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Multi-Sampled Grid-Connected VSCs: A Path
Toward Inherent Admittance Passivity

Ivan Z. Petric

Abstract—This article investigates the capability of multi-
sampled pulsewidth modulator (MS-PWM) control to improve the
input admittance properties of voltage source converters (VSCs).
Due to delays found in digital control systems, the VSC admittance
features a negative real part above a certain frequency, which may
result in lowly damped or even unstable grid dynamics. To prevent
the occurrence of harmonic instability, recent standards require
the admittance of every grid-connected VSC to behave as a passive
network. In this article, it is shown that the MS-PWM control
significantly improves passivity measures by reducing the overall
system delay. The passive behavior is achieved effortlessly, using a
single-stage control loop. This avoids the need for passive or active
damping techniques, which are associated with increased losses
and number of sensors, sensitivity to noisy measurements, ambi-
guity of damping filter design, and overall system complexity. The
experimental verification, performed on a two-level single-phase
VSC, shows a very good match between admittance measurements
and analytic modeling even above the switching frequency. Grid-
connected operation is tested to demonstrate the improvement of
resonance damping obtained with MS-PWM control.

Index Terms—Admittance measurements, multi-sampled
pulsewidth modulators (MS-PWM), passivity, stabilization, voltage
source converters (VSCs).

1. INTRODUCTION

XISTING power systems are experiencing a great change

due to the increasing presence of power electronic con-
verters. These devices are more and more necessary to fully
exploit renewable energy resources, enable electrification of
transportation, and the storage of electrical energy, among other
functions [1], [2]. Heavy presence of voltage source converters
(VSCs), connected to ac distribution networks, rises some con-
cern as it is known that, due to the interaction between various
grid-connected converters, harmonic instability may arise and
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compromise the system operation [3]. This may occur, for exam-
ple, when control systems of grid-tied VSCs introduce negative
damping at frequencies of poorly damped grid resonances. In
the low-frequency range, negative damping is introduced by the
phase-locked loop (PLL) of inverters and the constant power
control of rectifiers [3], [4]. In the high-frequency range, neg-
ative damping is caused by the time delay and current control
loop dynamics (in case of grid-following converters) [3], [5].
Digital control systems introduce delays due to analog-to-digital
conversion (ADC), algorithm computation time, and modulation
delay [6].

For stability analysis of systems with interconnected power
converters, the impedance-based approach is found to be very
effective [5], [7]-[13]. It consists of representing each converter
with its Norton or Thevenin equivalent circuit and assessing the
system stability properties by analyzing the resulting admittance
network. A sufficient, but not necessary, condition for the system
stability is obtained if each admittance is passive, i.e., its real part
is nonnegative [for single-input single-output (SISO) systems]
[4], [14]-[17]. Based on these considerations, in some countries,
the heavy impact of grid-tied VSCs on the traction system
stability has resulted in the requirement to comply with input
admittance passivity standards [18].

To enable admittance passivity, additional damping must be
provided in the frequency range of interest. To achieve this, with-
out resorting to adding losses to the system, many strategies of
active damping (AD) have been developed [4], [14]-[17], [19]-
[25]. These strategies are focused on compensating digital delays
using phase-lead filters. Single-loop AD relies on compensating
delays by introducing derivative action to the controller struc-
ture [20]. This can help render the admittance passive at medium
frequencies; however, due to discrete derivative behavior, it
strongly deteriorates passivity at high frequencies, close to the
Nyquist frequency. For this reason, to try to expand the passivity
region up to the Nyquist frequency, multiloop-based AD is gen-
erally implemented [4], [14]-[17], [22], [23]. It relies on using
additional feedforward or feedback to compensate the impact of
time delays. This often includes derivative action being applied
to the voltage at the point of common coupling (PCC), which
may bring practical implementation problems, as those caused
by large quantization levels and excessive measurement noise.
Admittance passivity up to the Nyquist frequency is first claimed
in [14]. However, this method requires derivative action to be
applied in analog domain or using oversampling. Additionally,
derivative gain is applied in cascade with a biquad filter, which
further complicates the system structure and parameter design.
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In [15], a similar method is shown, which improves passivity
using the PCC voltage feedforward with discretized derivative
action, without oversampling. Different parameter designs com-
pared with the work in [14] is given, which requires a fixed
current loop bandwidth and is prone to parameter sensitivity due
to double pole-zero cancelation. Without adding resistances, the
method from the work in [15] brings improvements at medium
frequencies, but again deteriorates the admittance properties
close to the Nyquist frequency. In [16] and [22], the procedure
from the work in [14] is generalized and oversampled/analog
derivative is avoided using the capacitor current feedback. This
limits its use to applications with LCL filters, requires addi-
tional sensors, and may impact the closed-loop stability. All AD
methods introduce a significant complexity to the control system
structure and practical implementation issues. Furthermore, the
required design of filters that render the admittance passive is
not straightforward and generally applicable.

With the advancement of digital control platforms, increas-
ingly more information can be processed within a switching
interval of a VSC. This has led to development of multi-sampled
pulsewidth modulator (MS-PWM) control, where the feedback
is sampled and the control action is performed more than two
times per switching period [26]-[36]. MS-PWM reduces control
and modulation delays, enabling analoglike dynamic properties
using digital control systems. This article investigates the capa-
bility of MS-PWM control to render the admittance passive, by
inherently reducing, instead of compensating, digital delays. It
is shown that the increase of the oversampling factor improves
the passivity, by boosting the admittance phase even above the
switching frequency. In this way, passivity is achieved almost
effortlessly, without parameter sensitivity, and the design of the
current control loop can be performed solely based on the re-
quired closed-loop performance. The experimental verification
is performed on a single-phase, two-level, grid-following VSC
with an inductive filter. The performed admittance measure-
ments show an excellent agreement with the analytic modeling.
With MS-PWM, certain nonlinearities may arise due to vertical
intersections between the modulating waveform and the carrier
[27], [32], [33], [36]. The impact of these nonlinearities on
admittance passivity is analyzed and no detrimental impact is
found; just some mismatch from analytical modeling is seen,
mainly for lower values of oversampling factors.

The rest of this article is organized as follows. Section II
presents the multi-sampled control system of a VSC. Section III
presents the analytic modeling of a grid-connected VSC, using
its Norton equivalent representation. The current controller is
designed based on the closed-loop requirements. In the end, the
admittance is analyzed using a passivity index and the impact of
system parameters on it is explained. Section IV features experi-
mental validation of the presented theory. The VSC admittance is
measured for various values of the oversampling factor, in a wide
frequency range. The circuit used for admittance measurements,
which also allows the investigation of MS-PWM nonlinearities,
is described. Grid-connected operation is tested, to demon-
strate how the increase of the oversampling factor results in
better resonance damping. Finally, Section V concludes this
article.
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Fig. 1. Block diagram of MS-PWM single-loop current control system of a
two-level, single-phase, grid-following VSC.

II. MS-PWM CONTROL

The MS-PWM can be implemented for any converter topol-
ogy, including multilevel and multiphase systems. The multi-
sampled single-loop current control system of a two-level,
single-phase, grid-following VSC is shown in Fig. 1. An in-
ductive output filter is assumed. An ADC is used to transform
the inductor current ¢, from continuous to digital domain. The
digital domain operates at sampling frequency fs = NN fowm,
where N is the multisampling (oversampling) factor, and fpwm
is the switching frequency. The control period is defined as
T, = fi The digital domain may comprise a feedback filter
G #p(2), reference point iz, -, and controller G.(z)." The digital
pulsewidth modulator (DPWM) serves as an interface from dig-
ital to continuous domain. Its inherent zero-order hold function
transforms mg into m, which is compared with the carrier w
to provide the switching signal x. The switching signal, used
to drive the transistors, is a square waveform with duty cycle
D. Tt is assumed that w is scaled by its maximum value, and m
is limited inside the range [0, 1]. To prevent multiple switching
from occurring, switching action is always determined based on
first intersection between m and w, for each slope of the carrier.
This is equivalent to allowing turn-ON only during the negative
slope of the carrier, and turn-OFF only during the positive one.

A. Impact of MS-PWM on Delay Reduction

In this article, the triangular carrier is used, due to its favor-
able properties in MS-PWM applications [27]. The small-signal
model of the MS-PWM with the triangular carrier can be ob-
tained using the describing function approach [27], [37]

d(s)
m(s)

Tpwm

= A(S,D,N)efs% ~e SN (1)

GDPWM(S) =

where d is the continuous-time duty cycle of x(t), used in aver-
aged modeling [6], and s is the complex variable of the Laplace
transform. The gain A depends on N and D, but is closely
approximated as unity gain [27]. From (1), it can be seen that
with increase of NV, MS-PWM approaches the naturally sampled
(analog) PWM, which does not bring any phase lag [38]. This
modeling approach allows us to obtain intuitive insights on the

I'The controller outputs the reference voltage v,., which is scaled with the
input voltage to obtain the digital modulating waveform mg. The controller
may feature computation delay [6]. The delay and scaling with the input voltage
are not shown in the illustration.
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DPWM impact on admittance properties. Furthermore, excellent
match between analytical values and admittance measurements
is obtained in the experimental section. However, if even greater
precision is required, models that take into account the multirate
structure of the system, sampling, and PWM sidebands can be
used in place of (1) [5], [12], [39]-[42].

Often, due to algorithm execution time, update of m is delayed
by one control period [6]. This brings an additional delay equal to
T, = T;’\“,"“. Delays due to modulation and algorithm calculation
can be combined, which yields the total time delay of MS-PWM
control system

_Sprm
T2 N

™D )

The fact that the total time delay is inversely proportional to
N provides motivation to investigate MS-PWM. The maximum
achievable N depends on the available processing power relative
to the switching frequency. Some application scenarios are more
likely to allow high values of IV (e.g., high-power converters)
than others (e.g., high-switching-frequency converters).

It should be mentioned that delay reduction can also be
obtained by updating m instantly after computation, if powerful
control platforms are employed [6], [43]. However, this does not
reduce the modulation delay, determined by (1). Additionally,
other types of modulators exist, with structures that bring small-
signal phase-lead [44]-[46]. The impact of these modulators on
the VSC admittance is currently being investigated.

B. Sampling-Induced MS-PWM Nonlinearities

For two-level converters, only two sampling instants per
PWM period yield the average value of iy. Therefore, as NV
is increased above 2, the switching ripple is unavoidably in-
troduced in the feedback. Effects of ripple in the feedback
have been well-investigated for naturally sampled PWM and
similar properties are expected for MS-PWM, especially as N
is increased to high values [28], [29], [40], [47], [48].

Besides this, MS-PWM brings some unique nonlinear effects,
which are particularly evident for lower values of N [36]. Due
to asymmetry of the switching impulse with respect to the
carrier, average of N samples of iy, s[k] may not correspond
to the average of i1, (t) over the observed switching period. This
causes aliasing that can have impact on the steady-state error,
which may be compensated by outer control loops. In [34],
it is shown that aliasing causes current distortion in grid-tied
converters, although with a limited impact compared to other
nonlinearities, such as dead times [36]. These issues are out of
the scope of this article; however, it should be mentioned that
the aliasing may also occur in case of double-sampled PWM,
due to asymmetry between x and w [6]. Additionally, as N is
increased, aliasing issues are decreased as the average value of
the sampled feedback comes closer to the true average value.

Other nonlinear effects, in this article referred to as the
MS-PWM nonlinearities, are caused by the discontinuity of the
sampled modulating waveform and are localized around specific
critical values of duty cycles [36]. MS-PWM nonlinearities arise
when vertical intersections between m and w occur. An example
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Fig. 2. Tllustration of MS-PWM operation for N = 4. A counter-phase ver-
tical crossing occurs for the turn-ON edge of =, which reduces the small-signal
modulator gain.

of this operation can be seen in Fig. 2, where a counter-phase ver-
tical crossing between w and m prevents the modulation of the
rising edge of x, reducing the effective modulator small-signal
gain [27], [36]. The counter-phase attribute refers to the fact that
the slopes of m and w have opposite signs at the intersection
instant. A detailed analysis of types of vertical intersections,
their impact on transient and steady-state operation, and control
loop settings that enable or suppress each of them can be read
in [36]. Note that in DSP applications, switching action is often
determined using an equality comparison between m and w.
This requires additional logic to predict the upcoming vertical
crossing and force the change of x at the beginning of the
following update instant, thus preventing pulse-skipping [26].
In field-programmable gate array applications, equality is easily
replaced with a “greater-than” comparison. As well as for alias-
ing, impact of MS-PWM nonlinearities is strongly reduced by
increasing the value of N, as discontinuities are brought down
and modulating waveform starts to closely resemble the one
found in naturally sampled PWM.

Most of the sampling-induced MS-PWM nonlinearities are
strongly suppressed by compensating the switching ripple,
which, however, counteracts the delay reduction [28], [34].
In [36], itis shown that MS-PWM can operate well even without
filtering the switching ripple, which is why the same approach is
followed in this article. In this way, the impact of nonlinearities
on admittance measurements is directly examined.

III. STABILITY OF GRID-TIED VSCS

Without compromising the small-signal analysis, it shall be
assumed that the controller directly outputs the reference voltage
v, which is delayed by 7 and then applied as the VSC output
v,. This controller is still labeled as G, however it does not
feature scaling with the input voltage, unlike G.(z) in Fig. 1.
The analyzed system is modeled without any resistances, which
represents the worst case regarding stability, as any resistance
positively impacts the system resonance damping [17]. The
analysis is performed in the s-domain, to be able to use the
model even above the Nyquist frequency, which is shown to be
relevant for some cases [5], [12]. In this article, analytics and
experimental verifications are given for a two-level single-phase
VSC with an inductive filter, as per Fig. 1.
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Wi,

Fig.3. Grid-connected VSC representation in s-domain. (a) Schematic repre-
senting the effects of closed-loop current control and grid voltage on the inductor
current. (b) Norton equivalent circuit used for impedance-based stability analy-
sis.

A. Impedance-Based Approach

The impact of closed-loop system and grid voltage on the
inductor current can be analyzed using the schematic in Fig. 3(a),
given for a system without a feedback filter. The inductor current
can be found as a superposition of responses to the imposed
reference iy, , and the disturbance vpc.

1 1
i1 = 5 (00 = te) = Wt (8) = Tt
3)

where L is the filter inductance, Wy = J-Ge(s)e P is

the open-loop transfer function, and Wy (s) = H_lei‘(ﬂs()s) is the
closed-loop transfer function of the current-controlled system
with Z; = 0. The impedance-based stability analysis consists of
representing the current-controlled VSC using its Norton equiv-
alent circuit, as shown in Fig. 3(b) [8]. The Norton admittance,
referred to as the VSC input admittance Y;(s), determines the
response of inductor current to v When iy, . = 0; hence, from
(3), itis equal to
L _ i
Upee 1+ ﬁGc(s)e*”D ’

Yi(s) = “)

From (4), it is clear that the input admittance, seen from PCC,
depends on the physical VSC output filter and the loop gain
of the current-controlled system. At high frequencies, above
the control bandwidth, where |Wg(s)| ~ 0, it converges to the
physical filter admittance. The impact of the grid impedance Z,,
is obtained by substituting vpec = v + Zgiz, in (3)

. Wa (3 ) Y; (S)

iL(s) = ———F——ir,r(s) — ——=v4(s).

p(8) =17 Yi(s)Z4(s) = &) =13 Yi(s)Zy(s) o(5)
&)
Assuming that IV is stable, the stability of the grid-connected
VSC depends on the product Y;(s)Z,(s), which is referred to as
the minor-loop gain [16]. The system stability can be examined
by applying the Nyquist stability criterion to the minor-loop

gain.

B. PFassivity Criterion

A linear SISO system, such as Y;(s), is said to be passive
if the real part of its frequency response is nonnegative for all

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 7, JULY 2022

frequencies [16]. In other words, Y;(s) is passive if its phase is
limited in the range [—7, 5]. A stronger condition of “strict”
passivity is obtained by limiting the phase to the open interval
(=%, %)- In case both Y;(s) and Z,(s) are passive, the minor-
loop gain always satisfies the Nyquist stability criterion as its
phase is limited in the range [, 7]. Imposing the requirement?
for passive behavior of Y;(s), as in [ 18], comes from the fact that
a sufficient condition for the VSC stability is satisfied if Y;(s) is

passive and the VSC is connected to another passive network.

C. Controller Design

In this article, single-stage current control loop is imple-
mented, as the focus is on obtaining the passivity inherently,
without any AD technique. To achieve good sinusoidal reference
tracking and speed of response, a proportional-resonant (PR)
controller is used in this article [6]

Gols) = kp + kip——

where k, and k, are the proportional and resonant gains, re-
spectively, and wy is the angular frequency of the fundamental.
The proportional gain is chosen as k, = w.L, where w, is the
designed angular crossover frequency of the current loop [6].
The resonant gain k,. is chosen so as to have a negligible impact
at the crossover frequency [6], &k, = Tl()wckp. The current loop
bandwidth, relative to the angular switching frequency wpwm,
o= w“—: can be chosen based on required stability margins,
which pdepend on the total time delay [6]. For single-update
(N = 1) and double-update (N = 2), the crossover frequency
is often limited under 10% of the sampling frequency [14], [16].
In case of MS-PWM, the maximum value of « is limited by the
switching frequency due to the presence of the switching ripple
inm [29].

D. Passivity Measure

In this article, the input feed-forward passivity (IFP) index is
used as a measure of the VSC passivity [16], [17]. It is defined
as the minimum value of the real part of input admittance, i.e.,
minimum value of input conductance

IFP(Y;) = mingerRe{Y;{jw}} @)

where w is the angular frequency. The IFP is useful to quantify
the impact a VSC may have on the grid stability, as it points to
the minimal damping introduced by it. The IFP is negative in
case of a nonpassive input admittance.

For a purely proportional controller, the real part of Y (jw) is
calculated using (4)

cos (WTp)

Re{Y; (jw) by —og— 22 5 P
{Yi (Gw)}r, =0 L (w, — wsin (wrp))” + (wcos (wTp))

®)

2In [18], passivity requirement is set above fifth harmonic of the fundamental.
Low-frequency passivity issues, e.g., caused by dynamics of the PLL, are not
investigated in this article. Since the PLL bandwidth is always set considerably
lower than the one of the current loops, its impact on Y; in medium- and high-
frequency range is negligible [4]; hence, it is not included in the admittance
model.
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Fig. 4. Left axis shows relative passivity index of the VSC input admittance

for proportional controller and three different values of the relative crossover
frequency a. Right axis shows frequency for which IFP is found, relative to the
switching frequency.

The expression is not given for the case of a PR controller,
as it is more complicated and lacks a clear qualitative insight.
Nonetheless, the resonant gain is designed such that its impact
at high frequencies is very small, meaning that IFP for a PR
controller will show a very similar behavior to the one obtained
with proportional controller [16]. It can be seen from (8) that, for
the proportional controller, the sign of the conductance depends
only on the cosine term, whereas its magnitude depends also
on bandwidth and is inversely proportional to the value of
inductance. The conductance first becomes negative when the
argument of the cosine term goes over 7. Considering the total
time delay in (2), this occurs at the frequency N]g’w"“ , which is
often referred to as the critical frequency [16]. For the case of
single update, nonpassive region is found above Jom for double

6
update above 4 B, ete. It can be concluded that, for the case

of naturally sampled PWM, admittance is inherently passive at
high frequencies.

To illustrate the impact of system parameters on passivity,
IFP for (8) is calculated and shown in Fig. 4. The values are
given for different multisampling factors and three values of
a, corresponding to ﬁ = {5,10,20}%. For N = 1, results
are not shown for @ = 0.2 as such gain results in instability
of Wa(s) in (3). For better generality, values on the left axis
show the IFP relative to the VSC filter susceptance at angular
frequency w,, for which the IFP is found. In this way, results
become independent on the specific value of L. On the right
axis, values of w,,, are shown. First, it can be seen that control
loops with high bandwidths bring significantly stronger negative
damping, whereas the frequency at which the IFP is found
remains practically constant. This yields the conclusion that
passivity issues are more likely to be found in high-bandwidth
systems. Second, as the value of N is increased, the relative
IFP rapidly converges toward 0. Additionally, w,, moves to
higher frequencies meaning that the absolute IFP, i.e., negative
conductance, reduces even more. Finally, it can be concluded
that lower values of L result in stronger negative damping. As
mentioned, repeating the aforementioned analysis for realistic
values of k&, practically does not change results shown in Fig. 4.

There is an ambiguity regarding the interpretation of stan-
dards, such as in [18], to determine the upper frequency limit
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for passivity measurements. Several publications have shown
that, for single- and double-update PWM, investigation is nec-
essary also above the Nyquist frequency due to aliasing and
side-band PWM components [5], [12]. In [15], authors conclude
that if an LCL filter is used, even in case the inner current
loop is nonpassive, high-frequency components on the grid side
flow mainly through the capacitor; hence, the nonpassive high-
frequency region of the inner current loop gets compensated and
the passivity should only be addressed around the bandwidth.
However, it should be noted that the existence of an LCL filter
can only reduce, and not completely remove, the nonpassive
behavior. This is due to the fact that a parallel connection of
a nonpassive element and a reactive element remains nonpas-
sive [16]. Generalized conclusion is hard to be brought, as it
depends on control bandwidth, passive component sizing, and
losses in the circuit. As for the MS-PWM, results shown in Fig. 4
predict the existence of small negative conductances at frequen-
cies significantly above the switching frequency. However, this
comes from the small-signal modeling, which does not take
into account the PWM nature. Namely, a two-level converter
still physically reacts to disturbances only twice per switching
period, by modifying rising and falling edges of 2:(¢). This means
that it is not likely that a VSC can be active at, for instance,
f = 4fowm. Additionally, for high values of IV, small-signal
analysis predicts the existence of negative conductances with
values very close to 0; hence, even extremely small resistances
would be enough to compensate and make the experimental
measurements of nonpassive zones impossible. In the end, given
that, at frequencies significantly above the bandwidth, the ad-
mittance magnitude is determined by the physical VSC output
filter, its low-pass nature would require extremely high values
of perturbation voltages to cause the resulting current to even
be detectable by an ADC. Therefore, subsequent admittance
measurements are performed up to 1.5 fpwm, which is above the
Nyquist frequency for the double-update case.

IV. EXPERIMENTAL VERIFICATION

In this section, results of experimental measurements are
given to show that the MS-PWM is capable of rendering the
admittance passive in a wide frequency range, without any AD.
Subsequently, VSC operation in a grid-connected scenario is
shown to demonstrate the improved resonance damping obtained
using MS-PWM.

For experimental verification, an industrial full-bridge single-
phase VSC is used. Two inductive filters with different values of
L are used to demonstrate the impact of inductance on the IFP,
as seen in Fig. 4. The switching frequency is chosen based on the
used IGBTs and the inductor cores. The hardware parameters
are shown in Table I. The dead time is set to 1% and the VSC
is operated using the bipolar modulation. For input voltage,
regenerative power system Keysight RP7962A is used. A photo
of the experimental setup is shown in Fig. 5.

The control system is implemented on an NI sbRIO-9606,
which is based on a Xilinix Zynq 7020 all programmable system
on chip. The inductor current is sensed by a custom interfacing
board, based on a shunt resistor. The board uses conditioning
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TABLE I
VSC PARAMETERS

Description label value unit
Nominal power Py 3 kW
Nominal input voltage Vi 400 \
Nominal PCC voltage VUpee,RMS 230 \"
Fundamental frequency  f 50 Hz
Switching frequency Sfpwm 20 kHz
Filter inductance L {1.5,2.5} mH

Fig. 5. Experimental setup. 1) Input power supply. 2) VSC and control board.
3) PCC and additional filters used to form resonances or inject perturbations. 4)
Programmable ac source.

circuits, a 12-b ADC module AD9226 by Analog Devices, and
digital isolators. The DPWM clock runs at 160 MHz.

For the digital implementation of (6), used in subsequent ex-
perimental tests, the controller is discretized using the impulse-
invariant approach [6]

1 —cos (w1 Ts)zt
1—2cos (w1Ts)z=t + 272

GC(Z) = kp + krTs (9)

The results are given for values of N € {2,4, 8,16, 32}.

A. Admittance Measurements

Admittance measurements of current-controlled converters
are typically performed by setting the current reference to 0,
which disconnects the Norton current source shown in Fig. 3(b)
[12], [15]. The perturbation voltage is applied to the converter
output filter and the measured admittance determines the current
response. The dc current reference requires no synchronization
with the PCC voltage. Note that even if nonzero grid-frequency
ac current reference is imposed, PLL bandwidth must be set
well-below the current loop bandwidth [9]; hence, its impact
can always be considered negligible for high-frequency passivity
properties [4].

The circuit used for admittance measurements, as shown in
Fig. 6, consists of the tested VSC, the perturbation branch, and
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Fig. 6.  Circuit used for admittance measurements.

the bias branch. The perturbation source v, is implemented using
a power operational amplifier PA107DP, from APEX. Due to
the current limit of PA107DP, the admittance measurements are
conducted for lowered value of Vi, = 250 V and for the higher
inductance L = 2.5 mH, so that the switching ripple of 7, is
decreased. The value of Vj, does not impact the small-signal ad-
mittance, as seen in (4). The perturbation source is connected in
series with a capacitor C), = 10 pF and a resistor 1, = 1 that
is used to smooth any transients. The capacitor is used to block dc
currents as well as to decouple the bias branch from the VSC, so
that switching ripple harmonics of 7, remain the same as if VSC
was connected to an ideal grid. In this way, conclusions obtained
through verification of the impact of MS-PWM nonlinearities
on admittance measurements remain valid for grid-connected
operation [36]. The bias branch features an inductance L, = 2.4
mH, which suppresses perturbation currents, and a resistor [?;
that can be bypassed with a switch s;. The bias branch has two
functions. First of all, it allows the circulation of any dc current.
All admittance measurements are performed for an imposed dc
current reference, such that no current crossover occurs. This
scenario is more critical as it is reported that dead times may
provide certain damping when current crosses 0 [49]. Note that a
dc component of 7 ;, does not impact admittance measurements in
the high-frequency range. Second, when the switch s is opened,
dc component of 77, provides a voltage drop across Ry. This
results in a dc voltage component of vy, referred to as the bias
voltage vp,. By imposing the adequate bias voltage, it is possible
to obtain admittance measurements around specific operating
points. As the PWM itself is nonlinear, and to some extent
operating point dependent [28], investigation of small-signal
properties of the system makes sense to be performed only
around stable and constant operating points. When the converter
operates connected to an ac grid, its operating point moves in
a certain range and the measured admittance is expected to be
some sort of average of the results obtained for steady operating
points in the same range. Measurements for constant operating
points also allow the investigation of MS-PWM nonlinearities
impact on admittance. Admittances are measured without, and
for three positive values of voltage bias. For bias values of 65
and 75 'V, the resistance is set to R, = 24 2. For 150-V bias,
the resistance is set to R, = 48 €). These bias values determine
the steady-state operating point as D = 0.5(¢E + 1), if series
voltage drops are neglected.

The admittance is measured for 17 frequencies, one at the
time, in the range from 5 to 31.5 kHz (0.25 fpwm t0 1.575 fowm),
avoiding the switching frequency. For each point, a sinusoidal
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Fig. 7. Admittance measurements for L = 2.5 mH, N = 2, and a = 0.1,
without dc bias.

v, with perturbation frequency f,, is imposed. Its magnitude
is calculated to obtain at least 100-mA magnitude of perturba-
tion current component flowing through the VSC. This allows
precise measurements using the oscilloscope, in the presence
of switching ripple and noise. The inductor current 7, and the
output voltage vp. are acquired through the oscilloscope with
data length of 20 ms. This yields a spectral resolution, relative
to the perturbation frequency, of 1 % for f, = 5 kHz, which
further improves as f), is increased. The data are postprocessed
in MATLAB, by calculating the FFT of —i;, and vp.. Based
on magnitude ratio of perturbation components, and their phase
difference, admittance at f,, is calculated. The measurements
are performed for the relative crossover frequency o« = 0.1. The
results are compared with the analytical model, calculated as the
frequency response of (4).

As a benchmark, the admittance is measured for double-
update control. Given that MS-PWM nonlinearities are not
present for N = 2 [36], results in Fig. 7 are shown only for
the case without bias voltage. First of all, it can be seen that
an excellent match with analytical modeling is achieved, even
above the Nyquist frequency. This justifies the validity of s-
domain modeling. A nonpassive zone starts from 6.5 kHz, which
matches with the double-update critical frequency obtained for

a proportional controller, J %= . Analytical admittance predicts
another nonpassive zone above 34 kHz, which is outside of the
measurement range.

Results for N = 4 are given in Fig. 8, without bias and for
bias levels of 75 and 150 V. Without bias voltage, duty cycle is
perturbed around a steady-state value of D = 0.5. It can be seen
that for that case, measurements show a slight mismatch from
analytics, particularly in the range below 10 kHz. It is verified
that, for this operating point, one edge of = is determined by a ver-
tical crossing between m and w, which results in reduced-gain
operation [36]. Itis interesting to note that, at higher frequencies,
this nonlinearity does not cause the admittance to go deeper in
the nonpassive zone; on the contrary, it seems that this operation
adds some damping to the system. The same effect is noticed
for other values of N under reduced-gain operation. In Fig. 8,
when dc bias is added, the operating point is such that no vertical
crossings occur, and a good match with analytics is seen. Around
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Fig. 8. Admittance measurements for L = 2.5 mH, N =4, a = 0.1, and
three values of dc bias. Without dc bias, vertical crossings between m and w
occur.
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Fig.9. Admittance measurements for L = 2.5mH, N = 4,anda = 0.1, and
no dc bias. MS-PWM s linearized such that no vertical crossings between m and
w Occur.

12 kHz, the admittance enters the nonpassive zone, however, this
zone is much less emphasized compared to N = 2.

It is of interest to verify whether the mismatch for N =4
without bias results from the MS-PWM nonlinearity. Hence,
MS-PWM behavior is linearized, using the approach from the
work in [36]. In that article, it is shown that vertical crossings,
caused by the switching ripple component of the modulating
waveform, can be completely removed for N = 4, by adding a
low-pass filter with a suitable cutoff frequency to the feedback
path. For the specific case, this is designed as a first-order filter
with a cutoff frequency of 39 kHz, discretized using Bilinear
transform. The filter’s impact is solely on shifting the switching
ripple component, with respect to the carrier, in order to prevent
vertical crossings, and its impact on dynamics is negligible. The
corresponding results are shown in Fig. 9, and it can be seen that
a good match with analytics is now obtained. This confirms that
the effect observed in Fig. 8 is due to MS-PWM nonlinearities.

Results for V = 8 are given in Fig. 10 and similar conclusions
as for N = 4 can be brought. Analytics predict that for N = §,
nonpassive zone occurs around 26 kHz, with the phase of Y;
being just slightly under —3. As for N = 4, without bias, the
reduced-gain operation is present and mismatch from analytics is
seen. Again, this mismatch is more evident at lower frequencies,
and no detrimental impact on passivity occurs. Note that some
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Fig. 10. Admittance measurements for L = 2.5 mH, NV =8, and a = 0.1,

and three values of dc bias. Without dc bias, vertical crossings between m and
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Fig. 1.  Admittance measurements for L = 2.5 mH, N = 16, and o = 0.1,
and four values of dc bias. For 75-V bias, vertical crossings between m and w
occur. Word “experimental” is omitted from the legend to fit the figure.

drop in phase is seen with 150-V bias at frequencies very close
to the switching frequency. This effect is also measured for
other oversampling factors, including N = 2, hence it is not
ascribed to the MS-PWM behavior. At frequencies very close
to fpwm, precise information on admittance and especially on
its phase is hard to obtain, as many nonlinear effects, such as
PWM sidebands and aliasing, may interfere [5], [12], [27],
[39]-[42]. These drops were also noticed in simulations, which
were performed to verify the consistency of measurements.

Results for N = 16 are given in Fig. 11. For 75-V bias,
reduced-gain operation is present. Results are also shown for
65-V bias, which slightly moves the operating point, enough to
prevent vertical crossings between m and w, yielding again a
very good match with analytics. The measurements show that,
for all tested operating points, admittance does not enter the
nonpassive zone. Moreover, the admittance is strictly passive,
which indicates additional robustness. Results for N = 32 are
given in Fig. 12. For all operating points, match with analytics
is excellent and the admittance is strictly passive.

For a comparison, Fig. 13 is given to show real parts of
measured admittances for all tested values of N. A clear im-
provement of passivity is obtained as [V is increased. The results
are given for operating points that do not feature emphasized
impact of MS-PWM nonlinearities.
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and three values of dc bias.
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Fig. 13.  Comparison of real parts of experimentally measured admittances for
all tested values of N, L = 2.5 mH, and o = 0.1.

Experimental admittance measurements were not performed
while the VSC was connected to a sinusoidal ac source with the
frequency f7. This kind of setup would perturb the operating
point with the frequency f;, which would not be consistent with
small-signal analysis of an inherently nonlinear system. How-
ever, it should be noted that simulations were performed for such
case, as required by standard [18], and the impact of MS-PWM
nonlinearities was not seen; the measurements still matched well
with analytical modeling and all passivity-related conclusions
remain valid. The results were somewhere in between results for
tested dc operating points that did not feature vertical crossings
between m and w. This leads to the conclusion that, regarding
passivity, effects of MS-PWM nonlinearities, which arise at
specific operating points, may be masked by the ac operation.
However, a general conclusion for any fundamental frequency
and perturbation magnitude cannot be brought. The simulation
results are not shown for the sake of paper conciseness.

It should be stated that the experimental results show a very
good match with analytics, with errors in the range of a few
degrees. This confirms the validity of used DPWM modeling in
(1). In [12], where a more complex multifrequency modeling
procedure is presented, some mismatch is present both in phase
and magnitude. The experimental measurements in [12] are
performed up to the switching frequency, for single-update case.
In [15], measurements are performed slightly above the Nyquist
frequency, for single-update case, and a higher mismatch from
analytical modeling is seen compared to results of this article.
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Fig. 14.  Illustration of a grid-connected scenario. Grid resonance appears due
to the presence of C'y and L. In blue part, OCP and OVP stand for overcurrent
and overvoltage protection, respectively.

This can be partly due to the use of z-domain modeling in [15],
which fails around the Nyquist frequency.

To conclude, the results of this section have shown that
MS-PWM is capable of rendering the admittance strictly passive
in a wide frequency range, which provides compliance with
the standard [18] without any AD. Some impact of MS-PWM
nonlinearities is present; however, its nature is not found to be
detrimental for passivity properties.

B. Grid-Connected Operation

The objective of this section is to show the implication of
connecting a VSC with a nonpassive input admittance to a
grid with a resonance that falls into the nonpassive region. The
VSC works as a rectifier with a unity power factor, output
frequency is f; = 50 Hz, and the PLL is implemented with
5-Hz bandwidth. The schematic of the grid-connected scenario
is shown in Fig. 14.

Operation is tested for N = {2,4, 32}, two values of the rel-
ative crossover frequency a = 0.2 and o = 0.1, and two values
of filter inductance, L = 1.5 mH and L = 2.5 mH. The two
inductors feature the same core properties and similar winding
resistances, yielding comparable losses. The values of passive
components are Cy = 6.7 uF and L, = 72 pH. The grid voltage
is formed using Chroma 6460 programmable ac source. Due to
unknown high-frequency damping properties of the ac source, it
was of interest to decouple it from the resonant circuit. This was
achieved by connecting Chroma via an LC filter with inductance
L.y, = 324 pH and Cj, = 150 pF. In this way, an almost ideal
ac source, at the frequencies of interest, was formed. This source
is shown in Fig. 14 as v,. With such a configuration of reactive
elements, two resonant frequencies appear in the circuit. The
first one, due to decoupling of the ac source, is found close to
650 Hz and it has no direct implications on passivity tests. The
second one appears at fr.s = 7.63 kHz, which is very close to
the frequency where IFP is found for N = 2. For other tested
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Fig. 16. Experimental tests of a grid-connected scenario. Reference current
magnitude is changed from 4 to 12 A. System parameters are: N = 2, o = 0.2,
L =1.5mH, V;, =400V, and vpee,rms = 230 V.

values of N, MS-PWM renders the admittance passive around
fres- Relatively high Q factor of the resonant circuit was verified
by triggering transients while the VSC was disconnected. To
illustrate the impact of the values of inductance and bandwidth
on the negative damping introduced by the VSC when N = 2,
Fig. 15 shows the real part of Y; for tested values of L and o.
The small-signal modeling predicts that the case with higher
bandwidth and lower inductance will have the worst impact on
stability.

The experimental results show oscilloscope measurements of
one fundamental period of i, (blue trace) and vp (red trace). To
test the impact of various system parameters on total damping,
results are also given for two settings of input/output volt-
ages: Vi, = 400 V and vpee rms = 230 V, and Vi, = 250 V and
Upee,kMs = 110 V. Current magnitude reference features a step
change from 4 to 12 A. The reference change is synchronized
with the instant where current is at its peak value, in order to
trigger a strong transient.

In Fig. 16, results are shown for the case of N =2, o = 0.2,
L =1.5mH, Vi, =400 V, and vpee,ms = 230 V. For all tested
cases of NV =2 and a = 0.2, phase margin is relatively low,
around 30 °, which can be seen from the step response overshoot.
Note that the same relative bandwidth is used in experimental
results in [14] and a slightly higher one is used in [15]. When
reference step change is imposed, oscillations at resonant fre-
quency are evident, especially on the vy trace. After nearly
half fundamental period, oscillations are fully damped due to
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Fig. 17. Experimental tests of a grid-connected scenario. Reference current
magnitude is changed from 4 to 12 A. System parameters are: N = 2, a = 0.2,
L = 1.5mH, Vi = 250V, and vpee,rms = 110 V.
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Fig. 18.  Experimental tests of a grid-connected scenario. Reference current
magnitude is changed from 4 to 12 A. The control system parameters are: N = 2,
a=0.2, L =25mH, Vj;, = 250V, and vpec,rms = 110 V.

nonnegligible passive damping of the grid resonant circuit.
Note the additional presence of lower frequency oscillations,
corresponding to the above-mentioned ac source decoupling.

For the subsequent test, as shown in Fig. 17, control remains
double-update with v = 0.2 and L = 1.5 mH. However, the
voltages are changed to Vi, = 250 V, and vpee,ms = 110 V.
Much stronger oscillations can be seen, but again, resistances
of the experimental resonant circuit do not allow the full system
instability to occur. It is very important to note that, based on
small-signal modeling, lowering the input/output voltages does
not have any impact on passivity. Most likely, higher passive
damping is introduced with V;, = 400 V due to the larger current
ripple, which causes more losses in the circuit. For all subsequent
tests, Vip = 250 V and vpee,ms = 110 V are chosen to enable a
more critical scenario regarding stability.

In Fig. 18, results are shown for the case of higher inductance:
N=2a=02,L=25mH,V, =250V, and vpc,ms = 110
V. It can be seen that much stronger resonance damping is
present than in Fig. 17. Since the two cases feature the same
crossover frequency and phase margin, the only difference in
damping comes from better passivity measures of VSCs with
higher values of L, as predicted by Fig. 15.

To show the impact of reducing the bandwidth, in Fig. 19,
results are shown for the case of N =2, a =0.1, L=1.5
mH, Vi, = 250 V, and vpee,ms = 110 V. It can be seen that
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Fig. 19. Experimental tests of a grid-connected scenario. Reference current
magnitude is changed from 4 to 12 A. System parameters are: N = 2, a = 0.1,
L = 1.5mH, Vi = 250 V, and vpee,rms = 110 V.
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Fig. 20. Experimental tests of a grid-connected scenario. Reference current
magnitude is changed from 4 to 12 A. System parameters are: N = 4, o = 0.2,
L =1.5mH, Vj; = 250V, and vpee,ms = 110 V.

oscillations are strongly damped compared to the case with the
same parameters except for a higher «, seen in Fig. 17.

To verify the positive impact of MS-PWM on damping, con-
trol systems with N =4 and N = 32 were tested for the most
critical system parameters: o = 0.2, L = 1.5 mH, Vj, = 250
V, and vpeems = 110 V. The results are directly comparable
to the one seen in Fig. 17. For N = 4, results are shown in
Fig. 20. It can be seen that, compared to double-update case,
resonant oscillations are fully damped in significantly less time.
For N = 32, results are shown in Fig. 21 and it is clear that the
damping is even higher.

The experimental results are consistent with the analytical
prediction of the impact of N, L, and « on the introduced
negative damping. In our experimental setup, transients trigger
oscillations at the resonant frequency; however, full system
instability does not occur. This confirms that passivity is not
a necessary condition for the system stability, as damped grid
resonances can compensate the nonpassive input admittance of
the VSC.

Two positive aspects of MS-PWM are seen from the presented
results. First, due to delay reduction, for the same crossover
frequency, phase margin is improved compared to N = 2, which
can be seen from the step response. Second, MS-PWM renders
the admittance passive, which results in high damping of oscil-
lations at resonant frequency. Therefore, MS-PWM offers the
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Fig. 21. Experimental tests of a grid-connected scenario. Reference current
magnitude is changed from 4 to 12 A. System parameters are: N = 32, = 0.2,
L = 1.5mH, Vi, = 250 V, and vpee,rms = 110 V.
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Fig.22. HIL tests of a grid-connected scenario. 1-2 resistance, placed in series
with L, is paralleled with a 50-m(2 resistor at £ = 20 ms. System parameters
are: v = 0.2, L = 2.5mH, Vi = 400V, vpee,mms = 230V, and: (a) N = 2 and
(b) N = 16.

capability of implementing very high bandwidth loops, whereas
the passivity extension is inherently provided, without any ad-
ditional AD strategy.

As afinal verification, hardware-in-th\e-loop (HIL) results are
given to demonstrate the instability condition in case the VSC
is connected to a grid resonance with a very high-quality factor.
These results were not obtainable in our experimental setup;
however, in a general case, the grid resonance can feature very
low passive damping. The simulations were organized using
the Typhoon HIL 402 HIL platform to emulate the VSC and
the grid, i.e., red part in Fig. 14. The inductor current and the
PCC voltage are obtained via HIL analog outputs. Sensing,
ADC, PLL, current control, and modulation were implemented
on the same control platform that was used in experimental
tests, i.e., blue part in Fig. 14 remains unchanged, except for
input signal scaling. Resulting transistor switching signals are
connected to HIL digital inputs. In order to verify the con-
sistency of the simulation, all admittance measurements were
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repeated and results matched those obtained experimentally;
hence, admittance properties remain unchanged. These results
are not shown for the presentation conciseness. For the instability
test, operation is compared between N = 2 and N = 16 and the
chosen system parameters are: « = 0.2, L = 2.5mH, Vj, = 400
V, Upee,ms = 230 V, and P = P, = 3 kW. 1-Q resistor is placed
in series with the grid inductance L,. Att = 20 ms, the resistor
is paralleled with another resistor of 50 mS2, in order to reduce
the passive damping and observe the transient. The voltage
protection is set to turn OFF the VSC at instant when |vpe|
exceeds 380 V or |iz| exceeds 25 A. The results are shown in
Fig. 22. It can be seen that for N = 2, stable operation cannot be
maintained as the grid resonance, which falls into the nonpassive
admittance region, is no longer damped by the 1-§2 resistor. The
protection is triggered at approximately ¢ = 39 ms and the VSC
is turned OFF. On the other hand, for N = 16 and the same exact
test, the operation remains stable and resonant oscillations are
quickly damped.

V. CONCLUSION

This article has shown that MS-PWM is capable of rendering
the VSC admittance passive in a wide frequency range, which
provides compliance with the standard [18]. This is achieved
without any AD technique, which significantly reduces the
system complexity, cost, and sensitivity to noise and parameter
mismatch. Some impact of MS-PWM nonlinearities is present;
however, itis not found to be detrimental for passivity properties.
Even for lower values of NV, where the measured admittance still
features a small nonpassive zone, resulting negative damping is
strongly reduced compared to double update. The MS-PWM is
shown to be a promising candidate for grid-connected VSCs as
it enables very high bandwidths while inherently suppressing
the nonpassive input admittance behavior. To enable highest
damping and lowest impact of MS-PWM nonlinearities, it is
advisable to choose as high oversampling factor as allowed by
the control platform.
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