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Abstract—Admittance reshaping is a widely used strat-
egy to address the converters low-frequency stability is-
sues in weak grid, caused by the PLL and its interaction
with the dc and ac voltage control. However, the asymmetric
control of the d- and g¢-axis current references and the
coupling between the converter ac and dc side restricts
the damping capability of Single-Input-Single-Output feed-
backs. This phenomena gets even worse in presence of
nearby converters. This paper extends the concept of ad-
mittance reshaping to Multi-Input-Multi-Output (MIMO) con-
trol. A full state-feedback is added to the current reference
of the converter to increase the damping of the conven-
tional multi-loop control. A systematic offline algorithm is
delegated to design the feedback, and a scalar coefficient
is employed to activate/deactivate online the reshaping
feedback, making the proposed solution user-friendly. The
proposed control is analyzed both in time- and frequency-
domain and tested in parallel-operation with other convert-
ers, and shows higher damping capability than conven-
tional solutions and good robustness with respect to grid
impedance and operating point variations. Experimental
tests under ac and dc disturbances are conducted both in
lab setup and in Hardware-In-the-Loop.

Index Terms—State-Feedback, Reshaping Control, Low
Frequency Stability, Voltage Source Converter, Active
Damping

[. INTRODUCTION

HE evolution of the distribution and transmission grid to-

wards a power electronics-dominated network brings new
challenges for the stability [1], [2]. Low-frequency stability
problems in grid-following voltage source converters (VSCs)
are mainly related to the outer control loops, e.g. the syn-
chronous reference frame phase-locked loop (SRF-PLL) [3],
the dc voltage control (DVC) [4], the ac voltage control (AVC)
[5]. Recent studies highlighted that the interaction between
PLL, DVC and AVC, besides their individual dynamics, is a
major cause of instability [6]-[8]. This represents a challenge
for the control design [9]-[13].

Damping is a fundamental concept in VSC stability and
control [14], [15]. Low damped converter dynamics result in
poor stability margins, high overshoot, large and persistent
oscillations, which jeopardize the stability of the rest of the
grid [1], [15], [16]. In dynamic systems, e.g. VSCs, the
damping ratio around an equilibrium point can be determined
by the eigenvalues of the Jacobian A matrix, and highly
depends on the control tuning parameters [7], [8]. Decreasing
the PLL bandwidth has been demonstrated to increase the
VSC damping in weak grid, yet it impairs the VSC response

to fast grid transients [8], [17], [18]. Substituting the PLL
with a power synchronization also improves the damping in
weak grids, yet it may introduce stability problems in stiff
grid [19], [20]. Another widely used approach is to add an
active damping (AD) feedback u in the current reference of
the converter main control, as shown in Fig. 1 in generic form
[91, [21].

The AD feedback u is often designed in the frequency
domain with the aim of “reshaping” the converter output
admittance to enhance the stability. This strategy is often called
admittance (or impedance) reshaping [14], [22]-[24]. In many
cases, the feedback variable ¢ in Fig. 1 is a voltage, and
the transfer function K(s) assumes the meaning of a virtual
admittance [9], [14], [21].

Virtual admittance design and stability analysis are often re-
alized through Single-Input-Single-Output (SISO) approaches,
neglecting the d-g axes cross-coupling [9], [14], [22], [23].
The paper [11] pointed out that the d-q axes cross-coupling
due to the SRF-PLL cannot be neglected, and proposed a
symmetrical PLL to eliminate the coupling and allow SISO
impedance reshaping design. Nevertheless, it neglects the DVC
and AVC, which also creates d-q axes cross-coupling [25],
[26]. The drawback of neglecting the dynamics coupling to
simplify the virtual admittance design is that the resulting
AD control increases the damping in limited amount [25],
[26]. In grids with high penetration of power converters
and low SCR, high amount of damping are requested for a
stable and smooth response to disturbances [17]. Conventional
SISO solutions in these cases may be insufficient, leading to
persistent oscillations in the grid and low stability margins
[7]. That motivated to redesign the entire VSC control system
through Multi-Input-Multi-Output (MIMO) techniques [25],
[26].

Besides these aspects related to the ac side stability, the
VSC stability can be threatened also by disturbances coming
from the dc side [27], often neglected in literature [9], [14],
[21]. In order to include dc terminals in the model and analyze
its interaction with the ac side, the VSC has to become a
3 x 3 MIMO system, making the stability analysis and control
even more difficult. Lastly, the VSC dynamics nonlinearity is a
further challenge, since the equivalent damping of the VSC can
change depending on the operating point [7], [27]. Therefore,
a method for computing the VSC equilibrium point (and assess
if it exists) must be determined, and a nonlinear model which
can be linearized around different operating conditions (grid
voltage level, VSC active power level, grid impedance) has to
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be employed.

This paper extends the idea of admittance reshaping to
MIMO control. A nonlinear MIMO VSC model with 3 inputs
(dc current and dgq grid voltage) and 3 outputs (dc voltage
and dq ac current) is derived. An AD state-feedback u is
designed and applied to the current loop reference as in Fig.
1, considering as ¢ the n-dimensional VSC state vector, and
as K(s) a low-pass filtered 2 x n gain matrix K. The control
is designed based on eigenvalue placement [28] applied to
the plant highlighted in the red frame in Fig. 1, composed of
the VSC, its main control and the grid Thevenin equivalent.
The full state-feedback allows to arbitrarily set the damping
ratio and natural frequency of all the closed loop eigenvalues,
and will be demonstrated to have higher AD capability than
conventional SISO admittance reshaping.

An offline systematic and user-friendly algorithm is entirely
delegated to design the state-feedback matrix K, and a re-
shaping coefficient o is added to the control law to easily
activate/deactivate the reshaping feedback. The effect of the
reshaping control on the dc side dynamics and the interactions
with the ac side is studied through frequency domain analysis,
showing an effective AD action for the resonances. The
nonlinear VSC model is linearized around different equilib-
rium points, computed through Newton-Raphson method, to
analyze the damping capability during different grid SCR
(from 4.5 down to 1.1), grid voltage and VSC active power
levels. The proposed reshaping control is analyzed and tested
also in parallel operation with other VSCs, showing in each
case higher damping capability than conventional solutions
[9]. Experiments are conducted both in a lab setup and
in Hardware-In-the-Loop, and demonstrate that the proposed
control increases the damping in multi-VSC microgrids and
stabilize them during various kinds of disturbances, both
coming from the ac and dc converter side.

The paper is structured as follows: section II describes the
VSC modeling and linearization, section III the control design,
section IV presents the frequency-domain analysis, section V
analyses the robustness, section VI shows the experimental
results, and section VII presents the conclusions.

[I. FUNDAMENTALS OF RESHAPING CONTROL AND
MODEL DERIVATION

The scheme of the considered L-filtered three-phase VSC is
depicted in Fig. 1. The converter is supplied by an upstream
primary energy source modeled with a current source injecting
a current 4. = P , where P* is the generated active power.
The converter mam control highlighted in the yellow frame in
Fig. 1, is the conventional multi-loop control [2], [8], including
a PI controller for the dc-link voltage, a PI controller for the ac
voltage magnitude and a synchronous reference frames phase-
locked-loop (SRF-PLL) for the synchronization; the reference
current is tracked through a PI inner current loop. The VSC is
connected to the grid, modeled with a voltage source e with
a series impedance Z,.

The key feature of the state-feedback reshaping control
is the plant used for the control design, highlighted in the
red frame in Fig. 1. The inclusion of the complete main
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Fig. 1: The three-phase voltage source converter with the
addition of a generic reshaping control feedback.

control model (i.e. PLL, voltage and current controllers) in
the plant is essential to reshape its dynamics, and distinguishes
the proposed reshaping control from other MIMO controls in
literature [25], [26]. The resulting AD state-feedback will thus
contain also states from the VSC main control, as explained in
the next section. The inclusion of the grid Thevenin equivalent
model with a high impedance Z, in the plant is instead needed
to capture the mechanism of grid-following instability in
weak grid condition, and to design proper reshaping feedback
to mitigate it. The equivalent grid impedance is modeled
as a RL branch Z,(s) = Ry + sLg, as by most of the
researches focusing on low frequency dynamics [9], [11], [29].
Nevertheless, Z, is often uncertain and time-variant, and is
furthermore influenced by the presence of other converters
in the nearby, representing a great challenge for the control
design [30]. Therefore, it is necessary to investigate if the
proposed state-feedback reshaping control designed under a
certain value of Z,(s) is robust, i.e. it can keep its damping
properties also under a different Z; and in presence of other
parallel connected converters.

A. Converter nonlinear modeling

The proposed reshaping control aims to damp the dynamics
in the near- and sub-synchronous frequency range. Thus, the
model used for the control design needs to include only the
dynamics responsible of the oscillations in this frequency
range, i.e. the outer loops and the ac/dc power conversion [1],
[8]. We proposed and validated in [7], [31] a novel current
loop dg-frame model for low frequency dynamic analysis of
power systems, which is particularly suitable for the design of
the low-frequency state-feedback reshaping control. The main
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idea of [7], [31] is to model inverter ac side and its current
loop with a Norton equivalent, whose state-space model is:

Vee = Kﬂc — Kﬂg
Z.c = *wccic + chi; (1)
vg = Kp (ic — i) + Vee

The derivation of (1) follows the typical mathematical steps
used in impedance-based modeling [8], yet it expresses the
final result in state-space form. Further details can be found
in [7], [31].

The model (1) of the current loop can be merged together
with the model of the dc-link dynamics and the outer loops,
obtaining the VSC state-space model:

{:'v = f(z,u,d,r) )
y = h(z,u,d,r)

where the state vector x, the reshaping control input u, the
disturbance input d, the reference input r, and the output y
are defined respectively as:

T
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The reshaping control input u has the dimension of a current
in dq frame, and is added to the current control reference iy
as in Fig. 1. The model (2) expressed by nonlinear differential
equations is:
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The obtained model (4)-(5) is linearized and used to design
the proposed state-feedback reshaping control.
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Fig. 2: The offline procedure for the computation of the VSC
equilibrium point and linearization.

B. Equilibrium point computation and model linearization

For the linearization of the model (2), two important con-
cepts must be distinguished: operating point and equilibrium
point [7]. The operating point of the VSC is determined by
the steady-state values of the converter inputs d and 7 in
(3), denominated d* and r* respectively. The operating point
defines the conditions on which the converter is operating,
particularly its nominal active power, the grid voltage e level
and the set-points of the control system. The equilibrium point
is the steady-state value of the VSC state z in (3), denominated
Z., when the converter is working at the operating point
defined by d* and r* [17].

It is important to remark that the equilibrium point does
not always exist [32]. By increasing the active power P*,
i.e. increasing i4. in d*, if the static power transfer limit is
exceeded the equilibrium point does not exist and the system
gets unstable [33]. Also in low grid voltage e scenarios, e.g.
sustained voltage sags, the non-existence of the equilibrium
point has been widely reported as a cause of instability [17],
[34]. This kind of instability is different from small-signal
instability and is out of the object of this paper: the operating
points where the equilibrium point does not exist will be
excluded from all the following analyses.

The authors proposed in [7] the use of Newton-Raphson
algorithm on the nonlinear model (2) to compute (if existing)
the VSC equilibrium point and obtain a linearized model. The
procedure, which has to be run offline before the control de-
sign, is explained in Fig. 2. The converter nonlinear model (4)-
(5) is initialized with its main hardware and control parameters
given as input in form of an array I', and its operating point
given by d* and r* is substituted into the model. The reshaping
input u is set to 0, since it does not affect the equilibrium
point [12]. The Jacobian matrix A(x) is then computed with
the help of symbolic computational toolbox [35]. A flat start
for x. is chosen by considering v4. = v}, Vee = v; and the
other state variables null, the Newton-Raphson algorithm is
executed, and the equilibrium point z. is computed [7]. In the
case when the equilibrium point does not exist due to exceeded
static power transfer limit, the Newton-Raphson algorithm did
not converge, as expected [32].
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reshaping control in the VSC.
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[1l. STATE-FEEDBACK RESHAPING CONTROL

The AD feedback w is applied to the current loop reference
iy similarly to a virtual impedance, as shown in red in Fig.
3. The proposed reshaping control has the form of a modified

full state-feedback:

u=—oK (z — x.) (6)
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Fig. 5: The effect of the reshaping coefficient o on the closed
loop eigenvalues for SCR = 3.5, SCR = 2.5, SCR = 1.8.

Three main constituent elements are present in the reshaping
control law (6), discussed in detail in section III-A:

1) K is the 2 x 11 feedback gain matrix (denominated
reshaping matrix)

2) o is a scalar coefficient (denominated reshaping coeffi-
cient) between 0 and 1

3) x. is a feed-forward term, and can be chosen either
as the flat start discussed in subsection II-B, or as the
equilibrium point computed through the procedure in Fig.
2.

Considering 0 = 1, the control law (6) is a conventional
state-feedback law, which arbitrarily assigns the eigenvalues
position of the closed loop state matrix (A — BK) [16], placed
in this case in a well-damped position (( = ¢) as shown in
Fig. 4. By adjusting o in the interval [0, 1] in (6), the closed-
loop eigenvalues position can be further regulated, as shown
in Fig. 5. For ¢ = 0, the reshaping feedback is completely
deactivated, resulting in the traditional multi-loop control [8].
By increasing o the eigenvalues follows a trajectory toward
the desired position established through K, reached for o = 1.
This strategy has a precise reason: acting directly on the matrix
K to change VSC behaviour is not intuitive, it requires a deep
control theory experience and cannot be done online. Instead,
using a scalar coefficient o to switch on/off and regulate the
damping action fixed by the term —K (z — z.) in (6), also
online, provides a unique effectiveness/usability profile. From
the effectiveness point of view, the full state-feedback (6) has
total dynamics reshaping capability [16]. From the usability
point of view, the amount of damping is regulated through
a single parameter o € [0, 1]. To make the proposed control
even more user-friendly, the design of the matrix K can be
made systematic, i.e. a set of design guidelines and rules
applicable by an offline algorithm which requires a minimal
human intervention can be defined.
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A. Systematic Offline Algorithm for Reshaping Control
Design

The proposed systematic design algorithm for the reshaping
matrix K is shown in Fig. 6. The linearized VSC model is
derived through the procedure explained in section II, and
embedded in the algorithm. The VSC main hardware and
control parameters are set in the model through the array I'.
The resulting reshaping control law (6) is thus tailored to the
parameters declared in I'. The grid impedance Z, inside I'
can be however uncertain and time-variant [30], yet a robust
initialization rule will be proposed in section V, so that the
reshaping control must not be redesigned if Z, varies. The
tuning of the main control has to be realized according to
the well-known guidelines proposed in literature [2], [8]. It
is not necessary to tune the outer loops, e.g. the PLL, with
lower bandwidth in order to have higher damping in weak grid

condition, since a significant amount of damping is already
introduced by the reshaping control.

The systematic rule for the choice of the closed-loop eigen-
values position P relies on a control theory result presented in
the book [15]: the time-domain equivalent of a phase margin
of 45° is a minimum eigenvalue damping of ¢ = 0.4, which
ensures a sufficient stability margin [8]. From that, the rule
implemented by the algorithm in Fig. 6 can be defined:

Design Rule. The closed-loop eigenvalues are chosen to have
a damping ratio equal or higher than ¢ = 0.4 for all of them,
using the minimum possible control effort to achieve it. Thus:

o The eigenvalues with a damping ratio ¢ lower than ¢ are
moved to the locus ¢ = ¢ without modifying their natural
frequency.

o The eigenvalues which already have a damping higher
than ¢ are not moved, in order to not fruitlessly increase
the control effort.

The eigenvalue placement is graphically explained in Fig.
4. The critical damping { = 0.4 is represented with the red
line. With SCR= 10, all the eigenvalues are already well-
damped, thus no active damping is required, and the matrix
K is computed as null by the algorithm. With SCR < 7, some
eigenvalues go beyond the red line, i.e. have a damping ratio
lower than f = 0.4; in this case, the AD state-feedback shifts
them back to the red line (( = (), without changing their
natural frequency.

From the obtained eigenvalues position P, the reshap-
ing matrix K is computed though a standard eigenvalue
placement routine [28] implemented through the function
K=place (A,B,P) in Matlab®, applied to the nonlinear
model (2) linearized around the nominal operating point (e = 1
p-u., P* =1 p.u.). The variation of the operating point does
not require the re-computation of the matrix K, as it will be
demonstrated in the next section.

Fig. 5 analyzes the VSC dynamics with the reshaping
coefficient o between 0 and 1, and demonstrates that o acts
as a knob to flexibly regulate the AD intensity, as graphically
represented in Fig. 3. In most of the cases, the converter is
desired to operate either with 0 = 1 (full AD) or ¢ = 0 (no
AD), nevertheless when adjusting o online, i.e. with the VSC
under operation, it is recommended to vary it progressively in
order to avoid abrupt transients.

B. Control Implementation

The reshaping control law (6) needs the state variables
of x as defined in (3), highlighted in Fig. 3 with green
arrows. Some states, e.g. vg. and ig4, are directly available
from the measurement sensors. Other states, e.g. ®4c, Py,
®,, are the integral states of the PI dc-link voltage control,
the ac voltage control and the PLL respectively, and can
be taken from the VSC main multi-loop control, without
additional computations. Other state variables, e.g. i.,  and
v needs to be generated through simple operations on the
existing variables, according to (4)-(5). The variable i. is
obtained in Fig. 3 as i, = G.(s)i} with G.(s) = 2

9 stwee’
which is the Laplace transform of the differential equation



IEEE TRANSACTIONS ON POWER ELECTRONICS

_ Vde(s)
Wdc(s) " dae(s) 20
L —0 =0 (no AD Damping |
& 0 fZ - 0_51 ) action \ =0
S ok =08 Zo20f
o —0c =1 (full AD) ]
3 S -40
=-20r =
c c
8o ——— g
30 — -80

Damping

—0=04
0c=0.8

—0o =0 (no AD)

(full AD)

action

Damping
action

> >
[0) -
2 e
2 )
T £
-135 ‘ -
10° 10 10° 10 102 10° 10 102
Frequency (Hz) Frequency (Hz) Frequency (Hz)
(b)
) dg(s)
Wq(“") = eg(s)
20 i
101 25 . 7/*3\(&\ )
0 jﬁ//
or o5 \/D/amping — Damping
L action action
o
- [—c=0(noAD) 1080 ,,,,\%
-90 [ | —0=04 720 i
180 | 0=08 /0 — S ,
F |—o =1 (full AD) ~ 0 =] ~__ |
107 '\/ Damping - o A )
action 0 —

— 250 [o-omoap)| Dampingl " Damping
10k ‘ ‘ B :72 _ 04 action action
180 — - 0=08 S

or ~—_ . ;gg —o =1 (full AD)

-180 - 0
-360 w ‘ =
10° 10" 10? 100 1 102 10° 10 107
Frequency (Hz) Frequency (Hz) Frequency (Hz)
(© ()

Fig. 7: The frequency response of the grid-connected converter with reshaping control. (a) Wy.(s). (b) W, (s). (c) Wi(s). (d)

Wy(s).
ie = —WecletWect, defined in (4). § is obtained by integrating  where A and B have been computed according to Fig. 2, and
the output of the PLL, according to the definition of § in (4). Oh(x,0,d*, 1)
Vec is obtained as ve. = v, — K (i — i4) from (5). C= #
af($7 Oa d*a T*)
R ®
Oh(x,0,d*,r*)
IV. FREQUENCY-DOMAIN ANALYSIS OF RESHAPING F= ad
CONTROL =2,

The transfer function W (s) of the model (2) linearized
around its equilibrium point can be computed for frequency

domain analysis of the reshaping control, as follows:

W(s)=C(s[ —(A—oBK)) "E+F

W (s) is a 3 x 3 transfer function which can be written as

/’Udc(S)\ Wll(S) ‘ ng(s) W13(S) idc(S)
kigd(s)) = | Wai(s) | Waa(s) Was(s) ea(s)
ig,(5) Ws1(s) | Waa(s) Wss(s) eq(s)
9
in compact form:
vac(8)\ _ [ Wace(s) Wiy(s) tde(8)
(z'g(s)) ( Wi(s)  Wo(s) ) ( e(s) ) 1o

)
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different SCR values.

In (10), both dc quantities (i.e. 4., v4.) and ac quantities
expressed in dg frame (i.e. e, i4) are involved, and their cross-
coupling is described by the off-diagonal matrices W;(s) and
W, (s). The following analysis is not meant to be a impedance-
based stability analysis as in other papers in literature [21],
[23], [24], rather a tool to evaluate the converter frequency
response to disturbances coming from the dc side of the VSC
and the ac grid. The stability in this paper is always assessed
through time-domain eigenvalue analyses, as in Figs. 4,5.

Fig. 7 shows the bode plot of the four block matrices of
W (s) expressed in (10) under a SCR=2.5, where according
to Fig. 4 the VSC is small-signal stable but with low damped
dynamics. Low damped eigenvalues result in sharp resonances
in the frequency domain in all the nine transfer functions of
W (s), as shown in Fig. 7, which bring large and persistent
oscillations, high overshoot and poor stability margin, both
during ac grid disturbances and dc side disturbances [15].
The reshaping control can damp all the resonances and ensure
a smooth converter frequency response, with low overshoot,
well-damped oscillations and high stability margin, as shown
in Fig. 7. In W, (s) in Fig. 7(b), a higher magnitude in the
low frequency range when using the reshaping control can be
noticed. This effect slightly impacts the settling time of the
dc voltage control when subject to disturbance from the ac
grid, but does not represent a practical issue for the dc voltage
tracking and stability.

It is important to remark that, W,(s) in Fig. 7(d) must
not be confused with the converter output admittance used
by many papers for impedance-based stability analyses, since
it is computed with respect to the grid voltage e and depends
also on the grid impedance Z, [9], [22], [36].

V. PERFORMANCE ANALYSIS OF STATE-FEEDBACK
RESHAPING CONTROL

This section firstly analyzes the performance of the pro-
posed MIMO reshaping control under SCR and operating
point variations. Afterwards, an analysis of the behaviour of
the reshaping control in presence of other VSCs connected
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Fig. 9: The robustness of the reshaping control under operating
point variations. (a) Grid voltage e level variation. (b) Active
power reference P* variations.

TABLE I: VSC-based wind turbine and grid parameters

Parameters Values
Line-to-line grid voltage (V) 691
R/X ratio 0.3
Power rating (MW) 4
DC-link voltage (V) 1200
Switching frequency (kHz) 2
DC-link capacitor (mF) 22
Filter inductor (mH) 0.1

in the nearby is carried out. The results are compared with
conventional SISO solutions proposed in literature [9], [14].

A. Robustness under SCR and operating point variations

The reshaping control design discussed in the previous sec-
tions is done by considering a grid Thevenin equivalent, shown
in Fig. 1, with an equivalent resistive-inductive impedance Z,.
In real grids, Z, can vary depending on the grid configuration,
and can be affected by other VSCs connected in the nearby
[37].

The eigenvalue analysis in Fig. 8 considers a VSC with
reshaping control designed for a SCR equal to 1.3 (highlighted
with the star), and studies its dynamics both in the case of
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TABLE II: Parameters of the VSC-based power system shown
in Fig. 10

Main grid parameters Values
Line-to-line grid voltage (V) 690
R/X ratio 0.3
Short Circuit Ratio 1.3
VSCs parameters VSC1 VSC2 VSC3
Injected Active Power (MW) 1 1.2 0.8
DC-link voltage (V) 1200 1200 1200
Switching frequency (kHz) 2 2 2
DC-link capacitor (mF) 22 20 22
Filter inductor (mH) 0.1 0.1 0.1
PLL settling time (s) 0.2 0.2 0.18
Reshaping virtual admittance Y (S) 10 - -
Reshaping coefficient o 1 - -

lower (down to 1.1) and higher effective SCR (up to 4.5). The
results show that by increasing the SCR the damping increases
and vice versa: therefore, the proposed reshaping control
designed for weak grid does not degrade the performances
of the VSC when the grid becomes stiffer.

In the light of this results, the authors suggest to initialize
the grid impedance Z,, in case of uncertainty, with the highest
value (resulting in lowest SCR) which it is expected to reach.
If the proposed reshaping control is effective at that low SCR
value, it will keep its effectiveness also for higher SCR values.
Furthermore, the reshaping feedback can be also deactivated
in stiff grid condition by simply setting o = 0.

The electric grid can also experience supply voltage vari-
ation with different entities and duration [38], where the
converter injects/absorbs reactive power to regulate its output
ac voltage [8]. Under this scenario, the reshaping control
operates at a different operating point with respect to the one
for which it has been designed (e = 1 p.u.). The procedure
in Fig. 2 is used to linearize the grid model around different
operating points and analyze the dynamics of the reshaping
control [7]. The resulting eigenvalue analysis in Fig. 9(a)
demonstrates that the damping capability of the reshaping
control is not impaired for voltage levels between e = 0.75
p-u. and e = 1.1 p.u. For e = 0.75 p.u. the minimum damping
ratio reaches ¢ = 0.35, which is still an acceptable value and
warranties sufficient stability margins. Voltage levels below
e = 0.7 p.u. are not present in Fig. 9(a) and not considered in
this paper, since for those values the equilibrium point does not
exist and the Newton-Raphson algorithm does not converge
[17], [32].

The behaviour of the reshaping control for different active
power levels P* is analyzed in Fig. 9(b). It is shown that, when
the active power level decreases till P* = 0 p.u., the damping
ratio of the VSC with reshaping control reaches ¢ = 0.35,
which is still an acceptable value. When increasing the power
to P* = 1.2 p.u., eigenvalues with natural frequency around
30 Hz decrease their damping to ¢ = 0.37. Values higher than
P* = 1.2 p.u. are not shown in Fig. 9(b) because they exceed
the static maximum power transfer capability [33].

B. Comparison of SISO and MIMO for power system
dynamic reshaping

The dynamics of a VSC-based power system is highly
dependent on the control systems of the single VSCs [5],

lge® +

idCQC) +

idc3c> L

VSC3

Fig. 10: The model of the considered grid with 3 VSCs. The
VSC 1, in orange, implements the reshaping control.

[7]. Thus, active damping solutions implemented in the VSCs
can potentially introduce beneficial effects also for the power
system stability. However, the contribution of different AD
solutions on the power system dynamics, in other words, their
dynamic reshaping capability, has to be quantified.

A simple and widely-used SISO active damping strategy
was proposed in [9], based on a filtered feedback from the
VSC output voltage vy. The reshaping feedback u in Fig. 1 is
thus:

u = B(s)Y,v, (11)
where Y, is is virtual admittance and B(s) is a bandpass filter
for the d and ¢ components of the feedback [9], [14]. This
SISO impedance reshaping strategy (11) is compared with the
proposed MIMO reshaping control (6) in the VSC-based grid
in Fig. 10. A nonlinear state-space model of the considered
grid with three different VSCs is derived according to [7].
The main parameters are summarized in Table II. The VSC 1,
highlighted in orange, implements the conventional admittance
reshaping (11) [9], and the proposed reshaping control (6). The
reshaping matrix K is declared in (12). The virtual admittance
Y, and the reshaping coefficient ¢ are initialized to 0 (no
reshaping control), and both progressively increased according
to Fig. 11.

The purple eigenvalues in Fig. 11 demonstrates that the
admittance reshaping feedback (11) increases the damping of
the VSC-based grid, but in a limited amount. The maximum
reached damping is ¢ = 0.2 for Y, = 10; increasing Y,
over that value makes the eigenvalues move to the right side,
making the grid stability worse.

Conversely, the proposed reshaping control can increase the
eigenvalues damping (represented in orange) by increasing o,
reaching a damping of ( = 0.32 for ¢ = 1, the 50% more than
with conventional impedance reshaping. The higher damping
capability of the proposed control has two reasons, clear from
the matrix K in (12). Firstly, it uses feedbacks from the dc
voltage vq., and the main control states 0, ®4., P4, P4, not
used in (11). Secondly, the rows of K in (12) are different,
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Fig. 11: The effect of conventional (SISO) and proposed
(MIMO) reshaping control implemented in the the VSC 1 in
Fig. 10 on the eigenvalues of the whole considered power
system.

resulting in asymmetric control of u4 and u, which can better
damp the asymmetric dynamics of the main control.

The damping of ( = 0.32 for ¢ = 1 obtained in a VSC-
based grid in Fig. 11 is however less than { = 0.4 obtained
in the single VSC case of Fig. 4. Independently on the used
active damping strategy on the VSC 1, its contribution on the
grid dynamics is limited, since the VSC 2 and VSC 3 without
any implemented AD dictate great part of its dynamics. Thus,
conventional AD solutions such as [9] which may introduce
sufficient damping in the single VSC case can be insufficient
in a multi-VSC weak grids. That motivates the investigation
of control solutions with higher damping capability, as the
proposed state-feedback reshaping control.

The robustness of the proposed control with respect to a
wide range of grid impedance variation, discussed in subsec-
tion V-A, allows an effective operation also in presence of
other VSCs, which can vary the equivalent grid impedance
seen by the converter [39].

V1. EXPERIMENTAL RESULTS

The experimental results are conducted in two parts. At first,
the reshaping control is implemented in a down-scaled setup
built in the lab, described in Fig. 12 and with parameters

TABLE III: Back-to-back converter and power amplifier ex-
perimental set-up parameters

Parameters Fig 13 (weak) Fig 14 (stiff)
Peak voltage of power amplifier (V) 250 250
Grid inductance Z, (mH) 35 18
Short Circuit Ratio (SCR) 1.6 3
Nominal active power (kW) 1 1
Switching frequency (kHz) 10 10
Nominal dc-link voltage (V) 600 600
DC-link capacitor (mF) 1.2 1.2
Converter side inductor Ly, (mH) 5 5
Filter capacitor C'y (uF) 15 15
Grid side inductor Ly, (mH) 0.5 0.5

declared in Table III. Afterwards, the power system in Fig.
10 is built and simulated in real-time on a Typhoon® 402
Hardware-In-the-Loop (HIL) device with parameters declared
in Table II, to test the behavior of the proposed control at
power system-level.

A. Single VSC laboratory tests

In Fig. 12, the inverter of the back-to-back (in orange) is
the considered VSC implementing the reshaping control, while
the rectifier in the left injects the current ¢4, into the dc-link,
providing the active power Py, = i4.v4. to the inverter. The
grid is emulated through a power amplifier connected to the
VSC through a series of inductors, as shown in Fig. 12.

In the experiment of Fig. 13, a weak grid with the param-
eters declared in Table III is built. A quick dc active power
Py, drop from 1 kW to 0 kW is applied to the inverter by
switching the rectifier off. The conventional control without
active damping in Fig. 13(a) presents undamped oscillation in
the ac current, dc and ac voltage, dangerous for the stability.
Conversely, the proposed reshaping control in Fig. 13(b)
can overcome the dc power drop with a significantly higher
damping and no oscillations.

The experiment in Fig. 14 is realized with a stiffer grid,
as declared in Table III, to demonstrate the robustness of the
reshaping control under grid impedance variation, as discussed
in subsection V-A. The tuning of the reshaping control is
kept the same of the previous experiment, and the same Py,
disturbance is applied. In the case of conventional control in
Fig. 14(a), oscillations in the ac current and dc voltage arises
due to the disturbance. The proposed reshaping control in Fig.
14(b) still keeps its damping capability even in stiff grid, and
obtains higher performance than the conventional control.

B. System-level reshaping control tests

The power system considered in Fig. 10 is built on a
Typhoon® 402 Hardware-In-the-Loop (HIL) device by means
of three back-to-back VSC-based wind turbine systems con-
nected in parallel. A time step of 1 us is used for the real-time
simulation, which, for converters with switching frequency
of 2 kHz and a state-feedback controller operating at low
frequencies, ensures accurate and realistic results. Both the
conventional SISO admittance reshaping and the proposed
MIMO reshaping control with K declared in (12) are imple-
mented. A dc brake chopper is added in the dc-link to protect
it from overvoltage.

In the first experiment in Fig. 15, the VSC 1 and VSC 2
are operating at their nominal power and VSC 3 is initially
disabled. The parameters of the experiment are reported in
Table II. At the triggering instant ({ = 0 s), the VSC 3 is
enabled and connected in parallel with VSC 1 and 2, initially
with null active power from its rectifier (¢q., = 0) to avoid
excessive start-up current. In Fig. 15(a), the experiment is
realized without any damping strategy. The start-up of the VSC
3 creates a transient disturbance in the grid, which gives birth
to growing oscillations which result after 0.5 s in instability
and tripping of all the three converters due to dc overvoltage.
The breaking chopper installed in the dc-link is activated
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Fig. 12: The back-to-back converter implementing the reshap-
ing control used for the experimental results.
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Fig. 14: The performances improvements of the proposed
reshaping control in stiff grid. (a) Conventional multi-loop
control. (b) Proposed reshaping control.

when the dc overvoltage is detected, dissipating the excessive
dc power and discharging the dc capacitor, nevertheless it is
not sufficient to prevent the converter tripping. The same test
has been conducted both with conventional SISO admittance
reshaping (11) in Fig. 15(b) and state-feedback reshaping
control (6) in Fig. 15(c) operative in VSC 1, and shows in both
cases stable operation of the microgrid, with slightly higher
damping in the case of state-feedback control.

The performance difference between SISO admittance re-
shaping (11) and state-feedback reshaping control (6) imple-
mented in the VSC 1 of Fig. 10 is demonstrated in the tests of
Figs. 16,17, with all the three VSCs operating at their nominal
power. In Fig. 16, a symmetrical voltage sag of 0.25 p.u.
with duration 0.5s is applied to the grid supply voltage e,
considering the parameters in Table II. The SISO admittance
reshaping can damp the oscillation during the voltage dip
as shown in Fig. 16(a), nevertheless sustained undamped
oscillations in the current, ac and dc voltage arise during
the voltage rise. A similar sustained oscillatory phenomena
in the near- and sub-synchronous frequency range has been
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Fig. 15: Startup of the VSC 3 during the operation of VSC 1
and VSC 2. (a) Without reshaping control. (b) With conven-
tional SISO admittance reshaping in VSC 1. (c) With proposed
state-feedback MIMO reshaping control in VSC 1.

reported by [1] under the name of harmonic instability, and has
been attributed to asymmetrical dynamics of the PLL and the
outer control loops in the dg frame. Indeed, traditional SISO
impedance reshaping have limited capability to compensate
the asymmetric dynamics of the converter control, since in
the most of the cases Y, (s) is chosen equal for the d and ¢
channels [9], [14], [21]. Conversely, the proposed feedback is
asymmetric and multi-variable, as clear from (12), and can
better damp the dynamics of the asymmetric dg control and
cross-coupled outer loops, resulting in more stable microgrid
operation, as shown in Fig. 16(b) [1], [7].

In Fig. 17, a rapid frequency increase of 2 Hz with duration

500 l
2 0
o
-500 1 I I
T T T
~ 1500 B
X = ANNAN NN N NN/
¥ e YA AAVAVAVAVAYAYAYAY
1000~ VoV i
L L L L L L L
T T T T T T T
—~ 500
S|
8 0
> 500
1 1 1 Il i 1 il
T T T T T T T
z 5000 K
3 0
— -sooor | | | | | . VSC 1.2.}\'5(1”1\101'\7
0.2 0 0.2 0.4 0.6 0.8 1 1.2
Time (s)
(@
500 ]
2 0
o
-500 1 1 L L 1 1 1
T T T T T T T
~ 1500 B
2
3 N——— e RN\
> 1000~ B
|
__ 500
k)
g 0
>
-500 il L L L il L L
T T T T T T T
< 5000 |-
g o I
~%-5000 - s
I | I | | | VSC,1.2.3 stable
0.2 0 0.2 0.4 0.6 0.8 1 1.2
Time (s)
(b)

Fig. 16: Test of a voltage sag of 0.25 p.u. with all the three
VSCs under operation. (a) With conventional SISO admittance
reshaping in VSC 1. (b) With proposed state-feedback MIMO
reshaping control in VSC 1.

0.5s is applied to the grid supply voltage e, always considering
the parameters in Table II. Such rapid frequency variations are
possible in low inertia grids dominated by power converters,
and caused in the last years well-documented incidents [40],
[41]. In Fig. 17(a) with conventional SISO impedance reshap-
ing, undamped oscillations in the current, ac and dc voltage
arise during the frequency rise and persist also when the
frequency decreases back to the nominal value. The proposed
state-feedback reshaping control of Fig. 17(b) can instead
damp the oscillations and ensure a stable and effective power
system operation, demonstrating superior damping capability
than the conventional SISO impedance reshaping.

VIlI. CONCLUSIONS

In this paper, a state-feedback reshaping control is proposed
to realize active damping of low frequency power system
oscillations, arising from the connection of grid-following
converters to ultra-weak ac grids (SCR down to 1.3). Analytic
and experimental results demonstrate a 50% higher damping
capability of the proposed solution with respect to virtual
admittance-based solutions. The design of the proposed control
is realized through a systematic offline algorithm which makes
it simple, flexible and user-friendly. The proposed control has
been tested in parallel operation with other two converters,
under external disturbances both from the ac and dc converter
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Fig. 17: Test of a frequency increase of 2 Hz with all the three
VSCs under operation. (a) With conventional SISO admittance
reshaping in VSC 1. (b) With proposed state-feedback MIMO
reshaping control in VSC 1.

side and under SCR variations going from ultra-weak (SCR
= 1.3) to stiff grid (SCR = 3) conditions, demonstrating
high damping performances in situations where conventional
solutions are not effective.
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