal disturbances. This
is done by using a derived reduced-order large-signal model,
which is analyzed in the large-signal domain using the area
of the basin of attraction (AOT) as a measure for large-signal
robustness. Through a surrogate-model expensive black-box op-
timization algorithm, a computational-efficient optimal design
of the outer-loop controller parameters is given, which maxi-
mizes the large-signal robustness. Finally, a recommendation
and a design guideline for converter constraints and outer-loop
controller parameters are given. This can be used for enhanced
understanding of the influencing parameters for grid-following
converters under large-signal disturbances, and as a tool for fast
controller optimization for maximizing the large-signal robust-
ness.

The remainder of this article is structured as follows. In
Section II, the system under study is presented and the nonlinear
model used for system analysis is detailed. A comprehensive
large-signal analysis is conducted in Section III where trend
analysis is obtained between controller parameter variations and
the nonlinear basin of attraction of the system. The highlighted
trends are also verified using a detailed simulation model. Based
on the stability trend analysis of the outer-loop controller param-
eters, an surrogate-model expensive black-box optimization al-
gorithm is employed in Section IV to find the optimal controller
parameter set such to maximize the large-signal robustness
of the grid-following converter. Subsequently, a design guide-
line and recommendation for controller parameter selection are
given in Section V. The obtained findings are experimentally
verified in Section VI. Finally, this article is concluded in
Section VII.

II. NONLINEAR MODEL DEVELOPMENT

A typical grid-connected converter transferring harvested re-
newable energy from, e.g., a wind turbine to the grid is consid-
ered for this analysis, as shown in Fig. 1. In order to guarantee
the machine-side converter to achieve the maximum power
point tracking, the dc-link voltage is controlled by the grid-side
converter, as shown Fig. 1. For other outer-loop control methods
such as active power control and reactive power control, this
will be addressed in future work. It uses a grid-following control
structure where the dq-axes current references are oriented to the
control frame determined by the synchronous-reference frame
phase-locked loop (SRF-PLL). The outer loops include a dc-link
voltage controller (DVC) for maintaining a constant dc-link
voltage and an ac-side voltage controller (AVC) for regulating
the level of the point of common coupling (PCC) voltage. The
voltage feed-forward (VFF) includes active damping of the filter
resonance as proposed in [30]. The grid-following converter
is connected to an inductive ac grid where a high-impedance
condition, caused by a redundant line being forced open during
a contingency, is analyzed. This represents a topological change
where, for example, a short-circuit condition is eliminated by
quickly disconnecting the faulted line, which could cause a
sudden short-circuit ratio (SCR) change. Control and system
parameters for Fig. 1 are listed in Table I. The base-line design
shown for the controller parameters in Table I is based on typical
design parameters with a PLL bandwidth of 30 Hz, a dc-link
controller bandwidth of 10 Hz, and the AVC parameters as
employed in [27].

Large-signal synchronization stability or transient instability
of grid-tied units is often described as an active power transfer
problem. Therefore, the static influence of the outer-loop control
on the transferable active power is first analyzed.

A. Influence of Outer-Loop Controls on Transferable Power

During steady state, vq = 0 and θPLL = θPCC =
sin−1(Xgid/Vg), where Xg is the grid impedance. Using
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TABLE I
CONTROL AND SYSTEM PARAMETERS

this, then the active power at the ac-side can be expressed as

PAC =
3

2
id

⎛
⎝Vg

√
1−

(
Xgid
Vg

)2

−Xgiq

⎞
⎠ . (1)

Here, iq is determined using the AVC control, which can clearly
participate in improving the active power transfer. By consid-
ering converter current limitation, two possible relationships
for the ac-side active power can be formulated as shown in (2)
as shown at the bottom of this page—one where the converter
current limitation is not exceeded by id and iq , and one where
current limitation is met and the reactive current is limited
accordingly. With these formulations, the effect of the AVC
control on the power transfer capability of the grid-connected
converter can be analyzed.

The output active power versus the d-axis current for the
converter without and with AVC is shown in Fig. 2(a) for an
SCR = 2. The required q-axis current without and with the
AVC is shown in Fig. 2(b). Note that during this weak-grid
condition, satisfying a 1 p.u. input power and requires a large
injection of id without using the AVC to support the PCC voltage.
Actually the current magnitude needed for transferring 1 p.u.
of active current without AVC is 1.4 p.u., whereas the current
magnitude needed with the AVC is only 1.03 p.u. Therefore, this
clearly highlights the benefits of using the AVC during weak-grid
conditions to support the point of connection voltages. Also,
during large-signal disturbances, instability may occur due to the
oscillations and imbalances between input power and transferred

Fig. 2. Converter output active power and reactive current injection without
and with AVC for SCR = 2 using (2).

output power. During such conditions, it can be anticipated from
Fig. 2 that a tightly regulated AVC will have a stabilizing effect
on the overall response.

As disclosed earlier, the PCC voltage magnitude, which in
steady state is regulated from the AVC, has a large impact on the
transferable power. According to Fig. 1, the PCC voltage can be
written as

vPCC = Vg + jXg(id + jiq)(cos(θPLL) + j sin(θPLL)) (3)

and its magnitude as

VPCC

=
√

V 2
g − 2VgXg(iq cos(θPLL)+id sin(θPLL))+X2

g (i
2
d+i2q)).

(4)

PAC =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

3
2Vgid if Ilim >

√
i2d + i2q1 where iq1 =

Vg

Xg

(√
1−

(
Xgid
Vg

)2
− 1

)

3
2 id

(
Vg

√
1−

(
Xgid
Vg

)2
−Xgiq

)
otherwise, iq =

√
I2lim − i2d

(2)
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As can be seen from (4), the PCC voltage magnitude is actually
a complicated variable influenced by and coupled with all outer
control loops. Therefore, the AVC is not only responsible for
changes in VPCC, but the dynamics of the DVC and PLL have an
impact as well.

From this analysis, it is clear that the outer loops have a sig-
nificant impact on the transferable power. However, the control
dynamics of the loops have also a large effect on whether a
static necessary stability condition can be reached or not. For
example, current references set by the outer loops may not
provide a beneficial response if the PLL aligning these with
the PCC voltage frame is too slow. Similarly, if the dynamics
of the outer loops do not provide the needed references in
due time, instability may also arise despite a sufficiently fast
PLL. Therefore, it is a complex system where the combined
dynamical responses need to be considered to assess the system
stability. Thus, the influence of the DVC, AVC, and PLL must
be understood under large-signal disturbances.

To accomplish this, an averaged large-signal reduced-order
model is developed. The large-signal model is described in
Section II-B and is largely based on what is recently proposed
in [27]. One key difference between the models is that the
parasitic filter resistance (Rf ), which has a large influence on the
stability prediction around the stability boundary, is included in
this article. Furthermore, this article aims to exploit this model
for thorough analysis and to shed light on the complex transient
dynamics of the system shown in Fig. 1.

B. Large-Signal Reduced-Order Model

For the large-signal reduced-order model, the effects of the
PWM operation and the fast inner current controller are ne-
glected. This assumption can be justified by the large time-scale
difference between the outer transient stability dynamics and
the inner converter control. Accordingly, it is assumed that the
output current of the converter perfectly tracks the commanded
references as id = id,ref and iq = iq,ref and that the transient
stability dynamics can be characterized by the slow dynamics of
the outer loops. The state equations for the outer-loop control,
relating the dc-link voltage and ac-side voltage with the d-axis
and q-axis current, respectively, are

i̇d = Kp,DCv̇dc +Ki,DC (vdc − Vdc,ref) (5)

i̇q = Kp,ACV̇PCC +Ki,AC (VPCC − VPCC,ref) . (6)

The dc-link dynamics are governed by the active power balance
between the dc and ac side as

Cdc

2

d(v2dc)

dt
= Pin − PAC − Pf . (7)

Thereby, the state equation for the dc-link dynamic is

v̇dc =
Pin − PAC − Pf

Cdcvdc
(8)

where

PAC =
3

2

VPCCVg

Xg
sin(θPCC) (9)

Pf =
3

2
(i2d + i2q)Rf (10)

where the phase angle is expressed in the reference frame of
the grid voltage, i.e., θg = 0, VPCC, Vg denote the phase-voltage
magnitudes, and Rf is the filter equivalent series resistance. The
PCC voltage expressed in the rotating frame of the grid voltage
and PLL rotating frame, respectively, are

VPCCe
jθPCC = Vg + jXg(id + jiq)e

jθPLL (11)

↓
VPCCe

j(θPCC−θPLL) = Vge
−jθPLL + jXg(id + jiq). (12)

Here, the PLL estimated frequency is assumed not to deviate
much from the nominal frequency, i.e., the grid impedance is
assumed constant during the analysis. Thereby, the dq compo-
nents of the PCC voltage relative to the PLL frame are

vd = Vg cos(θPLL)−Xgiq (13)

vq = −Vg sin(θPLL) +Xgid (14)

and the state equations become

v̇d = −Vg θ̇PLL sin(θPLL)−Xg i̇q (15)

v̇q = −Vg θ̇PLL cos(θPLL) +Xg i̇d. (16)

By introducing an internal state variable of the PLL (integrator
state in the PLL PI controller), the PLL phase angle can be
expressed as

θ̇PLL = Kp,PLLẋPLL +Ki,PLLxPLL (17)

ẋPLL = vq = −Vg sin(θPLL) +Xgid. (18)

For the PCC dynamics used for the AVC and the expression
for PAC, these are given as

VPCC =
√

v2d + v2q (19)

↓

V̇PCC =
vdv̇d + vq v̇q

VPCC
(20)

and

θPCC = tan−1

(
vq
vd

)
+ θPLL (21)

↓

θ̇PCC =
vdv̇q − vq v̇d

V 2
PCC

+ θ̇PLL. (22)

Eliminating the redundant variables (id, iq , vd, vq) by using

vd = VPCC cos(θPCC − θPLL) (23)

vq = VPCC sin(θPCC − θPLL) (24)

id =
Vg sin(θPLL) + vq

Xg
(25)

iq =
Vg cos(θPLL)− vd

Xg
(26)



TAUL et al.: OPTIMAL CONTROLLER DESIGN FOR TRANSIENT STABILITY ENHANCEMENT 10255

the fifth-order state-space model of the nonlinear system (ẋ =
f(x, t)) can be expressed as given in (31) shown in the sub-
sequent sections with the fixed-points of (32) shown in the
subsequent sections where x is the state vector given as x =
[VPCC θPCC vdc θPLL xPLL]

T .

III. LARGE-SIGNAL ANALYSIS

Based on the nonlinear model given in (31), both the small-
signal and large-signal analysis can be conducted. And the
small-signal stability is a precondition of large-signal stabil-
ity, the detailed relationship between small-signal stability and
large-signal stability can be seen in [21]. Since the small-signal
stability analysis has been analyzed in [27], it is not repeated
in this article. Thus, the focus of this article is to design the
parameters based on the large-signal analysis. With the nonlinear
model being developed, the influence of the outer loops is to be
analyzed from a large-signal perspective.

A. Initial Conditions for Nonlinear Disturbed Model

For proper large-signal analysis, one must assign correct
initial conditions to the state variables at the instant of the
disturbance. Since a disturbance will immediately affect the PCC
voltage, the initial conditions when the disturbance occurs will
not equal the fixed points in (32). Since vdc, θPLL, and xPLL are
all located behind an integrator, their initial values cannot jump
at the instant of the disturbance. However, for VPCC and θPCC,
this is not the case. For the AVC, iq will discontinuously jump
at the fault instant due to a change in VPCC. However, at the
same time, the initial condition for VPCC is also dependent on
the injection of iq . Therefore, this represents an coupled set of
equations, whose explicit solution is long and complex. To avoid
presenting this expression here, the solution is instead obtained
iteratively as follows.

First, the initial value for id is calculated as

id,0 =
−Vg +

√
V 2
g − (2Rf iq,PF)2 +

8
3PinRf

2Rf
(27)

which is found from the power balance in (7) with PAC =
3/2idVg as

3

2
id,0Vg = Pin − 3

2
Rf (i

2
d,0 + i2q,PF) (28)

where Pin is equal to 1 p.u. and the prefault q-axis current can
be expressed as

iq,PF =
Vg(cos(θ0)− 1)

Xg
. (29)

Then, the iterative process is computed as follows:
1) iq,0 = iq,PF +Kp,AC(VPCC,0 − Vg);
2) vd,0 = Vg cos(θ0)− iq,0Xg,F ;
3) vq,0 = −Vg sin(θ0)− id,0Xg,F ;

4) VPCC,0 =
√
v2d,0 + v2q,0;

5) repeat 1)–4) until changes in initial values are negligible;
6) θPCC,0 = tan−1(

vq,0

vd,0
) + θ0.

Xg,F denotes the total grid reactance during the loss of a
redundant line contingency. With this, all initial conditions are
determined and the nonlinear model in (31) can be analyzed.

B. Parameter Variation and Basin of Attraction

To analyze the large-signal stability trends of the nonlinear
system in (31), a quantitative analysis is performed with a large
number of simulation runs. Notably, the system is represented as
a fifth-order nonlinear model, whose basin of attraction is also
five-dimensional. For the sake of visualization and considering
disturbances to occur in the grid voltage, a two-dimensional
projection of the full-dimensional space on to the VPCC − θPCC

plane is made in the analysis for this article. For a complete
analysis, the optimization can be extended to disturbances in
the other parameters as well. For the analysis, one control
parameter is varied compared to Table I and the large-signal
trajectory is computed for 3600 different initial conditions. If
the system dynamical trajectory for a selected initial condition
gets attracted to a stable fixed point after the disturbance, the
system is stable and that initial condition is said to belong
to the basin of attraction. The fixed point of attraction for
this analysis is for SCR = 2 at the point VPCC = 1 p.u. and
θPCC = 30◦. The basin of attraction is calculated for variation
in the AVC controller parameters in Fig. 3. It is evident that
Kp,AC has a negligible effect on the basin of attraction, whereas
it can be significantly increased in all directions by increasing
Ki,AC. When looking at the basin of attraction for the DVC in
Fig. 4, it is observed that increasingKp,DC and decreasingKi,DC

increases the attraction area. However, as can be seen from the
reverse variation plots, the attraction area is not extended in all
directions but it is actually reduced in more areas. The same
trend is seen for the variation of Kp,PLL in Fig. 5(a) and (b),
whereas a reduction in Ki,PLL increases the attraction area in
all directions as seen in Fig. 5(c). Reducing the PLL integral
gain for enhanced transient stability is well-known from prior
art studies as analyzed and proposed in [4], [6], [13], [17], and
[21]. However, in addition to the stability enhancement of the
PLL integral gain, several new insights can be extracted from this
analysis.

1) Increasing Kp,PLL has from prior-art studies been con-
cluded to be as effective as decreasingKi,PLL for achieving
increased system damping for PLL-synchronized convert-
ers. However, as it can be seen in Fig. 5(a) and (b), the
stability is only enhanced in some areas for variations in
Kp,PLL. Thus, reducing the PLL integral gain is a better
solution for enhancing the transient stability using the PLL
control.

2) Increasing Kp,DC and decreasing Ki,DC in the DVC are
mostly beneficial to enlarge the basin of attraction. How-
ever, the attraction area is not extended in all directions,
which makes a recommendation case specific.

3) Variation in Kp,AC has a negligible effect on the attrac-
tion area. However, increasing Ki,AC has a large positive
impact on the attraction area in all directions. Therefore,
variation on Ki,AC seems as a promising strategy for
enhancing the transient stability.



10256 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 9, SEPTEMBER 2021

Fig. 3. Basins of attraction for variation in AVC controller parameters for SCR = 2. Only one parameter is varied at a time and the remaining parameters are
as listed in Table I. The basin of attraction is the set of initial conditions in the (VPCC − θPCC) plane from where the dynamical system trajectories are able to be
attracted to the stable operating point after the disturbance.

Fig. 4. Basins of attraction for variation in DVC controller parameters for SCR = 2. Only one parameter is varied at a time and the remaining parameters are as
listed in Table I.
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Fig. 5. Basins of attraction for variation in PLL controller parameters for SCR = 2. Only one parameter is varied at a time and the remaining parameters are as
listed in Table I.

Fig. 6. Stable area of reduced-order large-signal model (31) with a drop in
SCR to 1.6–2 from SCR = 4 for varying Ki,AC. Four points for comparison on
the stability boarder are indicated for the reduced-order model and the detailed
simulation model with nominal and twice the bandwidth for the inner control
loop.

C. Verification of Analysis

The stability assessment using the large-signal reduced-order
model from (31) is performed with a varying drop in SCR
from SCR = 4 and with different control values for Ki,AC,
as shown in Fig. 6. Additionally, the stability border for the
SCR drop for different values of Ki,AC is indicated when using
the detailed simulation switching model. For the reduced-order
model, the solid line represents the stable boundary and the right
side is the stable area, which is filled with the green color.
The red dashed line represents the stability boundary of the
detailed simulation model with a nominal inner loop. The brown
dot-dashed line represents the stability boundary of the detailed
simulation model with two times faster inner loop. As can be
seen from these three stability borders, the faster inner loop can
expand the stable area for the detailed simulation model, which

means that a faster inner loop is better for transient stability. By
comparing the reduced-order model and the detailed simulation
model with a nominal inner loop, the required Ki,AC is larger
for the simulation model when the SCR ≤ 1.7. Accordingly,
the reduced-order model is seen to overestimate the stability
margin in that area. However, for SCR ≥ 1.7, the stability border
of the reduced-order model is on the right side of the detailed
simulation model, which indicates a tendency to underestimate
the stability margin. This is advantageous for real application
since it allows for some headroom toward unmodeled dynamics
and parameter uncertainties.

This occurs, since the coupling between the outer AVC starts
to affect the high-frequency stability including the inner current
control, LCL filter, and active damping VFF. This effect is clearly
demonstrated from the detailed simulation model in Fig. 6
where the bandwidth of the inner loop is doubled. Here, the
reduced-order model provides a highly accurate measure of the
stability due to the time-scale decoupling between inner and
outer loops—also for higher Ki,AC. To that end, it is observed
from simulation results that the value of active damping has
a significant impact on the location of the stability boundary.
Accordingly, increasing Ki,AC can indeed increase the stability
margin, but the neglect of the inner current dynamics may not be
justified for a very high Ki,AC or when the LCL filter is weakly
damping.

Another important influence of the converter instability hap-
pens due to converter saturation, which must be considered in a
practical setup, e.g., with a highKi,AC and a low SCR, the needed
converter current to attain stability may violate its maximum
limits during the disturbance. This is demonstrated in Fig. 7
where the maximum converter current during a stable response
is shown. It is clear that when the SCR drops below 1.8 where
the required converter current increases, and a large Ki,AC is
needed for stability. Therefore, from a practical point of view,
the limitation in converter current, even short-time, needs to
be considered. Evaluating a second constraint, the maximum
utilization of the dc-link voltage for establishing the ac-side
voltage is shown in Fig. 8 for the stable trajectories in Fig. 6.
Similarly as what is seen for the maximum current in Fig. 7,
the converter constraints are as well being violated around the
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Fig. 7. Value of maximum instantaneous converter current for each stable
trajectory from the stable area shown in Fig. 6.

Fig. 8. Value of maximum utilized dc-link voltage, Vutil =
max(VPCC/(0.5vdc)), for each stable trajectory from the stable area shown in
Fig. 6.

stability boundary for the voltage utilization. However, consid-
ering a drop to SCR ≥ 1.8, the maximum ac-side voltage does
not violate the dc-link voltage.

D. Trends in Outer-Loop Control During Large-Signal
Disturbances

From the large-signal analysis, it is shown that decreasing
Ki,PLL and increasing Ki,AC are the only two trends that extend
the basin of attraction in all directions. To that end, as it is
seen from Fig. 4, it is generally better for the transient stability
to increase Kp,DC and decrease Ki,DC. However, this should
be done with caution since the large-signal robustness is not
extended in all directions. Additionally, it is concluded that the
effects ofKp,AC andKp,PLL are insignificant, which is the reason
they are not considered in the following.

Therefore, to improve the transient stability under weak-grid
conditions, where a redundant line may be temporarily discon-
nected, one can under the constraints of the converter apply gain
scheduling controller in the following order:

1) increase Ki,AC;
2) decrease Ki,PLL;
3) decrease Ki,DC;
4) increase Kp,DC.
Despite these trends being useful for a better system behavior

understanding, it does not answer which values among all four
controller parameters will provide the largest area of attraction or
largest large-signal robustness. This question is key in proposing
an effective enhanced design strategy, and it is addressed in the
following section using optimization. As will be shown in the
following section, the scheduled controller gains as proposed
earlier show the same trend for vastly different selections of
controller designs. Therefore, the conclusion shown here is not
limited only to the baseline parameters from Table I.

IV. ENHANCED TRANSIENT STABILITY THROUGH OPTIMIZED

OUTER-LOOP DESIGN

For each basin of attraction 3600 different initial conditions
are evaluated. Despite the low computational burden of the
reduced-order model where each simulation only takes a few
milliseconds, it takes around 15 s to compute one basin of
attraction plot. Even though this is a rather short time, this is
problematic when it is desired to find an optimized selection
of controller parameters such to maximize the area of the basin
of attraction (AOT), e.g., with the four controller parameters
selected, just performing a course grid search with ten values
for each controller parameter will take around 42 h to compute.
This computational burden is indeed unacceptable and provides
no guarantee of an optimal set of point. To avoid this brute-force
approach, a black-box optimization algorithm is employed in
this article. Since the evaluation of the basin of attraction area
involves solving 3600 different simulations, identifying, and
keeping the stable operating points, and then computing the
area that these points belong to, involves several complicated
nonlinear steps, an analytical function cannot be used for the
optimization objective function. Therefore, this problem is better
to be solved using black-box optimization where the objective
function is considered as unknown. Since it is not feasible to
run the objective function (compute AOT) many times due
to the high computational burden, this falls into the field of
expensive black-box optimization where it is desired to find an
optimal solution with a minimum number of function evalua-
tions. The optimization problem is defined as a minimization
problem of

min g(h) (30)

where g is the computational expensive black-box function for
the AOT evaluation subject to a box-constrained set of contin-
uous controller parameters h = [Kp,DC,Ki,DC,Ki,PLL,Ki,AC].
Other methods including genetic algorithms and particle swarm



TAUL et al.: OPTIMAL CONTROLLER DESIGN FOR TRANSIENT STABILITY ENHANCEMENT 10259

methods can be used for black-box optimization. However, be-
cause such methods need significantly more function evaluations
compared to a surrogate-model approach [31], this approach
is utilized here. The basic principle of the surrogate model
black-box optimization algorithm can be understood from the
flow chart shown in Fig. 9.

First, an initial design set is selected from the parameter space,
h. This is done using a latin hypercupe sampling strategy, which
is a statistical method for selecting an almost random sample set
from a multidimensional parameter distribution.

Second, the expensive black-box model is evaluated at these
initial points. Based on the objective function values (AOT) of
these evaluations, a surrogate model is fitted to the data. For this
article, either a cubic radial basis function interpoland (RBFcub)
or the full cubic regression polynomial (Polycubr) surrogate
model is used [31].

Then, the inexpensive surrogate model is used to select a
promising new sample from h to be evaluated by the expensive
black-box function. If the stopping criterion, which could be
a maximum number of iterations, has been reached, then the
algorithm is stopped. If not, the surrogate model is updated based
on the latest black-box evaluation and the search for the optimal
solution is continued.

To reduce the computational time for the optimization, par-
allel computing is performed in MATLAB using MATLAB’s
Parallel Computing Toolbox. Due to the small-signal stability
requirements, a very wide constraint would imply unrealistic

parameter sets and an increased computational time for the op-
timization algorithm. Thus, for the initial optimization demon-
strated in this article, the following conditions are selected for
the evaluation of the expensive black-box function.

1) The SCR is set to 2.
2) The initial condition space (VPCC − θPCC) for basin of

attraction computations is set to VPCC ∈ [0.8 1.2] p.u. and
θPCC ∈ [−π/2 π/2] with 3600 uniformly sampled points
in that space.

3) The controller parameters are box-constrained as
Kp,DC0 < Kp,DC < 5Kp,DC0, 0.2Ki,DC0 < Ki,DC <
Ki,DC0, 0.2Ki,PLL0 < Ki,PLL < Ki,PLL0, and Ki,AC0 <
Ki,AC < 5Ki,AC0

4) An initial condition is said to belong to the basin of
attraction if the trajectory for the initial point is stable and
if imax = 1.3 p.u., vdc,max = 1.2 p.u., and vutil,max = 1 p.u.
are not violated during the disturbance at any point in time.

The described black-box optimization algorithm is executed
four times for two different surrogate models, as shown in
Fig. 10. Using, the base-line design for the controller parameters
from Table I for SCR = 2, the AOT is 103. Using the optimiza-
tion algorithm for a maximum of 80 function evaluations, it takes
approximately 30 min to solve, which is obviously much more
acceptable compared to the brute-force grid-search approach.
To that end, as it can be seen from Fig. 10, the AOT can be more
than doubled in size (to around 220) by varying the controller
parameters without violating any converter constraints.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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Fig. 9. Flow chart to show the steps of optimal controller parameter selection
using expensive black-box optimization with a surrogate model algorithm for
function fitting and evaluations of next potential optimal point.

Fig. 10. Progress plot of black-box optimization using two runs of two
difference surrogate models, RBFcub: cubic radial basis function interpolant,
POLYcub: full cubic regression polynomial. The objective function value is the
negative AOT evaluated at an initial condition set for SCR = 2.

Even though a particular disturbance may cause the optimized
controller design to be either unstable or hit the saturation limits
of the converter, it will have the lowest probability to do so,
since its AOT is maximized for the specified controller parameter
range. Therefore, one can say that this optimized design can
lower the probability of the converter instability and, therefore,
enhance the security of supply and power system reliability.

TABLE II
CONTROLLER PARAMETERS FOR OPTIMAL DESIGNS IN Fig. 10

Fig. 11. Progress plot of black-box optimization using the RBFcub: cubic ra-
dial basis function interpolant surrogate model but with a wider box-constrained
space for controller parameters. Wide: Ki,DC is allowed down to 0.1Ki,DC0.
Ki,PLL is allowed down to 0.1Ki,PLL0. Ki,AC is allowed up to 10Ki,AC0.
The AOT for optimized design is 278.8. The optimized controller parameters
are Kp,DC = 1.68Kp,DC0, Ki,DC = 0.134Ki,DC0, Ki,PLL = 0.17Ki,PLL0,
and Ki,AC = 9.94Ki,AC0. X-Wide: Ki,DC is allowed down to 0.02Ki,DC0.
Ki,PLL is allowed down to 0.02Ki,PLL0. Ki,AC is allowed up to 50Ki,AC0.
The AOT for optimized design is 278.8. The optimized controller parameters are
Kp,DC = 1.70Kp,DC0, Ki,DC = 0.73Ki,DC0, Ki,PLL = 0.63Ki,PLL0, and
Ki,AC = 21.83Ki,AC0.

From Table II, it can be seen that the optimal selection of all
parameters except Kp,DC is at or is close to the lower or upper
bounds. Therefore, it seems that the optimization is limited by
the box-constrained parameter. To further verify this,Ki,DC is al-
lowed down to 0.1Ki,DC0,Ki,PLL is allowed down to 0.1Ki,PLL0,
and Ki,AC is allowed up to 10Ki,AC0. The optimization of this
can be seen in Fig. 11. It is clear that the AOT can be further
increased to 278.8 by expanding the allowed parameter space.
Yet, as seen in Fig. 11, if one keeps widening the box-constrained
parameter set, this does not provide a larger AOT, i.e., an optimal
design can be achieved.

In addition to optimize the controller parameters, the large-
signal stability of the system is largely depending on the max-
imum saturation parameters of the power-electronic converter.
The optimized AOT using the box-constrained parameters from
Fig. 10 is computed for different maximum values for dc-link
voltage and converter current. These are shown in Fig. 12 where
the red graph shows the change in AOT for larger maximum
converter currents for a constant Vdc,max = 1.2 p.u., the blue
graph shows the change in AOT for increasing maximum dc-link
voltage at a constant Imax = 1.3 p.u., and the black dot shows
the AOT for Vdc,max = Imax = 1.8 p.u. It can be observed that
one can benefit much more from a larger short-term overcurrent
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Fig. 12. Optimized area of attraction (AOT) for different maximum values for
dc-link voltage and converter current. The red graph shows change in AOT for
larger maximum converter currents for a constant Vdc,max = 1.2 p.u. The blue
graph shows the change in AOT for increasing maximum dc-link voltage at a
constant Imax = 1.3 p.u. The black dot shows the AOT for Vdc,max = Imax =
1.8 p.u.

contribution than from a higher voltage capability at the dc
link.

V. DESIGN GUIDELINES

From the numerical analysis and optimized designs, sev-
eral trends are identified with the purpose to maximize the
large-signal robustness of the grid-following converter system.
These can be divided into an optimized design of the controller
parameters, utilizing robustness associated with increased con-
verter constraints, and by adopting short-term use of largely
different controller parameters. These are shortly discussed in
the following.

A. Optimized Outer-Loop Controller Parameters

From the previous section, it was shown how the outer-loop
controller parameters should be selected with the aim to maxi-
mize the large-signal robustness or AOT of the system. However,
besides the controller optimization during large-signal distur-
bances, one also has to satisfy steady-state requirements for
the performance and response. For a comprehensive guideline
for small-signal controller design under weak-grid conditions,
see [26]. With this in mind, a general guideline for robustness
toward transient stability considering the outer loops can be
given as follows:

1) select Kp,DC from the black-box optimization procedure
while satisfying small-signal requirements;

2) select lowest value for Ki,DC satisfying small-signal re-
quirements;

3) select lowest value for Ki,PLL satisfying small-signal re-
quirements;

4) select highest value for Ki,AC satisfying small-signal re-
quirements.

B. Evaluate Value of Overcurrent Capability

In addition to the optimal selection of controller parame-
ters, it is demonstrated that the AOT or large-signal robust-
ness can be significantly increased by tolerating a short-term
large overcurrent from the converter. For example, despite an
optimized controller set, the AOT can from Fig. 12 by in-
creased more than four times by only increasing Imax from
1.1 to 1.8 p.u. during short-term disturbances. Even though
1.8 p.u. seems high, this range of overcurrent capability is
discussed among system operators at the moment [36]. Ac-
cordingly, realizing the advantages of an increased overcurrent
contribution can be used to significantly increase the AOT.
Second, it is shown that spending resources on tolerating a
larger maximum dc-link voltage gives a limited increase in
the AOT.

C. Consider an Event-Driven Controller Design

When comparing the optimized controller parameters for
large-signal robustness, there may be a large difference be-
tween these and what can be allowed from a steady-state small-
signal point of view. Therefore, it may be beneficial to allow
for an event-driven selection of outer-loop parameters such
that the optimized design can be utilized whenever needed.
For example, allowing a large change in the parameters un-
der large-signal disturbances where the state variables deviate
sufficiently from their references or when, e.g., a low SCR
condition is detected. Such methods will not be further detailed
here but may be implemented similarly to proposals utiliz-
ing an event-driven controller [37]–[39] or adaptive controller
structure [13].

VI. EXPERIMENTAL RESULTS

All observed stability trends and optimized area of attraction
designs from the previous sections are based on the validity of
the reduced-order model in (31). Therefore, this model is com-
pared against experimental results obtained from a low-power
back-to-back converter setup. The experimental setup uses a
15 kVA, 400 V system, where all other parameters are scaled to
this power and voltage base from the wind turbine parameters in
Table I. The switching frequency is 10 kHz and the inner-loop
bandwidth is 500 Hz, which supports the matching results. The
experimental setup uses an Imperix hardware setup with two
three-phase converters configured in a back-to-back configu-
ration. One converter is controlled to feed in a reference active
power to the dc-link and the other operates as the grid-connected
converter shown in Fig. 1.

The converters are build from Imperix PEB 8024 silicon
carbide power modules. The dc-link capacitance is measured
to be 730 μF and the converter control is implemented using
the Imperix B-BOX RCP 3.0 for rapid control prototyping of
power electronic systems. A digitally controlled relay is used
to connect and disconnect a parallel inductive branch with 3
mH. In the main branch, the inductance is manually selected
as either 18 mH or 19 mH. Thus, when the relay is connected,
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Fig. 13. PCC current of grid-connected converter under different impedance
switchings. (a) SCR is switched from 11 to 1.89, resulting in a stable response.
(b) SCR is switched from 11 to 1.78, resulting in an unstable response. (c) SCR
is switched from 11 to 1.89 but with a reduced Ki,AC, which is sufficient to
trigger instability. For all results the experimental setup is operated at 0.85 p.u.
active power transfer.

the large reactance is connected in parallel with a 3 mH in-
ductor, resulting in a high SCR around 11. When the relay is
disconnected, the equivalent reactance increases and the SCR
decreases to 1.89 or 1.78 (18 or 19 mH). Impedance jumps and an
input power step is used to verify the reduced-order large-signal
model.

As seen in Fig. 13(a), when the SCR is switched to 1.89, the
system stands stable. When the SCR is further reduced to 1.78 in
Fig. 13(b), the system becomes unstable and the converter is
tripped. To that end, when the SCR is switched to 1.89 but with
a reduced Ki,AC = 0.25Ki,AC0, then the system loses stability.
This clearly supports the trend observed that an increased Ki,AC

provides a higher large-signal robustness. These three tests were
also conducted using the reduced-order model. Here, the system

Fig. 14. Comparison between experimental setup and the reduced-order model
for a step active power increase from 0.25 to 0.75 p.u. The PCC voltage
magnitude, dc-link voltage and PLL estimated frequency are compared and
shown.

is unstable when SCR = 1.78, as seen in Fig. 13(b) and it is
stable for SCR down to 1.89. Also, when the SCR is switched to
1.89 but with a reduced Ki,AC, as done in Fig. 13(c), the system
loses stability. Accordingly, it is seen that the experimental test
results well match the stability predictions of the reduced-order
model.

In addition to this, an input power step response is performed
in the laboratory and the responses of the state variables are
recorded. This is shown in Fig. 14 where the measured exper-
imental results are compared to the results from the reduced-
order model. As previously seen, the obtained results match
well the reduced-order model. This is despite that noise and
measurement inaccuracies are pronounced for the experimental
setup.

VII. CONCLUSION

To expand upon the knowledge of the large-signal perfor-
mance and stability of grid-following converters, this work
analyzes the stability and robustness during high-impedance
grid-disturbances. A reduced-order large-signal model is devel-
oped and analyzed using the AOT as a measure for large-signal
robustness. Through a surrogate-model expensive black-box op-
timization algorithm, a computational-efficient optimal design
of the outer-loop controller parameters has been given. Based
on these, a design guideline for outer-loop control is proposed
to maximize the large-signal robustness of the system. It is
disclosed that one should seek to minimize the integral gains of
the dc-link control and the PLL whereas, one should seek to max-
imize the integral gain of the ac-side voltage control. To that end,
it is shown that the large-signal robustness can be significantly
increased by allowing for a larger short-term converter overcur-
rent capability. Along these lines, it is shown that a higher over-
voltage capability at the dc-link does not provide any significant
advantages compared to a larger overcurrent capability. Finally,
the reduced-order large-signal model, from where all analyses
and trends are disclosed, is verified using an experimental test
setup.
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