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Controller Design of LC-Based Grid-Tied Converter
to Guarantee Passivity Up to the Nyquist Frequency

Alvaro Morales-Mufioz
Sante Pugliese

Abstract—The main benefit of designing for passivity raises when
passive systems are interconnected, because the resulting system is
also passive and consequently globally stable. Therefore, passivity-
based control design is suitable for grid-connected power electronic
converters to ensure the stability also considering interactions with
other power converters. However, ensuring the passive behavior of
a converter up to the Nyquist frequency is challenging, mainly due
to the phase shift introduced by the computation and the PWM
delay at high frequencies. Previous state-of-the-art techniques face
drawbacks, such as requiring extended states, which sometimes
include a signal derivative, leading to noise injection, reliance
on experience-based filter tuning, and/or incomplete damping of
LC/LCL filter resonance. This article proposes a passivity-based
control design achieved through proportional state feedback that
avoids extended states, achieves LC/LCL resonance damping and
delay phase-shift effect compensation around the Nyquist region.
The proposal is compared with the state of the art and experimen-
tally tested.

Index Terms—DC-AC power conversion, grid-connected power
converters, passivity, stability.

1. INTRODUCTION

TABILITY of modern electrical networks is a challenge
S due to the interconnection of many different systems pre-
senting high frequency dynamics. Design for passivity helps to
tackle it, as the feedback interconnection of stable and passive
subsystems results in a stable and passive system [1], [2], [3]. For
linearized subsystems, passivity compliance is achieved when its
impedance/admittance does not have a nonpositive region, i.e.,
its phase angle belongs to [—90°, 90°] at all frequencies [1], [2].
In power electronics conversion systems, passivity is promoted
by its ability to damp electrical resonances due to reactances
in the grid [3]. Some stringent standards [4] choose designs
based on passivity to provide stability when dealing with large
electrical systems, regardless of the number of converters [3],
[5]. For power electronic converters, passivity compliance at
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high frequencies can be seen in single-input-single-output mod-
els, and the biggest challenge comes from control action delay
effects within the inner loops [3], [5].

Representative design for passivity approaches for grid-
connected converters, which ideally target a wide frequency
range for compliance, are compared and summarized in Table I.
First, Harnefors et al. [6] proposed a composite derivative plus
lead-lag filter within an active damping voltage feedback loop
to account for high-frequency delay effects and then to extend
the passivity compliance region up to the Nyquist frequency.
Limitations of this type of approach could arise from high-
frequency noise amplification and mismatch between contin-
uous and discrete models of the feedback filter. In [7] and [8],
capacitor current is measured and fed back to avoid derivative
terms and reach passivity. Furthermore, the use of lead, lag or
lead-lag filters can be seen as a method of dealing with parameter
tolerance i.e., increasing the robustness of the design. However,
the closed-loop responses remain underdamped around potential
LC filter resonances. Similarly, the authors in [9] and [10] com-
bined capacitor voltage and current measurements with feedback
filters to obtain a passivity-based design. The drawbacks of these
techniques are that they require additional sensors and part of
the tuning is based on experience. The authors in [11] and [12]
used a single loop to track the voltage together with a damping
loop to achieve passivity using grid-side current measurement
in combination with a lead-lag filter. However, the resonance
due to the LC filter is not fully damped. A different approach is
given in [13], where the authors propose to extend the passive
range by using delay compensation by predicting the feedback
values for the next sampling cycle. The passive behavior of this
technique is limited to 0.39 of the Nyquist frequency. Beyond
this frequency, the negative resistance values increase rapidly.
In [14], the integral of the voltage measured at the point of
connection is fed back to obtain an admittance response that
corresponds to a purely inductive behavior. However, the in-
troduction of an integral action when applied to the measured
point of common coupling (PCC) voltage while the tracked
variable is the current, may impact the tracking performance.
Moreover, the voltage measurement may have an offset, which,
in combination with the infinite gain at dc of the controller, can
create a large dc bias, thus causing the malfunction of the system.
The solution to these issues suggests that achieving completely
passive behavior may not be feasible [14]. In a subsequent work
by the same authors [15], passivity is achieved by using notch
filters that narrow the control bandwidth around the fundamental
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TABLE I

COMPARISON OF THE STATE-OF-THE-ART TECHNIQUES FOR PASSIVITY-BASED DESIGN

Validation
Ref. Description Disadvantages . through
impedance
spectroscopy
Pioneer work. It uses a time-derivative open-loop . N - . .
. . Time derivative is sensitive to high-frequency noise.
observer for capacitor current state feedback. It includes L
[6] N . . Lead-lag filters add extended states implicit. It does not No.
a lead-lag filter to increase the phase angle at high . R K
. . . account for discretization in frequency domain.
frequencies to extend the passivity region.
[71, 181, [9] The capacitor current is measured for the state feedback Filter tunings are not straightforward and are based on
P77 | to achieve passivity (time-derivative is avoided). Filters the experience. LC/LCL filter resonances are not No.
(101 are applied to increase the robustness of the design. properly damped.
Passivity is achieved for a single voltage loop control Grid-side current measurement is needed. LC/LCL
[11], [12] by feeding the grid-side current measurement through a resonances are not well damped. Lead-lag filter tuning No.
lead-lag filter. is not straightforward.
Passivity is increased by delay compensation through The passivity range 18 limited to 0.39 Of the I\_Iqust
[13] o frequency. Beyond this value, the negative resistance No.
prediction of feedback values for the next sample cycle. . .
values increase rapidly.
By modifications within the control loop, the control LC/LCL filters are not considered in the converter
action is canceled in a wide range of frequencies, scheme. Likely, the resonance damping is not provided . .
[14], [15] . . . ) L Simulation.
allowing the system to operate in a passive open-loop since the current controller sets a behavior is similar to
mode at such. a pure inductor.
. . . Acquisition system complexity increases.
[16] tf:‘:]‘;fllc delTahy: a;:sxﬁucfsnbg ::f;iiig‘sge;h;“szfﬂ“‘lg Multisampling bandwidth is limited due to switching Experimental.
q Y. p Y rang gLy (sideband) noise.
Pas§1v1ty I‘S achle'ved by applymg optimization in a The design is not heuristic and the optimization is .
[18] continuous-domain model. Experimental admittance . L . Experimental.
. . nonsmooth, i.e., require high computational effort.
spectroscopy is provided.
Passivity is achieved by solving an optimization
[19] problem, based on a continuous-domain model, where The optimization problem is nonlinear, i.e., it requires No
the constraints are obtained from a discrete-domain high computational effort. ’
model.
Discrete-time methodology. Time derivative is used and Derivative signals may amplify noise. Discrete-time
a pole-zero cancellation seeks order reduction and model is conservative about phase margin at high .
[5] .. . . . . . . Experimental.
hence passivity. Comprehensive impedance frequencies. At high frequencies, passivity relies on real
spectroscopy verification is provided. losses.
Discrete-time modeling. A full state-feedback control Passivity up to the Nyquist frequency is not guaranteed. [20]
[20], [21] law without extended states is used to achieve passivity This would require the introduction of a resistance into experimental,
in a wide frequency range. the LC filter. [21] no.

frequency. Thus, the system behaves in an open-loop mode at
high frequencies. A major weakness of these approaches is that
the LC filter is not considered in the converter model, and its
resonance is unlikely to be damped due to the control bandwidth
limitation. Another different approach is given in [16], where the
solution to extend the passivity compliance region is to increase
the sampling frequency, i.e., by multisampling. Reducing the
delay effect improves the phase margins, so the passivity region
is much wider. However, measuring close to the switching events
canlead to the measurement of voltage and/or currentripple [17].
Another view is given in [18]. The passivity-based design is
achieved through a robust controller scheme and relies on an
optimization process applied to a continuous domain where the
delay is approximated by Pade. As a result of the optimization
problem, complex gains (i.e., coupling of orthogonal states)
are obtained. The performance of this proposal is verified with
an experimental admittance spectroscopy. Apart from some
complexity of the approach, a main drawback associated to the
optimization process is a lack of physical meaning associated
to the gains. In [19] a passivity-based design is also achieved
using an optimization method. In this case a continuous-domain
model sets the optimization problem and a discrete-domain
model is applied to establish the optimization constraints. The
main drawbacks are that the optimization problem is nonlinear,
which hampers its resolution, and again there is a lack of phys-
ical meaning associated with the gains. Returning to methods

whose implementation is not based on optimization, the work
in [5] shows that the passivity of grid-tied inverters based on a
capacitor voltage derivative can be more easily achieved when
evaluated from the grid-side current of an LCL filter. Its tuning is
based on a double pole-zero cancellation in the discrete domain.
This work shows that the Z-domain analysis tends to be con-
servative at high frequencies. Its solution also relies on adding
some real resistance to the LC filter. Another discrete-time
proportional state feedback control is proposed in [20], which
does not use extended states (e.g., lead-lag filters). However, the
passivity up to the Nyquist frequency is achieved by assuming a
minimum value for the equivalent series resistance of the filter
capacitor. This article [21] proposes an elaborated discrete-time
full-state feedback modeling. An ad hoc pole location criterion
is provided. It results in complex control parameters (negative
sequence control is different from positive sequence control). An
issue of this approach is that the voltage tracking controller must
be tuned together with the passivity control law. Also, passivity
is not guaranteed up to the Nyquist frequency.

This article proposes a heuristic design for passivity method-
ology with the peculiarity of combining the strengths of
continuous-time and discrete-time models. In particular, this
design targets passivity compliance up to the Nyquist frequency.
The control law is described by a full state feedback and avoids
complex, derivative and/or integrative terms. It also maintains
the controller simple by not adding new states (i.e., extended
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Fig. 1. Diagram of an inverter connected to the grid via an LC filter. The
grid is represented by using the equivalent Thevenin model. The single-phase
representation covers the balanced three-phase three-wire case with a3-frame
model [23].

states). Another advantage is that this proposal does not require
multi-sampling, thus avoiding possible switching ripple injec-
tion. Furthermore, damping of LC/LCL filter resonances can
be achieved without physical resistances under high-bandwidth
conditions. Finally, this technique can be used in conjunction
with a resonant controller that allows for tracking of voltage
or current references. In this case, the power converter can be
modeled either as a voltage or a current source (CS) equiv-
alent [22]. Moreover, since the resonant controller operates
only within a narrow frequency range, specifically around the
nominal frequency, it does not interfere with the wide bandwidth
response.

The rest of this article is organized as follows. Section II
describes the system and control laws in discrete and continuous
domains. Then, the proposed method for passivity compliance is
explained in Section III-A. In Section IV, the proposed method
is and compared to the state-of-the-art technique by simulation.
Experimental impedance spectroscopy results of the proposal
are obtained and analyzed in Section V. Finally, Section VI
concludes this article.

II. SYSTEM DESCRIPTION
A. Discrete Domain Modeling

A three-phase, three-wire, grid-tied inverter with an output
symmetric LC filter, which is fed by an infinite power dc voltage
source, is depicted in Fig. 1. In this way, a controller can be
designed, specifically for voltage control [11], [20], [21], [24],
[25], [26], [27], [28]. Assuming a symmetrical and balanced
three-phase system, the modeling and analysis can be reduced
to that of a single-phase system. A single-phase continuous-
domain delay-less dynamic state—space model of the grid-tied
inverter is the following, where the exogenous disturbance is a
CS [24], [28] that represents the load demand, thus respecting
in this way the principles of causal systems [29]:

diL(t) o _’Uc(t) ’Uin(t)
dt L L
dve(t) B in(t)  ig(t)
a ~ Cc @ C M

where i, is the current of the inverter-side inductor, v is the
voltage drop in the capacitor leg, vy, is the inverter voltage,
and 4,4 is the grid-side current. These equations are suitable for
modeling the system in the o3-frame

6677

The zero-order hold (ZOH) discretization and the addition of
the delay due to the use of a digital controller can be found in [20]
and [21], which follow [30] guidelines. The final state—space
representation is given by (2) (show at the bottom of the next
page), where

()
()
c:@sin(\/%) 3)

with T being the sampling period. The proposed state-feedback
control law is described by

w)=-[K K K [in() vel) we)] @

—_———
K

B. Continuous Domain Modeling

The ZOH discretization method takes into account the digital
delays, introduces the delayed action as a state [30], and pre-
serves the position of the poles [31]. These properties are very
convenient for zero-pole placement designs. However, it does
not provide an accurate model of the system at high frequencies
and establishes that the system cannot be passive [21], [32], [33].
ZOH transfer functions are of relative order one or higher in the
Z-domain, which means that each stable pole/zero introduces a
+180° phase shift at the Nyquist frequency and compromises
the passivity criterion [32], [33]. Passivity is then proved by
applying a less restrictive and more accurate continuous domain
model, which also includes the ZOH sampling and digital con-
troller delay effects [16], [18], [21], [34]. First, (1) is represented
in the Laplace domain

Vin($)
L

L
_inls) igls)

ve(s)

sip(s) = —

= 5
suo(s) = 2 — 1 )
Then, the control law for passivity plus the delay are applied
1 — e Tss
Gzou(s) = T (6a)
ZOH delay
Gdd(s) = e Tes (6b)
Dig. ctrl. delay
Gaa(s)Gzon(s)
G =—"" 6
d<s> 1+ Kded(s) (6¢)
vin(8) = —Ga(s)(Krir(s) + Ky Ve(s)). (6d)

It is important to note that the ZOH model considered here,
(6a), while more accurate than the discrete model, assumes an
ideal modulator. More refined models have been developed, such
as those presented in [35] and [36]. These advanced models may
also be employed as alternatives to (6a).
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Fig.2.  Single phase model of the inverter considered and control schematic at
normal operation mode of the proposed controller. The impedance of the system
at PCC, Z.y, is marked.

III. CONTROLLER DESIGN

The proposed control diagram is presented in Fig. 2. A
passivity-based state feedback is presented in the first part.
The second part explains a selective controller for reference
voltage tracking, which is commonly the output of grid-forming
controllers. They rely on external loops based on active and
reactive power for synchronization purpose and voltage regula-
tion, respectively [37]. However, the influence of external loops
is beyond the scope of this article, as they only affect a low
frequency range.

A. Design for Passivity

The passivity compliance of the inverter can be achieved by
using the converter current iy,(z), the capacitor voltage v (2),
and the delayed (voltage) action vg(z), cf., Fig. 2. The goal of
the passivity design is to preserve the impedance response of the
converter between +90° and —90° [1], [2].

The design is based on a zero and pole placement crite-
rion that attempts to bend the frequency away from £90°at
high frequencies. The impedance of the Thevenin equiva-
lent of the converter transfer function in the Z-domain is
considered

- [0 1 0} (21 — ¢+ TIK)"'T (7)

where [ means the identity matrix. The expanded equation
obtained by substitution of the variables, (2) and (4), in (7) is
shown in (8) shown at the bottom of the next page. The poles
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poles, p2 3
24 (Kg—2a)2% + (bK; 4+ (1 — a)Ky — 20Ky + 1)z
—bK;+(1—a)Ky + K4 = (2 +m)(2* + hz +n). (9)

The impedance transfer function numerator of (8) consists of
a couple of zeros, 21 2, which do not depend on Ky . In other
words, the zeros depend mostly on the inductor of the plant and
the states associated with it. The frequency and damping can be

obtained by 21 5 = e(*CwTsins\/L@j)

22+(Kd—1)Z+M

= 22 — 27 6w=T5s g (szs \/@)z + e 20w T (10)

where (, is the damping factor of the zeros and w, is the
frequency of the zeros. Therefore, using (9) and (10), the gains
can be defined as a function of m, which, eventually, is the real
pole p; = —m, and the natural frequency and damping factor
of the zeros

K — Ky

C
K, — —2Cw. T K 11
=30 (e + Kq) (11a)
" —1—2am—m?+ (2a+m+ L)Kq—b(1+ L)K;
\4
(1-a)1—3)
(11b)
Ky=1—2e T cog (szs,m - cg). (11c)

Considering three control gains and five roots (three poles and
two zeros), this is an overdetermined system, which is solved by
following an holistic approach that also considers the continuous
domain equations.

Focusing on (6¢), it is clear that K; has a large influence
on the effect of the delay over the system. This is studied by
substituting a set of values in (6¢), whose frequency response
is depicted in Fig. 3. The main conclusion is that a large value
of K4 helps to reduce the phase shift introduced by the delay.
Because of the relationship between the zeros and K4, a way to
ensure a large value of K, but keeping the zeros inside the unit
circle, has been found by selecting the frequency of the zeros
as the Nyquist frequency. The damping factor values are inside
the range 0 and 1, which leads to 0.96 < K, < 3, according to
(11c).

Finally, the selection of m is examined, which affects the
position of all the poles

h h?
3=—==+1/——n
P23 D) 1 n

of (8) can be divided into a real pole, p; and a complex pair of (12)
ir(z) a —=b b ir(z) 0 1—a
z |ve(z)| = a l1—a| [ve(z)| + [0 vin(2) + | —c |ig(2). (2)
va(z) 0 0 vq(2) 1 0
—~
¢4 ry rg
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Fig. 3.  Effect of the gain K4 over the delay.
The real part of the complex poles is given by
_ h _ 2a+m—K .
Re(pz3) = —5 = =54, The expression of the Re(ps3)

implies that lowering the frequency of the real pole p; causes
the complex pole pair p, 3 to shift further to the left side of the
unit circle.

The first constraint is that p; must lie within the unit circle
on the positive real axis, which implies that —1 < m < 0. In
addition, the complex poles ps 3 should be close in frequency to
the complex zeros

G)KI

12T Ty 1

which are located at a high frequency and are independent of m.
This condition ultimately results in the damping of the LC filter
resonance through the pole-zero cancellation of ps 3 with zq 9.
Comparing the real part of ps 3 and 21 2, a second constraint
on m can derived as m < 1 — 2a. Moreover, the interaction
between complex poles and the real pole should be avoided,
i.e., they should be decoupled (at least a frequency difference
of five times [30]). Assuming this decoupling, p; becomes the
dominant pole, leading to the third design constraint. A higher
frequency for p; is preferred to ensure a wider predominantly re-
sistive behavior, without affecting the performance of reference
tracking and disturbance rejection controllers, around nominal
frequency (at least a frequency difference of five times [30]).
Combining all the constraints a region of design for m emerges

—edTs <y < 1—2a (14)
where wy is the nominal frequency.

Stability robustness, i.e., goodness of the tuning, should con-
sider the position of the zeros and poles of (8) (cf., Fig. 4
for different design values) and the high frequency response
from the continuous model. By combining (5) and (6), the
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Fig. 4. Poles and zeros location of the impedance Zcy depending on the
damping factor of the complex zeros when the single pole is located at 500 Hz,
—m = e 27500Ts and the natural frequency of the zeros is at Nyquist fre-

2
quency, wz = 5p-.
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Fig.5. Frequency response of the impedance Zcy depending on the damping

factor of the complex zeros when the single pole is located at 500 Hz, —m =

e~27500Ts "and the natural frequency of the zeros is at Nyquist frequency,
p— us

Wz = 37

continuous-model impedance transfer function is given by

ch(s) = ——

i KIGd(S)
cst —IC
K[Gd(s) 1+Kde(S) .
z St —1ic

(15)

24

Its frequency response is used to check the passivity in the high
frequency range, e.g., as shown in Fig. 5 for different damping
factors. A quick checking about the tuning can be extracted from
the necessary condition obtained by Z, (s = 0) > 0, assuming

—C (22 + (Kd — 1)Z+ MK] —Kd)

C

—Zw(2) =

23 + (Kd — 2@)22 + (bK[ + (1 —a)KV —QCLKd—l- 1)2— bKI + (1 —G,)KV +Kd

®)
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K, definition
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Verification of stability and passivity

Fig. 6. Passivity-based tuning proposal diagram.

K71 > 0, which is

1+ K4 > —Ky. (16)

The proposed tuning methodology described in this section is
summarized in Fig. 6.

B. Signal Tracking

The tracking controller should not change the base behavior
achieved with the passivity controller. For this reason, a resonant
filter is chosen

K.s+ K
Gr(s) = ﬁ (17)
It changes the main behaviour in a narrow frequency range,
where it provides a high gain, and then achieves perfect reference
tracking and disturbance rejection in steady state. It should be
tuned for the expected range of short circuit ratio [31], [38].
A strategy for reducing the harmonics content in a specific
variable, i.e., voltage or current, is to feed back the variable
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measurement after filtering it through resonant controllers at
the desired frequencies [19], [31], [38]. Equation (17) can be
discretized by applying zero-pole matching as

KQZ + Kl
22 — 2cos(woTs)z +1°

G.(z) = (18)
The design is oriented for tracking voltage, but similar deduc-
tions can be made for tracking current. A feedforward term, K,
is added to the resonant controller for improving the transient

vin(2) = —Krip(z) — Kgqva(z) — Kyve(z)

+ G (2) (u(2) —ve(2)) + Kpvg(2). (19)

In principle, the feedforward term is not strictly needed to reach
steady-state performances. The criterion to calculate the gain of
the feedforward gain is done by achieving perfect tracking at dc
without considering the disturbance, i.e., substituting (19) in (2)

ve(z=1)

=1=Ks=14+K;+ Ky.
v(z = 1)

ig=0

(20)

Similar input can be applied to the continuous domain model

vin(s) = —=Ga(s)(Krip(s) + Kyve(s)

+ Gr(s) (vo(s) = vrf(s)) = Kiu(s)). (1)

C. Robustness Against Filter Parameter Tolerance

The values of the filter components are not always precisely
known, or sometimes even unknown; suppliers always provide a
tolerance, and these component values can vary with operating
factors or conditions, such as operating temperature, voltage
level, or supplied power. This section discusses the effect of the
design decision as a function of parameter variability.

If alow-damping factoris chosen, (, = 0.1, the passivity is al-
ways maintained in the considered cases, cf., Figs. 7 and 8. How-
ever, in terms of stability, increasing the inductance by 10 % pro-
duces the system to become unstable, while a decrease of a 10%
in the inductance places the system near the edge, but again on
the side of instability, cf., Fig. 7. If a high-damping factor, which
allows the passivity, is chosen, ¢, = 0.5, the system maintains
the stability. Nevertheless, the passivity is at the edge when the
inductance is increased, cf., Fig. 7. With the same variations in
the capacitance of the filter, it can be appreciated that it has less
influence in the zero-pole location in any case, but in the case of
high damping, the passivity can be broken, cf., Fig. 8.

IV. SIMULATION RESULTS

The proposed method is compared with the work proposed
in [21]. The parameters of the system and the control gains
appear in Table II. After the previous considerations, the single
pole location at 500 Hz, m = —e 27007 ~ —0.85, w, = 2%,
and ¢, = 0.3 is found as a design that maintains the stability and
passivity against filter parameters drift. This means more than
5° phase margin to —90° with nominal parameters and a radius

of the complex poles of, approximately, 0.465.
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TABLE II

PARAMETERS AND CONTROLLER GAINS VALUES

Param. Value Gain Value Gain Value
L 5.0 mH Kr 187 Kr 36.2 + 1.95j
C 1.5 pF Ky —1.75 Ky —0.693 + 0.0285
Ly 1.0 mH Kq 1.77 Kg 0.468 + 0.0157;
fsp 20 kHz Ky —0.1 K, —1640 — 2425
Ssw 10 kHz K> 0.10003 wi 273 rad/s
Sp 4 kVA K¢ 1.02 ay 1
Vi 400 V wo 2750 rad/s Wel 0.01wq rad/s
Zy 40 Q Control 1} Control [21] 4}
Hardware 1}

Z ey ()] (dB )

270 O)

'S
=)

[
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-90

-180

10!

10°

10°

10*

6681
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Fig.9. Frequencyimpedance response of the work presented in [21],in orange,
compared to this article approach passivity-based method, in blue. Passivity is
not achieved in [21] case because the phase angle crosses +90° or —90°.

10! 107 10° 10*
Frequency (Hz)
Fig. 10.  Frequency response of the closed-loop transfer function I;i((:)) .

A. Impedance Frequency Response

Substituting the gains into (15) and applying a frequency
sweep, gives Fig. 9, which is the frequency response of the
impedance of the system. It can be seen that our proposal keeps
the passivity along all the bandwidth. On the other hand, the
method of [21] cannot ensure the passive behavior. In this case, it
is slightly nonpassive at high frequencies. At low frequency, [21]
impedance is much lower thanks to the use of a complex resonant
filter. It tracks only the positive sequence. However, the response
of the system in this range is dominated by the power loops.
Therefore, a high absorption of subharmonics waveform is not
guaranteed. This also means that negative sequence disturbances
at nominal frequency are not rejected.

In both cases, the resonance is damped and both sequences
of the fundamental frequency are under control. The high-
frequency harmonic rejection terms are neglected in this com-
parison because they do not affect it.

B. Voltage Tracking

Combining (5), (6) and the input, (21), the closed-voltage loop

transfer function, 2&.()
e (8)

is illustrated in Fig. 10.

is extracted and its frequency response
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Fig. 12.  Example of an experimental measurement for identification of the
impedance response in the harmonic 181 (9050 Hz). (a) Time-domain wave-
forms including the 9050 Hz grid-side current disturbance and capacitor leg
voltage response. (b) Amplitude of the waveforms obtained by applying FFT.
Special relevance of the peaks at 9050 Hz.

The voltage reference is perfectly tracked at nominal fre-
quency, where the resonant filter dominate the system response.

V. EXPERIMENTAL RESULTS

The experiments were carried on using inverters Danfoss
FC-302, and their filters, as shown in Fig. 11. The values of
parameters are collected in Table II. The control method is
implemented in a dSpace real-time fast prototyping control
board. Synchronous sampling and double update is used. Mea-
surements are recorded by a Lecroy HDO6104-MS oscilloscope
with a sampling frequency of 1.25 MHz.

A. Output Impedance Measurement

This test is performed using two similar inverters connected
in parallel, as shown Fig. 11. One of them controls the voltage,
device under test (DUT) (see Table II), which acts as a voltage
source, and the second one controls the current, which operates
as a CS that permits to inject very high-frequency currents. The
current controlled inverter generates the disturbance input of the

Perturbation Generation

Setup schematic of two inverters in parallel for output impedance identification: one acts as a voltage source (DUT), and other such as a CS (disturbance
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Fig. 13.  Impedance spectroscopy (frequency impedance response) of the ZOH
discrete domain model and experimental data. Passivity is achieved because the
phase angle never crosses +90° or —90° (red area). At nominal frequency
(50 Hz) the gain does not appear because it was too low value.
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Fig. 14.
att = 1s.

Time domain response of a voltage reference step, from 150 to 200V,

DUT. For this reason, a controller with very high bandwidth and
proper stability is needed. In fact, the current controller of the CS
inverter is mostly based on proportional gains [same control law
for the passivity-based proposed design and a feedforward term
with a proportional gain calculated similarly as in (20)]. Thus,
the tracking of the amplitude and phase is not perfect, but the
main objective is to inject high-frequency current and achieve a
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wide bandwidth, which is fulfilled. The amplitude of the injected
signal is not relevant because the presented controller is fully
linear.

In other words, injecting a current with a specific frequency,
that is measured by the oscilloscope, into the system will release
a response in the target system that can be measured by the
oscilloscope in the capacitor leg voltage with the same frequency
to identify the impedance, cf., Fig. 12(a). By using the FFT
(e.g., from the oscilloscope output [39], [40]), the amplitude
and phase of the impedance can be obtained, cf., Fig. 12(b),
from the expressions

_ v ()]
|igDUT (]W) |

AZCV(jw) = ZvCDUT (]L«)) - AigDUT (.]w)

| Zev (jw)]

(22)

As the output voltage also depends on the reference signal,
Urf = 0.

The result, Fig. 13, shows that passivity is satisfied in the
full range of the measurement setup. Moreover, the effect of the
resonant filter is clear due to the low gain around the nominal
frequency. Passivity constraints are met.

B. Voltage Tracking Dynamic

This experiment aims to evaluate the dynamic performance of
the controller by applying a step change to the voltage reference.
To this end, two similar inverters are connected in parallel, as
shown Fig. 11. The inverter that emulates the perturbation acts
as a CS and maintains constant the current, while the voltage
reference of the DUT is varied from 150 to 200 V at ¢ = 1s, as
shown in Fig. 14.

The response is dominated by the action of the resonant con-
troller and exhibits an underdamped behavior, which is intrinsic
to the resonant filter [41]. Finally, the steady-state error is zero
due to the infinite gain at the nominal frequency of the resonant
controller.

VI. CONCLUSION

This article proposes a heuristic design for passivity method
for the control of grid-tied inverters. The control law is based on
state-feedback and does not require extended states and complex
gains. The method combines pole placement in the Z-domain
model, with decisions based on physical findings, i.e., delay
compensation at high frequencies by properly choosing K.
The accuracy of the continuous-domain model is also taken into
account to prove passivity from the low-frequency range up to
the Nyquist frequency. In addition, the system attenuates LC
resonances through double pole-zero cancellation. This design,
which has been developed for a three-phase balanced system,
applies to a single phase case.

In addition, the passivity-based control design is accompanied
by a resonant filter for tracking the 50 Hz component without
compromising passivity in any other frequencies.

Finally, the robustness of the method against filter parameter
variability is demonstrated. For the selected case, a phase margin
of 5° respect to —90° is achieved and a radius of the most
sensitive poles to parameter variation of 0.435. Experimental
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verification is based on an impedance spectroscopy test that
validates the accuracy and performance of the proposed method.
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