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Resumo—The integration of distributed generation (DG) sys-
tems based on renewable energy sources (RES) by using power
converters is an emerging technology in modern power systems.
Among the control strategies applied to this new configuration,
the virtual synchronous generator (VSG) approach has proven
to be an attractive solution due providing suitable dynamic per-
formance. Thus, this paper presents a dynamic analysis of grid-
tied converters controlled by using VSG concept. This analysis
is based on a dynamic model that describes the DG power flow
transient characteristics. Based on this model, the grid impedance
parameters variation effects on the VSG controllers dynamic
performance are discussed. Simulation results are presented to
evaluate the effectiveness of the theoretical analysis performed.
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I. INTRODUCTION

Because environmental concerns, the development of DG
systems based in RES, such as wind turbines and/or photovol-
taic systems, have increase in a rapid pace in the recent years.
Moreover, the DG systems provide other advantages, such as
greater robustness and reliability. In general, these DG units
are interconnect to the power grid by using grid-tied power
converters that employ dedicated control strategies for regu-
lating the system power flow. These control strategies applied
to grid-tied converters allow them to operate as controlled
current sources or controlled voltage sources for providing
grid support [1]. However, the grid-tied converters operating
as controlled voltage sources can provide suitable performance
to the power system with DG systems high penetration level,
and also allows the DG units to operate in grid-connected
or islanded modes [2]. Among the control strategies used to
applied this operation mode to the grid-tied converters, the
VSG strategy has gained more interest due to its operation
similarity with conventional synchronous generators (SG) that
actively participate in the system power flow regulation to
provide a suitable power balance[4].

Since VSG is implemented in software, its parameters
can be designed using the desired dynamic performance and
stability criteria. Thus, some dynamic analysis methods to
improve the VSG strategy performance have been proposed
in the literature [6]-[9]. In [6] and [7], the proposal was
the usage of the Root-Locus Method (RLM) to perform the
dynamic analysis of the closed-loop system. Based on this
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analysis, the control parameters were adjusted to meet the
desired dynamic performance. However, the DG power flow
transient characteristics are not considered in system dynamic
modeling, thus the projected VSG parameters require further
adjustments to obtain the desired dynamic response. The Pole
Allocation Design Method (PADM) is employed in [8] to
perform dynamic analysis of the active power flow. However,
the transient effect related to the system parameters variation
is not also considered. Besides, the reactive power controller
has not been implemented in this work. In [9], the closed-
loop transfer function of active and reactive power control was
derived for dynamic analysis by using Frequency Response
Design Method (FRDM). However, dynamic analysis was used
only to ensure power tracking without considering the required
performance to system transient response.

The DG power flow modeling neglecting its transient cha-
racteristics related to system parameters may not be appropri-
ate to evaluate the control performance under grid impedance
variation effect [10]. Thus, this paper proposes a dynamic
analysis based on a mathematical modeling considering the
transient characteristics which depends on the grid impedance
parameters. This analysis is performed using the RLM and
described the relationship between the power flow dynamic
response and grid impedance variation, which can be applied
to realize desired dynamic performance through VSG control
parameters design. Finally, simulation results verify the theo-
retical analysis effectiveness.

This paper is organized as follows. Section II presents the
VSG control operation principle. The DG power flow small-
signal model is presented in Section III. The analysis of the
transient and steady state responses related to DG power flow
are presented in detail in Section I'V. The analysis of the closer-
loop power control is presented in Section V. The simulation
results and performance analysis are presented in Section VI,
while Section VII concludes this paper.

II. VSG STRATEGY OPERATION PRINCIPLE

Fig. 1 presents the topology and block diagram of the VSG
strategy applied to the DG interconnection system. A three-
phase voltage-source converter (VSC) connected to point of
common coupling (PCC) through a LC-filter composed by
inductor L, and capacitor C'¢, wherein r; is the intrinsic re-
sistance of the filter inductor, implements the VSG algorithm.



A DC voltage source implements the primary source of the
grid-tied converter (i.e., photovoltaic or wind power system).
In this diagram, the power grid is composed by sinusoidal
voltage sources connected to PCC through a grid impedance
that consists in inductor L, and resistor 12,. The linear load is
composed by series connected inductor L; and resistor R; and
is controlled by switche K7 to implement different operational
scenarios.
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Figura 1. Topology of the DG interconnection system with VSG control
strategy.

According to Fig.1, the VSG strategy implemented in this

work is composed by a DG power flow control loop in
cascaded with a PCC voltage and VSC output current control
loop. The outer loop regulates the DG power flow provided
to the power grid. The active power controller consists in the
emulation of the synchronous generator swing equation given
by:
. ds(t) d?5(t)
where J is the inertia moment, f,, the friction factor, w,
the system nominal angular frequency and 0 corresponds to
the system load angle. The VSG reactive power controller is
based on the emulation of the following dynamic equation:

Qs(1) ~ Qult) = = o0, @

where K represents a control integral gain. The DG power
flow loop also employs droop control, which adjust the active
and reactive power reference value according to grid frequency
and PCC voltage, respectively. Thus, the active and reactive
power reference consists in P} = Py + AP, and Q) =
Qset + AQ,, respectively, in which AP, = Dp(w, — w,)
and AQ, = D,(V,, —V,). The D, and D, terms are the
droop gains. The w, and V,, terms represent the system
nominal frequency and voltage, respectively, and w, and V,, are
estimation provided by a synchronous reference frame phase-
locked loop (SRF-PLL).
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*

The PCC voltage reference e, . is provided by DG power
flow controllers (see Fig. 1). The phase-angle reference value
0* is determined by the active power controller, while the
amplitude reference value v/2V* is provided by the reactive
power controller. The reference voltages e q. determined by
the inner loop is applied to the HPWM strategy [11], which
determine the drive signals of power converter S1 — S6.
The inner loop controllers can be significantly faster than the
DG power flow controllers of the outer loop, and hence its
dynamics is neglected in the proposed analysis in this work.

III. DG POWER FLOW MODELING

The grid-tied converter controlled by the VSG strategy
operates as a controllable voltage source connected to the
PCC. Thus, the balanced three-phase system of Fig. 1 can
be represented by equivalent circuit illustrated in Fig. 2.
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Figura 2. Equivalent circuit of the grid-tied converter.

According to Fig. 2, the phasor currents provided to the
power grid can be obtained as follows:
v,V

= =, 3
9 R, + X, )

where V,, = V,/0° and V,, = V,/§ represent the phasors of
the power grid and PCC voltages, respectively. Thus, the DG
output complex power (S,) can be calculated as:

(V. -T
5, = V.7, = 37, (V)
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where ?O, §9’ and }g represent the conjugate phasors of
Vo, Vg, and I, respectively. However, for a predominantly
inductive grid impedance, that is [?, ~ 0, (4) can be rewritten

as:
_3VoVgsin(8) ., (V2 = VyVocos(6)

So A2 X, +73 X, )

in which SV, V. sin(0)

3V, V,sin
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represent the active and reactive power instantaneous values
provided to the power grid, respectively. For small disturban-
ces around the operating point, (6) and (7) can be linearized
as reported in [9], resulting in the following expressions:

s 3VonV n g
P,(s) = ~—~ I6(s), (8)
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Vo(s), 9)

where V, and V,,, represent the grid and PCC voltage
nominal values, respectively. The models described in (8) and
(9) represent direct relationship between active power (]5)
and load angle (5) variations, as well as between the VSG
reactive power variation (Qo) with PCC voltage variation (V ).
However, they represent only the power flow dynamic in
steady-state, which reduces its applications in systems with
amount large of grid-tied power converters [10]. Thus, to
analyze system transient behavior a more rigorous mathema-
tical model are needed. Based on this idea, the modeling
applied for the DG power flow that describes the dynamics
corresponding to the relations P,/é and Q,/V,, is be based
on the methodology developed in [10]. Therefore, for a grid
impedance with inductive profile (see Fig. 1), the small-signal
ac model of the active power provided to the power grid can
be given by:

Py(s) h
Gp(s) = 2 = (10
5(5) + T 2Ry s+ M
in which
3VorVon )
h, = ng(Rgsm((?n) +wyLgcos(6y)). (11)

The wy and 6,, terms in (10) represent the nominal values
of the grid angular frequency and load angle, respectively.
By using similar procedure, the small-signal ac model of the
reactive power delivered to the power grid can be given by:
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in which
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hg = ﬁ(ngg@Von — Vygncos(6n)) — RgVgnsin(dn)). (13)

The transfer functions in (10) and (12) represent more
complete models that describe the system power flow dynamic
behavior in relation to the system parameters.

IV. DG POWER FLOW DYNAMIC ANALYSIS

The transfer functions described in (10) and (12) represent
second-order systems. On the other hand, the transfer function
that describes the dynamic behavior of typical second-order
systems is given by [12]:

G(s) =

where ¢ and w,, represent the damping ratio and the natural
frequency, respectively. Thus, by matching the dynamic mo-
dels Gp(s) and Gg(s) to the transfer function described in
(14), natural frequency (w,) and the damping ratio () related
to these models can be calculated as follows:
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Therefore, the DG power flow dynamic behavior is influen-
ced by the grid impedance and angular frequency parameters.
The poles of the transfer function in (14) are computed as
follows:

R :
s1,20=—Ewp LwpVE2 —1= —L—g + jw,. 17)
g

The poles given in (17) are complex with real part always
negative, which indicates a DG power flow with under-damped
response and stable. Besides, real part location varies as a
function of the grid impedance parameters, while the imagi-
nary part is equal to the grid angular frequency.

A. Transient Response Analysis

The systems parameters influence on the DG power flow
transient response can be evaluated by specifications associ-
ated with under-damped responses, which are defined as rise
time (7,0-100%), peak time (1},), percent overshoot (%0O.S),
and settling time (759, ). Their values are computed as follows
[12]:
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According to equations above, the peak time value depends
only on the grid angular frequency, while the values of the
other specifications also depend on the grid impedance. Fig.
3(a) and (b) shows the percent overshoot, settling time and rise
time, respectively, for different X/R ratio values. According
to Fig. 3(a), when X/R ratio increases from 1.25 to 5.1,
the percent overshoot and settling time increases from 8.2%
to 53.5%, while the settling time increases from 0.013 to
0.053 s, approximately, which represents a degradation on
the DG power flow transient performance. On the other hand,
according to Fig. 3(b), for the same X/R ratio variation, the
rise time decreases from 6.0 to 4.7 ms, approximately, which
may represent an improvement on the DG power flow transient
performance.
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Figura 3. Transient specifications when the X/R ratio varies (a) Percent
overshoot and settling time (b) Rise time.

B. Steady-State Response Analysis

The DG power flow steady-state response can be evaluated
by using the error specifications for unity feedback systems.
Since the closed-loop system is stable, these specifications can
be obtained by final value theorem [12]. Thus, for a step imput,
steady-state error values are defined as:

ep(00) !
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where the lir% Gp(s) and 111% Go(s) terms represent static
S5—r S5—r
gains and are computed as:
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where X, = wyL,. Applying the approximations sin(d,) ~
0 and cos(d,,) ~ 1, and then assuming R, = 0 and V,, =
Vyn, the linearized models described in (8) and (9) are equal
to the static gains given in (24) and (25), respectively, which
indicates that these models are a special condition of (10) and
(12), respectively.

Fig. 4 shows the steady-state error values for different X /R
ratio values. According to Fig. 4, the error values for active

and reactive power loop increases, when X /R ratio increases,
which represents a degradation on the DG power flow steady-
state response. However, the active and reactive power errors
present small variations.
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Figura 4. Active and reactive error values when the X /R ratio varies.

V. VSG-BASED POWER FLOW CONTROL

Fig. 5 shows the active and reactive power control loops,
where the dynamic of the voltage and current control loops
were neglected.
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Figura 5. Control Loop. (a) Active power (b) Reactive power.

A. Active Power Control

According to block diagram of the Fig. 5(a), the closed-loop
transfer function of active power control loop can be given by:
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The polynomial characteristic of the transfer function des-
cribed in (26) has four poles which localization depends of
the system grid impedance parameters. Considering the active
power controller gains and system parameters listed in Table I,
the X/ R ratio variation effect in the location of the closed-loop
poles are presented in Fig. 6(a). The closed-loop active power
control has two complex dominant poles, which corresponds
to the required performance, and two complex non-dominant
poles furthest to the origin. When X/R ratio increases, the
non-dominant poles are closer to the imaginary axis, which
increases its effect in the system dynamic behavior, resulting
in a more oscillatory transient response. On the other hand,
the dominant poles are closer to the real axis, which can result
in a more dampened transient response. Therefore, the grid
impedance parameters variation can affect the active power
controller dynamic performance.
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Figura 6. Closed-loop poles when X/R ratio varies (a) VSG active power
control loop (b) VSG reactive power control loop.

B. Reactive Power Control

From the block diagram of Fig. 5(b), the closed-loop
transfer function of reactive power control loop can be written

as: A
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The polynomial characteristic of the transfer function given
in (31) has three poles with localization depends of the system
grid impedance parameters. Fig. 6(b) shows the effect of the
X/ R ratio variation in the closed-loop poles for VSG reactive
power control. The closed-loop reactive power control has one
real dominant poles, which represents the desired performance,
and two complex non-dominant poles furthest to the origin.
With increasing X /R ratio the non-dominant poles are closer
to the imaginary axis, while the dominant pole are closer to
the origin, which results in a more slow transient response.
Therefore, the grid impedance parameters variation can also
affect the reactive power controller dynamic performance.

VI. SIMULATION RESULTS

In this paper, the VSG grid-tied system topology presented
in Fig. 1 is implemented in PSIM. The simulation study
employs the parameters described in Table I.

Tabela I
DG SYSTEM PARAMETERS

Parameters Value Parameters Value
DC-Link voltage Vp¢ 900 V Load resistance R; 30 Q2
Grid voltage Vj, 127 V rms Grid inductor L, 5 mH
Grid frequency wgn 2760 rad/s Grid resistance Ry 0.6 Q
Rated power 10 kVA Droop coefficient D, 1326
Switching frequency fs 10 kHz Inertia moment J 0.364
Filter inductor L; 3.5 mH Friction factor f, 2.41
Intrinsic resistance 7; 0.1 Q Droop coefficient Dy  556.8
Filter capacitor C'y 10 uF Integral gain K 0.054
Load inductor L; 80 mH

A. Performance Analysis for Grid Impedance Variation

Figs. 7(a) and (b) present the VSG active and reactive
power controllers dynamic performance under the system grid
impedance variation effect considering an active power step
variation between 0 and 10 kW with the reactive power set in
0 and reactive power step variation between 0 and 10 kvar with
the active power set in 0, respectively. According to Fig. 7(a)
and (b), the active and reactive power converge to their refe-
rence value accurately, which represents low influence on the
active and reactive power controllers steady-state performance.
However, 50% variations in X/ R ratio significantly modified
the these controllers transient performance. For 0.5X /R tran-
sient responses were more oscillatory, while 1.5X/R resulted
in more dampened transient responses with longer rising times.
Therefore, as discussed in Sections IV and V, a grid impedance
variation can influence in the DG power flow control dynamic
performance.

B. Performance Analysis for Load Variation on the PCC

Figs. 8(a) and (b) depict the VSG active and reactive power
controllers dynamic performance under the load variation
effect on the system PCC, when the active power is set in
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Figura 7. Power regulation with variation of X /R ratio (a) Active power (b)
Reactive power

8 kW and the reactive power is set in 6 kvar, simultaneously.
At t = 1.2 s, the linear load is interconnected to the PCC
during the system operation in steady-state for different grid
impedance X/R ratio values. Again, for 0.5X/R transient
responses were more oscillatory and for 1.5X/R transient
responses were more dampened. In both cases, the active and
reactive power converge again to their reference values accu-
rately. Therefore, a grid impedance variation also influences
in the DG power flow controllers dynamic performance under
a load variation in the PCC.

VII. CONCLUSION

This paper presented a dynamic analysis based on the
transient and steady-state response specifications to evaluate
the dynamic behavior of the power flow in DG systems.
Besides, the closed-loop poles behavior was analyzed for
the VSG power flow control by using the Poles-Zeros Map.
This analysis can be employed for VSG control parameters
design in order to improve the system power flow dynamic
performance. Simulations were performed in order to validate
the proposed dynamic analysis. Power and load variations
with different grid impedance values were simulated and
the analysis was capable to demonstrate the its influence
on the power controllers performance. Therefore, the results
presented prove the effectiveness of this dynamic analysis in
DG systems controlled by VSG.
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