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Abstract—Low frequency instability phenomena in
power electronic based power systems can originate both
at converter and at power system level. At the converter
level, the interaction between PLL, dc-link and ac voltage
control in voltage source converters (VSCs) connected to a
weak grid can lead to instability. At the power system level,
the interactions among different parallel VSCs can produce
oscillatory phenomena, and even result in instability. How-
ever, a model to study the instability phenomena at both
levels is still under development. In this paper, a scalable
VSC state space model, which captures the interactions
among PLL, dc-link and ac voltage control is proposed.
The proposed model is suitable for interconnection, and an
example of power system modeling is shown. The model
is then validated through simulations and experimental
tests. Eigenvalue analysis is carried out to investigate the
influence of the control parameters on the stability.

Index Terms—Low Frequency Stability, Voltage Source
Converter, Scalable State-Space Model

I. INTRODUCTION

Voltage source converters (VSCs) have become nowa-
days very common in modern power systems [1]-[4].
Nevertheless, in weak grid conditions, the interaction
between PLL, dc-link voltage and ac voltage control
can cause instability phenomena at converter level [1].
Several studies analyze the instability phenomena due to
the PLL [5]-[7], the dc-link voltage control [1], [8], and
the ac voltage control [2], [9]. However, there are still
few studies which realize a complete model and analyze
all the three control loops together.

The system level stability analysis needs a state-space
model of the power grid. This can be realized when the
ac voltage at each node of the grid is an output variable
of the VSC, and all these voltages are expressed in a
common D( reference frame. This feature is referred
to as scalability of the VSC model. The model in [1]
does not present the converter output voltage neither
as a state nor input/output variable, thus does not have
the scalability. In [10] the phenomena of parallel VSC
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interactions is dealt, but no state-space model of the
power system is provided. The models in [2] and [9]
are suitable for interconnection, since the VSC output
voltage is a state variable inherited from the filter
capacitor. However, the modelling of the LCL filter
increases the system order and introduces high frequency
resonances out of the study object. Moreover, L-filtered
power converters, including multilevel converters which
are becoming very common in the power grid, can not
be modelled with this approach. Furthermore, in [2], the
dc-link voltage dynamics is not considered. The great
challenge for the dc-link voltage dynamic modelling is
its strong nonlinearity, which can not be handled with
the linearisation method used in [2].

In this paper, a scalable state-space model of a VSC is
derived. The model presents the following features and
novelties:

o It includes all the outer loops dynamics, whose
interactions originate unstable dynamics: PLL, dc-
link and ac voltage control.

o It has the ac voltage as output variable and is
suitable for multi-VSC power systems modeling
and analysis (scalability feature).

e The VSC model is nonlinear: a nonlinear intercon-
nection procedure is proposed to build up nonlinear
power system model. That allows to easily compute
the equilibrium point of the whole grid, useful for
the linearization.

e The VSC model does not include the filter, thus
is suitable also for L-filtered converters, including
multilevel converters.

The paper is structured as follows: in Section 2, a
description of the system under consideration is reported
and the inner loop modeling is addressed, Section 3
presents the state-space model of the whole VSC and
shows and example of interconnection, and in Section 4
the derived model is used for an eigenvalue analysis and
validated through time domain simulations and experi-
mental results.
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Figure 1: A three-phase grid-connected VSC implementing output
voltage controller, inner current controller and SFR-PLL. (a) Complete
switching model (b) Average model of the inverter.

II. SYSTEM DESCRIPTION AND INNER LOOP
MODELING

The principle scheme of the considered grid connected
VSC is depicted in Fig. 1(a). The current source @4,
models the upstream primary energy source, i.e. the pho-
tovoltaic module or the wind turbine. The current inner
loop is implemented by means of a PI regulator. The dc-
link voltage is controlled with a PI controller, the ac volt-
age with droop controller and a synchronous reference
frame Phase Locked Loop (SRF-PLL) is implemented
for the synchronization. The converter is connected to
the grid with an impedance Z,; composed of a resistor
R, in series with a inductor L,. The VSC presents a
L filter represented with an impedance Z; including the
inductor filter L and the parasitic resistance I;. In low
frequency range, LCL filter can be approximated with a
L filter neglecting the capacitor, thus the proposed model
can be used also for LCL filtered converters.
A. Modeling of the ac side and the inner current loop

The ac side of the converter is often modeled in
several state-space models in literature with an ideal
voltage source, representing the inverter, in series with
the filter inductor L [2], [8], [9], [11], [12]. With this
modeling strategy, no parallel impedance is present in
the converter output, thus the VSC output voltage can
not be obtained as variable. The paper [2] highlighted
as this feature represents a limitation for the modeling
of multi-VSC power systems, and proposed to introduce

a virtual resistor at each node of the grid. Nevertheless,
this solution can lead to inaccurate results and numerical
problems [13].

In this paper, a VSC state-space model is proposed
in order to overcome the above-mentioned challenge.
The proposed solution is to model the converter and the
inner current loop using impedance-based modeling, as
shown in Fig. 1(b). In this way, the parallel impedance
Z., representing the inner current loop, is obtained and
can be exploited to get the output voltage v, as variable.
The obtained impedance model of the inner loop is
then converted in state-space form, and merged with the
model of the outer loops and the dc-link dynamics.

Considering the standard PI current controller with
decoupling terms [3], expressing voltages and currents
as complex variables, e.g. i, = iy, + jig,, the equation
of the inner loop can be written as:

. K; ) )
Ve = (zg—zg) (Kp+s> + jwLyig (1)

P V=
97 Ly(s+ jw)

By substituting (1) into (2), the current ¢, can be
expressed as:

2
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Figure 3: The interconnection of the proposed VSC with the grid.
The arrows are highlighted in orange when represent interconnections
between blocks.

considering the first order Taylor expansion /1 + z =
1+ 2+ o(z), (8) becomes:

K, (—1 +1-— 2’(;'(2’”) oLy K.
P — p o _ 7t 9
2Ly 2Ly K, ©)
In the transfer G.(s), the pole in £& simplifies with
K,

the zero in K. and only the pole in IL(—;’ remains. With
this simplification, G(s) becomes a lowpass filter with
cutoff frequency equal to the bandwidth of the current

loop, circa T; [3].

(10)

Conversely, in Y.(s) the pole in IL(—;’ is neglected, and
only the pole in % remains. This approximation is
valid under the assumption that the disturbances from
the grid under analysis has a bandwidth lower then %
Since this paper studies the low frequency dynamics of

grid connected VSC, the assumption is valid. With these

assumptions, the transfer functions in (4) becomes:
s

Yols) =
(s) Kps+ K

an

Equation (3), expressed in Laplace domain, can be
converted in state-space form considering (10) and (11).
For that, vectorial notation for currents and voltages is
‘94 ) The resulting state-space

ig,
model of the inverter current loop is:

employed, e.g. iy, =

Vee = Kiic — Kiig
- K,.  K,-
le = =l + g

vg = Kp (ic — ig) + Vee

12)

where v.. is the auxiliary state-space variable used to
EXPIess vg.
ITII. VSC MODELING AND INTERCONNECTION

The obtained current loop model (12) is then merged
with the rest of the VSC model. The dc-link voltage
controller, ac voltage controller, and the PLL can be
modeled with a similar procedure of [1], [2]. The dc-link
dynamics is modeled with the power balance equation
[3]. The interrelation of the converter hardware and
control parts is graphically explained in Fig. 2. In order
to make the proposed model feasible for a system
level stability analysis the inputs and outputs must be
expressed in a global D@ reference frame aligned with
the grid voltage e, common for all the VSCs of the
power grid [2]. The VSC control is realized in a local dg
frame aligned with the VSC output voltage vy, in order
to decouple the active and reactive component of the
current [3]. For this reason, a change of reference frame
operated through a Park transformation matrix 7°(9), as
shown in Fig. 2, is necessary [2]. The variables expressed
in the global D@ have a pedix, e.g. ig,,, While the
variables expressed in the local dq frame have no pedix,
e.g. ig.

From Fig. 2, it emerges the scalable structures of the
model: the dc current i4. and the grid current 44,
at the interconnection point are the inputs, and the ac
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Figure 4: The proposed interconnection procedure in power system with two VSCs. (a) The power system scheme. (b) The model interconnection

procedure.
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voltage vy, at the interconnection point is the output.
The model has therefore the form:
Vgpq = h(x)

b= 1) ol
9gpQ
This structure allows the interconnection of the VSC
both with other VSCs in parallel, and with the electric
grid.

idc

13)
(14)

A. Single VSC model connected to the grid

The nonlinear state-space model of the VSC intercon-
nected with the grid as in Fig. 3, in the local dq frame,
has the form:

io= 52+ Koz

d)dc = Vdc — U:;C

6= (0 KP1PLL> Vg + Ki:PLL(bq (15)
cbq = (O 1) Vg

'U.cc = —Kﬂg + KZ’LC

iy = f—;’ig —Qig+ Ligvg - LigT(é)eDQ

_ 0 —2750
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—sind  cosd (16)
Vg = KP (7’(' - Zg) + Vee
it = Ky pe (Vde — 'U;C) + K e Pac
’ Ky, (v = /057 05)

The state-space model of the grid, shown as a block in
Fig. 3(b), has the grid voltage e and the voltage v, as
inputs, and PCC current 4, as output. The interconnec-
tion between VSC and grid is done through the variables
vy and ¢4, connected as in Fig. 3(b). The resulting
interconnected model (converter and grid), presents two
inputs: the grid voltage e and the dc current of the
converter %4c.
B. Parallel connection of VSCs

An important novelty of the proposed model is its suit-
ability for interconnection with other VSCs. In Fig. 4(a),
an example of power system with 2 VSCs is depicted.
The proposed interconnection procedure is graphically
explained in Fig. 4(b). All the variables are expressed
in the global D@ frame, but the pedix D@ is omitted
for compactness of notation. A power grid with two
connected VSCs is considered. The VSC 1 is directly
connected to the point of common coupling (PCC), while
the VSC 2 is connected through a transmission line
represented with an impedance Z; = R; + sL;. From
the output voltages vy, and v,, of the VSC 1 and 2



respectively, the current flowing in the impedance Z,
which models the transmission line, can be computed
with the RL branch equation, shown in the transmission
line block of Fig. 4. The current ¢y, flowing in the grid
is computed with the same RL branch equation, shown
in the grid block. The interconnection of the VSCs is
realized through the voltage equality v4, = vpc. and the
node equation 4y, = ipcc —i1,,. The inputs of the overall
model are the grid voltage e and the currents ¢4., an ¢4,
which define the active power injected by the VSCs.
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Figure 6: Eigenvalue analysis depending on the dc-link and ac voltage
control parameters variations. The red star is the tuning used in the
simulation.

IV. EIGENVALUE ANALYSIS

The proposed nonlinear model can be used for the
power system stability analysis. Eigenvalue analysis is
a very powerful tool which allows to identify frequency
and damping ratio of all the dynamic modes of the grid
[14] [15]. However, it needs a linear model of the power
system, thus a linearisation of (15) is necessary. The
small-signal linearisation procedure used in [2] is not
suitable to linearise the equation of ¥4, in (15). The
Jacobian matrix computation, used in [9], is instead a
valid approach for the nonlinear systems (15) [16], [17].
Nevertheless, the paper [9] as well as [1], [2], [8], [12],
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Figure 7: Proposed nonlinear model validation in simulation.

[18] do not focus on the computation of the linearisation
equilibrium point, and its role in the eigenvalue analysis.

The procedure for the linearization used in this paper
is explained in Fig. 5. The operating point is defined
by the steady state input u., and the equilibrium point
z. is computed by integrating the nonlinear model. The
obtained linearized model is used for the eigenvalue
analysis.

In Fig. 6 the ac voltage proportional gain and the
dc-link voltage controller bandwidth are varied in the
range of 5-25 and 21.3-34 Hz respectively, and their in-
fluence on the stability is studied. In the high frequency,
increasing K, pc and K, sc results in low damped
modes. However, the eigenvalue shift is not the same in
the two cases. By increasing K, pc, an increase in the
natural frequency of the dynamic mode can be observed,
beside the decrease in the damping. The increase of
K, ac results conversely in a modest decrease of the
natural frequency. The situation is different in the low
frequencies, which can be observed in the zoomed frame
of Fig. 6. By increasing K}, ac, a right shift of the
eigenvalues can be noticed. Contrariwise, by increasing
K, pc a significant increase in the system damping can

P
be observed in the low frequency.
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Figure 8: Proposed nonlinear model experimental validation.

V. SIMULATION AND EXPERIMENTAL VALIDATION

The proposed nonlinear model (15) is used to simulate
a 2 MW VSC-based wind turbine connected to the grid.
The considered grid has a SCR=3.5 and a R/X ratio
equal to 0.1. A symmetrical voltage sag of 0.35 p.u. is
simulated at ¢ = 1, and the switching model behaviour is
compared with the proposed nonlinear model, as shown
in Fig. 7. Thereafter, a MicroLabBox-controlled 2 kW
VSC is built up for the experimental model validation.
The same simulation with a symmetrical voltage sag of
0.35 p.u. is performed and shown in Fig. 8. Both the
simulation results and the experimental results highlight
the high accuracy of the proposed nonlinear model
respect to the real model.

VI. CONCLUSIONS

The proposed nonlinear VSC model presents a good
accuracy respect to the detailed model in the low fre-
quency range. The eigenvalue analyses depending on the
dc-link voltage controller bandwidth and ac voltage con-
trol proportional gain have been realized and highlight
the influence of these parameters on the stability. It has
been shown that the outer control loops have a relevant
influence in the VSC dynamics and are strongly coupled
between them.

Moreover, the proposed model presents as output
variable the VSC output voltage, expressed in a global
DQ reference frame. This feature makes the VSC model
suitable for interconnection with other VSCs and appro-
priate for the modeling and stability analysis of multi-
VSC power systems. The interconnection capability is
demonstrated by modeling a power system with two
VSCs.
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