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Abstract: The virtual synchronous generator (VSG), which emulates the essential behavior of the
conventional synchronous generator, has attracted great attention. This paper proposes to analyze
the harmonic resonance characteristics in VSG using the state-space model. The analysis is based on
a full-order state-space small-signal model that fully considers the dynamic of the inner loops and
the VSG-based outer power control loop. Participation analysis is used to point out the contributions
of different states to the eigenvalues. Moreover, eigenvalue locus and singular value decomposition
(SVD) are applied together to evaluate the impact of the inner loop parameters on the harmonic
resonance characteristics around the LCL filter resonance frequency. The analysis indicates that the
harmonic resonance instability is mainly caused by decreasing the proportional gains of the current
loop and the voltage loop. Finally, extensive numerical simulation and experimental results are
given to verify the validity of the theoretical analysis. Both the simulation and experimental results
indicate that the voltage of the common coupling point is unstable after decreasing the proportional
gains of the current and voltage controllers. As Ky decreases from 5 to 0.4 or Kp,y decreases from
0.6 to 0.2, the harmonic distortion factor (HDF) around the LCL filter resonance frequency increases.
Furthermore, the consistency of simulation results, experimental results, and the theoretical analysis
results is validated.

Keywords: virtual synchronous generator; harmonic resonance; state-space modeling; SVD;
eigenvalue

1. Introduction

The increasing integration of renewable energy sources (RESs) has received signifi-
cant attention [1]. Moreover, most RESs are interfaced to the grid via power electronics
converters, which provide power without contributing any inertia support. This further
leads to serious frequency stability issues. To tackle this issue, the concept of the virtual
synchronous generator (VSG) has been proposed. The idea of operating an inverter to
mimic a synchronous generator (SG) is first motivated and developed in [2]. The robust-
ness [3], dynamic response [4], and inertial control [5] have been deeply researched to
improve the dynamic characteristics of VSG. However, only the outer power loops are
taken into consideration in [2-5], and the impacts of the internal loops parameters are
overlooked. Because of the grid-friendly characteristic of VSG, the research of VSG has
been carried out in islanded microgrids (IMGs) [6], photovoltaic power generation [7],
variable speed pumped storage hydropower with full-size converter [8], high-voltage direct
current (HVDC) transmission [9], wind turbines and static VAR (volt-ampere reactive)
compensator (SVC) [10], etc.
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One of the critical concerns in the grid-connected virtual synchronous generator
system is the harmonic resonance issue, which would arise from the interaction between the
network and the voltage source converter, thus causing the harmonic resonance phenomena
from hundreds of Hz to multiple kilohertz (kHz). LCL filters can weaken the switching-
frequency harmonics effectively, but the additional LCL filter resonance may interact with
the control loops of VSG, leading to LCL filter harmonic resonance instability phenomena.
With the increasing popularity of power electronic systems, this problem is becoming
more and more serious. Many incidents about the grid integration of renewables [11]
and high-speed trains have been reported [12], where the undesired distorted harmonic
voltage seriously affects the stability of the control loops and even destroys the equipment
in the system.

Consequently, effective modeling and analysis methods are urged to tackle the har-
monic resonance instability issue. The transfer function model is used in studies [13,14] to
analyze the LCL filter resonance characteristics. In one study [13], an enhanced current
resonant controller for grid-tied converters with LCL filter is presented, and the developed
method is based on the transfer function. The transfer function model is used to reveal the
principle and relations of the resonant controllers in another study [14]. The impedance-
based method is the most commonly applied approach to evaluate the stability of power
electronics-based power systems. An impedance-based model is developed for the rectifier
AC system and the inverter AC system for a VSC-HVDC system to analyze the resonance
instability, and then the Nyquist stability criterion and impedance frequency responses are
applied to detect resonances [15]. Besides, a great deal of impedance analysis concentrates
on the low-frequency oscillations due to the phase-locked loop (PLL) dynamic [16] and the
grid strength under weak-grid conditions [17]. The state-space model is another effective
tool for evaluating the stability of the power electronics-based power system. To get the
state-space model, the system is linearized around the operation points. Furthermore, by
analyzing the state matrix, the stability of the system can be predicted. A detailed state-
space model of VSG is presented in [18], and the influence of system controller parameters
on the poles of the state-space model is also investigated by the parametric sensitivities
of the system eigenvalues. In another study [19], a novel harmonic extraction algorithm
based on the state-space model is presented to analyze the harmonic characteristics of
VSG under a non-ideal grid. Resonance mitigation of VSG control under the weak-grid
connected microgrid is analyzed in [20]. However, the current analysis of the harmonic
resonance characteristics in VSG is concentrated on the impact of the non-ideal grid, and
the impact of the internal controller parameters of VSG on LCL filter harmonic resonance
is often overlooked.

Even though various kinds of modeling methods have been developed for several
decades, they have their own advantages and disadvantages by themselves according to
the purpose of usage. Table 1 outlines the performance comparison of modeling methods.
The main advantages of the model built in this paper lie in the identification of dynamic
modes and the calculation of the participation factor.

Table 1. Performance comparison of different modeling methods.

Transfer Function Model = The Impedance-Based Model Model in Section 2

Identification of dynamic modes — — +
Participation factor of the state variables — — +
Scalability — + _

In addition to the tools described above, the singular value decomposition (SVD)
analysis provides an effective way to point out the contribution of each component on the
resonance for the multiple input and multiple output (MIMO) systems [21]. This method is
used together with the eigenvalue-based stability analysis to identify critical power systems
nodes [22,23]. A robustness study of the power system is carried out by Rodriguez-Cabero



Sustainability 2021, 13, 4261

30f26

et al. using SVD [24]. In [25], SVD is applied to evaluate the dynamic of VSG when the
grid model and the virtual impedance varies. The influence of VSG numbers and outer
loop parameters on the VSG-based multi-terminal direct current (VSG-MTDC) systems is
intensively studied by SVD and modal analysis in [26]. However, this method has not been
presented for VSG to uncover the constraints in inner parameters.

In order to avoid the undesired distorted voltage of the common coupling point and
further improve the practical engineering applicability of VSG, this paper proposes to
analyze the harmonic resonance characteristics around the LCL filter resonance frequency
of VSG. The main contributions can be concluded as follows. A full-order state-space
model that fully considers the dynamic of the inner loops is built step by step. The impacts
of the parameters such as the proportional gains, integral coefficients, and the virtual
inductance are analyzed in detail. Participation analysis is applied to assess and identify
the contributions of different component on the eigenvalues. Specifically, SVD analysis
is adopted to assess the impact of the inner loops parameters on LCL filter harmonic
resonance oscillation phenomena. The variations of the inner loop control parameters are
considered and the obtained results are compared critically. Finally, the consistency of
simulation results, experimental results, and the theoretical analysis results is verified.

The rest of this paper is organized as follows: Section 2 provides the state-space model
that fully considers the dynamic of the inner loops and the VSG-based outer power control
loop. In Section 3, firstly, participation analysis is used to evaluate the contributions of
different states to the eigenvalues, and then, the impacts of the controller parameters on the
harmonic resonance are analyzed by eigenvalue-based analysis and SVD analysis. Through
time-domain simulation and experimental results, Section 4 respectively validates the
analysis. Finally, concluding remarks are provided in Section 5.

2. Small-Signal State-Space Modeling of VSG

VSG is a power electronic converter that has a SG mathematical model embedded
into its power loop controller to simulate the SG rotor dynamic and provide inertia to
the power grid. The VSG comprises active- and reactive-power loops and voltage and
current inner loops. However, the inner loops are often omitted for simplification as
shown in [27,28]. The VSG control in References [27,28] contains inner loops, but only the
outer power loops are taken into consideration when building the small-signal model and
conducting the small-signal analysis. The inner loops are omitted for a faster dynamic
than the outer power loops. However, the inner loops have an essential influence on the
harmonic stability analysis, and thus, this section builds a detailed state-space model that
fully considers the dynamic of the inner loops. First, the overview of the traditional VSG
is provided.

2.1. Overview of the Conventional VSG

Figure 1 shows a VSG-connected system, which consists of the topology of the grid-
connected converter and the control diagram of VSG [29]. Table 2 provides the parameters
of the VSG-connected system. The control diagram of VSG is composed of the VSG-based
power controller, virtual impedance, voltage controller, and current controller. The VSG
DC-bus voltage Uy, is assumed to be constant. L. is the converter side filter inductance.
Lg is the grid inductance. C is the filter capacitance. L, Lg, and C form the LCL filter. Let
Utdq, Ugdgs iqu, and igdq denote the capacitance voltage, the grid voltage, the converter side
current, and the grid side current in the dg reference frame, respectively. The uqqref is the
reference value for uyqq, while the i gqrer is the reference value for iy 4. Let Uy, U, and E
denote the root mean square (RMS) value of the grid voltage ug, the capacitance voltage ut,
and the inner electric potential ¢, respectively. Let vpc. denote the line-to-line voltage of the
common coupling point. Let U, denote the rated voltage value and w, denote the rated
angular speed value. Below, each control component of Figure 1 is explained in detail and
the state-space model is developed step by step according to the procedure in Figure 2.
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Figure 1. Topology of the grid-connected converter and control diagram of the virtual synchronous

generator (VSG) [29].

Table 2. Parameter values of gird-connected VSG system.

Parameters Values Parameters Values
Rated voltage (phase-to-ground) 110 (V) Rated angular speed value, wn 314.159 (rad/s)
DC-link voltage, Ugc 325 (V) Time constant of the LPFs, 7¢ 0.01s
Switching frequency 10 (kHz) Filter inductance, L. 8 (mH)
Rated capacity 3 (kW) Filter capacitance, C 9.6 (uF)
Frequency droop coefficient, Dy, 1.52 Voltage droop coefficient, Dq 96.4
Inertia, | 0.01 Integral coefficient, K 10
Proportional coefficient, Kpe 5 Integral coefficient, Kj. 3
Proportional coefficient, Kpy 0.6 Integral coefficient, Kj, 1
Grid inductance, Lg 7.3 (mH) Virtual inductance, Ly 6 (mH)
Power calculation and
filtering
Build the dynamic VSG-based power
. controller
equations of each >
component Virtual impedance
l The inner current
Calculate steady- controller and
state operating point voltage controller
LCL filter and
Linearize the coupling inductance
system and establish
state-space model -
Active power
$ verification
State-space model . Reactive power
validation verification

Inertia emulation
verification

Figure 2. Procedure of the state-space modeling.
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2.2. The Dynamic Equations of Each Component
2.2.1. Power Calculation and Filtering

As depicted in Figure 1, the instantaneous active power p and reactive power g can be
computed by [30]:
p= ?%(”tdigd + utqigq) (1)
q=3 (—utdlgq + utqlgd)
The first-order low-pass filters (LPFs) are implemented to smooth the p and 4. The
smoothed signals are P and Qy respectively, as follows [30]:
dP,
Tthf =D f+p (2)

T = —Qi+q

e

where Ty is the time constant of the LPFs. All the filter time constants in this paper are
assumed to be equal. Furthermore, Py and Qs are used as the feedback signals, as they
reflect the actual active and reactive power (after being filtered) injected into the grid.

2.2.2. VSG-based Power Controller

The active power loop (APL) imitates the dynamic of the SG rotor and does not rely
on a PLL during its normal operation. The standard swing equation can be adopted as [31]:

dw
]wna = Pset — Pt — Dpwn(w — wn) (3)
where | is the inertia constant, Pset is the active power reference value for Py, w is the
rotating speed of the VSG, and Dy, is often determined based on the grid code. According
to EN 50438, it is required that the change of 100% active power corresponds to the change
of 2% angular speed [32]. Then, the frequency droop coefficient, Dy, is determined by:

_ ATmax _ APmax
AwWmax WnAWmax

Dp @)
It can be seen from Figure 1 that the reactive power loop (RPL) of VSG regulates Q¢
and U, by adjusting E. Then, the dynamic of E is described by:

ﬁK% = Qset - Qf - \szq(ut - un) (5)

where K is the integral coefficient that adjusts the dynamic of the RPL and U; can be

expressed as:
. \/ Uea? + teg? ;
A (6)

Let Qset denote the reference value of Qf. Being similar to Dy, Dy is also determined

by the grid code. According to EN 50438, it is required that the change of 100% reactive

power corresponds to the change of 10% grid nominal voltage [32]. Thus, the voltage droop
coefficient, Dy, is represented as:

Dq — AQmax . (7)
V2AUna
Commonly, the frequency droop coefficient D}, and the voltage droop coefficient Dq
are chosen according to the application requirements, so that VSG can meet the required
steady-state frequency and voltage droop characteristics and once set, generally no longer
needs to be modified [31].
Denote the phase angle difference between the inner electric potential e and the grid
voltage ug by §, which obeys:
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=W —wg 8)
where wy is the angular speed of the grid voltage.

2.2.3. Virtual Impedance

The voltage amplitude reference generated by the reactive power loop in Figure 1 is
passed through a virtual inductor before being used as a reference to control the capacitance
voltage u;. To make the impedance inductive, a virtual inductor is introduced to be in
series with the grid impedance through the control strategy [33]. The virtual impedance

can be defined as follows:
Zy = Lys )

where Ly is the virtual inductance. Then, the uqqref can be calculated as:

Utdref = V2E + wLyigq (10)
Utqref = _C‘JLVlgd

2.2.4. The Inner Current Controller and Voltage Controller

The current controller and voltage controller consist of the classical PI controllers on
the dq reference frame in Figure 1 [31]. Let Ky, and K;. denote the proportional coefficient
and integral coefficient of the Pl in the current controller, respectively, and let Kpy and Ky
denote the proportional coefficient and integral coefficient of the PI in the voltage controller,
respectively. The state equations and output equations of the current controller and the
voltage controller are [34]:

d
ﬂ = Utdref — Utd

dfl’

ar = Uigref — Utq

dyg _

7 = iLdref — ILd (11)
dy

th = Z.Lqref - iLq
iLdref = _wcutq + va(utdref —Ug) + Kivq
Z.Lqref = wCyg + va(”tqref - ”tq) + Kivgq

where ¢4 and ¢q are the state variables of PIin the voltage controller, and v4 and 7 are
the state variables of PI in the current controller.

2.2.5. LCL Filter and Coupling Inductance

According to Figure 1, the dynamic model of the LCL filter and coupling inductance
can be expressed by the state equations on the dg reference frame as follows:

’%d = %(wCutq +iLq — igd)

Mg — L(—wCiyg + iLg — igq)

df% = Llc(chqu + Usq — thq)

d{% = - (—wLeiLg + tisq — thq) "
‘%d = Lig(ng gq T Utd — Ugd)

df% - Lig( wWLgigq + Utq — Ugq)
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where u54q and ugqq can be calculated as:
Usg = Uyg — WLeirg + Kpe(ivdrer — ird) + Kic7d
Usq = Utg + wleipg + KpC(iLqref - Z'Lq) + Kicrq (13)

Ugd = \@Ug cosd
Ugq = —V2Ugsiné

2.3. State-Space Modeling of the Overall System

In this section, the full-order state-space small-signal model of the LCL grid-connected
VSG system is developed. The dynamic behavior of the VSG-connected system is fully
described by Equations (2), (3), (5), (8), (11), and (12). The steady-state operating point
can be calculated through the dynamic equations. The small-signal state-space model is
obtained by linearizing these dynamic equations around the equilibrium point x°.

dAx

— = AA BA 14
7t x + BAu (14)

where the state vector Ax and input vector Au are:

Ax = [AP, AQy, Aw, AE, A8, Adg, A,
A’Ydr A’qu Autdr Autq/ AiLdr Aiqu Aigd/ Aigq]T (15)
Au = [Apset/ AQset, A(Ug/ Aug]T

When the state variable appears in the matrices, the values are denoted by subscript
“0”. For convenience of notation, the state matrix A is represented through a 15 x 8
sub-matrix A11 and a 15 X 7 sub-matrix A1, according to:

o Axq
dAxo = [ A11 A12 ] sz +BA11 (16)

The state matrix A and the input matrix B are depicted in Appendix A. The dynamic
of the linearized model developed in Equation (14) is compared with that of the nonlinear
model in MATLAB/SIMULINK in the next section to validate the effectiveness of the
state-space model.

2.4. State-space Model Validation

The small-signal state-space model is validated in this section using a similar method
to that in [4]. P¢ and Qy are the output variables in the output vector y = [P, Q. Let Ay
denote the sufficiently small perturbations in y:

Ay = CAx + DAu (17)

where Ax and Au are as described in Equation (15). The output matrix C and the feedfor-
ward matrix D are depicted in Appendix A.

Firstly, the linearized model consists of Equations (14) and (17) and is obtained by
linearizing the nonlinear system around the equilibrium point corresponding to Pt =
3000 W, Qset = 0 Var. The nonlinear grid-connected VSG system is modeled in MAT-
LAB/SIMULINK. Both models use the parameters reported in Table 2. Time-domain
simulations are conducted and the dynamic responses of the two models are compared.
Figure 3a shows the simulation results of P. The dynamic responses of the linearized and
nonlinear models are compared. The active reference Pget changes from 0 to 3000 W. It can
be seen from Figure 3a that the dynamic responses of the linearized and nonlinear models
match well. Secondly, the linearized model consists of Equations (14) and (17) and is
obtained by linearizing the nonlinear system around the equilibrium point corresponding
to Pset = 0 W, Qget = 500 Var. Figure 3b shows the simulation results of the Qy. The active
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reference Qset changes from 0 to 500 Var. It can be seen from Figure 3b that the dynamic
responses of the linearized and nonlinear models match well. The dynamic behavior of the
nonlinear model is sufficiently emulated by the linearized model formed by Equations (14)
and (17), and thus validate the effectiveness of the linearized model. Thirdly, the emulation
of virtual inertia of the linearized model is verified. The power regulation process with the
variation of | when grid frequency steps up by 0.1Hz is demonstrated in Figure 3c. It can
be seen that the overshoot is small in active power regulation process when J = 0.01, and
the adjusting time and overshoot become larger with the increase of J. Thus, the impact of
the inertia on the grid-connected active power is validated, which is consistent with the
conclusion in [35].

3500 T T T 300, T T T
3000 : : : 250 : : :
2500 200
2000 - 150
21500 2
100
1000 ;| : :
500 50p #“ '-—-No;nlinear ‘;mode} :
nend . —Linearized model
0 : : 0 : : :
—-500 1 1 i -50 ] ] ]
0 0.5 1 1.5 2 0 0.5 1 1.5
) (s

y
(a)Dynamic responses when active (b)Dynamic responses when reactive
power reference steps up by 3000W. power reference steps up by 500Var.

340 !

T T

: Nonlinear model with J=0.01

3200 s-eooeoooo- - —— Nonlinear model with :/=0.05 -
: —— Nonlinear modef with J=0.1

3000 EEER RS ——-—--Linearized »modél with /=0.01- -
- : — Linearized model with J=0.05
52800 ................... .................. Lmeanzedmodel Wlth J=0.1--
< | e

2600 ................... .............. R R R -

DAQOF v ....................................................... ]

220 i ' :

0 0.5 1.5 2
1(s)

(c)Dynamic responses with the variation of J when
grid frequency steps up by 0.1Hz.

Figure 3. Verification of the linearized state-space model and the inertia emulation.

3. Analysis of Harmonic Resonance Characteristics

In Section 2, the full-order small-signal state-space model of the VSG-connected
system is developed. In this section, on the basis of the small-signal model, the participation
analysis, the eigenvalue locus, and the singular value decomposition analysis are conducted
to study the impacts of the parameters on the harmonic resonance characteristics. The
parameter values in this section are shown in Table 2 unless otherwise noted. The active
power reference is Pset = 3000 W and the reactive power reference is Qset = 0 Var.

3.1. Participation Analysis
Participation analysis is used to uncover the contribution of each component on the
small-signal stability [36]. The participation factor hyy of the ith state variable and the kth
eigenvalue [36] is defined as:
hix = pucqix (18)
where pjy is the left eigenvalue element of the left eigenvector matrix and gy is the right
eigenvalue element of the right eigenvector matrix.
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The matrix A in this paper has 15 eigenvalues. Table 3 shows the participation analysis
results for harmonic eigenvalues. It can be seen from Table 3 that the state ug, Utq, id,
iq, igd, and igq are closely related to the high-frequency eigenvalues (A1), while the low-
frequency eigenvalues (A7_15) are not insensitive to those states. It is worth noting that
the low-frequency oscillation analyzed by the method in this paper is consistent with the
conclusions of other papers [4,37] and not described. This paper focuses on the harmonic
resonance phenomena related to the inner loops controller parameters, where oscillations
arise from 100 Hz to the LCL filter resonance frequency. Thus, the impacts of the inner loop
controllers on A1_g are analyzed in the further analysis below.

Table 3. Participation analysis for VSG.

Valueof Ay, k=1,...,15 State Participation
_ ., Upg /utq 0.998/1
M 2317 +/7397.8 ia/ig 0.68/0.68
_ . igd/igq 0.26/0.26
2 2817 = 73978 Remaining states <0.03
— i U /Utq 1/0.998
A3 220.9 +j7190.2 /il 0.8/0.8
q
; igq/1 0.3/0.3
—220.9 — j7190.2 8d/ '8
M 09 =j7190 Remaining states <0.03
As —169.2 + j418.7 ia/ig 0.37/0.37
) igg /i 1/1
—169.2 — j418.7 gd/ ‘81
As 6 jA18 Remaining states <0.03
Pt/w 03/1
A —1751 Remaining states <0.03
Q¢/E 1/0.1
As —907 Remaining states <0.03
P¢/w 1/04
Qt/E 0.22/0.16
Ag —62.3 5 056
Remaining states <0.03
B . Pe/w 0.19/0.12
Mo B3+ Q¢/E 0.1/0.77
. ) 1
M —13-m Remaining states <0.03
)\12 716 (Pd/q)q 1/099
M3 —-1.6 Remaining states <0.03
)\14 70.6 ’Yd/’yq 1/1
As —0.6 Remaining states <0.03

3.2. Singular Value Decomposition and Eigenvalue-Based Stability Analysis

Singular value composition is an effective way to identify the contribution of each
component on the harmonic resonance characteristics. Let us consider a constant m x n
complex matrix M, and then M can be decomposed into its SVD as shown in [26]. Besides,
M can be expressed by the column vector elements of U and V [26], i.e., u; is the output
singular vector and v; is the input singular vector. If the direction of an input vector is v;,
the direction of the output vector is u;, and the corresponding gain of the vector length is
;. The maximum gain in any input direction is equal to the maximum singular value o7y.
Thus, Bodeplots of the max singular value can investigate the dynamic of the system [26].
For multiple input multiple output systems (MIMO), SVD can locate the frequencies at
which the system is prone to be dynamically unstable [38—40]. The eigenvalue-based
analysis is performed first to investigate the impact of the inner controller parameters on
the harmonic resonances characteristics. The values of parameters are listed in Table 2,
except the variables in each figure. Note that the minimum values of K¢ and Ky are
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obtained through the eigenvalue-based analysis. The maximum values of Kp. and Kpy and
the ranges of Kj. and Kj, can be calculated on the basis of the method in [41]. The range of
Ly can be obtained according to [25]. Next, the impacts of Kj,c and Kpy on the LCL filter
harmonic resonance were analyzed for a very low, medium, and a large value of Kj. and
Kiy, respectively, while the impacts of Kj. and Kj, on the LCL filter harmonic resonance are
analyzed for a very low, medium, and a large value of Ky, and Kpy, respectively.

Figure 4 shows the harmonic-frequency eigenvalue trajectories and frequency response
of the maximum singular value (SV) obtained when K. decreases with different Kj.. As
shown in Figure 4(al,bl,c1), the system is unstable when k. is lower than 0.15, 0.2, and
1.4, respectively. It can be seen from Figure 4(al,bl,cl) that four conjugate pairs are
dominant in the harmonic-frequency oscillation characteristics. When K, decreases, the
harmonic-frequency eigenvalues (A1_4) move towards the unstable region. Based on the
eigenvalue trajectories analysis, the SVD analysis is further performed in Figure 4(a2,b2,c2),
respectively. The harmonic resonance around the LCL filter resonance frequency keeps
amplifying with a decreases frequency as Ky decreases, which indicates that Kj,c has an
essential effect on harmonic resonance instability.

PN ]
2.5 x10 T T T v T T T
D [ra ""_:"m-i.'uii.-;-'... — e UV G e G Y (N TS NS 1 05 1 U S S
150 Ky decreases “‘% O .. D L
o L T s ERRRRT ERRRRERRE e ""Kl;'c'déé'fr'e'ziéé's B A
505_ ...... ;& E ) : .
= 4 :
E-05b i - M g e
-1 ey 200
_|'5_...H..”j .......... o L (P AR ‘H._ 20
Dl vt e oy : .I\w.::l) | e :
=25 | 1 | i I i | -60 A _ T
-3500 -3000 -2500 -2000  -1500 ~-1000 -500 0 10 107 10*
" "Real Axis ] Frequency(Hz) )
(al) Harmonic-frequency cigenvalue trajectorics (a2) Frequency response of the maximum SV
x10* when K varies (0.1=K,:<50. step: 0.6). when K, varies (0.152K,,<50, step: 0.6).
e ! ! ! ' ! ! — 80 EEEEE ;
R e e o TP ISR L 5
1.5 _Kl)Ldecreaseg:l"l"M ......... ~\\-\)|_ 60 KIEZB
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Figure 4. Harmonic-frequency eigenvalue trajectories and frequency response of the maximum singular value (SV) with
different K.



Sustainability

2021, 13, 4261

11 of 26

Figure 5 shows the harmonic-frequency eigenvalue trajectories and frequency response
of the maximum SV obtained when K. decreases with different K. It can be seen that both
the four harmonic-frequency eigenvalues and the LCL filter harmonic resonance around
the LCL filter resonance frequency almost remain the same, which means that K. has little

influence on the harmonic resonance.

Magnitude(dB)

I I I ; AR LR i A
= -6 7 ;
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. RESﬂlA‘\'IS. . ) 4 ) Frequeancy(H@ ) .
(al) Harmonic-frequency eigenvalue trajectories (a2) Prequency resporise of the maximum SV
25 x10" when K, varies (0. 1=K,,200. step: 2). when Ki. varies (0.1=K;=200, step: 2).
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(c1) Harmonic-frequency eigenvalue trajectories
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(c2) Frequency response ot the maximum SV

when K, varies (0.1=K;=200. step: 2).

Figure 5. Harmonic-frequency eigenvalue trajectories and frequency response of the maximum singular value (SV) with
different Kp.

Figure 6 depicts the harmonic-frequency eigenvalue trajectories and frequency re-
sponse of the maximum SV obtained when the proportional gain of voltage controllers is
in a range from 0.005 to 0.8 with different Kj,. As shown in Figure 6(al,bl,cl), the system is
unstable when kpy is lower than 0.015, 0.17, and 0.35, respectively, and A1_4 moves towards
the virtual axis when Kpy decreases. It is worth noting that the peak of the harmonic
resonance around the LCL filter resonance frequency keeps amplifying with the frequency

decreases, as shown in Figure 6(a2,b2,c2).
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Figure 6. Harmonic-frequency eigenvalue trajectories and frequency response of the maximum singular value (SV) with
different Kjs .

Figure 7 shows the harmonic-frequency eigenvalue trajectories and frequency response
of the maximum SV obtained when K;, decreases with different K. Figure 8 shows the
harmonic-frequency eigenvalue trajectories and the frequency response of the maximum
SV obtained when Ly varies. It can be seen that both the LCL filter harmonic resonance

around the LCL filter resonance frequency and the four harmonic-frequency eigenvalues
are insensitive to K;, and Ly
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4. Simulation and Experimental Verification

In this section, the impacts of the proportional gains on the harmonic resonance
characteristics are validated via time-domain simulations and experiments.

4.1. Simulation Verification

The grid-connected VSG system is modeled in MATLAB/SIMULINK. The param-
eter values are listed in Table 2 unless otherwise noted. The active power reference is
Pset = 1500 W and the reactive power reference is Qgset = 0 Var. Moreover, the frequency
of the LCL filter resonance is 831 Hz, according to Table 2. Simulations with different
parameters are performed and the key simulation results are given below.

4.1.1. Simulation Results in Unstable Case

Figures 9 and 10 depict the voltage waveform when the proportional gains are in an
unstable case. Figure 9 depicts the voltage waveform of vpcc with Kpe = 0.05 and Kjc = 3. As
shown in Figure 9, the voltage is unstable when Ky, is lower than 0.2, which agrees with the
theoretical analysis in Figure 4(b1) and Figure 4(b2). Figure 10 shows the voltage waveform
of vpec with Kpy = 0.01 and Kjy = 1. It can be seen from Figure 10 that the voltage is unstable
when Kpy is lower than 0.17, which agrees with the theoretical analysis in Figure 6(b1,b2).

600 ) ) ) ) ) ) ) ) )
» : : : : : : : : :

0
1.5 1.52 1.54 156 1.58 1(.6) 1.62 1.64 1.66 1.68 1.7
(s

Figure 9. Simulation result in the unstable case: voltage waveform of vpec with Kpe = 0.05 and Kje = 3.

400 ! ! ! ! T ! T T !
300k s : : : : : : : :

_40 T S R NN S N S N
5 152 154 156 158 16 162 164 166 168 17
{(s

Figure 10. Simulation result in the unstable case: voltage waveform of vpec with Kpy = 0.01 and
Ky =1.

Figure 11 shows the voltage waveform of vpcc when Ky = 0.4 and Kpy = 0.6, of which
the harmonic distortion factor (HDF) is shown in Table 4. Figure 12 depicts the voltage
waveform of vpec when Kpe = 5 and Kpy = 0.2, while the HDF of Figure 12 is shown
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in Table 5. Increasing Ky to 5 and Kpy to 0.6, the voltage waveform of vpe. is shown
in Figure 13, and the distribution of harmonic content is shown in Table 6. As shown
in Figure 13, vp is stabilized after increasing the proportional gains of the current and
voltage controllers.

400 ! , ;

w0 ; ; ;
2.55 2.6 2.65 2.7 2.75
1(s)

Figure 11. Simulation result: voltage waveform of vpcc with Kpe = 0.4 and Kpy = 0.6.

Table 4. Simulation result: distribution of harmonic content of v,y,.

Frequency HDF (%) Frequency HDF (%)
450 0.09 500 0.25
550 0.09 600 0.09
650 0.82 700 2.36
750 0.5 800 0.2
850 0.14 900 0.17
950 0.02 1000 0.07
1050 0.02 1100 0.02

40 I T T S S R T R
S5 0252 254 256 258 26 262 264 266 268 2.7
1(s)

Figure 12. Simulation result: voltage waveform vpc. with Kpe =5 and Kpy = 0.2.

Table 5. Simulation result: distribution of harmonic content of v,,.

Frequency HDF (%) Frequency HDF (%)
450 0.02 500 0.06
550 0.13 600 0.17
650 0.41 700 0.09
750 0.1 800 0.41
850 1.7 900 0.13
950 0.64 1000 0.04

1050 0.03 1100 0.02
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S5 02.52 254 256 258 t2(6) 2.62 264 266 2.6
s

2.7

Figure 13. Simulation result: voltage waveform of vpcc with Kpe =5 and Kpy = 0.6.

Table 6. Simulation result: distribution of harmonic content of v,y,.

Frequency HDF (%) Frequency HDF (%)
450 0.04 500 0.07
550 0.13 600 0.11
650 0.05 700 0.02
750 0.03 800 0.11
850 0.22 900 0.21
950 0.07 1000 0.13
1050 0.19 1100 0.1

4.1.2. LCL Filter Harmonic Resonance Associated with Ky

Figure 14 shows the comparison result of the HDF in Tables 4 and 6 with different
proportional gains of the current controller. It can be seen from Figure 14 that the maximum
harmonic content is around the LCL filter resonance frequency when K¢ = 0.4. The HDF
around the LCL filter resonance frequency increases when Kp. decreases, which agrees
with the analytical results in Figure 4.

2.5 I T I T I |
ol K
Kpe=0.4
:\;1'5 ................................................................ e
3
m 1 ............................................................................
0.5t S A SR S
e . ; .
500 600 70 800 900 1000
Frequency(Hz)

Figure 14. Comparison result of HDF in Tables 4 and 6 when Kpy = 0.6.

4.1.3. LCL Filter Harmonic Resonance Associated with Kpy

1100

Figure 15 shows the comparison result of the HDF in Tables 5 and 6 with different
proportional gains of the voltage controller. As shown in Figure 15, the maximum harmonic
content is around the LCL filter resonance frequency when Ky = 0.2. The HDF around the
LCL filter resonance increases when K,y decreases, which agrees with the analytical results

in Figure 6.
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Figure 15. Comparison result of harmonic distortion factor (HDF) in Tables 5 and 6 when Ky = 5.

4.2. Experimental Verification

In this section, the analysis is verified experimentally via the experimental setup.
The diagram of the experimental verification platform is shown in Figure 16. The same
configuration and parameters as the grid-connected system given in Figure 1 and Table
2 are used, unless otherwise noted. Because of safety considerations, the active power
reference Pget is set to 1500 W, while the reactive power reference Qset is set to 0 Var. A
three-phase two-level voltage source inverter with LCL filter instantiates VSG. Furthermore,
the LCL filter resonance frequency was 831 Hz. The control strategy is implemented in the
dSPACE DS1103 processor board. The Chroma 61,830 grid simulator emulates the grid
voltage. The voltage waveform is measured using the Tektronic MDO 3034 oscilloscope.
The distribution of harmonic content is analyzed through Yokogawa WT1804E power
analyzer.

Three-phase two-
Oscilloscope [ level inverter

Figure 16. Schematic diagram of VSG experimental setup.

Being similar to the simulations conducted in Section 4.1, the experiments described
in this section are conducted with different parameters. Note that v, is the line-to-line
voltage of the common coupling point. Figure 17 shows the voltage waveform of v,, when
Kpe = 0.4 and Kpy = 0.6, of which the HDF is shown in Table 7. Figure 18 depicts the voltage
waveform of v,, when Kpe =5 and Kpy = 0.2, while the HDF is shown in Table 8. Increasing
Kpc to 5 and Kypy to 0.6, the voltage waveform is shown in Figure 19 and the distribution
of harmonic content is shown in Table 9. As shown in Figure 19, v, is stabilized after
increasing the proportional gains of the current and voltage controllers, which is consistent
with the results in the simulation.
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Figure 17. Experimental result: voltage waveform of vy, with Kpe = 0.4 and Kpy = 0.6.
Table 7. Experimental result: distribution of harmonic content of vy,.
Order Frequency HDF (%) Order Frequency HDF (%)
9 450 0.72 10 500 0.69
11 550 0.31 12 600 0.78
13 650 0.35 14 700 1.26
15 750 2.67 16 800 1.93
17 850 0.85 18 900 0.33
19 950 0.51 20 1000 0.17
21 1050 0.10 22 1100 0.15
400 B T
300 H : | i i . _
200\‘” 1 \} | /\\r f f\
2l L
~ T NEVENANEY
-100 o \“’ J
200/ V) / \ ] / J \ \J
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Figure 18. Experimental result: voltage waveform of v, with Kpc =5 and Kpy = 0.2.
Table 8. Experimental result: distribution of harmonic content of v,
Order Frequency HDF (%) Order Frequency HDF (%)
9 450 0.55 10 500 0.54
11 550 0.38 12 600 0.61
13 650 0.88 14 700 0.45
15 750 1.43 16 800 1.70
17 850 1.02 18 900 0.29
19 950 0.30 20 1000 0.15
21 1050 0.15 22 1100 0.20
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Figure 19. Experimental result: voltage waveform of vy}, with Kpe =5 and Kpy = 0.6.

Table 9. Experimental result: distribution of harmonic content of vy,

Order Frequency HDF (%) Order Frequency HDF (%)
9 450 0.21 10 500 0.23
11 550 0.26 12 600 0.39
13 650 0.27 14 0.15
15 750 0.12 16 0.25
17 850 0.17 18 0.09
19 950 0.05 20 1000 0.06
21 1050 0.06 22 1100 0.04

4.2.1. LCL Filter Harmonic Resonance Associated with Ky

Figure 20 shows the comparison result of the HDF in Tables 7 and 9 with different

500 600
Frequency(Hz)

Figure 20. Comparison result of HDF in Tables 7 and 9 when Kpv =0.6.

4.2.2. LCL Filter Harmonic Resonance Associated with Kpy

700 800 900 1000 1100

proportional gains of the current controller. As can be seen from Figure 20, the maximum
harmonic content is around the LCL filter resonance frequency when Ky = 0.4. The HDF
around the LCL filter resonance frequency increases when Kp. decreases, which agrees
with the results in Section 4.1.

Figure 21 shows the comparison result of the HDF in Tables 8 and 9 with different

proportional gains of the voltage controller. As shown in Figure 21, the maximum harmonic
content is around the LCL filter resonance frequency when Ky = 0.2. The HDF around
the LCL filter resonance frequency increases when Ky decreases, which agrees with the
simulation results in Section 4.2.
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Figure 21. Comparison result of HDF in Tables 8 and 9 when Kpe =5.

4.3. Results Comparison

Further, the simulation results and the experimental results are compared in this
section to verify the consistency of them. Figure 22 depicts the comparison result of the
simulation and experiment when K. = 0.4 and Kpy = 0.6. Figure 23 depicts the comparison
result of the simulation and experiment when K. = 5 and Ky = 0.2. It can be seen from
Figure 22 that when Kp. is 0.4, the peak difference between the simulation and experiment
is 0.31%, and the frequency difference corresponding to the peak value in the simulation
and experiment is 50 Hz. As shown in Figure 23, the peak values of the simulation and

experiment are consistent, and the frequency difference corresponding to the peak value is
50 Hz.
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Figure 22. Comparison result of simulation and experiment with Kpc = 0.4 and Kpy = 0.6.
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Figure 23. Comparison result of simulation and experiment with Kpc =5 and Kpy = 0.2.
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The impact of line stray inductance as well as the internal impedance of the Chroma
grid simulator on the difference of the simulation and experimental results is further
analyzed. Note that the change in inductance of the line and Chroma grid simulator
is equivalent to the variation in Lg. Figures 24 and 25 show the resultant maximum
SV frequency responses following the increase of Lg. It can be seen that the harmonic
resonance around the LCL filter resonance frequency varies with the decreases frequency
as Lg increases. Let Ry denote the total resistance of the line and the Chroma grid simulator.
In Figures 26 and 27, the frequency responses of the maximum SV with increasing Rg
are shown. As shown in Figure 26, increasing Rg reduces the magnitude of the harmonic
resonance around the LCL filter resonance frequency.

Based on the analysis above, the difference of the simulation and experiment is
probably caused by the line stray inductance and the impedance of Chroma grid simulator.
At the same time, the frequency difference between the simulation and experimental results
is 50 Hz, and the accuracy of the power analyzer is 50 Hz, which means that the actual error
is within 50 Hz. By further considering these factors, the difference between the simulation
and experimental results is within a reasonable and acceptable range.

In brief, the experimental conclusions are in accord with the simulation conclusions
in Section 4.1, and they validate the impact of the proportional gains on the harmonic
resonance characteristics. Both the time-domain simulation and experimental results
agrees with the analysis results from SVD and eigenvalue analysis. The experimental
results, together with analysis results shown in Figures 4-7 and simulation results shown
in Figures 14 and 15, demonstrate that decreasing the proportional gains of the inner loops
causes the harmonic resonance oscillations around the LCL filter resonance frequency.
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Figure 24. Frequency response of the maximum SV when Ly varies (0.005H < Lg < 0.008H, step:
0.001) with Kpe = 0.4 and Kpy = 0.6.
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Figure 25. Frequency response of the maximum SV when Ly varies (0.005H < Lg < 0.008H, step:
0.001) with Kpe = 5 and Kpy = 0.2.
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Figure 26. Frequency response of the maximum SV when Rg varies (0.001 Q) < Rg < 0.1 (), step:
0.001) with Kpe = 0.4 and Kpy = 0.6.
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Figure 27. Frequency response of the maximum SV when Rg varies (0.001 Q) < Rg < 0.1 (), step:
0.001) with Kpe =5 and Kpy = 0.2.

5. Conclusions

In this paper, the harmonic resonance characteristics are analyzed in VSG using the
full-order state-space model. First, the procedure to build the small-signal model step by
step is summarized, and then, the state-space small-signal model that fully considers the
dynamic of the current and voltage loops is built.

Secondly, the contribution of each state on harmonic instability is evaluated through
participation analysis. The harmonic resonance instability is evaluated by performing the
eigenvalue locus. Specifically, the SVD analysis is leveraged to study the harmonic reso-
nance under varying parameters. The analysis results show that the harmonic resonance
characteristics are mainly affected by proportional gains of the inner loops.

Thirdly, extensive numerical simulation and experimental results are given to verify
the validity of the theoretical analysis. The simulation and experiments, both with different
proportional gains of the inner loops, are respectively conducted. Both results indicate that
the voltage of the common coupling point is unstable after decreasing the proportional
gains of the current and voltage controllers. As K decreases from 5 to 0.4 or Kp,y decreases
from 0.6 to 0.2, the HDF around the LCL filter frequency increases. Furthermore, the
consistency of simulation and experimental results is validated.

In brief, the harmonic resonance characteristics around the LCL filter resonance
frequency are analyzed to avoid the undesired distorted voltage of the common coupling
point in this paper. The analytical methods and procedures are provided to guide the
design and debugging of the inner loops parameters of VSG, which will further improve
the practical engineering applicability of VSG.



Sustainability 2021, 13, 4261

23 of 26

Further work needs to be done to reveal the mechanism of LCL filter harmonic
resonance instability when there are multiple VSGs in the system.
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Nomenclature

Abbreviations in the paper

VSG Virtual synchronous generator

SVD Singular value decomposition

RES Renewable energy source

IMG Islanded microgrid

HVDC High-voltage direct current

svC Static VAR compensator

VSC Voltage source converter

PLL Phase-locked loop

DG Distributed generation

MIMO Multiple input and multiple output
MTDC Multi-terminal direct current

SV Singular value

RMS Root mean square

LPF Low pass filter

APL Active power loop

SG Synchronous generator

RPL Reactive power loop

FFT Fast Fourier transform

HDF Harmonic distortion factor

Symbols in Figure 1

Uge DC-link voltage

Ugabe Grid voltage

Utabe Capacitance voltage

Cabe Inner electric potential

Upec Voltage of the common coupling point
lgabe Grid current

Labe Inductance current

Utdgq Capacitance voltage in dg reference frame
Usdq Modulation voltage in dg reference frame
Utdref Voltage reference for capacitance voltage in dg reference frame
lgdq Grid current in dg reference frame

iLdq Inductance current in dg reference frame
ILdqref Current reference for inductance current in dq reference frame
E RMS value of inner electric potential

Uy RMS value of capacitance voltage

un Rated voltage

Pget Active power reference
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c offf o coococooo

Qset Reactive power reference
Ps The smoothed active power
Qs The smoothed reactive power
w Angular speed value of VSG
Wn Rated angular speed value
Dp Frequency droop coefficient
Dq Voltage droop coefficient
] Inertia
K Integral coefficient
Lg Grid inductance
Lc Filter inductance
C Filter capacitance
Ly Virtual inductance
PI Proportional and integration
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