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Control of VSGs Considering Strong and Weak Grid
Conditions
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Behrooz Bahrani, Senior Member, IEEE

Abstract—The conventional virtual synchronous generator
(VSG) is normally designed to meet certain operational and con-
trol requirements in the islanded mode. However, once the VSG
is switched to grid-connected mode (GCM), the robust operation
cannot be guaranteed under different grid conditions. It can lead
to, especially in strong grids, poor dynamic performance such
as significant oscillation, long settling time, and high overshoot.
In order to improve the VSG performance in the GCM, this
article first analyzes in depth the inherent coupling between
the active and reactive power and its dependence on the grid
conditions, such as the short circuit ratio, grid impedance ratio
X¢ /Ry, and the wide grid impedance variations. Afterwards, an
online grid impedance estimation-based adaptive VSG (AVSG)
control strategy is proposed to ensure the robust operation of
the VSG considering both strong and weak grid conditions. This
technique allows the operator to specify the desired settling time of
output power and damping ratio.To estimate the grid impedance
in real time without extra hardware and reduce the associated
impacts on power quality, an online event-based grid impedance
estimation algorithm is embedded into the control loop of the
AVSG. Both the simulation and experimental results indicate that,
compared to the conventional fixed-parameters-based controller
design method, the AVSG enables the desired performance such
as no oscillation, specified time duration for the settling time, and
minimal overshoot regardless of the grid conditions.

Index Terms—Adaptive control, online grid impedance estima-
tion, stability, strong grid, virtual synchronous generator, weak
grid.

I. INTRODUCTION

ECENTLY, renewable energies such as wind and solar

power have been explored and used in the worldwide
due to the fossil fuel shortage, environmental pollution, and
global temperature rise [1]. Different from the conventional
synchronous generator-interfaced hydraulic and thermal power
generations, these renewable energies are mainly connected to
the utility grid via the highly controllable, flexible, and efficient
power electronic converters [2]. In spite of these remarkable
advantages, these converters currently in service rely mainly
on the phase-locked loop (PLL) for grid synchronization in
order to inject specified power or current command, which
may induce control interaction-related instability phenomena
or limit the maximum power transfer capability under weak
grid conditions [3]-[5]. It is thus desirable to eliminate the
usage of the PLL in these converter interfaces, which leads to
increasing research interests in both academia and industry for
the emerging PLL-less grid-forming technology [6].
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Various kinds of grid-forming control strategies have been
developed in the existing literature, e.g., droop control, power
synchronization control, virtual synchronous generator (VSG),
synchronverter, matching control, virtual oscillator control [7].
Among them, the VSG has been regarded as a promising key
technology for achieving the 100% inverter-interfaced renew-
able grid, since it enables these power electronic converters to
mimic both the steady-state and transient-state characteristics
of the conventional synchronous generators. The VSG not only
accurately tracks the power command but also provides inertia
and damping to the utility grid [8].

The VSG can operate in the islanded mode (IM) as well
as in the grid-connected mode (GCM). On the one hand, the
main task of the VSG in the IM is to form the microgrid
voltage and frequency, the rotor inertia and damping at least
by a one of the inverter especially in the absence of the
conventional synchronous generators. On the other hand, the
main task of the VSG in the GCM is to inject the active power
specified by its reference value, while the terminal voltage and
frequency are regulated by the utility grid [9]. The integration
of large-scale wind and solar farms located at remote sites
can make these integration areas electrically weak due to the
long transmission lines connection [10]. The conventional grid-
following control strategies cannot provide the adequate inertia
support for the grid under this circumstance, which may impose
the risk of instability for the more renewable-energy-integrated
power system [11]. The voltage, frequency, and inertia support
in these grid-connected regions using the grid-forming concept
is thus in the strong need.

Although many research studies have been conducted to
improve the VSG control performance, there are still some
challenges under investigation [8]. Among them, the coupling
between the active and reactive power output that can lead
to the stability and dynamic performance degradation of the
power system and the reactive power absorption increase
to provide the active power support [12]. Furthermore, the
severe power coupling results in transient oscillations and even
instability operation [13]. The decoupling between the active
and reactive power is only satisfied in high-or medium-voltage
grids where the grid impedance ratio X, /R, is large enough
such that the line impedance could be regarded as mainly
inductive [14], [15]. However, the power coupling exists in
a low-voltage grid due to the small X,/R, ratio of line
impedance, i.e., any change of the active power output will
affect the reactive power output, vice versa [11].

Considering the above-mentioned issues, it is important to
analyze the negative impacts of the grid impedance on the
power coupling of grid-forming inverters. However, most of
the control strategies in the literature that address the power
coupling issues focus only on the droop-based grid-forming
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inverters. These techniques include virtual inductance [16], vir-
tual impedance [17], adaptive virtual impedance [18], adaptive
droop control [19], and various improved droop control strate-
gies [20]. Few studies focus on addressing the power coupling
issues in the VSG-based grid-forming inverters, especially in
GCM. In [21], the power equations considering a resistive-
inductive grid impedance are linearized at a specific operating
point. Then, a power decoupling method based on compen-
sating for the coupling components of the power equations is
presented. In [13], to assess the power coupling characteristics,
a unified dynamic power coupling model is presented. In [11],
the limitation of using only virtual inductance to decouple
the power flow is investigated. Then, a g-axis voltage-drop-
based power decoupling control is proposed. Furthermore, the
effects of adopting the virtual inductance on power decoupling
are assessed in detail in [22]. In [9], a generalized control is
presented to meet the operation requirements in both the GCM
and IM. Hence, in the GCM, the oscillations are suppressed
and the settling time of output power are reduced.

Despite the above efforts to eliminate the power decou-
pling issue in the VSG-based grid-forming inverters, several
shortcomings remain to be resolved. First, the control design
proposed based on linearization and decoupling, e.g., in [21],
is valid and accurate only for the specific linearized operating
point. Second, the proposed control design, e.g., in [19], [23],
assume the grid impedance is purely inductive, which is not
the case in weak and low voltage grids. Last but not least, there
is no comprehensive study that reveals the VSG performance
in the GCM considering operating scenarios with different
short circuit ratio (SCR) values, different grid impedance ratios
Xz /R, and grid impedance variations with the same X, /R,
ratio.

This paper initially presents a comprehensive study to re-
veal the VSG performance in the GCM under different grid
impedance conditions, i.e., different SCR, different X,/R,
ratios, and different grid impedance amplitudes. Then, an adap-
tive VSG (AVSG) control strategy is proposed to eliminate the
negative impacts of the grid impedance on the power coupling
between the active and reactive power loops regardless the
grid conditions. The advantages of the proposed control is
summarized as follows:

1) It relies on online estimation of the grid equivalent model
(i.e., resistance and inductance) in order to adaptively
tune the VSG parameters. Hence, it can stably operate
in both weak and strong grids.

2) To avoid practical complications caused by using net-
work analyzers for impedance estimation purposes, an
online event-based active grid impedance estimation
(GIE) technique is embedded into the control of the
AVSGs. It only utilizes the available PCC voltage and
current measurements to estimate the grid impedance
components accurately.

3) It ensures full decoupling and control of the active and
reactive powers with the same desired dynamic perfor-
mance such as no oscillation, specified time duration for
the settling time, and minimal overshoot.

The rest of this paper is organized as follows. Section II
provides a comprehensive review on the conventional VSG
including the control structure, the performance in the IM, the
performance in the GCM, and a summary of the remaining
challenges related to grid parameters (e.g., SCR and X/R ratios)
that hinder accurate control of VSG-based inverters in the
GCM. Section III describes the proposed AVSG. Section IV
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Fig. 1: Control structure of a conventional VSG-based grid-forming inverter.

presents simulation and experimental results. Finally, Section V
draws the conclusions.

II. CONTROL OF THE CONVENTIONAL VSG
A. Control Structure of the Conventional VSG

Fig. 1 shows the topology and control diagram of a con-
ventional VSG-based grid-forming inverter. The inverter is
connected via an L filter (with an inductance L; and equiv-
elent series resistance Ry) to the grid or load (not shown in
the figure). The utility grid is modelled using the Thevenin
equivalent circuit that consists of the grid voltage source (V)
and the grid impedance (Z, = Ry + sLg).

Here, fixed values are normally assigned for the virtual
damping D,, and the virtual inertia J at the design stage by
considering the operation requirements in the IM. Although the
designed fixed values for the VSGs parameters can still perform
better in weak grids, they are prone to induce poor transient
response with high overshoot and long-time oscillations in
strong grids that have relatively small grid impedances [7].
Therefore, the performance of the VSGs is highly dependent
on the grid conditions, as will be illustrated below.

B. Control of the Conventional VSG in the IM

In the IM, the VSG is expected to provide frequency
support when the load changes. Hence, the inertia and damping
parameters of the VSG are designed to meet the rate of change
of frequency (ROCOF) requirements. In Fig. 1, by neglecting
the line losses, the small-signal transfer function from the load
variation A Pj,,q to the angular frequency variation Aw can be
derived as

Aw 1

= 1
AIDload ( )

"~ Jwes + D,
where wy, D), and J are the grid nominal angular frequency,
the damping coefficient, and the inertia coefficient of the VSG,
respectively. Eq. (1) can be rearranged as

Aw 1 1

- 2
Af)load Dp JDi“;OS"'l ( )

Assuming that Tygg = % is the time constant of the VSG,
P

(2) can be rewritten as
1 1
D, Tysgs +1

Tyvsc is related to the desired initial ROCOF. The ROCOF
requirement varies in different countries. For example, the

Aw = A-Ploabd . (3)
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ROCOF requirement in Ireland is 0.5 Hz/s. In Australia, the
Australian National Electricity Rules cites a minimum access
standard of 1 Hz/s for 1 s, which is used in this paper.

In addition, the parameter D,, of the VSG is designed based
on

1
D, = — 4)
P
where o (f Fonin)
T\ Jmaz — Jmin
M = 2 X Pras )

is the frequency droop coefficient considering that the VSG
is capable to supply and absorb active power (i.e., the VSG
interfaces large-scale battery storage systems, where the bat-
teries can be charged and discharged) [24]. fuq. and fy,, are
the maximum and minimum frequency deviations, respectively,
allowed in the IM. In addition, P,,,, is the maximum active
power that can be supplied by the VSG.
Based on (2) and (3), J can be calculate as

D
J =Tysa—2. (6)
Wo

By considering the VSG parameters shown in Table I, the
initial ROCOF as 1 Hz/s (ie., Tysg = 1 s), and D,
as 1.273x10% W/Hz, J can be calculated as J = 1 x
% = 4053 kg-m? based on (6).

Fig. 2 shows the VSG performance in the IM. Fig. 2(a)
shows the VSG response to a step change of the load active
power from 0 to 4 MW at ¢ = O s, indicating that the initial
ROCOEF is equal to 0.5 Hz/s which is exactly the same as
the designed value. Note that the designed ROCOF is equal
to 1 Hz/s for the change of the active power from -4 MW
to 4 MW. Fig. 2(b) presents the Bode plot of the open-loop
transfer function of the VSG G, (s) which is calculated as

) 1

= = . 7
APoaa  s(Jwos+ Dp) )

Fig. 2(c) presents the pole-zero plots of transfer function
Aw/APpaq- It can be seen that the VSG is a first-order system
with a real negative pole. This pole contributes to the slow
dynamic response (e.g., a longer settling time compared to that
of the droop control) of the VSG, since it is very close to the
imaginary axis [9].

The Q-V droop coefficient K, is calculated as

(Vmax - Vmin)

2 X Q’H’L(L.’L’ ’
where Viax and Vi,ay are the allowed maximum and minimum
voltage deviations, respectively, specified by the grid code. In
addition, Q.4 is the maximum reactive power that can be
supplied by the VSG. The number 2 in denominator indicates
that the VSG is capable to supply and absorb reactive power.
In the GCM, it is recommended to add an integral term K;, to
the reactive power controller K, in order to track the reactive
power reference with zero steady-state error. Therefore, a PI
controller is used in this paper for the reactive power control
channel.

Gp(s)

Kpg = (®)

C. Control of the Conventional VSG in the GCM

In the GCM, the main control objective of the VSG is to
regulate its output active and reactive power to the desired
reference commands. To further investigate the performance of
the VSG in the GCM and how the grid impedance parameter
affects its performance, a small-signal model that considers the

inherent power flow coupling is derived below, based on which
the stability analysis is further investigated.

1) Power Flow Analysis and Small-Signal Modeling of the
VSG in the GCM: Considering Fig. 1, the active and reactive
power injected by the VSG to the grid can be calculated as

3
Poce = =55 [Rg (V2= ViVjcosi;) + X V;Vjsindy;], (9)
b Ré +X§ g J J gViVy J
and
3
Qpee = ——— X, (VZ2 — ViVjcosb,;;) — R, V;V;sinb;;],
p Ré +X§ g j J gViVj J

(10)
respectively, where V; and V; are the RMS values of the grid
voltages at the PCC and the grid-side (AC bus), respectively.
R, and X, are the grid resistance and inductance, respectively.
In addition, 6;; is the phase angle between V; and V.

To study the stability feature and dynamic performance of
the VSG, the small-signal model of (9) and (10) is established

as
A-Ppcc _ Kll KlZ Aelj
| Ko Kao| [AV;]
where K71, Koo, Ko1, and Koo are related to the specific

11
AQpec (v
operating point (650, Vjo), shown as

Ky = RéiXé[Rgmmsineijo + X, VioVjcosbijo)
Ko = Rgng[Rg(QViO — Vjcosb;j0) + XgV;sing; o]
Ko = RgngQ[XgVioV}SiHeijo — Ry VigVjcostijo]
Koo = Réi)(gg[Xg@ViO — Vjcosij0) — Ry V;sinbijo),

(12)
where 0 denotes the steady-state operating point. Vjg is the
steady-state RMS value of the PCC line-to-ground voltage. ;0
is the power angle at the steady-state point.

Fig. 3 shows the small-signal model of the VSG in a
resistive-inductive grid. It can be observed that the active and
reactive power are coupled via the power angle and voltage
magnitude, as presented in (9)-(12). In addition, the grid/line
impedance (i.e., [ and X,) has a significant impact on
both the coupling and direct-through terms. In summary, the
independent control of active and reactive power is impossible
in resistive-inductive grids. Therefore, such inherent coupling
between the active and reactive power will hinder the optimal
control of the VSG [11], [13].

2) The VSG Performance in the GCM: In Section II-B, the
VSG parameters are designed based on the rated power and
the ROCOF requirement in the IM. In this section, the VSG
performance with the same parameters is tested in the GCM
in order to illustrate the shortcoming if the fixed parameters of
the VSG are used in the GCM.

Three test cases are conducted, which are the grid strength
SCR variation, the X, /R, ratio variation, and the Z, variation
with X, /R, ratio unchanged. In all test cases, the VSG is
operated at unit power factor, i.e., Q..f = 0 MVar.

Fig. 4(a) and (b) show the simulation results of the VSG step
responses under different SCR values as the X, /R, is 3.0 and
1.0, respectively. It can be seen that the grid SCR significantly
affects the VSG performance. Specifically, the step responses
deteriorate in terms of overshoot, settling time, and oscillations
under strong grid. In addition, the VSG performance is further
deteriorated in all strong, weak, and very weak grids with
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Fig. 2: VSG performance in the IM. (a) Step response of the Aw as a 4 MW load power changes. (b) Bode plot of the transfer function G (s) of the VSG.

(c) The pole distribution of Aw/APjaq.
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Fig. 3: Small-signal model of the VSG in the resistive-inductive grid.

smaller X, /R, ratios as shown in Fig. 4(b), where X,/R,
is set as 1.0. Fig. 4(c) and (d) illustrate further the effects
of the grid impedance on the VSG performance. It can be
seen that the VSG performance deteriorates when connected to
grids with small X, /R, ratios. However, the effects of varying
Xs/R,; are much smaller compared with those of varying
the grid SCR. Additionally, increasing the grid impedance
amplitude while keeping the X, /R, = 3 ratio unchanged
results in significant impacts on the step response of the VSG
active power output.

To further explain the effects of the grid conditions on
the VSG performance, Fig. 5 presents the Bode plots for the
test cases presented in Fig. 4. Note that the reactive power
command is set to zero, so K15 and K59 are not considered in
the analysis. In addition, K17 and K»; are obtained based on
the linearized small-signal model of the power flow shown in
(12), which are calculated from the steady-state operation of
the VSG. The open-loop transfer functions of the active power
loop considering both K71 and K5y can then be calculated as

APpee 1
— = = K
Gii-oL(s) APt s(Jwos+ D) o 13
Gaon(e) =S L
21-OL APt s(onS + Dp) o

Fig. 5(a) and (e) presents the Bode plot of the VSG at two
operating points, i.e., Per =2 MW and 4 MW. It can be
observed that operating point variation of the VSG has slight
effects on the G11_o1(s) and Ga1-oL(s). However, the grid
strength and the X, /R, ratio variations have obvious effects
on the VSG transfer functions G11-or(s) and Ga1-0L(S).

D. Summary of the VSG Control Challenges in GCM

In Sections II-B and Section II-C, it is shown that the
VSG cannot meet the desired performance in both the IM and
GCM. In the IM, the VSG parameters have to be designed
according to several constrains such as the rated active power
and the ROCOF rule to avoid sharp increase or decrease
in the frequency response when loads are disconnected or

connected. In the GCM, the VSG has poor dynamic response
due to the significant oscillations, long settling times, and
the high overshoots. Such poor performance is related to
the grid conditions such as the grid strength SCRs, X,/R,
ratio, and variation of Z, with the same X /R, ratio. For
example, the VSG performance is worsened further in strong-
grid conditions.

Given the above analysis, it can be concluded that there is an
inherent trade-off between meeting the ROCOF requirements
in the IM and the fast and robust power regulation in the GCM,
which prevents accurate control of the VSG with assigned
fixed values for its control parameters. Hence, an adaptive VSG
control strategy that takes the grid parameters into account may
be a promising solution, as will be presented in the next section.

III. PROPOSED ADAPTIVE CONTROL OF VSG

Fig. 6 and Fig. 7 show the control structure and the detailed
implementation of the proposed AVSG control strategy. The
control structure is very similar to the conventional VSG
presented in Fig. 1. However, the control parameters D), J,
K4, and K;, of the AVSG are adaptively tuned online in order
to achieve the reliable operation against the grid impedance
variation. The tuning procedure is established based on the
small-signal model of the power flow. Hence, it requires the
grid impedance value, which is estimated online by the inverter
itself. Further illustration on the proposed AVSG is provided
next.

A. Adaptive Tuning Strategy for the VSG

The small-signal model of the VSG-grid system introduced
in (11) and (12) is employed to obtain the relation between
the VSG controller parameters and the system response. On its
basis, the VSG controller parameters are tuned in an adaptive
manner in order to have the desired response. G, (s) and G, (s)
are defined as the transfer functions of the VSG and the reactive
power controller in Fig. 3, i.e.,

1
Gpls) = s(Jwos + Dp) (14)
and
K;
Gyls) = Kpg + =, (15)

respectively. According to Fig. 3, the relation among A#d;;,
AV, AP, and AQs can be written as

Ab;; = Gp(5) (APt — K11A0;; — K12AV;), (16)
and

AV; = Gy(8)(AQres — Ko1A8;; — Koo AV;),  (17)
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, Ko1Gyp(s)
R4 PCC oy Hy(s) = i , (22)
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Hon(s) = Galo)Hap + MGyls)) (23)

I ) 1+K11Gp(8)+K22Gq(S)+MGp(S)Gq(S)
i i In addition, in (20) - (23),
, |
! : M=K1 K2 — K12K2:. (24)
, |
| & 2 |
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Fig. 6: Control structure of the proposed AVSG-based grid-forming inverters.
The principle is relying the online GIE to tune the control parameters in order
to cope with strong and weak grid conditions

which can be rearranged as
Having (26), the following conditions should be satisfied.

|:A9ij] _ [KVHG;D(S)"‘1 K12Gp(s) }1 [GP(S)APref] MKy, + K11
AV | | KanG KoG 1 G,(s)A ’ = 27
21Gy(s) 22G(8)+ q(s) Qre(flg) Jwo 2 (Kas Ky + 1) 27)
By substituting (18) into (11), it can be derived that D - MK; (28)
[APPCC] - [HH H12:| |:APref] (19) ' wi (Koo Kpg + 1)
AQ T |H H. AQret|’ 1
pec 21 22 e Kig = 2Cum (K g + —). (29)
where K
G,(s) (K11 + MGy(s)) On the other hand, by replacing for J, D,,, and K;, from (27),
Hu(s) = . 3 » 20 (28), and (29) in (23 h
14+K11G,y(8)+K22G o (s)+ MG, (5)Gy(s) (28), and (29) in (23), one can have
w2 M+sKas(Jwos+D,)
Hia(s) = F12Gq(s) , @D H22(S):sz+2Cw stwl  MEu o G0
1+K11Gp(8)+K22Gq(S)+MGP(S)Gq(S) n n +qus+Kiq
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By defining
1 M (3D
c=1————,
K11 Ko
and
Y= M(KooKpy + 1) (32)
Koos(MKpg + K1)’
Hjs(s) can be rearranged as
—1+0 55555 20Wn s247.2Cwn s+yw?
HQQ(S):,Y ~y—1+ 3 27 C 72 (33)
Yo s+7v.2¢wy, 5242Cwn s+w2
By selecting )
Ky, = —, (34)
rq KQQ
It can be calculated that
2—-20
7= : (35)
— 0

Thus, since the cross-coupling terms K, and Ko are not
dominant, i.e., |K12K2| < |Kj11Kaa|, it can be concluded
from (31) that 0 < ¢ < 1, and therefore, 0 < v < 1. As a
result, in addition to a pair of poles which are similar to those
of Hyi(s), Hoo(s) has a real pole and three zeros in the left-
half plane and stable. Finally, by replacing (34) in (27), (28),
and (29), one can have

2—0 K11
J = — 36
Sy W2 (36)
2C((1 —o0)K
p, = 2= 37)
W
and
4¢wy,
K;, = (38)
T Ko

Based on (34), (36), (37), and (38), the VSG and the reactive
power controller can be tuned such that Hyq(s) and Haa(s)
have the desired responses with the desired natural frequency
wy, and damping (. However, as can be seen in these equations,
J, Dy, Kpq, and K;, are functions of K;; and Ky; which are
further determined by the operating point, i.e., Rg, Xz, Vio,
‘/j, and eijo.

B. Online Event-based Grid Impedance Estimation Algorithm

It is demonstrated above that in order to tune the VSG to
cope with both strong and weak grids, the grid impedance
information should be known in advance. However, one key
challenge is that the grid impedance is time-varying, which
hinders the optimal design if only fixed values for the the
grid impedance are used. Hence, accurate control can be only
designed based on the actual value of the grid impedance.
To solve this issue, the online GIE algorithms that make use
of the inverter itself can be used [25]. This approach is cost
effective as it does not require extra hardware, and uses only the
available local measurements to estimate the grid impedance
seen by the inverter at the PCC.

Several online GIE algorithms can be integrated into the
control loop of the inverter itself. These algorithms are cate-
gorised generally into three groups, i.e., active, passive, and
hybrid techniques [25]. The GIE techniques based on single
frequency injection are shown to provide very accurate results
if its estimation time and disturbance amplitude are designed
properly [26]. Therefore, the online active GIE based on 75 Hz
injection is chosen in this paper [27]. To avoid estimation errors
related to the presence of background inter/sub-harmonics in
the grid voltage, the injection/estimation time is set for 200 ms

[26]. This permits accurate measuring due to the use of 5 Hz
resolutions as per “Interharmonics — Recommended Updates
to IEEE 5197 [28].

To address the impacts of the perturbation currents on power
quality and the trade-off between active and passive techniques,
this paper proposes a new algorithm to automatically trigger
the grid impedance only when it is required. Hence, possible
adverse impacts of disturbance amplitude on power quality can
significantly reduced [29], [30]. Additionally, to ensure a fast
and accurate estimation of the grid impedance, the perturbation
currents (¢4—;n; and %4_;y,;) are generated in the dq reference
frame at 25 Hz and added to the current references ¢4,y and
iq—reys allowing fast tracking of the perturbation currents due
to fast response of the inner loop.

Simultaneously with the injection of i43_;,; and iq—;yj, the
current and voltage responses (vres (75 Hz), i105(75 Hz)) at the
PCC of phase A, B or C are recorded. Then, the fundamental
grid impedance (Z4(50 Hz)) is estimated by approximating its
value to Z,(75 Hz) as shown in (39) [26], [27].

gi(\

g =

Vres (75 Hz) } I
; “o

R =~ Vres (75 Hz)
&7 7 s (75 Hz)

ires(75 Hz) ] (39)

C. Online Implementation of the Proposed AVSG

Fig. 7 shows in detail the online implementation of the
proposed AVSG algorithm including the GIE algorithm and
the adaptive tuning of the VSG. The proposed algorithm is
summarized below:

1) Once the inverter is started, the control parameters de-
signed by (4), (6) and (8) are used if the inverter is
operating in the IM or in the GCM and the proposed
AVSG is disabled.

2) Once the AVSG is enabled, the GIE algorithm is enabled
to initialize the values of the impedance components
R, and X, are being used in the next to calculate the
linearized terms of the power flow shown in (12).

3) The control parameters J, D,, K,,;, and K;, of the
VSG-based inverter are calculated based on the method
proposed in (36), (37), (34), and (38), respectively. So,
the inverter can now connect to the grid and the desired
response with the desired natural frequency and damping
is ensured.

4) Afterwards, the inverter power reference commands are
read and monitored continuously for any changes. So,
an enabling signal is generated each time the power
reference commands are changed.

5) The enabling signal is used to delay the power reference
commands for a time duration equal to the required
time for the GIE algorithm, 200 ms. Simultaneously, the
grid impedance parameters are estimated again in real-
time to ensure reliable monitoring of the grid impedance
variations.

6) Then, the updated impedance values are used to re-
calculate J, D,,, K,, and K;,. By doing so, the inverter
can cope with both strong and weak grid conditions as
the effects of the grid impedance are resolved in real-
time by the adaptive tuning of the control parameters of
the inverter.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results

To evaluate the performance of the proposed AVSG and the
conventional VSG, the system shown in Fig. 6 is simulated
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Event-basec

in MATLAB/Simulink and PLECS toolbox. The simulation
parameters are listed in Table. I. The investigated test cases
include active and reactive reference command changes for
both weak and strong grid conditions. For each grid condition
with the same SCR, different tests are conducted considering
two different X /R ratios.

1) Strong Grid with SCR = 8.0: In this part, the perfor-
mance of the AVSG is compared with that of the conventional
VSG for strong grid conditions with two X, /R, ratios. For
the X,/R, =S5, grid impedance parameters are chosen as
R, =23 mQ and L, =37.1 puH. To simulate a strong grid
with X,/R, =7, the grid impedance parameters are set to
R, =1.68 mQ) and L, =37.5 uH.

The obtained results are shown in Fig. 8. Initially, the
inverter active and reactive power reference commands are set
to 0 MW and 0 Var. The AVSG controller is enabled at ¢ =5 s.
At t = 10 s, the inverter active power reference command
changes from O to 2 MW. Then, it changes at ¢ = 25 s to 4 MW.
Finally, the reactive power reference command changes from
0 to 1.5 MVar. Fig. 8(a) and Fig. 8(d) show the dq components
of the PCC voltage for both the VSG and AVSG corresponding
to X, /R, =7 and X, /R, =5, respectively. Overall, it can be
seen that the AVSG ensures seamless transient performance,
without oscillations with a settling time around 0.8 s.

Additionally, as shown in Fig. 8(b) and Fig. 8(e), the dq
components of PCC current change within the desired system

TABLE I: Parameters of the study system.

Quantity ‘ Value ‘ Unit ‘ Description
Grid parameters
Vg 690 \% Grid voltage (L-L)
f 50 Hz Nominal frequency

Grid parameters (Rg, X;) used for the comparison study: Section II-C

Rg, Ly 0.63, 20 mS), uH Strong grid with SCR=15.0, X,/R,=10
Ry, L, 2, 19 m$, uH Strong grid with SCR=15.0, X,/R,=3
Ry, Ly 4.5,14.3 m, uH Strong grid with SCR=15.0, X, /R,=1
Ry, Ly 10, 95.8 mS, puH Weak grid with SCR=3.0, X,/R,=3
Ry, Ly 224,714 | mQ, uH Weak grid with SCR=3.0, X,/R,=1
Ry, Ly 25, 239.6 mQ, puH Weak grid with SCR=1.0, X, /R,=3
Ry, Ly 56, 178.6 mQ), puH Weak grid with SCR=1.0, X, /R,=1
Grid parameters (R, X,) used for the simulation study: Section IV-A
Ry, L, 1.68,37.5 | mQ, pH Strong grid with SCR=8.0, X, /R,=7.0
Ry, Lg 2.3, 37.1 mS, uH Strong grid with SCR=8.0, Xg/Rg=5A()
Ry, L 25,239.6 | mQ, puH Weak grid with SCR=1.2, X, /R,=3
Ry, L 56,178.6 | mQ, uH Weak grid with SCR=1.2, X, /R,=1
Inverter parameters

Shase 5.0 MVA Inverter rated power

Poase 5.0 MW Inverter rated active power

Ude 3000 v DC Bus voltage

few 5 kHz Inverter PWM carrier fequency

L¢ 95 pH Filter inductance

Ry 0.01 Q Filter resistance

Cy 1 mF Filter capacitance

Fixed parameters for the conventional VSG

D, 1.273 x 105 [ W/Hz Damping coefficient

J 4052.85 kg.m? Inertia coefficient

Ky, 1.5x 107° Var/V | Proportional gain of reactive power controller
Ky I1x 1073 1/s Integral gain of reactive power controller

response. The zoom-in view in Fig. 8(b) and Fig. 8(c) present
the small variations in the dq current required to estimate the
grid impedance in real-time. As stated previously, these small
variations result from the injected 75 Hz perturbations in the
dq current reference for a duration of ¢ =200 ms.

Fig. 8(c) and Fig. 8(f) show robust performance of the AVSG
in a strong grid against both X,/R,=7 and X /R,=5. In
contrast to the proposed AVSG, the conventional VSG shows
unstable operation in the higher inductive grid X,/R, =7
after the reactive power reference command changes from 0
to 1.5 MVar while the inverter injects its rated active power of
4 MW.

2) Weak Grid with SCR = 1.2: Similar to the previous
test in strong grid conditions, the grid impedance parameters
are chosen to simulate two case studies for a weak grid with
SCR = 1.2. In the first case study, the grid parameters are
chosen as R, =25.1 m and L, =239.61 pH to obtain
Xg/Rs =3. In the second case study, the grid parameters
are chosen as R, =56.1 mQ and L, =178.6 pH to obtain
Xs/Rg =1.

The simulated events of active and reactive power reference
commands changes are similar to those reported in the previous
section for strong grid tests. Fig. 9 shows that the AVSG
outperforms the conventional VSG. It is evident that the AVSG
is robust against the variations of the X,/R, = ratios.

Fig. 10 depicts the control signals, the PCC current, and
the estimated grid impedance of the AVSG for the second
case study with X,/R,=1. Fig. 10(a) shows that the GIE
algorithm is activated four times at 5, 10, 25, and 40 s.
Unlike the first activation of the GIE algorithm at ¢ =5 s that
corresponds to the time instance of enabling the AVSG, the
GIE algorithm is enabled automatically at 10, 25 and 40 s
due to changes of the inverter active and reactive reference
commands. Fig. 10(a) also depicts the perturbation currents,
1d—inj> and igq_;n; Tequired for the impedance estimation. It
can be seen that the GIE algorithm has minimal impact on
the system as it does not disrupt the system continuously
and the injected perturbation currents have relatively small
amplitudes of 3.3 A. Fig. 10(b) shows the PCC current with
zoom-in view of the time duration when the GIE is enabled.
Fig. 10(c) compares the estimated grid components (R.st and
Lest) with their true/reference values. It is evident that the
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proposed implementation of the GIE is reliable and provide
very accurate results.

B. Experimental Results

In this section, the experimental results based on a scaled-
down setup are presented to validate the effectiveness of the
proposed control. The tested systems are the conventional VSG
and the AVSG as presented in Fig. 1 and Fig. 6, respectively.
The system parameters used for the experiment are listed Ta-
ble. II. Fig. 11 shows the experimental setup used for evaluating
the control performance. It consists of a DC power supply,

a SiC-based two-level three-phase Imperix inverter, LC filter,
grid impedance, and a Regatron grid simulator. The control
algorithm was implemented directly from MATLAB/Simulink
into the BoomBox Imperix Controller.

The performance of the controller is tested in both strong
and weak grids. In each test, step changes in the active
and reactive power reference commands are applied. Initially,
both inverters are operating in steady state where the power
reference commands are P, = 200 W and Q.o = 0 Var
Then, for the proposed AVSG, the control algorithm is enabled
at t; and the values of ¢q_in; and iq_;y,; are set to 0.25 A. After
5 s of enabling the AVSG, a step change in the active power
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TABLE II: Parameters of the experimental setup.

Quantity ‘ Value ‘ Unit ‘ Description
Grid parameters
Vg 110 \ Grid voltage (L-L)
50 Hz Nominal frequency
Ry, L, 0.85, 3.0 mS, pH Strong grid with SCR=6.74, X/ R,=1.1
Ry, Ly 0.67, 10.5 | mQ, uH Weak grid with SCR=2.54, X, /R;=4.92
Inverter parameters
Shase 1.4142 kVA Inverter rated power
Prase 1.0 kW Inverter rated active power
Vde 320 v DC Bus voltage
fsw 5 kHz Inverter PWM carrier fequency
Ly 4 mH Filter inductance
Ry 0.06 Q Filter resistance
Cy 30 uF Filter capacitance
Fixed parameters for the conventional VSG
D, 3183 W/Hz Damping coefficient
J 1.013 kg.m? Inertia coefficient
Ky, 7.18x 1073 Var/V Proportional gain of reactive power controller
K, Ix 107° 1/s Integral gain of reactive power controller

reference command from 200 to 800 W is applied at ¢5. Finally,
a step change in the reactive power reference command from
0 to 150 Var is applied at 3.

Fig. 12 shows the experimental results in a strong grid.
Fig. 12(a) and Fig. 12(b) compare the PCC currents and the
power tracking capability of the VSG and the proposed AVSG,
respectively. It is evident that there are significant oscillations
in the output power waveform of the conventional VSG for
almost 10 s. In contrast, the AVSG ensures good dynamic
performance. After the changes of active power reference
command, the AVSG takes an overall ¢ =1 s to settle down
(0.2 s for the GIE and 0.8 s for tracking the new power
reference commands).

Similarly, Fig. 13 shows the experimental results in a weak
grid. Fig. 13(a) and Fig. 13(b) compare the PCC currents and
the power tracking capability of the VSG and the proposed
AVSQG, respectively. It can be observed that the proposed AVSG
ensures the seamless transient in a weak grid. It requires a
time duration equal to 1 s to settle down, as the same desired
performance obtained for the strong grid condition. In contrast,
the VSG has poor dynamic performance in a weak grid due
to the large grid inductance, but still performs better than in a
strong grid.

In summary, this paper proposes an adaptive control for
VSG-based inverters. The proposed AVSG ensures good dy-
namic performance in both strong and weak grid conditions. It
is robust against grid impedance variations and with different
g/Rg values as it relies on the online estimation of the grid
impedance.

V. CONCLUSIONS

This paper initially reveals the negative impacts of grid
parameters (SCR, X, /R, ratios, and different amplitudes of
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strong grid (SCR=6.74, Xz /Rg=1.1): (a) PCC current waveforms of the
conventional VSG, (b) PCC current waveforms of the proposed AVSG, (c)
PCC power waveforms.

the grid impedance) on the performance of the VSG. Then,
an online grid impedance estimation-based adaptive control
strategy is proposed to ensure the full decoupling of the active
and reactive power flow. This technique ensures full control
of the real and reactive powers with the same desired dynamic
performance, such as no oscillation, specified time duration for
the settling time, and minimal overshoot, regardless of the grid
parameters. The proposed control is established based on the
online estimation of the grid impedance using the frequency
injection estimation algorithm that is embedded into the control
loop of the AVSG-based inverter. Furthermore, to avoid the
unnecessary continuous estimation of the grid impedance,
the estimation algorithm is automated to re-estimate the grid
impedance only if the active or reactive power reference
commands are changed. Simulation and experimental results
validated the efficacy of the proposed online grid impedance
estimation-based adaptive control for VSGs in both strong and
weak grid conditions.



XXX XXX

Fig.

2021-12-18
02:35:00

changes 1»Q,, changes

vef

BEAAY

%4 ) (3!
- Ji

2021-12-18
02117359

v

control

(4 s/div] , ‘» P, chaglges 5Q., changeg |
4[2 A/div] ] gty L
TS

‘A\«...«—-"‘/l S e T
4 ms/div]
A >
(b)
—Lref
o~ —Ppee, VSG
< - Qpee;, AVSG
> 1 Qhua
~4 —Qret ANPN lL
g —Qpec; VSG \ i
Qpec; AVSG 7T 7
g5 @ S i’
8
% 2
~ ) 7 0102 ]
0 5 10 15 20 25
Time (sec)

(©)

13: The experimental results of the conventional and the AVSG in a

weak grid (SCR=2.54, Xg/Rg=4.92): (a) PCC current waveforms of the
conventional VSG, (b) PCC current waveforms of the proposed AVSG, (c)
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