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Abstract—Modern power systems are increasingly reliant on
power electronics (PE), with high-power Modular Multilevel
Converters (MMC)-based grid-forming (GFM) assets playing a
vital role in ensuring voltage and frequency stability. However,
time delays and fast controls of such devices compromise the
system’s stability due to their nonpassivities. Moreover, there
is a proliferation of different PE-interfaced nonlinear loads
that introduce harmonic distortions. To address these issues,
MMC-based GFM converters might be required to provide
harmonic filtering and exhibit passive behavior for stable
interaction with other grid components.

Current saturation during faults or contingencies further
complicates the operation of GFM converters, as it modifies
dynamics and requires seamless transitions between
current-limiting and GFM modes. Existing solutions are
inadequate for current-controlled GFM (CC-GFM) structures,
as they degrade passivity.

This paper proposes a seamless current limitation strategy
for CC-GFM converters that preserves passivity and harmonic
filtering during normal operation while ensuring stable and
seamless transitions during current saturation. The approach
freezes the states of the voltage feedforward and harmonic
filtering compensators, enabling continuous output and bumpless
transitions. Controller hardware in the loop experimental results
validate the proposed method, highlighting its effectiveness in
maintaining the current within the converter current limit.
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I. INTRODUCTION

Modern power systems are increasingly penetrated by power
electronics converters in different voltage levels [1], the
majority of which are voltage source converters (VSC). These
converters are predominantly operated in grid-following (GFL)
mode. However, grid-forming (GFM) converters emerge as
valuable assets for future grids as they enhance the grid
stiffness in terms of voltage and frequency [2]. This is
especially critical for a grid dominated by power electronics as
a result of phasing out conventional synchronous generators.

Apart from the voltage and frequency control, wide
application of power-electronics-interfaced generators and
loads also leads to emerging risks related to power/voltage
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quality as they are also considered as potential sources of
harmonic current due to their nonlinear characteristics [3]].
Such harmonic distortion may result in increased power
losses and equipment damage. Also, undamped harmonics
threaten the system stability [4]. Hence, recent requirements,
in addition to GFM functionalities, are requesting GFM
converters to provide harmonic filtering capabilities for the
5th, 7th, 11th, and 13th order harmonics [5]].

Moreover, these requirements state that GFM assets should
behave passively for frequency components not equal to
the fundamental frequency (50Hz) in the stationary frame
and contribute to the stable parallel connection of several
converters and other network components [3]. Therefore,
the VSC converter station with the GFM functionalities and
harmonic filtering capabilities should be passive, thus ensuring
no adverse interactions between the GFM asset and the rest
of the power system should be ensured by design. This task is
particularly challenging when considering Modular Multilevel
Converters (MMC), which present large time delays compared
to their increased switching frequency and have been shown
to make the converter nonpassive and susceptible to harmonic
instabilities[6]].

Note that, unlike conventional synchronous generators,
power converters have to saturate the current in case it is
overloaded. Such current saturation modifies the converter
operation by partially or fully disabling the outer control
loop. As a result, the converter may exhibit significantly
different dynamics when being saturated [7]]. The grid-forming
assets are expected to provide instantaneous short-circuit
current contributions within the permissible current limits.
The transition between the instantaneous current response
and current limitation mode must be uninterrupted and as
bumpless as possible [5]. Additionally, the recent grid-forming
requirements [8]] states that "in the event of reaching the
current limitation, stable functioning and seamless transition
back to voltage source mode is expected."

Various current saturation schemes have been presented in
the literature for the GFM converters. Typical implementation
includes current controller reference limitation [9], [LOf,
insertion of transient virtual impedance [L1], and voltage
limiter [12]. The emerging stability issues resulting from
the current-saturated operation of GFM converters have also
been addressed in some references. Power-angle enhancement
considering the converter’s current limitation has been
analyzed in [13]]. The frequency instability risks related to
the reduction of synthetic inertial from the GFM converters
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in current-saturated operation have been pointed out in [14].
On the other hand, current saturation also imposes new
challenges on the self-stability of GFM converter under
disturbances such as synchronization [[15] and anti-windup of
the voltage controllers [16]. These investigations into transient
stability are important, but another key challenge is to ensure
robust stability during uncertain operation conditions, which
is achieved by the passivity of the inner loops. There are no
existing studies that examine both the passive behavior of the
GFM with a current controller in the inner loops (CC-GFM)
and its dynamic performance during faults.

It is well known that the dynamic performance of the
current controlled VSC and their passivity properties are
often conflicting objectives [17]. As it will be explained in
this article, the current controller reference limitation does
not satisfy the dynamic performance requirements to limit
the converter current in case the GFM asset is designed
to be passive. Several efforts have also been reported
in the literature for GFL VSCs to develop new current
saturation schemes that ensure both passivity and dynamic
performance for current limitations [6], [17], [18]], [19]. An
engineering solution discussed in [6] involves enabling or
disabling the voltage feedforward action based on the grid
conditions. Specifically, the feedforward action is disabled in
case of adverse harmonic interactions, thereby improving the
dissipation properties of the converter and ensuring passivity.
However, such a solution will result in discontinuities in the
converter’s output voltage, which are not desired. Another
approach for GFL control strategies is to adjust the time
constant of the voltage feedforward’s first-order low-pass
filter (LFP) in real-time. In this case, a slow LPF (big time
constant) maintains the passivity properties of the admittance.
While, during an overcurrent situation, the LPF time constant
changes to a small value to ensure optimal current controller
performance [18]. Additionally, the proposal in [[19]] suggests
the current controller with the feedforward action but without
an integration term in the current controller. Note that these
approaches focus on GFL controls, and they are not effective
for CC-GFM since they would result in reduced dissipation
properties of the current controller, and the overall CC-GFM
will result nonpassive.

This paper proposes a seamless current limitation strategy
that maintains the passivity of CC-GFM’s inner loops with
harmonic filtering during normal operation and ensures safe
converter operation during the current limitation mode. The
uniqueness of this strategy lies in freezing the states of
the voltage feedforward and harmonic filtering compensator,
achieving a continuous converter output. This approach
ensures stable functioning and a seamless transition between
the current limiting mode and passive inherent GFM response.

The remainder of this paper is organized as follows. Section
IT presents the implications that the passivity-based design of
the CC-GFM with harmonic filtering has on the converter’s
current limiting capabilities. The third section details the
impact of the voltage feedforward on the passivity properties
and on the current limiting capabilities. Section IV presents
the proposed seamless current limitation strategy, followed by
the experimental results in Section V. The paper concludes
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with a summary of the findings in Section VI.

II. PASSIVITY-BASED DESIGN OF THE CC-GFM WITH
HARMONIC FILTERING AND IMPLICATIONS IN CURRENT
LIMITATION

The CC-GFM is designed to operate passively over a certain
frequency range, which includes functionalities such as the
voltage source behind impedance characteristic of the GFM
control and harmonic filtering control. In order to mitigate
harmonic interactions or converter-driven adverse interactions
[20], a passivity-based design is preferred. These controllers
are designed using a high-frequency GFM model and aim to
maintain the passivity of the output admittance up to 2.5 kHz
, as there are no requirements for the impedance of the GFM
assets [8]. This section first presents the passivity theory
and then discusses the implications of maintaining a passive
converter admittance.

A. Passivity theory

The passivity of the Yg, admittance matrix can be
addressed in relationship to the power dissipation properties
of the admittance [21]. The power dissipation at frequency
w are calculated as P = R{vqi} + v,i}}. Here v and i are
the complex phasors at frequency w. Moreover, in per unit
quantities, P is equivalent to 1/2(v¥i + if’v), where the
superscript H indicates the transpose and complex conjugate.
Lastly, by considering i = Y (jw)v, one can calculate P as

P = (v 4 i1v) = SV ) + Y Gelv). (D)

Therefore, if the matrix [Y (jw)+ Y (jw)] is positive definite,
the power P is positive, thus for a load current convention (
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Fig. 2: Block diagram of the control and model of the MMC

TABLE I: Control parameters

[ Parameter | Value [[ Parameter | Value |
wp 27 x 50 rad/s WLPF,G 27 X 66 rad/s
Te, le /wp 0.016, 0.175/wy, pu £as 0.707
Ty 100 ps WHPF,Gs 2w X 2.41 rad/s
Ty, Ly /wp 0.01, 0.4/wy, pu khe 2.08 pu
Wiead 27 x 2.5 x 103 rad/s Ahe 0.05
Qlead 45° Phe —1.706178 rad
WLPF,Go 27 X 66 rad/s wh 6 X wp rad/s
[N 0.707 Tipf 0.16 ms

i.e. current that enters the device), the admittance dissipates
energy at frequency w [21]. If the power is dissipative for
all frequencies then the converter system is passive. Lastly,
[Y(jw) + YH(jw)] is a Hermitian matrix, which has real
eigenvalues, and we can calculate the dissipation directly by
assessing the minimum eigenvalue of [Y (jw) + Y (jw)].
Note that the results of this indicator will be the same as
the ones obtained evaluating R(Yyq) if Yyq = Y, when
Yiq = —Yqa =~ 0. However, in case Yy, = —Yyq # 0), the
minimum eigenvalue of [Y (jw) + Y (jw)] will provide the
correct results regarding passivity.

B. Design of the passive CC-GFM

Fig[T| presents the full MMC-based CC-GFM based on [22]].
To analyze the ac-side response, an ac-side high-frequency
MMC model and control are presented in Fig. The
current reference of the virtual impedance is saturated to the
magnitude of 1 pu. Therefore, we designed the converter
to operate in two cases: unsaturated and saturated. The
unsaturated case represents the response of the inner loops for
CC-GFM as presented from all the blocks in Fig. |2| (without
saturation block).

The different elements of the model are given below. Gy is
the time delay model, H p;q,+ is the plant model and includes
half the arm inductance and transformer, which is modeled
as the rl branch. Hp; is the current controller. To maintain
the passivity of the inner loops, several actions are needed,
represented by G1, G2, and G3. G is a lead-lag compensator
that maintains passivity in the high frequency range and offset
the impact of the time delay. G5 and G3 are the filters of
the virtual impedance where both are second order low pass
filets however G5 in addition to the low pass filter has a high

pass filter that is utilized to increase the virtual resistance and
improve the dissipation properties of the overall admittance of
the converter.

_T.s 1
Gra =€ 1 Hplap = sl 2)
e e
s+ ki /k
Hpy = kp%7 3)
G = Bleads + Wiead v ﬂlead ﬂl .= 1+ Sin(alead) 4)
1= ) cad = T
5 + WicadV Blead 1 — sin(oveqq)
2
WILPF,G,
Gy = ) ) (5
52 + 266, WLPF,G28 T Wipp g,
2
WLPF,G 2
G — WHPF,Gz s+ WLPF,G3 ©)
3=

2 )
8% + 28G,WLPF,GsS + Wipp o

Lastly, here H is the feed-forward compensator that includes
the different feed-forward actions. For the passive CC-GFM
with harmonic filtering,

swp, c08(Pne) — (wn)?sin(dne)
5% + apcwy, § + (wp)?

Hp = Hpe = kpcane (7
Hj,. is the transfer function that provides harmonic filtering.
where ap. is the bandwidth, ¢ is the compensation angle,
k. is the gain of the compensator and lastly there is wy,, which
is the resonant frequency. This compensator can be used for
several purposes. A high a;. might be utilized for improve the
dissipation properties in a wide frequency range [23] while a
small ap. can be utilized to introduce a resonant point for a
particular harmonic of interest [19]. Finally, ¢y is selected
to maximize the dissipation of the admittance at the resonant
point and ensure passivity [19]].

Note that in the unsaturated model control, the GFM outer
loops that generate the voltage magnitude and angle are
limited to the lower frequency range. Moreover, the control
of the internal dynamics of the MMC, such as circulating
current and energy stored inside the MMC, are not modeled
since they have negligible impact on the results in case
compensated modulation is selected [22]. Fig. [3] presents the
frequency domain validation of the Y g, admittance matrix
comparing the high-frequency model to a frequency sweep
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Fig. 4: Y 4, admittance matrix for normal state (CC-GFM) and
saturated state (CC).

of the full CC-GFM MMC presented in Fig[l] which is
implemented in an EMT software. The results indicated that
the high-frequency model is valid above 10 Hz in the dq frame.
Circles and lines of Fig. 3] denote the frequency sweep results
and the responses of the developed model, respectively. The
controls of the full CC-GFM MMC are based on [22] where
the GFM outer loops are based on the virtual synchronous
machine, while the MMC control utilizes a per-leg energy
control as detailed in [22]].

Simultaneously, the saturated state corresponds to the
current controller response since the references are limited
and assumed constant [[19]. Additionally, during the saturated
state, the harmonic filtering functionality is disabled, hence
Hp. = 0. This is done in order to remove any possible
harmonic current resulting as a consequence of the harmonic
filtering, thus ensuring that the current remains within the
limits which is maintained by the current controller.

Fig. @] compares the converter’s high-frequency admittance
for the unsaturated and saturated state, named CC-GFM and
CC, respectively. The control parameters are given in Tab. |l} It
is clear that the virtual impedance of the GFM control impacts
the admittance. The virtual impedance has a significant impact
in Yy, and Y,, while it has a reduced impact in Y;q and Y.
Meanwhile, as expected, the harmonic filtering resonant terms
impact Y4 and Y.

The dissipation properties of the admittance matrix for
unsaturated and saturated cases are given in Fig. [5a For the
unsaturated case, the dissipation properties are high; therefore,
the CC-GFM is passive. At the frequency of the harmonic
filtering, the dissipation properties present a high peak, and
close to the resonant point, the harmonic compensator does
not introduce nonpassivities (which is due to the selection of

3000

2000
10! 10% 10°
Frequency [Hz|

(b) With voltage feed-forward action

Fig. 5: Dissipation properties Ygq, during normal state
(CC-GFM) and saturated state (CC).

the compensation angle ¢.).

It is important to note that to maintain passivity, there
is no voltage feedforward in the dg-frame. As a result, the
current limiting capability is impacted by the reduction in the
voltage disturbance characteristics of the current controller
[24]. In case the voltage feed-forward action is introduced
to maintain the disturbance rejection characteristics of the
current controller , the overall feed-forward compensation H g
is modified as,

®)

where Hj,r is a first order low pass filter as Hy,; = 1/(1 +
TipfS), the admittance matrix of CC-GFM results nonpassive
as can be seen in Fig. 5B In the following section, we will
assess the current limiting capabilities of the CC-GFM with
and without a feed-forward action.

Hp = Hy,p + Hye,

C. Current limiting capabilities

The current limitation is an important characteristic of the
CC-GFM, which is related to the thermal capacity of MMC'’s
IGBTs. The transistors usually have a maximum collector
current of 2 pu for 1 ms. However, the thermal modeling for
a half-bridge MMC submodule identified that the MMC can
withstand only 1.3 pu for 1.5 s [25]]. For transients shorter than
1 s, a slightly higher current than 1.3 pu is feasible; thus, an
upper bound of 1.4 pu is considered in the following analysis.

Figure [6] presents the current limitation capability of the
CC-GFM for two cases named Case 1 and Case 2. The current
limitation is demonstrated for a three-phase-to-ground fault
applied at the PCC for 130ms, and the fault impedance is
0.01 pu. The time domain responses are based on the full
CC-GFM presented in Fig. [Tf where in Case 1, CC-GFM does
not have a voltage feedforward (v, i,y = 0) hence the ac
side admittance has passive inner loops. Meanwhile, Case 2
has a voltage feed-forward, which results in the nonpassive
converter. 4;;mi, in Fig. |§[, indicates the maximum permissible
current of 1.4 pu.
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Fig. 6: GFM-MMC response to three phase to ground fault
for Case 1 (passive CC-GFM without feedforward) and Case
2 (nonpassive CC-GFM with feedforward).

The results indicate that in case the voltage feedforward
is enabled, the current limiting capabilities of the CC-GFM
are better, and there is no overshoot in the maximum current;
however, the converter control under these conditions will be
nonpassive as indicated in Fig. [5b

III. IMPACT OF THE VOLTAGE FEEDFORWARD ACTION IN
PASSIVITY AND CURRENT LIMITING CAPABILITIES

In the results presented in Fig. [6] the g-axis converter
current %, is similar with and without the voltage feed-forward
action while the d-axis converter current 7,4 is different. This
happens since the fault is seen as a perturbation in the
voltage magnitude and Vy ~ V,,44. Therefore the response
of iq = Y4qvq while ¢y = Y, qvq. During the unsaturated case,
14 will respond depending on Yy, for CC-GFM (see Fig. E[) the
current will increase until the saturation is reached and it will
stop changing since Yy, for the saturated state is negligible.
The feed-forward action will not impact Yy, as long as the
current controller in the dg-frame is decoupled; thus, i, will
have the same response whether there is a voltage feed-forward
or not. Meanwhile, Y;; will be directly impacted by the
voltage feed-forward during both saturated and unsaturated
states.

To analyze the impact of voltage feedforward action on
passivity and current limiting capabilities of the current
controller (which correspond to the saturated state), we will
compare the Y4 admittance in three scenarios:

1) Current controller PI without feedforward (PI): This
configuration is passive but exhibits poor dynamic
performance.

2) Current controller PI with feedforward (PI+FF):
This setup offers good dynamic performance but is
nonpassive.

3) Current controller P with feedforward (P+FF): This
arrangement also provides good dynamic performance
while remaining passive.
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Fig. 7: Comparison of the current controller loops for three
cases, i) PI, ii) PI with feed-forward FF action, iii) P with
feed-forward action.

The current controller with feedforward (PI or P with FF)
demonstrates superior disturbance rejection capabilities. This
is evident in Fig[7a] where the admittance magnitude in Y4
is smaller in case there is a feedforward action. A smaller
admittance magnitude means less current reaction to voltage
disturbances. This is evident in Fig which gives the step
response of the Yy, indicating that the CC with FF quickly
returns the current to its steady-state value. Nevertheless, the
dissipation properties of the CC are highly reduced. The
dissipation properties for the saturated case can be evaluated
by the real part of Y, admittance, presented in Fig[7h] since
Y44 =~ 0 in the saturated state. One can notice that if there is
no feed-forward action, the dissipation properties are highly
improved, which, in consequence, makes the inner loops of
the CC-GFM passive. Note that the controller with only
a proportional gain and feedforward (P+FF) is passive and
exhibits good disturbance rejection. While P+FF would have
resulted in a solution for GFL controls, this is not the same
for CC-GFM controls.

Lastly, the closed-loop response of the current controller is
tuned identically for all configurations, as shown in Fig. [7d}
which gives the step response of the current controller.
Therefore, any observed slow response is primarily due to the
lack of disturbance rejection in the CC. Based on this analysis,
it is recommended to disable the feedforward action during
normal operation. Instead, the feedforward action should be
enabled only when the system is in a saturated state.

IV. SEAMLESS CURRENT LIMITATION STRATEGY

During severe transients, a specialized current limiting
strategy is essential. In this paper, we propose a seamless
current limitation strategy that is based on the freezing of
the states within the feed-forward actions which includes
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both Hy,; and Hj,.. By doing so, the control design can
simultaneously ensure requirements and functionalities, such
as passivity-based design with harmonic filtering, while
achieving a seamless current limitation strategy. In addition
to the saturation of the current reference magnitude at 1 pu,
the proposed high-level current limitation strategy is presented
in Fig. [§

The current limitation strategy is enabled by a Set-Reset
Latch logic port. When the instantaneous current magnitude
lev,mae T€aches a magnitude higher than the Threshold Set
(TH.S) of 1.1 pu, the latch is set thus k¢ = 1. When the
peak current ipeqr and ey mae are less than a Threshold
Reset (TH.R) of 1 pu the latch is reset and kyr = 0.
The current %¢y ma, s the instantaneous maximum current,
whereas the current i,.,, is the expected peak current,
and it is calculated by summing the fundamental positive
and negative sequence current magnitudes as illustrated in
the top part of Fig. [§ thus it remains constant and above
1pu in case of unbalanced fault scenarios. The calculation
of ipeqr is based after [26]. The gain k¢y determines the
enabling and disabling of the voltage feed-forward action
and harmonic compensator, respectively. When k;y = 1, the
voltage feedforward integration action unfreezes while the
harmonic compensator freezes. Conversely, when k¢¢ = 0, the
voltage feedforward freezes, and the harmonic compensator
unfreezes.

For example, on the one hand, during normal operation,
both ipeqr and icy maz are less than 1 pu, resulting in ks r = 0.
Under these conditions,

k
Vev,Ipf = / ﬁ(vcv - ch,lpf)dtL kff = 07 (9)

Tipf
the state of the feed-forward low pass filter remains unchanged
and does not influence the system’s dynamics. Consequently,
from a small signal perspective, the dissipation properties of
CC-GFM are maintained. Simultaneously, based on Fig. |§|,
the dynamics of the harmonic compensator persist, thus
maintaining the desired functionalities of the asset. On
the other hand, when 4.y maz > 1.1 pu, the current

Real-Time
Digital
Simulator

Controller
(Digital Signal Processor)

Fig. 9: Set-up for Hardware in the Loop experiment.

limiting strategy is enabled and the states of the harmonic
conpensator are frozen. Consequently, the dynamics of the
voltage feed-forward are enabled, thus maintaining the desired
dynamic performance of the current controller and ensuring
the safe operation of the converter. The current limitation
strategy will persist until the Latch is reset (i.e., both ipcqn
and iy mae are less than TH.R).

V. EXPERIMENTAL RESULTS

The experimental results present the controller hardware
in-loop (C-HIL) validation of the proposed control structure.
The C-HIL setup follows the latest recommendations for
HVDC control and protection studies [27]]. It includes a
Digital Signal Processor (DSP) with an FPGA, Xilinx Zynq
XC7Z030-3FBG676E, and a processor, 2x ARM Cortex
A9 1 GHz, for the proposed controller. Additionally, a
Real-Time Digital Simulator (RTDS) is employed for the
main power system environment, connected with FPGAs
for simulating detailed switching circuits of the MMC
arms with Sub-Modules (SM), SM sorting algorithm, and
IGBT firing. This configuration is illustrated in Fig. [0 This
experimental setup evaluates the voltage source behavior and
seamless current limitation under a grid voltage phase jump,
three-phase-to-ground fault, and single-line-to-ground fault.

1) Response with to 30° jump in grid voltage phase: One
of the tests to characterize the instantaneous current response
of the voltage source behind impedance behavior of GFM
controls is a phase jump in the grid voltage. Figure [T0] presents
the PCC’s currents and voltages and the current limiting
strategy signal (k¢s) in the case of a 30° phase jump in the
grid voltage. The operating point before the perturbation is
P=0.8 pu and Q=0pu.

During the initial transient, the current maximum %,,44
increases to 1.1 pu, thus k¢¢ goes from 0 to 1, activating
the dynamics of the voltage feed-forward and deactivating the
dynamics of the harmonic compensator control. Once %4,
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and ipeqp return within 1 pu, the control leaves the current
limiting strategy and returns to normal operations (ks goes
from 1 to 0). The transition between the current limitation and
normal operation is seamless with the proposed controller.

2) Response with three-phase-to-ground fault: 1In this
scenario, a three-phase-to-ground fault is incepted at the PCC
through a fault impedance of 0.01 pu. The fault lasts for
130ms, after which it is cleared. The pre-fault operating
point is P=0.95 pu and Q=0 pu. Fig. [IT] presents the voltage
and current magnitude, current peak at the PCC, the current
limiting strategy state evaluated by k¢ and the output voltage
of the low pass filter v.y 1ps and harmonic compensator v
(see Fig. [8).

Fig. [T1] presents two cases, Case 1 (C1) and Case 2 (C2).
Cl is the approach based on [6] that disables the output of
the voltage feed-forward without freezing the low-pass filter
integrator state, while C2 is the proposed strategy that freezes
the integrator state. The triggering signal logic is the same
for both cases based on the upper part of Fig. [§] Note that
enabling the output of the voltage according to C1 does
not maintain the current within the limit (i,,4, > 2 pu).
Meanwhile, with C2, the current is maintained within the limit.
After the fault is cleared, there is maximum power transfer
to re-synchronize the virtual synchronous machine with the
grid. Once the synchronization happens, the current returns
to normal operation. During the transition from the current
limitation strategy to normal operation, C1 presents high
discontinuities in the feed-forward output voltages, vcy ¢ and
Vpe, While C2 does not. The oscillations present in vy, for
C2 happen when the current limitation strategy is disabled,
and the change in the grid voltage input impacts the internal
states of the harmonic compensator since & returns to 0. The
damping of these oscillations and the time to reach the new
steady state depends on ay,.

3) Response with single-phase-to-ground fault: This
subsection considers a single-phase-to-ground fault where
the pre-fault operating point is P=0 pu and Q=0.95 pu.
The single-phase-to-ground fault introduces unbalances in the
three-phase system, which consequently introduces 100 Hz
oscillations in the voltage and current maximum. While
Tmaz €nables the current limitation strategy, ipcqk remains
higher than 1, thus maintaining the current limitation strategy.

15 CT T T T T ]
Z ip - I
o5t ]
S | C1 C2
ok . . I I .
2 — ipeak C1 imae C1
— ipeak C2 w1y, C2
é 15 — ilimi/,
= 1 I N T 0 T — o
0.5[, 1 102 1.04 j I j b
= ! f‘ v ' |
B 050 N 1
= 0 | — d-axis C1 d-axis C2
g 4 s (-3X1S C1 == == 1 g-axis C2 [ —
= -0.5+ j i
01f ! ! ' ]
Z0.05- e (]-ax15 C1 daxis C2| [ |
& ’ s (-aX18 C1 == == 1 g-axis C2
£ 0 ]
-0.05[, | L | "IJ._'
ON b
= I
i Cl = = .C2| 1
Oﬁ iI 1 1 1 I 1
1 2 3 4 5
Time(s)

Fig. 11: Time response with respect to three-phase fault.

Similarly, as before, the current limit is violated for C1, and
there are discontinuities in the output of the converter voltage.
Meanwhile, the proposed current limitation strategy maintains
the current within limits and seamlessly transitions between
the current limitation strategy and normal operation.

VI. CONCLUSION

This paper presented a current-saturation scheme for a
CC-GFM converter with harmonic filtering capabilities. A
passivity-based design is adopted for the harmonic filtering
and GFM control, thus fulfilling the harmonic filtering and
passivity requirements. However, the passivated CC-GFM does
not meet the current limitation requirements. Therefore, a
seamless current limiting strategy is proposed to improve the
converter’s dynamics under disturbances (e.g., short-circuit
faults).

In particular, a set-reset-latch strategy has been developed
to activate/freeze the voltage and harmonic compensator
feed-forward actions. The set-reset-latch triggering signal
considers the instantaneous current magnitude to quickly
limit the current during the fault and to ensure a smooth
recovery to normal operating mode after the fault clearance.
The effectiveness of the proposed control has been validated
through controller-HIL tests involving different fault scenarios.
Future investigations can be carried out to extend the current
saturation scheme to CC-GFM converters with different
control implementations.
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Fig. 12: Time response with respect to single-phase fault.
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