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Enhancing Voltage Control Stability of Grid-
Forming VSCs Under PWM Delays: A Study on
Feedforward Damping Methods

Shan He, Senior Member, IEEE, Chao Gao, Zhiging Yang, Member, IEEE, Helong Li, Senior
Member, IEEE, Lijian Ding, Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—Grid-forming converters have demonstrated their
ability to enhance the operation of renewable energy resources by
providing essential grid voltage and frequency support. However,
control delays can cause the output impedance of the converter
having a negative-resistance region, which potentially leads to
high-frequency instability in voltage control. While passivity-
based design is typically employed to shape the output impedance,
aspects such as ease of implementation, robustness, and
constraints related to LC-filter design have not been fully explored.
To address this gap, this paper examines four feedforward
damping methods with varying sampling rates, ultimately
recommending sixteen-sampling capacitor voltage feedforward as
the optimal approach. The effectiveness of proposed approach is
validated through experiments, with grid current feedforward
used as a benchmark for comparison.

Index Terms—Voltage control, feedforward, sampling rates,
harmonic stability, impedance shaping.

. INTRODUCTION

Grid—forming voltage source converter (VSC) are
increasingly vital in power systems that incorporate a large
proportion of renewable energy, especially as traditional grid-
following VSCs face limitations [1]. Grid-following VSCs rely
on a stable grid for synchronization, making them susceptible
to instability in weak grids or scenarios with low inertia [2]. In
contrast, grid-forming VSCs emulate the behavior of
synchronous machines, independently establishing and
regulating grid voltage and frequency [3]. This capability is
crucial for stabilizing weak grids, supporting islanded
operation, and ensuring the seamless integration of renewable
energy sources while maintaining overall grid resilience [4-5].

The stability and control of grid-forming converters are
crucial aspects of their operation. Typically, harmonic
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instability can arise from the inner voltage control loop due to
delays inherent in the pulse width modulation (PWM) process
[6]. Additionally, the outer synchronization loops, such as the
power control loop and the DC-link voltage loop, can lead to
low-frequency instability. This is because their bandwidth is
intentionally designed to be much lower in order to decouple
their dynamics from those of the inner voltage control loop [7].

This paper emphasizes the design of damping for voltage
control, with the dynamics of outer loops being neglected.
Frequency domain passivity theory has become a valuable
method for analyzing and ensuring the stability of grid-forming
converters [8-9]. The theory suggests modeling a grid forming
VSC as a controlled voltage source together with an output
impedance connected in series. To ensure stable operations,
both internal and external stability shall be carefully designed.
First, the internal stability must be ensured by stabilizing the
controlled voltage source, which is determined by the transfer
function linking the reference voltage and the output voltage.
Second, the external stability should also be enhanced by
reshaping the converter output impedance towards passive in
the desired frequency range, so that stable interactions of the
VSC and grid can be guaranteed.

During the initial stage, the internal stability regarding the
controlled voltage source was mainly considered. It has been
found that the conventional proportional-resonant (PR) voltage
controller can limit the control bandwidth and the LC-filter
design [10]. Moreover, these two limitations can be released by
modifying the PR controller, i.e., setting the P gain to be
negative or zero [11-12]. By further considering the outer loop,
the voltage controller is optimized with fast dynamics and less
overshoot [13-14]. However, these methods often overlook the
analysis of high-frequency external stability with the grid.

On the other hand, passivity-based damping design is mainly
used to shape the converter output impedance, where the phase
characteristic is within [-90°,90°] or the real part is non-

negative [8]. Due to the control delay in the PWM process, the
positive-resistance (or called dissipative) region is usually
limited leading a risk of instability. Grid current feedforward is
commonly used for dissipativity enhancement where the phase
of converter output impedance is set to 90° at the critical
frequency [9]. However, the system robustness to parameter
variations in terms of dissipativity is limited. Moreover, this
method requires extra current sensors, which leads to higher
cost [9, 15-16]. Capacitor voltage feedforward has simple



implementation, which is equivalent to negative P-gain control,
but its positive-resistance region is limited [17]. Additionally, a
state-space-based damping method is proposed in [18], but it
involves complex control with five states in the feedforward. In
[19], the converter output impedance is shaped to behave like a
pure inductance to account for large control delays, but the
stability margin may be compromised when the resistance in
the grid impedance is low. Furthermore, the design of the LC
filter is often constrained when addressing dissipativity [6, 15,
16], and this issue remains insufficiently explored.

Based on the aforementioned methods, three factors
regarding passivity-based design should be considered, which
are implementation easiness, dissipativity robustness, and LC-
filter limitation. To meet these requirements at the same time,
four feedforward methods are discussed including grid current
feedforward, capacitor current feedforward, capacitor voltage
feedforward, and the combination of capacitor current and
capacitor voltage feedforward. The main findings are
summarized as follows:

1) The passivity-based analytic design for capacitor current
feedforward, capacitor voltage feedforward, as well as the
combination of capacitor current and capacitor voltage
feedforward are clarified,;

2) The resonant frequency of LC-filters should be designed
below critical frequency for grid current feedforward, while this
constraint can be removed for other three feedforward methods;
3) Both grid current and capacitor current feedforward are
sensitive to LC-filter parameter deviations, inducing a non-
dissipative region around the critical frequency, while the
capacitor voltage feedforward can help to enhance the
dissipativity robustness;

4) The damping design is gradually simplified with an increased
sampling rate. When using the double-sampling, the
combination of capacitor current and capacitor voltage
feedforward is mandatory for flexible LC-filter design and high
dissipativity robustness. However, with the multi-sampling
control, only proportional capacitor voltage feedforward is
needed, to achieve the same performance requirement.

The remainder of the paper is structured as follows. Section
Il covers system modeling along with the internal stability
design. In Section 111, grid current feedforward is selected as the
benchmark, with three key factors presented for comparison. In
Section 1V, the other three methods are further designed and
analyzed. Section V presents the experimental results, and
Section VI provides the conclusion.
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Fig. 1. The system overview of a three-phase grid-forming VSC.

Il. SYSTEM MODELING AND INTERNAL STABILITY DESIGN

Fig. 1 shows the configuration of a three-phase grid-forming
VSC. To enable alternating voltage regulation and attenuate
switching harmonics, an LC-type filter is employed between the
converter output and the point of common coupling (PCC).
Active power control facilitates grid synchronization ¢ while

ref

the reactive power control adjusts the amplitude of reference

voltage u, . The alternating voltage control manages the
“ . A current

control loop is cascaded with the voltage control, which aids in
limiting overcurrent. [20]. In addition, the grid current i, ,

capacitor voltage u, , and capacitor current i, are potential

feedforward variables to further enhance the stability [21]. Note
thatonly i, and u, are highlighted in red in the control diagram,

this is because i, can be acquired through the difference
between i, and i,.

capacitor voltage to track the reference voltage u

A. System modeling

The bandwidth of the power control loop is significantly
narrower than that of the voltage control loop, which mainly
affects the low-frequency stability [6, 19]. Moreover, because
this paper primarily addresses the harmonic stability of voltage
control, the influence of the power control loop is ignored.
Besides, the model of VSC control is simplified to a single-
input single-output system [9]. A passivity-based stability
analysis is employed to evaluate the external stability between
the VSC and the grid [8]. Specifically, the VSC is modeled as a
controlled voltage source paired with an output impedance in
series, as illustrated in Fig. 2. Based on that, the filter capacitor
voltage is given as

Z,
1 Z,
ue = U+ gZ Uy - (1)
1+ 1+-%
9 ZQ

where u, is the controlled voltage source, Z, and Z are the

converter output impedance and the grid impedance. The filter

capacitance is treated as a segment of grid impedance, leading

to an equivalent grid impedance given by
Z. = ! Zs

g = .
sCi L sCZ +1

2

g
Based on the passivity theory in the frequency domain, two
sufficient but not necessary conditions should be met [8]. To
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Fig. 2. Impedance model of grid-forming VSC.



ensure the internal stability, the closed-loop voltage control
shall remain stable, so that the transfer function of the
controlled voltage source u, in (1) should not have right-half-

plane poles. To ensure the external stability when interacting
with the grid, the converter output impedance Z, shall remain
passive, whose phase angle should be designed within
[-90°,90°]. By means of that, the phase of Z,/Z_ can always

remain [-180°,180°] to ensure a stable system, as the
equivalent grid impedance z is already passive.

Fig. 3(a) presents the block diagram for voltage control with
regular sampling. It can be found that the plant function in the
feedforward path is unity when regarding the converter current
i1 as the disturbance, allowing the open-loop transfer function
of the voltage control to be derived as

Tov = Gv(3i Gd (3)
where Gy and G; represent the voltage controller and the current
controller, respectively.

Additionally, the control delay amounts to 1.5 sampling

periods [22], which can be approximated as
15T,

Gd ze_STd =g s N (4)
where Tsy is the switching period. N represents the sampling
rate between the sampling frequency and the switching
frequency, which is equal to one for the single-sampling PWM
and two for double-sampling PWM, as illustrated in Fig. 4(a)
and Fig. 4(b). Then the voltage for the controlled voltage source
is given by

T G,GG

U, = —ug = 2y, ®)
1+T, 1+G,GG,
Further, the converter output impedance is

Z,+GG
Z0 — L1+ i—d . (6)
1+G,G,

where Z , =sL, isthe impedance of converter-side inductance.
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Fig. 3. Block diagram for voltage control for in three-phase grid-forming VSCs
without feedforward damping. (a) With regular sampling control. (b) With
multi-sampling control.

Since the control delay is the main factor affecting the
harmonic instability, the multi-sampling PWM is further
considered [23-24]. As shown in Fig. 4(c), for multi-sampling
PWM, the sampling rate N exceeds two, and the modulation
wave is updated more than twice during each switching period.
Consequently, increasing the sampling rate N proportionally
decreases the control delay. The control block diagram for
multi-sampling voltage control in three-phase grid-forming
VSCs without feedforward damping is plotted in Fig. 3(b). It
can be found that the feedback path includes a modified
repetitive filter (MRF), designed to eliminate multi-sampled
switching harmonics and suppress the aliased low-frequency
harmonics [25]. The expression of MRF is given as

—NsTg, N 2,-25T, STow
MRF 231 efst : rz . rNe—NsT ~e * ()
N1l-e® = 1-r"1l-r'e "=

where r € (0, 1) is the attenuation factor and selected as 0.6 and
0.8 for eight-sampling and sixteen-sampling [25]. Note that the
MRF can be approximated as a delay block, with the overall
loop delay, including both multi-sampling PWM delay and the
MRF delay, expressed as

1.5T 1
Tyus = W4T, 8
d,MS N 4 SW ( )

Based on that, the controlled voltage source and the
converter output impedance for the multi-sampling control in
(5) and (6) can be updated accordingly.
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Fig. 4. Digital PWM with different sampling rates. (a) Single-sampling PWM.
(b) Double-sampling PWM. (c) Multi-sampling PWM.



B. Internal stability design

Based on (3), an R controller is selected for Gy due to its
advantage in simplifying the design of voltage control
bandwidth. Moreover, the P part in the PR controller is
equivalent to the capacitor voltage feedforward, which will be
discussed in Section I11. Herein, the R voltage controller is
SCOS @, — @, Sing, K

— €))

S+ @, S+, s

G, =K,

where @y denotes the fundamental angle frequency, wrc
represents the cut-off angle frequency, ¢4 stands for the
compensation angle, and K. is the gain of R controller. At high-
frequencies, the behavior of the R controller closely resembles
an integral controller.

On the other hand, a PR controller employed in the current
control is expressed as

SCOS@. — @, Sin
G =K, +K, %s 5 >N %

S+ @, S+ =Ko (10)
where Kpi and Kii represent the P gain and R gain of the current
controller, respectively. Note that the R controller in (10) can
be ignored in the current control loop, perticularly when
analysing high-frequency stability [16]. The key approach for
ensuring internal stability in a dual-loop voltage controller
involves designing suitable control bandwidths for both the
current and voltage control loops. The initial step is to design
the current control loop, with its open-loop transfer function
given as

T = % ~ —KpieisTd .
* ZLl SLl
With a defined control bandwidth w.i, the proportional gain Ky
is given as

an

0.57 — ¢,
Td
where the phase margin ¢mi can be evaluated accordingly.

Substituting (9) and (10) into (3), (3) is simplifed as
K. K. e*®
T, ~— M (13)
s
With a given voltage control bandwidth fey, the resonant gain
K is deduced as

Kpi :Zﬂ-fcil‘lz Ll (12)

_2xf, 057-¢,
K, T,K,
where the gmy is the phase margin. To decouple the voltage and
the current control, ey is typically set to be lower than fg. In this
paper, fe and fo, is set as 1/10 and 1/20 of the sampling
frequency, respectively, for double-sampling control. The same
parameters are applied in the multi-sampling control. Fig. 5
shows the bode diagram for the open-loop transfer function of
voltage control, with sampling rate N set at 2, 8, and 16. It is
observed that multi-sampling voltage control can achive a
larger phase margin compared to the double-sampling control.

K

(14)
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Fig. 5. Bode diagram of open-loop transfer function for the voltage control with
different sampling rates.

I11. ANALYSIS FOR GRID CURRENT FEEDFORWARD

To analytically solve the dissipative region of VSC, the real-
part of the converter output impedance should be deduced. By
replacing s with jw in (6), the sign of Re{Z.} is determined as

sgn{Re{Z,}} =sgn{(-K,, L, +1)K; cos(aT, )} s
=sgn{(f, — ., ) cos(aT,)}.
When the voltage control bandwidth fe, is smaller than the
current control bandwidth fg, the dissipative region without
damping is given by

1
fdis = (O’F) = (O, fcr)

d

(16)

where f., is defined as the critical frequency. The converter
output impedance without damping is presented in Fig. 6, and
it is observed that the phase of output impedance falls within
the range of [-90°,90°] when the frequency exceeds the

critical frequency threshold. Moreover, the dissipative region is
extended with multi-sampling due to its reduced delay and
increased critical frequency.
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Fig. 6. Converter output impedance without damping.



However, additional damping is necessary to further
optimize the dissipative bound to switching frequency, which is
4 kHz in this paper. Proportional grid current feedforward is
frequency discussed in the previous research, which has been
proved an effective solution to improve the dissipativity [9]. As
shown in Fig. 7, the grid current feedforward (red block) is
depicted alongside the derivative capacitor voltage feedforward
and the converter current feedforward, which can be explained
through (17).

Geiy =GP (i —i") =Gg (iy” —sCu?) 17)
where G is the coefficient of grid current feedforward. Based
on that, the output impedance Z, is given as

; sL, +G,G, (1+G¥)
° 1+GG, (G, —sCG*?)’
By replacing s with jw in (18), the sign of Re{Z} is

(18)

sgn{Re{Z,}} =sgn {(-K,, L, +1+G? (1- LCa")K ; cos(aT,)}.

(19)
As the sign of (19) is determined by ‘cos(w7u)’, G¢ can be

deduced by letting (19) equal to zero at the critical frequency:

i Krv -1
Gt = Lf (20)
1--o
fLC

where f_c is the LC-filter resonance frequency. As shown in Fig.
8, the phase of converter output impedance falls between —90°

to 90", indicating the dissipation is achieved below the
switching frequency for both regular- and multi-sampling
controls.

However, G is dependent on the LC-filter parameters,

which will affect the robustness. Fig. 9 shows that the converter
output impedance with #20% parameter deviation of LC-filter,
revealing a non-dissipative region near the critical frequency.
Note that the multi-sampling control does not show a significant
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L
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ZL1
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- e
um uCOFI
MRF

Fig. 7. Block diagram for voltage control in three-phase grid-forming VSCs
with grid current feedforward damping. (a) With regular sampling control. (b)
With multi-sampling control.
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Fig. 9 The effect of parameter deviation on the converter output impedance
with grid current feedforward damping when fic is low.

advantage compared with double-sampling control regarding
robustness.

Besides, the fic should be set below f., otherwise the grid
current feedforward damping method will lose effectiveness, as
shown in Fig. 10. Recalling (20), (19) can be rewritten as

f2 _ f2
sgn{Re{Z,}} =sgn {f;“_—fzcos(a)Td)} (21)

cr LC
It can be found that (21) remains negative when f.c> fer under
double-sampling control, and the phase of converter output
impedance falls outside the range [-90°,90°] . Moreover,

multi-sampling grid current feedforward damping can still
maintain the dissipativity. This is due to f.c typically being set
below half of the switching frequency to filter the switching
harmonics, while f., for multi-sampling control exceeds half the
switching frequency, as indicated in(8) and (16). On the other
hand, based on (4), the f is only 1/6 and 1/3 of the switching
frequency for single- and double-sampling control.
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IV. EXTERNAL STABILITY ENHANCEMENT

To achieve greater flexibility in designing the LC filter
resonance frequency and improve robustness against parameter
deviations, various feedforward control schemes are explored.
A range of feedforward control schemes are explored utilizing
both regular- and multi-sampling techniques, and the
feedforward variables can be capacitor current, capacitor
voltage, and a combined approach of both.

A. Capacitor current feedforward

According to Fig. 7,the effect of using grid current
feedforward is the same as using the feedforward of converter
current and capacitor current, provided that the feedforward
coefficients are identical. Further, reanalyzing the term
‘G (1-LCw?)’ in (19), the capacitor current feedforward is
the main factor in shaping the converter output impedance, and

the converter current feedforward can only change the
amplitude of (19) instead of the sign. Hence, only capacitor

current feedforward is used for active damping, as shown in
Fig.11. Then the VSC output impedance is
7 _ sk, +G,G,
° 1+GG,G, —sCG,G:G,

(22)

where G‘; is the capacitor current feedforward coefficient.

Note that the converter output impedance depends on both
feedforward function and feedback control parameters. By
replacing s with jw in (22), the sign of Re{Z,} is

sgn{Re{Z,}} =son{(-K,, L, +1-G{ L,Ca")K ,; cos(aT, )}

(23)
By letting (23) be zero at the critical frequency fer, Gi; is
i 1- Krv
ch = TLl (24)
fie

— uZ

Fig. 11. Block diagram for voltage control in three-phase grid-forming VSCs
with capacitor current feedforward damping.

Compared with (20), it can be found that Gifc will always be a

limited value especially when f . = f_, which means that the

LC-filter design limitation is removed. Moreover, with the
capacitor current feedforward, multi-sampling conrol does not
offer significant advantanges over double-sampling control
when considering the design flexibility of the f.c. To further
validate this finding, (24) is substituted into (23), which is
rewritten as

sgn{Re{Z,}} =sgn{(f. - f*)cos(aT,)}. (25)

The same conclusion can be obtained by comparing (21) and
(25). As shown in Fig. 12, the dissipativity can still be achieved
even though the fic is higher than f, with double-sampling

control. However, the robustness of dissipativity near the
critical frequency is weak when there is a #220% deviation in

LC-filter parameters, as depicted in Fig. 13. This is because G*
is related to the practical LC-filter parameters.
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Fig. 12. Converter output impedance with capacitor current feedforward

damping when fic is high.



—_ 50 T T T
m
=
_8 ==
3 30 e e mm—m—re = = 7 7 ]
= e = == T T = = = N=2,20% dev.
|7 T — — —N=8,20% dev.
= 10| . . |= = = N=16,-20% dev.
N=2,+20% dev. [
200 1000 2000 N=8.420% dev. 000
135 N=16,+20% dev.
o~ Non-Dissipative _
S 90 R ST E ISR
2 \Q-_-,L" PR
s 45 S~ 90f | e
5 = LA/
0 | , 1000 2000 3000 4000
200 1000 2000 3000 4000

Frequency (Hz)
Fig. 13. The effect of parameter deviation on the converter output impedance
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B. Capacitor voltage feedforward

Capacitor voltage feedforward is frequently employed in
grid-following VSCs to enhance dynamics and stability [26], so
it is necessary to investigate its effect on the voltage control of
grid-forming VSCs, as illustrated in Fig. 14. The output
impedance of the VSC with proportional capacitor voltage
feedforward is

3 sk, +G,G,
° 1+GG,G, -GG,

(26)

where Gy = K" is the feedforward coefficient. By replacing s

with jw in (26), the sign of Re{Z.} is determined as
(-K, L +DK , cos(wT,)
sgn{Re{Z,}} =sgn _ P " Len
+(L sin(@Ty)o— K ;)K{

It should be noted that an extra term ‘LiSin(wTg)w’ is
introduced, which can notably widen the dissipative region. As
demonstrated in Fig. 15, dissipativity below the switching
frequency is achieved when the sampling rate is sufficiently

high, such as N=16, due to the lower control delay. This means

o
L

— uglf

(b)

Fig. 14. Block diagram for voltage control in three-phase grid-forming VSCs
with capacitor voltage feedforward damping.
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Fig. 15. Converter output impedance with capacitor voltage feedforward
damping when fic is high.
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Fig. 16. The effect of parameter deviation on the converter output impedance
with capacitor voltage feedforward damping when f.c is high.

that only the voltage sensors and the converter current sensors
are needed for the damping when using multi-sampling control,
which is more suitable for commercial applications. On the
other hand, the sixteen-sampling control has a high robustness
against parameter deviation of LC-filters, as presented in Fig.
16.

C. Capacitor voltage and capacitor current feedforward

Based on the previous analysis, it is evident that the capacitor
current feedforward can effectively eliminate most of the non-
dissipative regions, while capacitor voltage feedforward
improves the dissipativity robustness near the critical frequency.
Hence, it is necessary to investigate the combination of two
feedforward methods especially for the double-sampling
control and eight-sampling control. Based on Fig. 17, the
converter output impedance is given as

z, = s +GG, .
° 1+GG,G, -sCG GG, -GG,

(28)

When the feedforward coefficients Gi; and G are constants,
the sign of Re{Z} is given as



(-K, L +1-Gf LCw?)K ; cos(wT,)

sgn{Re{Z,}} =sgn (L sin(aT, Jo— K ,)K

(29)
Especially, the Re{Z,} at the switching frequency for
double-sampling control is a large negative number because the
term ‘sin(0.5mws21.5Tsa)” in (29) is -1, and the first step is to
modify the capacitor voltage feedforward function.
Specifically, an additional delay of 0.5Tsa can be introduced
into the capacitor voltage feedforward path, causing the term
‘sin(0.5wsa2Tsa)” in (29) to become zero. In real-world
application, a moving average filter is selected, which is

Gl = K (0.5+0.5e ™). (30)
As depicted in Fig. 18, the improved capacitor voltage

feedforward successfully achieves dissipation for double-
sampling. Additionally, the dissipation is also achieved for

(b)
Fig. 17. Block diagram for voltage control in three-phase grid-forming VSCs
with capacitor voltage feedforward damping and capacitor current feedforward

damping.
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Fig. 18. Converter output impedance with modified capacitor voltage

feedforward damping and capacitor current feedforward damping when fc is
high.

eight-sampling control when using proportional capacitor
voltage feedforward and proportional capacitor current
feedforward. Further, it is understandable that the dissipation
can be achieved for sixteen-sampling due to its low delay.
However, -20% parameter deviation of LC-filter can still
threaten the dissipativity for the double-sampling control, as
seen in Fig. 19. Therefore, the capacitor current feedforward

coefficient G* is modified by inserting a correction factor x to

offset the effect of negative parameter deviation, which is
- 1-K,Lx

" LCx*a? '
where x is set as 0.8. Moreover, to further enhance the
dissipativity, (31) can be used for the multi-sampling control. It
can be found from Fig. 20 that the double-sampling control
demonstrates high robustness comparable to that of multi-
sampling control. Unlike the case with grid current feedforward,
introducing the capacitor voltage feedforward and the capacitor
current feedforward results in the coupling of open-loop
internal stability with the dissipative characteristic.
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Fig. 19. The effect of parameter deviation on the converter output impedance
with modified capacitor voltage feedforward damping and capacitor current
feedforward damping when f.c is high.
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TABLE |
COMPARISON AMONG DIFFERENT FEEDFORWARD DAMPING METHOD
PP LC-Filter Design
Type Feedforward Function Voltage Feedback Implementation Dissipation Dissipativity Constraint for
Controller Parameter Robustness AR
Dissipation
N=2 ©1)=011)
Method I: K L -1 3
Grid Current Gy = nbs 2z f Extra Grid Current 4
= 2 Krv = - —
Feedforward N=8 1- fcz’ Ko Sensor v Weak 0.1,)=( 7 fo)
[6, 9] fic o
N=16 0, f 0,— f
0.1,)= (0.7 f)
) N=2 . 1-K
Method I1: Gk =7WL1 2z f i i
Capacitor Current | N=8 ! f2 Ko == EXtéa Gnd/gapacnor N Weak (o, f,)
Feedforward f2 o urrent Sensor
N=16 e
. 2
N=2 Simpl Weak ~(0,=
Method II1: 271, (1-K¥) imple * e © 3 fou)
i Gl =K K,=—2" "~ -
Caﬁzzgggr\&gﬁge N=8 f f v Ky Simple Strong = (0, f,)
N=16 Simple Strong O, fg,)
GY = K% (0.5+0.5e"™)
N=2 Gi ~ 1 KaliX
2 2
Method IV: LCX @,
Capacitor Voltage A K¥) | Extra Grid/Capacitor
and Current N=8 G = K" v Ky Current Sensor V Strong o, f,,)
Feedforward ro
o LKL
N=16 "LCKd

Remark: f.: critical frequency; fic: LC-filter resonance frequency; fq: switching frequency; blue part: recommended feedforward damping method.

Recalling Fig. 17, the transfer function related to the internal
stability is

_ GGG, K, K, e

¥ 1-G¥G, —sCG,GEG, s(1-K})

where the effect of capacitor current feedforward on the internal

stability can be ignored due to its low amplitude. Then the
coefficient for the voltage controller is

2xf, (1K)
v K '

(32)

(33)

pi
Moreover, Ky is recommended to be designed below 1 to
make K, larger than O, and the similar finding can be found in

[27]. When K{* increases from 0.5 to 0.9, as shown in Fig. 21,

the phase margin of (32) is reduced. Additionally, the practical
bandwidth cannot follow the target value, which makes (33)
non-accurate. Regarding the controller design simpleness and

the enough phase margin, K* is set as 0.5 in this paper.

D. Comparison

To further illustrate the similarities and the differences
among the previous discussed feedforward damping methods,
six aspects regarding the feedforward function, voltage
controller parameter, implementation, dissipation, dissipativity
robustness, and LC-filter design constraint for dissipation, are
summarized in Table I. Note that both feedforward functions
and feedback control parameters shall be carefully designed to
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Fig. 21. Effect of capacitor voltage feedforward coefficients on the open-loop
transfer function for the voltage control.

ensure dissipation and dissipativity robustness against filter
parameter deviations.

First, the capacitor voltage sensor and converter current
sensor are essential for basic voltage and current control
functions. However, methods 1, 11, and IV require additional
current sensors, which increase the overall cost. It is worth
noticing that in method 11, the capacitor current can be sampled
directly or determined by the difference between the sampled
converter current and the sampled grid current. Method 111, on
the other hand, offers the simplest implementation, relying



solely on capacitor voltage feedforward without the need for
extra sensors.

Second, while methods | and Il achieve dissipation below
the switching frequency, they exhibit weak robustness in
dissipativity when faced with parameter deviations. This
weakness arises due to the phase of the converter output
impedance being 90~ at the critical frequency. However,
introducing capacitor voltage feedforward, as implemented in
method IV, greatly enhances the dissipativity and improves the
dissipation performance. Additionally, the performance of
method Il improves progressively with an increase in the
sampling rate, both in terms of dissipativity robustness and
dissipation. Notably, method Il with sixteen-sampling, the
preferred approach, can achieve a performance comparable to
that of method 1V.

Third, regarding method I, the f_.c must be below f.r required
for dissipation; typically, it is also designed to be less than half
of the switching frequency for suppressing switching ripple. In
a double-sampling control system, this design approach will
introduce a forbidden region for the LC filter, necessitating that
the resonance frequency must falls be lower than the critical
frequency. However, this constraint is not applicable to a multi-
sampling control system, where the critical frequency often
exceeds half of the switching frequency. On the other hand, it
can be found that the constraint for the LC-filter design can be
removed when the dissipation is achieved, as seen in method Il
and method IV. Although method 111 with double-sampling still
has a constraint, the LC-filter resonance frequency is usually
not designed to exceed two-thirds of the switching frequency.
Furthermore, method 111 with multi-sampling can remove this
design constraint.

V. EXPERIMENTAL VALIDATION

To further validate the proposed method, experiments were
conducted on a three-phase grid-forming converter from
Imperix, as depicted in Fig. 22, with the system parameters
listed in Table Il. The linear amplifier APS 15000 is used to
emulate the grid. As discussed in Section I11.E, method 111 with
sixteen-sampling not only achieves effective dissipation but
also offers strong robustness and simple implementation.
Therefore, this method is recommended in this paper and
validated through experiments. For comparison, the
conventional grid current feedforward method with double-
sampling control is also tested.

The first set of experiments are carried out to validate the
main disadvantage for method | with double-sampling, i.e., the

fL.c must be below the critical frequency for effective dissipation.

Herein, the critical frequency for double-sampling control is

f = % ~1333 Hz, and the f ¢ is set as 1678 Hz where L;=3

cr

mH and C=3 pF. A CL filter is used to emulate the grid
impedance Zy where Lg=3 mH and C3=10 mH. As shown in Fig.
23, since fic is larger than f for double-sampling control, the

phase of Z, for method | is always out of [-90°,90°], which
makes the phase difference with Z;] beyond 180°at the
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Fig. 22. A down-scale three-phase LC-filtered converter.
TABLE II
SYSTEM PARAMETERS
Symbol Description Value
Sh Apparent power 3.5kVA
Ug Line RMS voltage 190 vV
Ly Converter inductance 3mH
C Filter capacitance 3/10 pF
fow Switching frequency 4 kHz
fea Sampling frequency 8/64 kHz
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Fig. 23. Bode diagram of converter output impedance and grid impedence with
grid current feedforward (N=2) and capacitor voltage feedforward (N=16), and
fic is higher than f;: with double-sampling control.

intersection point. According to the Nyquist stability criterion,
this condition will render the system unstable.

On the other hand, regarding method Il with sixteen-
sampling, the reduced delay combined with the capacitor
voltage feedforward makes the converter output impedance to
be dissipative below the swiching frequency (4000 Hz) thus
ensuring the stability with the grid. The corresponding
experimentalresults , capturing the capcitor voltage, the
converter current, and the grid current are shown in Fig. 24. Due
to the wide non-dissipative region, the method | with double-
sampling is triped immediately at the starting instant (see Fig.
24(a)). When adopting the method Il with sixteen-sampling
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Fig. 24. Experimental results of dual-loop voltage control when fic is higher
than f;, with double-sampling control. (a) Grid current feedforward damping
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sixteen-sampling.
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(see Fig. 24(b)), the system becomes stable thus verifying the
theoretical analysis in Fig. 23.

The second set of experiments are conducted to evaluate the
robustness against the parameter deviation in the LC-filter. For
method | with double-sampling control, the nominal f.c must be
below the critical frequency to ensure the dissipation in the
absence of parameter deviation. Herein, the f.c is set as 919 Hz
with L1=3 mH and C=10 pF. A CL filter is used to emulate the
grid impedance Zyg where Lg=3 mH and C4=10 mH. As shown
in Fig. 25, for method | with double-sampling, there is a non-
dissiaptive region around the critical frequency (1333 Hz) with
a -20% deviation of LC- filter parameters. The weak robustness
results in the phase difference between Z, and Z; exceeding

180°thus disstablizing the system.

The related experimental validation is illustrated in Fig. 26.
With the method | using the conventional double-sampling,
high-frequency resonance is observed in Fig. 26(a) due to the
non-dissipative region induced by the PWM delay. Compared
to Fig. 24(a), the VSC is not triped instantly because of the
narrow non-dissipative region. Using method Il with sixteen-
sampling significantly boosts the dissipativity robustness, as
presented in Fig. 25. Specifically, the phase of converter output
impedance at the critial frequency is far away from the
boundary 90°and -90° The experimental result in Fig. 26(b)
demonstrates the effectiveness of the method Il with sixteen-
sampling control.
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Fig. 25. Bode diagram of converter output impedance and grid impedence with
grid current feedforward (N=2) and capacitor voltage feedforward (N=16), and
fic is lower than f with double-sampling control. but with -20% parameter
deviation.
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The third set of experiments are implemented to test the
transient performance under a strong grid, where the active
power reference steps from 0.5 p.u. to 1 p.u at 96 ms (see Fig.
27). Moreover, the grid inductance Ly is set as 1 mH, indicating
a short-circuit ratio of 33. To make sure that the method | with
double-sampling is also stable, the resonance frequency of the
LC-filter is set as 919 Hz (< fer = 1333 Hz) for both control
methods. It can be found that the proposed method Il with
sixteen-sampling has similar performance to method | with



double-sampling. This is because the dynamics of the power
loop is much slower than voltage and current control loops.

The fourth set of experiments are implemented to test the
transient performance under island operations, where the
reference voltage steps from 0.5 p.u. to 1 p.u at 120 ms (see Fig.
28). In this case, an RL load is selected where Rioag = 57 Q and
Licag = 1 mH. Similar to the third set of experiments, the LC-
filter resonance frequency is set as 919 Hz (< fer = 1333 Hz) for
both control methods. Note that the proposed method I11 with
sixteen-sampling has similar performance to the method | with
double-sampling.
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Fig. 27. Experimental results of a power transient (fic is lower than fe with
double-sampling control). (a) Grid current feedforward damping with double-
sampling. (b) Capacitor voltage feedforward damping with sixteen-sampling.
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VI. CONCLUSION

This paper examines the impact of control delay and
sampling rates on voltage control schemes for grid-forming
VSCs from a passivity perspective. Three key limitations have
been identified in the commonly used grid current feedforward
damping method: 1) LC-filter design constraints, 2) weak
dissipativity robustness against LC-filter parameter deviations,
and 3) the requirement for additional current sensors. It is
observed that combining capacitor current and capacitor
voltage feedforward can overcome the first two limitations.
Furthermore, sixteen-sampling capacitor voltage feedforward is
recommended, as it can effectively resolve all three limitations
and has similar dynamics to the grid current feedforward
damping method. The effectiveness of the proposed method is
demonstrated through experiments.
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