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Abstract—With the gradually decreasing cost of high-
performance digital processors, multisampling current control is
a potential method to reduce the control delay and improve the
stability in LCL-filtered grid-connected converters. In the practical
implementation, an antialiasing filter is required to remove the
sampled switching harmonics and suppress the low-order alias-
ing. However, due to the phase lag from the antialiasing filter,
the dissipative region of converter output admittance still cannot
be lifted to switching frequency, which leads to a risk of system
instability under wide grid admittance variation. In order to tackle
this challenge, a filter capacitor voltage feedforward scheme using
multisampling is proposed in this article. Consequently, the dissi-
pation below the switching frequency is harvested for a three-phase
converter. Furthermore, by doubling the multisampling rate, the
proposed method can extend the dissipative region to the apparent
switching frequency for a single-phase converter using unipolar
modulation. The experimental results validate the effectiveness
of the proposed method on a down-scaled single/three-phase con-
verter.

Index Terms—Current control loop, delay, dissipation,
feedforward scheme, multisampling pulsewidth modulation
(PWM), single/three-phase converter.

I. INTRODUCTION

CL-FILTERED grid-connected converters are widely used
L in distributed generation systems based on photovoltaic,
wind turbine, and energy storage systems [1]. Nevertheless,
with the large-scale penetration of renewable generation, the
grid admittance seen from the point of common coupling varies
in a wide range, which poses a significant challenge to the
harmonic stability of the converter-grid system [2]. For example,
even though the alternate-current controller (ACC) is designed
with enough gain margin and phase margin (PM), the system
may still be unstable when the phase difference is over 180° at
the intersection point between the converter output admittance
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and the grid admittance [3], [4]. As an extension of the ad-
mittance shaping in the frequency domain, the passivity-based
control is a promising solution to tackle the instability challenge.
Specifically, only if the real part of the output admittance is
nonnegative for all frequencies, the stable operation can be
secured regardless of the grid admittance [5]. However, the pure
passivity is impossible to obtain, and the upper boundary of the
dissipative region is set to the Nyquist frequency [6].

Considering the control delay, the nondissipative region of
the single-loop converter-side current control is located in the
interval between the critical frequency (one-sixth of the sam-
pling frequency) and the Nyquist frequency [7]. Filter capacitor
current feedback-based active damping is an effective method to
enhance the passivity, and the optimum damping coefficient is
derived based on a general admittance model [8]. Actually, the
filter capacitor current measurement is not always convenient
and takes much cost, especially in the high-power applications
[9]. If the filter capacitor current is estimated through a digital
derivative, the phase-frequency characteristic around the switch-
ing frequency will not be accurate that weakens the damping
performance [10]. An analog circuit-based high-pass filter is
used to mimic the ideal derivative characteristic, but the cost
and the implementation complexity are increased [7]. Another
passivity enhancement route is to compensate for the control
delay. Various terms are inserted in parallel with the ACC, such
as high-pass filter [11], biquad filter [12], and a predictive term
[13], but their compensation effect in the high-frequency range
is limited. Besides, to suppress the inrush current during the
startup and the grid faults, the grid voltage feedforward should
be reserved, which is often ignored in the previous methods due
to stability issues [14], [15].

Compared with single-sampling (SS) and double-sampling
(DS) pulsewidth modulation (PWM), multisampling PWM is a
potential candidate to reduce the nondissipative region since the
control delay is inversely proportional to the sampling rate [16],
[17]. Moreover, with the decreasing price of high-performance
microprocessors, using multisampling PWM gradually becomes
feasible in power electronic applications [18]. To suppress the
low-order aliasing from the multisampled switching harmonics,
an antialiasing filter is necessary but the extra phase lag is
introduced [19]. Hence, the dissipation goal below the Nyquist
frequency still cannot be met if only using single-loop control,
and the extra active damping term is required. It is worth noting
that the Nyquist frequency for the multisampling PWM is equal
to the switching frequency instead of half sampling frequency,
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this is because multisampling PWM is equivalent to a DS PWM
with the sampling instant shift and the update instant shift.

On the other hand, for a single-phase H-bridge (HB) converter
with unipolar modulation, the four-sampling control is usually
recommended since no switching harmonics are introduced [20],
[21]. The apparent switching frequency is twice larger than the
preset switching frequency, and the four-sampling control can
be regarded as a DS control. Then, the dissipative region is
the same as the regular sampling control, and the advantage of
multisampling PWM on the control delay reduction is not fully
exploited.

To lift the dissipative region for a multisampling-controlled
three-phase converter, a filter capacitor voltage feedforward
scheme is proposed in this article. Specifically, 8 samplings with
proportional—derivative (PD) feedforward or 16 samplings with
P feedforward can achieve the dissipation below the switching
frequency, which is the first contribution of this article. Further-
more, the issues related to the cost and transients are solved
at the same time. Then, the proposed method is extended to a
single-phase converter by doubling the sampling rate based on
the apparent switching frequency, and the dissipative region is
lifted to the apparent switching frequency instead of the preset
switching frequency. This is the second contribution of this
article.

The rest of this article is organized as follows. Section II
derives the dissipative region of ACC using regular sampling
and multisampling. Then, a filter capacitor voltage feedforward
scheme is presented in Section III. Next, the analysis of the
single/three-phase converters with different feedforward terms
and sampling rates are given. The experimental results for val-
idating the effectiveness of the proposed method are presented
in Section IV. Finally, Section V concludes this article.

II. PASSIVITY ANALYSIS OF ACC

A. System Model

Fig. 1(a) shows a single-loop current control diagram for a
three-phase converter, where Uy,, Ugp, and Uy are the grid
voltages, Uy, Uy, and U, are the filter capacitor voltages, Uqc
is the dc-link voltage, iy, is the converter-side current, i, is the
grid-side current, L, is the converter-side inductance, Lo is the
grid-side inductance, and C'is the filter capacitance, respectively.
The single-loop current control of a single-phase converter is
presented in Fig. 1(b), where U, is the grid voltage and U is
the filter capacitor voltage. Fig. 1(c) illustrates the model of the
single-loop ACC in a static frame, which is applicable for the
single/three-phase converters. 4., 4, and iz, , 5 are the current
references in the dg- and a8-frame, respectively. Regarding C
and Lo as the grid admittance, only the converter-side inductance
needs to be considered and the plant model G (s) is

1
_SLl.

Gp(s) ey

G 4(s) is the control delay, including the computation delay
and PWM delay, which is given as

Gq(s) = e 574, (2)
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Fig. 1. Current control diagram of a single/three-phase grid-connected con-
verter. (a) Three-phase control diagram. (b) Single-phase control diagram.
(c¢) General current control model.
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Fig. 2. Regular sampling PWM. (a) SS PWM. (b) DS PWM.
G(s) is the proportional-resonant controller, which is

5C0S (g — Wy Sin g
52 4+ Wpes + wg

Gi(s) = Kp + Krwre A3)
where wg, Wy, @q4, Ky, and K, are the fundamental angle fre-
quency, the cut-off angle frequency of the resonant controller, the
compensation angle of the resonant controller, the proportional
controller gain, and the resonant controller gain, respectively.
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Fig.3. General multisampling PWM. (a) Positive half cycle. (b) Negative half
cycle.
- ( ) Ucaﬂ (S ) l (S)
lcnnaﬁ N conaf}
G,(s) |={G,(s) G, () |—
*
Uref aff (S )
A ”
fJRF(s:ln
Fig.4. Single-loop current control diagram using multisampling (MRF: mod-

ified repetitive filter).
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Real part of output admittance for a single-loop converter-side current

controller using regular sampling (N = 1, 2), 8 samplings (N = 8), and 16
samplings (N = 16) for three-phase converters.

Based on Fig. 1(c), the output converter-side current in the static

frame is

Z-con(s) - Gcl(s)iZOn(S)

=Y, (s)U.(s) 4)

where G (s) is the closed-loop transfer function between the ref-
erence current and the feedback current, and Y, (s) is the output
admittance with the ACC. Their expressions are as follows:

Ga(s)Gi(s)Gp(s)

Gal(s) =

14+ Ga(s)Gils)Gyl(s)
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Fig. 6.  Four-sampling PWM for a single-phase H-bridge converter. (a) Seen

from a preset switching frequency perspective. (b) Seen from an apparent
switching frequency perspective.
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Fig.7. Regular sampling PWM for a single-phase H-bridge converter. (a) SS

seen from an apparent switching frequency perspective. (b) DS seen from an
apparent switching frequency perspective.
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Fig. 8. Real part of output admittance for a single-loop converter-side current
controller using regular sampling (N = 1, 2) and four samplings (N = 4) for a
single-phase converter.

_ Gp(s)
1+ Ga(s)Gi(s)Gp(s)

Yo(s) (6)

According to the passivity-based theory, a grid-connected
converter can be stabilized if the following two constraints are
satisfied. First, the closed-loop transfer function in (5) should be
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Fig. 9. Real part of output admittance with proportional feedforward and
different control delays.
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Fig. 10. Real part of output admittance with derivative feedforward and
different control delays.

stable. For a given PM, the maximum bandwidth ry, is

we 0.57 — _ 0.5m —

2mh

)

Ty =

Wsw wasw

The control delay T is expressed as Ty = hT,, where T,
is the switching period. ¢,, is the PM, w. is the crossover angle
frequency, and wy,, is the switching angle frequency. If ¢,,
is set to 0.257 and the bandwidth is set from 0.1 to 0.2, the
allowed maximum control delay 7'; should be in the interval of
[0.625T 4y, 1.25T 5] [22].

For the regular SS and DS PWM, as shown in Fig. 2, the
control delay (computation delay and PWM delay) is 1.5T,
or 0.75T ,,, respectively [23]. Hence, the maximum bandwidth
using DS PWM can be one-sixth when the PM is 0.257, which
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Fig. 12.  Multisampled converter-side current control diagram with filter ca-
pacitor voltage feedforward (MRF: modified repetitive filter).

means that the inner stability in (8) can be easily secured.
Second, the phase of Y,(s) should be within [—90°, 90°] below
Nyquist frequency. Since the control delay mainly affects the
passivity in the high-frequency range, the R controller can be
temporarily neglected. Then, Y, (s) in (6) is simplified as follows:

1

Y, N ——
(5) sLy + K,e=5Ta

®)

By substituting “s = jw” into (8), Re{Y,(jw)} is given as
follows:
K, cos(wTy)
(K cos(wTy))” + (wly — K, sin(wTy))®
©)
According to (9), the sign of Re{ Y, (jw)} is determined by the
numerator, and the dissipative region is

1
fdissipative = (07 4Td> .

Then, the dissipative region for SS and DS PWM is (0, % f.)
and (0, % fsw), respectively. It can be seen that only if the control
delay T is smaller or equal to 0.257 ,,, the dissipative region can
be lifted to the switching frequency. Hence, the regular sampling
PWM cannot satisfy the dissipation requirement if using single-
loop converter-side current control.

Re{Y,(jw)} =~

(10)
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B. Multisampled Current Control for Three-Phase Converters

Multisampling PWM is a potential candidate to reduce the
control delay physically, and the control delay is inversely
proportional to the sampling rate N [16], [17], which is given as
follows:

1.5T,,

Ty ms = N

The general multisampling PWM is shown in Fig. 3, where
the state variable is sampled and the duty cycle is updated
multiple times within one switching period. Since only two duty
cycles are effective within one switching period, based on the
voltage-second balance, the multisampling PWM is equal to a
DS PWM with the sampling instant shift and the update instant
shift. That is to say, the Nyquist frequency for multisampling
PWM is equal to the switching frequency [19]. Ideally, when the
sampling rate is greater or equal to six, the dissipation goal can be
met based on (10) and (11). However, to suppress the low-order
aliasing caused by the sampled switching harmonics, a modified
repetitive filter (MRF) should be inserted in the feedback path
and an extra phase lag is introduced [24], [25], as shown in Fig. 4.
The MRF contains a compromised moving average filter and a
delay compensator, and the expression of MRF is

Y

21—eNoToe
NT_eoTu | 1-

CMAF

1— T'N 1— r2672sT5a

MRF(s) = 72 ] — pNe-NsTeq

Delaycompensator

~ o 0:255Tu (12)
where r € (0, 1) is called the attenuation factor. There is
a tradeoff between the delay compensation performance and
high-frequency noise suppression ability in terms of the variation
of r [24], [25]. Consequently, the total loop delay, including the
control delay and the MRF delay, is

1.5
Ty MS_MRE = WTsw + 0.25T %y,
. MRFdelay
Computationdelay+PWMdelay
6+ N
= ——T,. 13
IN (13)

Similarly, substituting (13) into (10), the dissipative region
using multisampling PWM with MRF is given as
fdissipalive_MS_MRF = (07 6_]|_vzvfsw> . (14)
Based on the parameters of a three-phase grid-connected
converter in Table I, the comparison of Re{Y,(jw)} using dif-
ferent sampling rates is given in Fig. 5. The bandwidth is set
to 0.1fs, to make the closed-loop function stable for all the
sampling cases, and the resonant controller is ignored for the
analysis in the high-frequency range. It can be seen that the
eight samplings can reduce the nondissipative region compared
with SS and DS, but they still cannot achieve the dissipation
below the switching frequency. With the increase of sampling
rate N, such as 16 samplings, the nondissipative region can be
further reduced. However, due to the limited computation ability

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 11, NOVEMBER 2022

TABLE I
MAIN PARAMETERS OF A THREE-PHASE GRID-CONNECTED CONVERTER

Symbol Description ~ Value Symbol Description  Value
Grid voltage
(Phase-to-
P,  Outputpower 7kW  Ugms ground RMS 220V
voltage)
Ute DClink 250y ¢y DC-link 597 F
voltage capacitance
L anvener-mde 4 mH I AGrld-51de 2 mH
inductance inductance
c F 11_ter 3 uF fon Switching 4 kHz
capacitance frequency
J Resonance 2516 Hz  fuus Sampling 32 kHz
frequency frequency
foats fSamplmg 64 kHz s Attenuation 0.6
requency factor
. Proportional
s Att:nuatlon 0.8 Ops feedforward 0.9
actor .
coefficient
Derivative Proportional
Oas feedforward 2.4e-5s 0,  feedforward 0.9
coefficient coefficient
K, Proportional 200 Resonant 1000

controller gain controller gain Qs

of digital processors, the allowed maximum sampling frequency
cannot be infinite. Therefore, multisampled single-loop control
with converter-side current feedback cannot meet the dissipation
goal, and extra damping is required.

C. Multisampled Current Control for Single-Phase Converters

For a single-phase H-bridge converter with unipolar mod-
ulation, the apparent switching frequency is twice larger than
the preset switching frequency. As shown in Fig. 6(a), the
sampling rate is usually set to four, and the sampling instants
are located at the peak/valley points and the intersection points
of the interleaved carriers [20], [21]. If considering the apparent
switching frequency as the base value, four-sampling control can
be regarded as a DS control [see Fig. 6(b)], which is the reason
why no switching harmonics are introduced in the four-sampled
current. Moreover, the Nyquist frequency is equal to the ap-
parent switching frequency f,, s, when using four-sampling
control. Hence, the control delay and the dissipative region
should be reevaluated. The four-sampling control delay is equal
t0 0.75T o4_sw» which is given as

T Tsw 1.5T,,
Tyas = 1 + 5 =3
~— ~—
ComputationDelay =~ PWMDelay
_ @ + Tap?sw o 1-5Tapfsw (15)
2 4 2 ’
—— ——
ComputationDelay ~ PWMDelay

Substituting (15) into (10), the dissipative region using four-
sampling PWM is given as

1
fdissipative_4S = (07 Sfap_sw> . (16)
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TABLE II
MAIN PARAMETERS OF A SINGLE-PHASE GRID-CONNECTED CONVERTER

Symbol  Description Value Symbol Description Value
Grid voltage
(Phase-to-
P, Output power 2.3 kW Ugms ground RMS 220V
voltage)
ve Pl sg0yv o, DOlik g g
voltage capacitance
L anverter-31de 4mH L _Grld-51de 2 mH
inductance inductance
c FllFer 3 uF foo Switching 2 kHz
capacitance frequency
I Resonance 2516 Hz  furs Sampling 32 kHz
frequency frequency
fous2 Sampling 64 kHz s Attenuation 06
frequency factor
. Proportional
32 Attenuation 0.8 Opis feedforward 0.9
factor -
coefficient
Derivative Proportional
Oars feedforward 2.4e-5s  Ops2 feedforward 0.9
coefficient coefficient
K Proportional 200 . Resonant 1000 s

controller gain controller gain

Similarly, it can be seen from Fig. 7 that the conventional
DS control is equivalent to an SS control, and the conventional
SS control is equivalent to an SS control with an extra one-
step delay. Then, the dissipative region for SS and DS PWM is
(0, 35 fap_sw) and (0, & fap_sw), Tespectively.

The parameters of a down-scaled single-phase grid-connected
converter are given in Table II. The switching frequency is set to
2 kHz, and the apparent switching frequency is 4 kHz. Hence, the
LCL filter parameters can be designed as same as the three-phase
system. According to (16), the dissipative region using four
samplings is still far away from the Nyquist frequency, as shown
in Fig. 8. Again, only using four-sampled single-loop control
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cannot achieve the dissipation goal, and the extra damping term
is required. It is worth noting that the sign of Re{Y,(jw)} for
the conventional SS and DS changes more than once, that is,
because the Nyquist frequency is 0.5fs,, and fy,, respectively
[26].

On the other hand, it is reported that using single-phase
cascaded H-bridge (CHB) converters can help to reduce the
control delay [21], which is given as

Tow Tow 1.5T5,,
Tacup = 4M TosM T Tau
~—~~ ~—
ComputationDelay =~ PWDMDelay
Tap sw Tap sw 15Tap sw
= == o =Y (17
5 + = 5 a7
N—— ~——
ComputationDelay =~ PWDMDelay

where M is the number of cascaded cells. The apparent switching
frequency is 2Mfs,, and the multisampling rate is set to 4M.
Under this condition, the control delay can be further reduced
compared with the single cell. If considering the apparent
switching frequency as the base value, it is still a DS control
and the dissipative region is
1

fdissipative_cu = | 0, gf ap_sw | - (18)

Compared with (16), the passivity is not enhanced by increas-

ing the number of cascaded cells, and the focus should go back
to the passivity enhancement of a single cell.

III. PASSIVITY ENHANCEMENT

A. General Analysis Using Proportional Feedforward and
Derivative Feedforward With Different Control Delays

The filter capacitor voltage P feedforward and D feedforward
are the most commonly used damping methods, and their effects
on the passivity in terms of control delay are evaluated in this
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section. The feedforward function is given as

fo(s) = 5p—|-5d8 (19)

where §,, and 4 are the P feedforward coefficient and D feed-
forward coefficient, respectively. Ignoring the R controller, the
output admittance is

1—e3Tag, — e sTag,s

Yo(s) =
(S) SLl + erfsTd

(20)

By substituting “s = jw” into (20), Re{Y,(jw)} is given as
Single—loopcontrol

K, cos(wTy) —0,K, + dpwLqsin(wTy)
(K, cos(wTy))® + (wLy — K, sin(wTy))?

Proportionalfeedforward

Re{Y,(jw)} =~

Derivativefeedforward
—qw’ Ly cos(wTy)

(K cos(wTy))* +(wLy — K, sin(wTy))*
(2D

If only considering the P feedforward, the sign of Re{Y,(jw)}
is determined by 0 ,wL;sin(wTy) instead of K,cos(wTg) [8], and
the dissipative region is given as

1
fdissipative = (0, 2Td> .

According to (22) and (10), the allowed maximum delay for
dissipation increases twice, which can easily be met using mul-
tisampling. The real part of the output admittance considering
P feedforward and different control delays is given in Fig. 9.
The controller parameters in Table I are used in the analysis. It
can be seen that when the control delay is equal to 0.57,, the
sign of Re{Y,(jw)} around the switching frequency is negative,
which can be removed when the control delay is small enough,
e.g., 0.357,. In addition, the P coefficient should be lower
than one since the R controller will affect the stability in the
low-frequency range.

On the other hand, if only using D feedforward, the dissipation
below the switching frequency can be achieved by changing the
signof Re{Y,(jw)} atthe critical frequency [9]. The D coefficient
is given as

(22)

AT2K,
ba= =42,
2L 1

Moreover, the ideal derivative does not exist in the practical
implementation [17], and a digital derivative is given as

1.8 1—e T
"~ Tyq 14 08¢ 5Tsa’

where T's, is equal to the DS period in this section. As shown in
Fig. 10, the stability around the critical frequency is weak that
can be easily affected by the R controller [27]. In addition, the
nondissipative region around the switching frequency appears
again and the control delay should be lower than 0.5T,,. If
combining the P feedforward and D feedforward, the stability
around the critical frequency can be enhanced. In addition, when
the control delay is lower than 0.57s,,, the stability around the

(23)

dev(s) (24)
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switching frequency can also be enhanced (see Figs. 9 and 11
when the delay is 0.45T ).

To summarize, if the multisampled loop delay is small enough,
the first choice is to use the P feedforward since the derivative
may amplify the noise. At the same time, the proportional
coefficient should be lower than one to secure the low-frequency
dissipation. If the P feedforward cannot meet the goal, then
add the D feedforward but the loop delay should be lower than
0.5T 5.

B. Multisampled Current Control of the Three-Phase
Converters

Fig. 12 shows the multisampled current control diagram with
the filter capacitor voltage feedforward. Especially, besides the

MREF in the converter-side current feedback path, the MRF
should also be inserted in the feedforward path to remove the
sampled switching harmonics and suppress the aliasing. The
feedforward function is given as

Gy¢(s) = 6,MRF(s) 4 dqdev(s)MRE(s). (25)

When the reference current is set to 15 A (rated current), it
can be seen from Fig. 13(a) that the eight-sampled filter capac-
itor voltage without antialiasing filters contains the switching
harmonics around 4, 8, 12, and 16 kHz. After using the MREF, all
the sampled switching harmonics are removed [see Fig. 13(b)],
which validates the effectiveness of MRF on noise suppression.
The performance of MRF on the sampled converter-side current
can be seen in [19] and [24], which is not further discussed in
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this article. The average current and voltage can also be acquired
using 16 samplings with MRF, and the attenuation r should be
higher (see Table I). Based on Fig. 12, the converter output
admittance using the feedforward scheme is

1 — e *Ta§,MRF(s) — e *Ta§,dev(s)MRF(s)
sLy + e=sTaG;(s)MREF(s)

Y,(s) =
(26)
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TABLE III
COMPARISON AMONG VARIOUS MULTISAMPLED CONTROL METHODS FOR SINGLE/THREE-PHASE CONVERTERS
Controll Three-phase converters Single-phase HB converters Single-phase CHB converters
methods| N=8 without |N=8 with PD|N=16 with P| N=4 without [N=16 with PD| N=32 with P | N=4M without [N=16M with PD|N=32M with PD
Index feedforward )| feedforward | feedforward |feedforward **)| feedforward | feedforward |feedforward *)| feedforward | feedforward
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Fig. 24. Experimental results for a three-phase converter using N = 8 with
PD feedforward. (a) Converter-side current and grid-side current. (b) Grid-side Fig. 25. Experimental results for a single-phase HB converter using N = 4

current harmonic spectrum.

It can be seen from Fig. 14 that N = 8 with P feedforward
cannot achieve dissipation around the switching frequency, and
N = 8 with PD feedforward can achieve dissipation below the
switching frequency. That is because the delay compensator in
(12) cannot make the loop delay small enough. If the sampling
rate is further increased to 16, only using P feedforward can
achieve dissipation. Moreover, the stability around the critical
frequency is enhanced compared with N = 8 with D feedforward.
It is known from (26) that the output admittance is related
to the converter-side inductance, which might have a +20%
deviation from its nominal value. Fig. 15 shows a comparison

without feedforward. (a) Converter-side current and grid-side current. (b) Grid-
side current harmonic spectrum.

of Re{Y,(jw)} with the proposed method by considering +20%
variations of L;. It can be seen that the dissipation can still be
achieved and the proposed method performs robustly against
filter inductance variations.

In terms of parameter design, K,, can be deduced based on
a given PM or bandwidth. When using eight samplings, the D
feedforward coefficient 0 4 is first deduced based on (23). Then,
the P feedforward coefficient J,, is set to 0.85-0.9, and tune
K, until the nondissipative region in the low-frequency range is
removed. It is worth noting that K, can be set to a low value
since the proportional feedforward is against with R controller



13858

Tek Prevu

COAAAAAAAN

U, [250 V/div] v v v v v vi
Teon [10 A/div] |
I 1
' io [10 A/div]
L= O e B
(@)
40 T T

. THD= 4.99%

£ 30
gt
2
=22 20
25
=

2 10

<

N ]
0 1000 2000 3000 4000
Frequency (Hz)
(b)
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in terms of the low-frequency dissipation [27]. Furthermore, K,
can also be set to zero with unity feedforward, but there will
be an acceptable steady-state control error. When using 16 sam-
plings, only the P feedforward coefficient §,, and K, need to be
tuned.

Considering the admittance-based stability analysis, the filter
capacitance and grid-side inductance can be regarded as the grid
admittance, i.e., Yy(s) = sC+1/sL,. As shown in Fig. 16, the
grid admittance intersects the converter output admittance in
its negative-real-part region for N = 8 without feedforward,
which leads to a —4.6° PM. Hence, the system will be un-
stable. Nevertheless, the system can still be stabilized using
the proposed method N = 8 with PD feedforward or N = 16
with P feedforward, and the PM for both proposed methods is
similar.

C. Multisampled Control of Single-Phase Converters

As previously discussed in Section II-C, four-sampling con-
trol of a single-phase H-bridge converter can be regarded as a
DS control seen from the apparent switching frequency fo;, sw,
i.e., the Nyquist frequency. To extend the dissipative region
t0 fup_sw» the proposed method in the three-phase system can
be extended by doubling the sampling rate. Specifically, the
sampling frequency is set to 8f,, s, i.€., 16fs,,. Then, the MRF
in (12) is used to remove the switching harmonics in the sampled
voltage and current, where the sampling rate N is still set to
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eight and r is set to 0.6. When the sampling frequency is set
to 16f4p sw» 1.€., 32fy, 1 is set to 0.8. More generally, for the
CHB converter with M cells, the sampling frequency can be
set t0 8f,p sw OF 16foy sw, 1.€., 16Mfy,, or 32Mf,,,. Fig. 17(a)
shows the four-sampled converter-side current, and no switching
harmonics are introduced as only the average value is sampled.
When the sampling rate is 16, the switching harmonics around
4, 8, and 12 kHz are introduced, as shown in Fig. 17(b).

After using the MRF, most of the sampled switching harmon-
ics are removed [see Fig. 17(c)]. Similarly, the filter capacitor
average voltage cannot be acquired using 4 samplings and 16
samplings, as shown in Fig. 18(a) and (b). That is because the
sampled value at the intersection points between the interleaved
carriers is equal to the dc-link voltage, and the switching har-
monics are introduced. When using 16 samplings with MRF,
the switching harmonics are removed, as shown in Fig. 18(c).
The average current and voltage can also be acquired under 32
samplings with MRF.

It can be seen from Fig. 19 that N = 4 without feedforward
has a large nondissipative region as the four-sampling control is
akind of DS control based on the apparent switching frequency.
On the other hand, the dissipative region is lifted to the apparent
switching frequency when using N = 16 with PD feedforward.
Similarly, N = 32 with P feedforward can also optimize the
dissipative region to the apparent switching frequency. Con-
sidering £20% deviation of the converter-side inductance, as
shown in Fig. 20, the dissipation below the apparent switching
frequency can still be achieved with the proposed method. It can
be seen from Fig. 21 that the PM for the four-sampling control is
negative, which leads to the system being unstable. Nevertheless,
the system can still be stabilized using the proposed method
N = 16 with PD feedforward or N = 32 with P feedforward, and
the PM for both proposed methods is similar.

D. Summary

To further illustrate the similarities and the difference between
the three-phase system and the single-phase system when using
the proposed method, a comparison is given in Table III where
with/without using an antialiasing filter, the loop delay, and the
dissipative region are considered.

If only increasing the sampling rate without any damping
terms, the nondissipative region always exists due to the delay
(0.25T,,) from the antialiasing filter. When using N = 8 with
PD feedforward or N = 16 with P feedforward, the dissipative
region can be optimized to the switching frequency. When using
N = 4 without feedforward for a single-phase HB converter,
the dissipative region is the same as the DS control based on
the apparent switching frequency, which can also explain why
the antialiasing filter is not required. Then, the sampling rate
can be doubled, i.e., N = 16 with PD feedforward (8f4; suw)
or N = 32 with P feedforward (16f,;, s.,). Furthermore, for a
single-phase CHB converter with M cells, based on the apparent
switching frequency, the damping method should be N = 16M
with PD feedforward (8f;,_s.) or N = 32M with P feedforward
(16fap_sw). However, a high-performance digital processor with
fast computation ability is required.
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IV. EXPERIMENTAL RESULTS

To further verify the theoretical analysis, experiments are
carried out on a down-scaled single-phase and three-phase grid-
connected converter with an LCL filter, as shown in Fig. 22. The
grid is emulated with a chroma grid simulator model 61845.
The applied half-bridge module and the control platform are a
PEB-8024 module and a B-BOX RCP control platform from
Imperix, respectively. The used current sensor is LEM CKSR
50-P with a bandwidth of 300 kHz. The related parameters of
the single/three-phase grid-connected converter are presented in
Tables I and II, respectively.

A. Three-Phase Converter

The experimental result using N = 8 without feedforward for
the down-scaled three-phase converter is shown in Fig. 23(a).
The converter starts at 40 ms, and the reference current is set
to zero to suppress the inrush current during startup. Then,
the reference current steps up to 15 A (rated current), and the
system becomes unstable and the protection is triggered, which
is consistent with the theoretical analysis in Fig. 16. In addition,
it can be seen from Fig. 23(b) that the resonance frequency is
2500 Hz, which is close to the intersection frequency of 2601
Hz in Fig. 16, and the frequency drift is due to the parasitic
resistor in series with the filter inductor. When using N = §
with PD feedforward, the system stability is secured as well as
the startup transients are suppressed, as shown in Fig. 24. The
result using N = 16 with P feedforward is similar to the result
in Fig. 24, which is not presented in this section.

B. Single-Phase HB Converter

The experimental result using N = 4 without feedforward
for the down-scaled single-phase HB converter is shown in
Fig. 25(a). Similarly, the system becomes unstable and the
protection is triggered, which is consistent with the theoretical
analysis in Fig. 21. In addition, it can be seen from Fig. 25(b)
that the resonance frequency is 2450 Hz, which is close to
the intersection frequency of 2516 Hz in Fig. 21. When using
N = 16 with PD feedforward, the system stability is secured as
well as the startup transients are suppressed, as shown in Fig. 26.
The result using the N = 32 with P feedforward is similar to the
result in Fig. 26, which is not presented in this section.

V. CONCLUSION

This article first investigates the dissipative region of single-
loop multisampled control with converter-side current feedback.
Due to the phase lag from the antialiasing filter in the feedback
path, there is always a nondissipative region that threatens the
stable operation. To overcome this bottleneck, a filter capacitor
voltage feedforward scheme is proposed in this article. For the
three-phase converter, eight samplings with PD feedforward
or 16 samplings with proportional feedforward can achieve
the dissipation in the whole frequency range. In addition, the
stability around the critical frequency is enhanced compared
with only using the derivative feedforward.
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On the other hand, for the single-phase H-bridge converter, the
apparent switching frequency (i.e., Nyquist frequency) is twice
larger than the preset switching frequency and the four-sampling
control is equivalent to a DS control. Then, the proposed method
in the three-phase system is extended by doubling the sampling
rate. Specifically, 16 samplings (8f,,_s.,) with PD feedforward
or 32 samplings (16f,,_s.,) With proportional feedforward can
lift the dissipative region to the apparent switching frequency.
Furthermore, the proposed method can also be applied in the
single-phase CHB converter. Finally, the experimental results
validate the effectiveness of the proposed method.
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