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Abstract—Power synchronization mechanism is coupled
with the dc-link, since both synchronization and dc-link
dynamics depend on the active power. The active power
filter used in the frequency droop is correlated with inertia
emulation, which affects the dc-link voltage. Furthermore,
the coupling between active and reactive power in the
low-voltage grid suggests a possible interaction between
dc-link and reactive power control. The strong coupling
between all the control loops and the dc-link in power
synchronization-based converters represents a challenge
both for the stability and for the controller tuning. This
paper addresses the tuning of power synchronization-
based converter with consideration of all the control loops
interactions. A complete converter state-space model is
derived, and a step-by-step tuning procedure based on
eigenvalue analysis is proposed. Experimental results are
provided to demonstrate the method.

Index Terms—Power Synchronization, DC Voltage Con-
trol, State-Space Modeling

I. INTRODUCTION
Power synchronization in Voltage Source Converters

(VSCs) aims to emulate the dynamics of Synchronous
Generators (SGs), and it is employed both in grid
forming converters [1] and in VSC connected to very
weak grid [2], [3]. Nevertheless, while in the SG the
active power fluctuations reflect on the rotor kinetic
energy, in voltage source converters (VSCs) they reflect
on the dc capacitor electrical energy [1], [4]. The dc-
link dynamics and the control have therefore a great
influence on the power converter behavior, and may
interact with other control loops. This paper considers a
power synchronization-based converter with dc voltage
control implemented in the grid side converter, as in Fig.
1 [2], [3].
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Priority Program DFG SPP 1984 “Hybrid and Multimodal Energy
Systems” and by Gesellschaft für Energie und Klimaschutz Schleswig-
Holstein GmbH (EKSH) doctoral studies grant.

The control loop interaction mechanisms are shown in
Fig. 2. The P − ω droop (in red) varies the frequency
to adjust the active power, whose variation affects the
dc voltage control (in yellow). However, the frequency
droop often employs a low-pass filter on the active
power, which has been demonstrated to emulate the
inertia [4], [5]. The inertia emulation further affects
the dc voltage control, since it results in active power
exchange with the dc bus [1], [6]. Several papers in
literature have already highlighted the strict relation
between frequency and dc-link voltage [1], [4]–[6], but
none of them provided a state-space model to study the
dynamic behavior and tune the control loops accordingly.
L. Zhang et al. proposed in [2] the power synchronization
loop for VSC-HVDC systems including the dc voltage
control, and later in 2019 a tuning guideline was given
for it [3]. Yet, the focus of these researches is on the
power synchronization loop, and not on its interactions
with other loops, e.g. the reactive power loop.

The resistive-inductive nature of the low voltage grid
impedance results in a coupling between active and
reactive power droops, as highlighted by the green
arrows in Fig. 2 [7]. The reactive power regulation
process (in violet) is therefore coupled with the active
power, and can influence the dc voltage. The coupling
between dc-link dynamics and reactive power loop in
power synchronization has so far been not investigated
in literature.

The complexity of the interaction mechanisms be-
tween the dc-link dynamics and all the control loops
represents a great challenge for the tuning. The choice
of the control gains has to be based on a complete
model including all the control loops in order to take
into account all the possible interactions. The paper
[8] proposed a tuning method for multi-loop systems,
nevertheless it did not consider the dc-link dynamics.

This paper derives a complete state-space model of
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Figure 1: The considered power converter control scheme with active
power synchronization loop.

Figure 2: The interaction mechanism between the different control
loops.

a power synchronization-based converter, including the
dc-link dynamics [9]–[11]. From the derived model, a
step-by-step tuning procedure involving the dynamical
interactions of six control loops is proposed, based on
eigenvalue analysis. Simulation and experimental results
validate the proposed tuning procedure.

II. SYSTEM DESCRIPTION AND MODELING
The considered VSC control scheme, depicted in Fig.

1, presents a power synchronization loop as given in
[2], and a reactive droop control cascaded with a double
voltage-current loop, similar to [12]. The presence of
the current loop enhances the converter current limitation
capability [13]. The active/reactive power low-pass filter-
ing, which is relevant for inertia emulation, is shown in
Fig. 1 [5]. The considered converter presents an L-filter
Lf , motivated by the increasing interest in L-filtered
MMCs in converters with inertia emulation [14]–[16].
The lack of the output ac capacitor makes the state-
space modeling as well as the double voltage-current
loop design challenging [10], [14]. The papers [9], [10]
proposed to model the inverter and its current loop
Gcc(s) = Kp + Ki

s with the state-space representation
of its impedance model to break through this limit. The

model of the current loop is given:
v̇cc = Kiic −Kiig

i̇c = −Kp

Lf
ic +

Kp

Lf
i∗g

vg = Kp (ic − ig) + vcc

(1)

where vcc and ic are auxiliary state variables to express
the output voltage vg , according to [10].

The model in (1) can be merged with the model of
the voltage loop, power synchronization loop, reactive
power loop, and dc-link dynamics, to form the complete
nonlinear state-space model of the converter shown in
Fig. 1 by the form:

ẋ = f(x) + g(x)

(
e
Pdc

)
(2)

where the inputs are the grid voltage e and the active
power Pdc, which are considered as disturbances. The
nonlinear model is:

i̇c = −Kp

Lf
ic +

Kp

Lf
i∗g

Φ̇g = v∗g − vg

v̇2
dc = − 3

2
1

Cdc
vTg ig + 1

Cdc
Pdc

Φ̇dc = v2
dc − v∗2

dc

Ṗm = −ωfPm + ωfv
T
g ig

Q̇m = −ωfQm + ωfv
T
g

(
0 −1

1 0

)
ig

δ̇ = −mp(Pm − P ∗)

˙vcc = −Kiig +Kiic

i̇g =
Rg

Lg
ig − Ωig + 1

Lg
(vg − T (δ)e)

(3)

with 

vg = Kp(ic − ig) + vcc

v∗g =

(
Vn − nq (Qm −Q∗)

0

)
P ∗ = Kpdc

(
v2
dc − v∗2

dc

)
+KidcΦdc

i∗g = Kpv
(v∗g − vg) +KivΦg

T (δ) =

(
cos δ sin δ

− sin δ cos δ

)

Ω =

(
0 −ω
ω 0

)
(4)

ωf is the power filter time constant, Vn is the ac nominal
voltage, mp is the P -ω droop gain, nq is the Q-V droop
gain, Kpdc

and Kidc the dc voltage control gains, Kpv

and Kiv the ac voltage control gains and Φdc, Φv the
integral states of dc and ac voltage control, respectively.
The model in (2) is linearized obtaining:

ẋ = Ax+B

(
e
Pdc

)
(5)
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Group 2

Group 1

Best damping compromise
between Group 1 and 2 Group 3

Figure 3: Tuning procedure for the voltage loop. Arrows indicate
increasing Kpv .

Fastest possible droop with
dampingacceptable

Group 1

Group 2
Group 3

Figure 4: Tuning procedure for the frequency droop. Arrows indicate
increasing mp.

III. STEP-BY-STEP TUNING PROCEDURE
The proposed tuning method is based on the eigen-

values of the linearized model (5). The model param-
eters are set according to Table I. Since (5) includes
the dynamics of all the control loops, all the eventual

Table I: Simulation parameters for the power synchronization-based
converter

Parameters Values
Line-to-line grid voltage e (V) 690
Short Circuit Ratio of Zg 1.5
R/X ratio of Zg 0.3
Nominal active power Pdc (MW) 2
Nominal dc-link voltage v∗dc (V) 1200
Switching frequency (kHz) 2
DC-link capacitor Cdc (mF) 22
Filter inductor Lf (mH) 0.1

Group 1
Group 2

Fastest possible dc voltage
regulation with
damping

acceptable

Figure 5: Tuning procedure for the dc voltage control. Arrows indicate
increasing Kpdc .

Maximum inertia with
damping:acceptable

Minimum inertia with
damping:acceptable

Acceptable damping

Group 1

Figure 6: Tuning procedure for the active power filter for inertia
emulation. Arrows indicate increasing inertia (decreasing ωf ).

interactions are taken into account in the tuning. The
procedure follows the research onion philosophy [17]:
in the first step only the most internal loops are tuned
and the external ones are not considered. Afterwards,
the external loops are added and tuned one-by-one,
considering the well-tuned internal loops designed in the
previous steps. The eigenvalue analysis is used at each

Table II: Experimental tests VSC and grid hardware parameters

Parameters Values
Line-to-line grid voltage e (V) 400
Short Circuit Ratio of Zg 2.5
R/X ratio of Zg 0.3
Nominal active power Pdc (kW) 10
Nominal dc-link voltage v∗dc (V) 800
Switching frequency (kHz) 10
DC-link capacitor Cdc (mF) 1.2
Filter inductor Lf (mH) 5.5
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Freq.
deviation

(a)

dc voltage
deviation

(b)

Figure 7: The simulation results under different values of the frequency droop gain. (a) Grid voltage, converter voltage amplitude and frequency.
(b) DC-link voltage, active and reactive current.

(a)

dc voltage
deviation

(b)

Figure 8: The simulation results under different values of the dc voltage control proportional gain. (a) Grid voltage, converter voltage amplitude
and frequency. (b) DC-link voltage, active and reactive current.

(a)

dc voltage
deviation

(b)

Figure 9: The simulation results under different values of the active power filter bandwidth. (a) Grid voltage, converter voltage amplitude and
frequency. (b) DC-link voltage, active and reactive current.

tuning step to analyze the converter dynamics and to
adjust the control parameters in order to obtain the best
dynamical and damping performances. The proposed
tuning procedure ensures a minimal eigenvalue damping
of 0.4, evaluated on the complete VSC model including
all the control loops. According to a control theory result
in [18], a minimum eigenvalue damping of 0.4 is the
time-domain corresponds to a 45 deg phase margin in
frequency domain, resulting in good robustness.

The order in which the control loops are tuned,

highlighted in the following step-by-step procedure, has
a fundamental importance. The proposed procedure has
six steps:

1) The current loop is the first to be designed, and
it is tuned through the well-established technical
optimum rule [19].

2) Afterwards, the voltage loop is added to the cur-
rent loop model, and it is tuned according to the
system eigenvalues with the considered SCR and
R/X ratio, declared in Table I. The PI voltage
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Figure 10: The experimental setup configuration.

controller time constant Tv is first chosen ten times
greater that the inner current loop time constant,
therefore Kiv =

Kpv

Tv
. The proportional gain Kpv is

initialized to 0 and increased until the eigenvalues
of groups 1 and 2 of Fig. 3 reach the same damping
as highlighted by the green line. The optimal tuning
is highlighted with the green star in Fig. 3.

3) The droop gain mp is initially tuned according to
the rule on the maximum frequency deviation mp =

∆ω
Pnom

[20]. Afterward, mp is increased until the
eigenvalues of groups 1 in Fig. 4 reach the critical
damping ζ = 0.4, highlighted by the orange line.
The resulting tuning ensures fast synchronization
with high stability margin, and is highlighted by
the red star in Fig. 4.

4) The dc-link voltage control is initially tuned in order
to produce a reference power which is able to bal-
ance the stored dc-link energy deviation in a defined
time constant Tdc, chosen initially relatively large
(e.g. 400 ms) . With this rule, Kpdc

= 1
2Cdc

1
Tdc

and
Ki,dc =

Kp,dc

Tdc
. From this initial tuning, Tdc is de-

creased (Kpdc
,Kidc increased) until the damping of

the group 1 in Fig. 5 reaches a critical value ζ = 0.4
highlighted by the orange line. The resulting tuning
ensures a fast dc voltage tracking, low dc voltage
transient deviation and high stability margin, and is
highlighted by the red star in Fig. 4.

5) The reactive power loop is added, and nq is initially
tuned according to the voltage deviation rule nq =

∆V
2Qmax

[20].
6) The active power filter cutoff frequency, inversely

proportional to the emulated inertia [5], is tuned
as the last loop, thus with consideration of all the

control loops interactions (including the reactive
power loop). ωf is initialized very high (no inertia),
and then it is progressively decreased to give more
virtual inertia; the eigenvalues of group 1 in Fig.
6 cross the critical damping orange line twice.
According to the analysis in Fig. 6, the value of
ωf can be chosen between 160 rad/s and 550
rad/s depending on the desired inertia emulation,
always keeping a good and robust system stability
(ζ > 0.4).

IV. SIMULATION RESULTS
The considered power converter in Fig. 1 is modeled

and simulated in MATLAB/Simulink®environment; the
simulation parameters are summarized in Table I. A
symmetrical voltage sag of 0.15 p.u. with a phase jump
of 10 degrees is applied to the grid voltage e. Target
of the simulations is to validate the converter dynamics
behavior predicted by the eigenvalue analyses in section
III.

The first simulation in Fig. 7 illustrates the converter
behavior under different values of the frequency droop
gain mp. By increasing mp, the frequency tracked by
the converter has a higher deviation from its nominal
value and higher Rate of Change of Frequency (RoCoF),
in accordance with the literature [20]. Additionally, the
frequency profile shows low-damped oscillations which
severely affect the system stability. The frequency of
these oscillations is between 50 and 60 Hz, as predicted
by the eigenvalue analysis in Fig. 4. The simulation in
Fig. 4(b) reveals a strong influence of this parameter
on the dc voltage dynamics as well, which indeed is
controlled by varying the converter frequency. With low
values of mp, the dc voltage has large and slow oscilla-
tions. This result is in accordance with [5]: the parameter
mp in droop controlled VSCs is inversely proportional to
the inertia coefficient in Virtual Synchronous Machine.
A high emulated inertia (low mp) results in higher power
exchange with the dc-link, resulting in large dc voltage
oscillations.

The analysis with respect to the dc-link controller
proportional gain is shown in Fig. 8. This parameter
impacts the overall system dynamics similarly to the
parameter mp, albeit with a lower influence on the
RoCoF and maximum frequency deviation. Moreover,
the oscillations in Fig. 8(a) generated by high values
of Kpdc

have a frequency which is lower (around 25
Hz) respect to the case of Fig. 7(a), in accordance with
the eigenvalue analyses of Figs. 4 and 5. According to
the proposed tuning procedure, Kpdc

has to be chosen
as high as possible; the reason of this choice becomes
more clear in Fig. 8(b). When Kpdc

is low, the dc
voltage control action is weak: even if the oscillations
are well damped as correctly predicted by Fig. 5, they
result in a high deviation from the nominal value which
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(a) (b)

(c) (d)

Figure 11: The experimental results with four different parameters tuning, reported in Table III. (a),(b),(c) Tuning realized according to different
control parameters tuning without considering the control loops interactions. (d) Tuning realized through the proposed method.

Table III: Experimental results control parameter tuning

Parameter/ Case study Kp,dc Ki,dc mp nq ωf Kpv Kiv

Fig. 11(a) 0.025 0.1 0.0031 0.00015 60 1 300
Fig. 11(b) 0.001 0.06 0.0021 0.0001 60 1.2 350
Fig. 11(c) 0.025 0.15 0.0041 0.00005 45 1 300
Fig. 11(d) (proposed method) 0.015 0.1 0.0031 0.0001 100 1.5 400

can potentially cause overmodulation phenomena and/or
damage on the semiconductor devices.

The analysis depending on the power filter cut-off
frequency ωf , is shown in Fig. 9. The parameter ωf

is inversely proportional to the emulated inertia [5].
By decreasing ωf (increasing the emulated inertia), the
frequency dip is indeed slowed down and the RoCoF is
decreased. As a drawback, inertia emulation results in
a high power exchange with the dc-link, which results
in large dc voltage oscillations. Moreover, differently
from the previous cases of Figs. 7 and 8, the dc voltage
oscillations in Fig. 9 are even low-damped, representing
a risk for the stability. This behavior is correctly pre-
dicted by the eigenvalue analysis in Fig. 6, for which
when the emulated inertia is too high (low ωf ), the
system eigenvalues moves toward the imaginary axes.
The frequency of these oscillations is low (around 10

Hz) in accordance with the eigenvalue analysis in Fig.
6.

V. EXPERIMENTAL RESULTS
The considered VSC, as shown in Fig. 1, is reproduced

in the lab with a 10 kW converter controlled through
MicroLabBox connected to a grid simulator according
to Fig. 10. The dc power Pdc is generated by a rectifier
connected in back-to-back configuration with the consid-
ered VSC. The hardware parameters of the experimental
setup are listed in Table II. A voltage sag of 0.2 p.u. is
simulated in four different case studies, each one with a
different control parameters tuning expressed in Table
III; the converter dynamic behavior in the four case
studies is shown in Fig. 11. The three experiments of Fig.
11(a),(b),(c) have been carried out using tuning guide-
lines present in literature, without optimizing the whole
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control system by means of the eigenvalue analysis.
Active and reactive power droops are tuned with the rules
of frequency/voltage deviations [20]. Oscillations with
different frequencies and damping arise in these exper-
iments, revealing a low dynamics damping, potentially
dangerous for the stability. In Fig. 11(d), the tuning of
the control loops is optimized by means of the complete
state-space model (3)-(4), according to the procedure of
section III. Oscillatory phenomena due to control loops
interactions are therefore avoided. The result is a fast
response without low damped oscillations, confirming
the effectiveness of the proposed tuning method.

VI. CONCLUSIONS
The main findings and achievements of this research

can be summarized as:
• The interaction mechanisms among synchroniza-

tion, dc voltage control and reactive power control
in power synchronization-based converter have been
described.

• A tuning guideline for the PI dc voltage control
cascaded with frequency droop is proposed. The ex-
isting guideline in [3], published in 2019, considers
P dc voltage control.

• The tuning method proposed in this paper considers
all the loops interactions. Most of the control tuning
guidelines in literature focus on a limited number of
dynamics and control loops. The paper [8] considers
the interaction of a wide number of control loops,
but neglects the dc voltage dynamics and control,
while [3] does not consider the reactive power loop.
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