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Abstract: Considering the emergence of new energy sources in the market, the use of power
electronics converters become essential for conditioning and managing this energy. This is the
case of DC-AC converters, used to interface several resources to the existing AC grids. In this
context, voltage-controlled converters are returning to be popular, especially because of their use
in the so-called grid-forming converters. The stability of these converters requires investigation
using state-space models. These models describe the converter dynamics based on various control
strategies in synchronous reference, positive-sequence, and positive- and negative-sequence. In
view of that, this work presents a state-space-averaged model that describes the positive and
negative sequences of a three-phase voltage-controlled VSC. The model is step-by-step developed
in the article, and a Python-based implementation is also proposed. Finally, the simulations of
the proposed model is compared with simulations performed in PSIM to show its accuracy.
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1. INTRODUCTION

Over time, electric power generation systems have adapted.
Previously, they relied on electromechanical generators
that convert mechanical energy into electrical energy. Cur-
rently, with the inclusion of generation systems with re-
newable energy such as solar and wind, there is a need
to use electronic converters to process the energy from
these renewable sources. The properties of traditional elec-
tric power generators, such as synchronous machines, are
widely recognized, with rigorously established models to
describe the stability of these machines.

The implementation of stand-alone voltage-controlled con-
verters becomes challenging when used to power unbal-
anced loads. This imbalance results in degradation in
the performance of the sinusoidal pulse width modulation
(SPWM) system, manifested by the generation of voltage
oscillations in the DC link and an increase in reactive
power (Song and Nam, 1999). In the interest of minimizing
these oscillations, the converter described in this work
is controlled by voltage and current in the synchronous
reference frame (SRF) in positive- and negative-sequences.
Although physically the components of each sequence are
not separated in the main circuit, through mathematical
transformations, it is possible to separate the positive- and
negative-sequences in control (Teodorescu et al., 2007). In
positive SRF, the positive-sequence components appear as
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DC while the negative-sequence components appear at 120
Hz, twice the natural frequency (NRF); the same applies
to the control loop in negative SRF, where the negative-
sequence components appear as DC while the positive-
sequence components appear at 120 Hz. Thus, the positive-
sequence components and the negative-sequence compo-
nents appear as DC in their reference frames, allowing for
independent control (Guowei et al., 2009).

The literature presents a variety of state-space models
for three-phase VSCs. Kroutikova (2007), for instance,
presented the state-space model of a current-controlled
converter. Once they worked with a grid-tied converter,
their model included the dynamics of the passive ele-
ments, current controller, and PLL. Zhou et al. (2022) also
proposed state-space models for current-controlled (grid-
following) converters, but they also presented impedance
models. Similarly, Alassaf et al. (2023) presented a state-
space model for current-controlled converters, yet their
main focus was the computational implementation of the
differential-algebraic equations. de Souza et al. (2023)
presented the state-space model of back-to-back inverter
connecting two power grids. The focus of their work,
nonetheless, was applying a multivariable approach for
controlling the described system. Diene et al. (2024) pre-
sented a positive- and negative-sequence state-space model
for a grid-connected inverter under unbalanced conditions.
Their model is non-linear and considers both the dynamics
of the DC and the AC side of the converter. As for their
objective, they used the model for analyzing the interac-
tion between DC oscillations (caused by the unbalanced
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conditions) and AC side currents. We also found, in the
literature, state-space models for current-source inverters.
This, for instance, was the work of Singh et al. (2015),
where they considered a stand-alone current source con-
verter. When it comes to AC voltage control, de Bosio
et al. (2017) presented a discrete state-space model that
considers the effects of delays of PWM and sample-and-
hold on the state feedback cross-coupling decoupling. Af-
terward, they used their model to design wideband current
and voltage controllers.

In comparison with what has been found in the literature,
this work presents the development of a state-space model
of a voltage-controlled three-phase converter with positive-
and negative-sequence loops. The model includes the dy-
namics of passive elements and the voltage and current
control loops for both reference frames. The model was
implemented in Python using functions from the Scipy and
Numpy libraries. PSIM simulations were used to validate
the proposed model.

2. THE STAND-ALONE VSC

The stand-alone voltage-controlled VSC were initially con-
ceptualized for deployment in microgrids and isolated grid
systems. They emerge as a proposition aimed at enhancing
system stability and resilience in interconnected power
networks with high penetration of power electronics-based
generation (Rosso et al., 2021; Lasseter, 2002). They op-
erate with a closed-loop control system to function as an
alternating voltage source with predetermined amplitude
Vel and frequency w™®f (Rocabert et al., 2012).

The macroscopic scheme of a voltage-controlled VSC is
presented in Figure 1. Its goal is to maintain the voltage
at the point of common coupling (PCC) at the same level
as the voltage references. Control is performed in the dq
rotating reference frame, and the angle for obtaining the
transformation is determined by the reference wt. Due to
the control being executed in synchronous reference, the
voltage references are expressed in the dg axes. V; and
V" represent reference values for voltage control in the
positive sequence, while V; and Vq*, are the references
for control in the negative sequence. The output current of
the converter (iz,,_) is the difference between the current
in the inductor of the filter (ir_, ) and the current in the

capacitor (ic,,.)-

The control of the VSC is performed in both the positive
SRF and the negative SRF, allowing for independent
control of the positive- and negative-sequence components.
PI controllers are used, and in each control loop, two loops
are implemented, consisting of voltage control in cascade
with current control. The controlled signals from each loop
are then converted to a common reference and summed,
thus composing the reference signal for the inverter.

3. DEVELOPING OF THE STATE-SPACE MODEL

The state-space models for each subsystem of the VSC,
as depicted in Figure 1, will be described separately. The
models for the subsystems will then be combined into a
unified state-space model that describes the whole system.
This model will take the form described by (1), which is a
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state-space representation for a linear time-invariant (LTT)
system.

%X = Ax+ Bu (1)
8.1 Shift to synchronous reference frame

The state-space model developed in this work is described
in the positive SRF. In contrast, VSC control is carried
out in both the positive and negative SRF's, and the VSC
output components are in the NRF. To address this, the
changes of reference frame described in this section are
useful to enable the manipulation of system components
in a single reference frame.

Once working with LTI systems, the superposition princi-
ple is valid, allowing the voltages to be considered as the
sum of contributions in positive and negative sequences,
as described by (2).

Vo = V¥ sin (wt) 4+ V%% sin (wt)
Vo = V3% sin (wt — ¢) + V% sin (wt + ¢) (2)
Ve = V3 sin (wt + ¢) + V.2 sin (wt — ¢)

The block referring to the reference-frame shift, abc —
dq* transformation, shown in Figure 1, is mathematically
described in a generic form by (3). To obtain the abc—dg~
transformation, we use —wt in (3).

Zq

wb] (3)

M 2 { (wt) cos (wt — ) cos (wi + ¢>>}

x| 3 [sin(wt) sin(wt—¢) sin(wt + ¢)

The term ¢ in (2) and (3) represents the phase angle
between the voltages. In the case of a three-phase system,
¢ = 2w /3. As explained earlier, when using (2) in (3), the
resulting dq signal will have a constant component, coming
from the positive sequence component, and an oscillating
component with twice the natural frequency, coming from
the negative sequence component.

The modulation in the VSC is based on the reference signal
in NRF, as shown in Figure 1. However, this state-space
model is described in positive SRF and the modulation
reference is the sum of the reference signal from both
control loops. Therefore, a frame shift must be considered
when adding signals from different reference frames. The
relationship between positive and negative SRF is achieved
through a rotation matrix described in generic terms

by (4).
b)) g ] o

3.2 Equivalent circuit for the VSC

As previously mentioned, it will be assumed that the
switching frequency is high enough so that the switching
action does not affect the system state. In summary,
the switching frequency can be disregarded in the state
variables, provided that the filter is designed to attenuate
the switching components (Kroutikova et al., 2007).

An equivalent circuit of the VSC is presented in Figure 2,
where an inverter powered by the DC source is represented
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inverter

LC filter

DC
Source

negative sequence control

Figure 1. Diagram of the stand-alone voltage-controlled VSC

by a voltage-controlled voltage source. The voltage gener-
ated by this source is determined by the DC level and
the modulating signal from the control system, as defined
in (5).

Vbe
Vinvabc = ?eabc (5)
lLibi L iZabc
+ L :
Vievae! | VCare—— C' Z

Figure 2. Equivalent circuit of VSC

3.3 State-space model of LC filter

The concept used to describe the proposed model is
that of an average-state-space model. In this approach,
high-frequency components are disregarded in the model
development. As mentioned earlier, to eliminate these
components, it is necessary to use a low-pass filter and
attenuate high frequencies. For this purpose, the LC filter
is shown in Figures 1 and 2.

The state-space model of the LC filter is defined by
applying Kirchhoff’s Laws to the equivalent circuit shown
in Figure 2. The model is described in NRF by (6)
and (7), the inductor current (ir,_) and capacitor voltage
(Ve ) Serve as the state variables of this subsystem, while
the inverter voltage (Vinv.,.) and load current (iz,,_)
represent the input variables.

d, 1 1

alLabc = Evinvabc - zvcabc (6)
d 1, L,
%vcabc = 61Labc - 61Zabc (7>
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The LC filter model in the SRF can be obtained by
applying (6) and (7) to (3). The model is described in
the positive SRF in (8) and (9). It is worth noting that
the models are not being presented in the form of (1)
to facilitate the visualization and understanding of the
dependency of each variable.

1
- 6Iqu (9)

The effects of the reference frame shift are analyzed in the
matrices with the term w, indicating a dependency of the
state variable in the d-axis on the same variable in the
q-axis, depending on the frequency.

The state-space model for the negative sequence com-
ponents of the filter is similar to that presented in (8)
and (9), except for the fact that now the variables refer to
the negative sequence components and the w terms have
their sign reversed compared to the transformation to the
positive SRF. The model in negative SRF is described
by (10) and (11).

d 0 w
%Iqu* = {—w 0] Iqu* +

1
- Vg

Ve, (10)

1
Zvinvdq,

d 0 w
avcdq* - [_w 0] Vcdq* +Iqu* _Iqu* (11)

3.4 State-space model of the current and voltage controller

The control subsystem structure of the VSC is shown in
Figure 3.
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positive sequence control

negative sequence control

Figure 3. Control system diagram

From Figure 3, it is possible to obtain the following set of
equations for the d-axis:

d *
g "ed = Vi —Va (12)
Izd = (Vd* - Vd)Ka + Mg Ky (13)
d *
7 Mid = (Vi = Vo) Ko +myaKy — I, (14)
maq = [(Vq = Va) Ko + muaKp — I, Ke +miaKe  (15)

In this subsystem context, states are represented by vari-
ables m,q, as defined by (12), and m;q, as specified in (14).
The same analogy was employed to determine the state-
space model for positive SRF control, defined by (16).
Similarly, the remaining controlled signals are defined
in (17), (18), and (19).

I,
Miyd I, Vi
Mg | Moyd Vy
Mg | R mia | T vy (16)
Mg Mag Vy
Miq
Mg = [(‘/q* = Vo) K + myg K — I, | Ko +migK,  (17)
ma- = (Vi = Va-)Ga + mya-Go — I, |Ge + mig-Ge
(18)

mg- = [(Vit = Vo= )G 4 Muyg-Gn — I _1Go + mig-Gp
(19)

Auxiliary matrices were employed to enhance the visu-
alization of the models. Matrices R and T are defined
by (20) and (21) respectively, representing the parameters
of the state-space model for control in the positive SRF.
To obtain the analogous matrices in the negative SRF, R~
and T, it suffices to transpose the parameters from the
positive SRF control to those of the negative SRF control
(KN — Gn).

00 0000 1 -1 0 0
=10 K0 0 0 K. -K. 0 0
R=19 00000 T=|l0 o 1 -1

0 -1 0 0K, 0 0 0 K, -K,
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3.5 Complete state-space model

The dynamics of each subsystem, as shown in Figure 1,
have been analyzed and models have been developed to
describe this dynamics. In order to determine the complete
state-space model of the stand-alone voltage-controlled
VSC, it is necessary to integrate these models so that they
can be evaluated jointly.

To do this, some variables used in the subsystem models
must be expressed in terms of the state variables and
input variables of the unified model. In the LC filter
model, described in the positive SRF by (8) and (9),
the variable Vi, was deduced from the equivalent
model shown in Figure 2. Using (5) and the controlled
signals (15), (17), (18) and (19), it is possible to determine
it as:
Vinva| _ VDC [ma +my cos 2wt —m sin 2wt (22)
Vinu, | 2 |mg +my cos2wt + my sin 2wt
The voltage-controlled source, shown in Figure 2, is con-
trolled by the signal e}, . In Figure 1, it is observed that
this signal is equivalent to the sum of the controlled signals
in both SRFs, transformed to the NRF. However, the
state-space model is described in the SRF, and the sum of
contributions must be made in the same reference frame,
using (4). In (22), the contribution of the components
in negative SRF shifted to positive SRF is shown. To
describe Vim,d( in negative SRF, the components of posi-
tive SRF must also be shifted. Similarly, this concept was
applied in (9) and (11). Following the approach presented
in (1), the state-space model is described in Figure 4.

The model is presented in the form of a figure for the
sake of space optimization in this work. The matrices
highlighted in red are related to matrix A, which contains
the parameters of the state variables, while the matrices in
blue pertain to matrix B, which defines the parameters of
the input variables. In the same vein, terms are defined to
save space in the figure. Z,, is a vector with n quantity of
zeros, and Sy is equivalent to Vonc The vectors x, repre-
senting the state variables, and the vector u, representing
the input variables, are defined as:

T
x= I, V&, I, V&, mi,mh | @)

dq— ivaq

T
T T Tx
Zaqg IZ - qu qu*i|

a (24)
where most of the building blocks of these vectors
are 1 x 2 dq matrices, except for m?s,dq and m;‘s,d ,

that are respectively equal to [myq Miq Mayq Meg] and
[mvd_ mGq— qu_ miq_]-

4. STATE-SPACE MODEL PERFORMANCE

The proposed state space model was implemented in
Python using the Numpy and Secipy libraries. The numer-
ical solution of the model’s ODEs is obtained through the
odeint function from the scipy.integrate library, which in
turn employs the BDF (backward differentiation formula)
method to numerically solve the system. Figure 5 presents
the flowchart of the implemented Python script, the func-

(21 tions used, and their respective libraries.
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M o
| —Kesicos2e K20 || KuSicos20 —Knsisnze || OS2 O om0
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Figure 4. State-space model of stand-alone VSC under dual reference control loop

| nuinpy linspace

: define
import insert define :
model : 3 ODEs
libraries parameters time vector |: * 2 Function

'

py.integrate odeint |

hs import solve . /insert
ll(r)?t)m I]ID\ ODEs <+ initial
1D 8 results : system . / conditions

Figure 5. Flowchart of python script

For the sake of validation, a VSC model was implemented
in the software PSIM, and the results of the interesting
variables are compared with their respective counterparts
in the presented model. Both models were set with the
parameters displayed in Table 1.

Table 1. Parameters of the VSC models

VSC parameters
parameter value
Vs Vd*f,Vq*, oV
Vi 180 V
Voo 380 V
w 1207 rad/s
L 0.4505 mH
C 27.742uF
Ka;Qa; Km;Qm | 0.08
Ke;Qc; Ko Qo 0.018
Ke; Qe; Kp; Qp 7.2
Kp; Qu; Knj; Qn 32

The Figure 6 displays graphs with the results of the PSIM
simulation in green, and in blue, the result of the proposed
state-space model. The upper graphs show the inductor
current on the dq axes, while the lower graphs show the
capacitor voltage, both in positive SRF.

The simulations take place over a 100 ms interval. It is
observed that the transient responses of both simulations
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qraxis voltage (V)

—— Space-state model simulation
PSIM simulation

Figure 6. Graphical comparison between the PSIM model
and the proposed state-space model

exhibit a similar evolution over time, and the system takes
about 80 ms to reach steady-state. For the simulation
of the models, two balanced three-phase current sources
were used in parallel at the VSC output, one in positive
sequence with an amplitude of 8 A and the other in
negative sequence with an amplitude of 4 A.

For comparison purposes, a model without negative SRF
control was developed and can be considered a simplifica-
tion of the state-space model proposed in this work. The
simulation results of this model are presented in Figure 7,
following the same logic as Figure 6.

The simulations occur within the same 100 ms interval, but
in this case, the system reaches steady-state in less than
60 ms. In both models, the inductor current in the dq axes
exhibits an oscillatory profile. These oscillations can be
interpreted as negative-sequence currents injected by the
converter into the current sources connected to the output.
As previously mentioned, negative-sequence components
appear in the positive SRF at twice the fundamental
frequency.

Figure 6 shows that, in the simulation of the proposed
model, the capacitor voltage in the dq axes has a continu-
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urrent (A)

— Space-state model simulation
PSIM simulation

Figure 7. Comparison of the simplified model without
negative SRF control

ous waveform, without oscillations, indicating the absence
of negative-sequence voltages. This difference from the
simplified model is due to the fact that the proposed
model has independent control of the components in both
reference frames. As shown in Table 1, the reference for
negative-sequence control is zero volts in both dq axes.

The proposed state-space model disregards the nonlinear-
ities that can influence the real performance of the VSC,
such as the inverter switching effects and the magnetic
saturation of the filter inductor. The switching effect is
evidenced by the presence of harmonics in the simulation
results in PSIM, as shown in Figures 6 and 7. These
simplifications can be acceptable without compromising
the model’s accuracy, as long as the VSC is designed
with a filter capable of attenuating the switching harmonic
components and with an inductor operating in the linear
region.

5. CONCLUSIONS

This work presents a phenomenological approach to stand-
alone voltage-controlled VSCs using state-space average
modeling. The model captures the dynamics of the passive
filter and control system for both positive- and negative-
sequences, while ignoring high-frequency switching effects.
Analysis was performed with a Python script for numerical
solutions and plotting, complemented by PSIM simula-
tions.

A simplified model, which omitted negative-sequence con-
trol, was used for comparison. Analysis of the voltage and
current evolutions in the dq axes revealed that the average
components of both models converge to the same steady-
state value. The proposed model’s response was minimally
affected by inverter switching due to the passive filter,
which effectively mitigates these harmonic effects.

The comparison between the proposed model and the sim-
plified model highlighted the effects of negative-sequence
component control. The currents in the positive SRF of
both models exhibited oscillatory behavior, indicating the
presence of negative-sequence currents, which are associ-
ated with the current sources at the VSC output. However,
the voltages in the positive SRF of the proposed model
exhibited a continuous behavior, indicating the absence of
negative-sequence voltages, due to the independent control
of these components. This contrasts with the simplified
model, which showed an oscillatory behavior, suggesting
the proliferation of negative-sequence components.
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