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Abstract—This paper introduces a grid forming (GFM)
control method — detailed synchronous machine emulation
virtual synchronous generator (VSG). The proposed method
makes a voltage source converter exactly emulate a synchronous
generator (SG), using a current source interface. The precise
emulation of an SG gives tighter control over overcurrent and
improved transient damping. Electromagnetic Transients (EMT)
simulation is used to demonstrate the operation, and small signal
model is used to assess the stability performance. Small signal
analysis shows that the resulting VSG operates stably, and
oscillatory modes can be damped by appropriate optimization of
the virtual damping windings resistances.
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1. INTRODUCTION

OLTAGE source converters (VSCs) are increasingly

being used in modern power grids for interconnecting
renewable energy sources (RES), distributed energy resources
(DER) and high-voltage dc (HVdc) transmission [1]-[2]. Since
R. Marquardt developed the modular multilevel converter
(MMC) in 2005 [3], this type of converter is fast becoming the
preferred VSC topology due to the lower power loss and near-
sinusoidal output waveform that eliminates the need for
additional filtering. Nowadays, the MMC is widely used in
applications such as HVdc transmission [4], variable-speed
drives [5], wind turbine generators [6], flexible ac
transmission systems (FACTS) [7] and so on.

Typically, the VSC control mode can be either the grid
following (GFL) or grid forming (GFM) type. In the GFL
mode, a phase-locked loop (PLL) is used to track the phase of
the system voltage waveform and generate the reference signal
for generating the on/off signals for the VSC’s IGBT switches.
On the other hand, the GFM itself generates its output
waveform and can be used for connecting to passive loads or
very weak systems. With high penetration of RES and DER, a
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GFL converter becomes very susceptible to ac voltage
changes, as the PLL’s tracking capacity becomes
compromised [8]. To improve the transient response and
steady-state stability, the GFM is proposed. The Virtual
synchronous generator (VSG) is one possible GFM control
strategy, in which the converter is controlled to mimic the
behaviour of a synchronous generator (SG). In most cases, a
simplified model of the SG is used, as in the ‘synchronverter’
[9], where the electro-mechanical swing equation and a
simplified representation of damping are included. Additional
blocks, such as an extra damping loop [10] can be added to
such a model to improve dynamic performance. Similarly, a
virtual impedance controller can be combined with the VSG
representation to emulate the slow time-varying (quasi-
stationary) impedance characteristic of a real SG [11][12].
These type of controllers typically provide d- and g-axis
current orders which can be passed to a decoupled dq
controller to generate the modulation index for the converter’s
firing pulse generation block. A current limiting feature, to
prevent damage to valves can be embedded into such a
controller by adding suitable limits to the dq current orders.
However, [13] shows that such an ‘embedded’ current
controller may cause the GFM converter to become unstable
when connected to a strong system.

In this paper, a novel current-controlled VSG, which
emulates the mechanical and electrical dynamics of an actual
SG is incorporated. Reference [14] introduced the basic
algorithm and compared its operation with a simple swing
equation-based implementation and an actual SG. In contrast,
this paper investigates the performance with different levels of
detail in the SG’s representation (e.g., different number of
damper windings, etc.). It also develops small signal models
of these representations and validates them using
Electromagnetic Transients (EMT) simulation. In addition, the
VSG configurations are investigated when connected to ac
networks of different strengths - represented by short circuit
ratios (SCR) - ranging from weak (SCR < 2.0) to ultra-strong
(SCR > 30). Root locus analysis is carried out to investigate
the stability and damping performance when the VSG
representation uses different number of damper windings.
Also, as the VSG parameters need not be constrained to the
values of a physical machine, the use of artificially large
parameters is investigated. It is shown that including damper
windings inside the VSG results in a well-damped transient
response.



II. SYSTEM LAYOUT

The proposed VSG control method is tested in a VSC of
the MMC type with 200 submodules (SMs) per arm. It is
connected to an ac network with a short circuit ratio (SCR) of
4.5 as shown in Fig. 1.
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Fig. 1. Overall system layout and control diagram.

From the figure, the output variables of the proposed VSG
controller are current references ifebfc = [ifef,ifef,ircef]. With
this, it is very easy to limit the current to a safe level, merely
by limiting the magnitudes of ifebfc. The MMC’s current
controller block then generates the required voltage references
vigf so that the MMC currents i’° are essentially equal to
i22¢. Methods available to achieve this include the non-linear
vector current source (NLVCS) control [15] and hysteresis
current control [16] to name a few.

In hysteresis current control, the current is confined to a
narrow envelope of width hy around the current reference
irof . If the measured phase current is above the envelope (i.c.,
{ > ief + hy ), the output voltage is reduced to restore the
current to be within the envelope. Similarly, if it is below the
envelope, the voltage is increased. The method is widely used
in two-level converters, but it has been adapted here for an
MMC based on the approach of [16]. With this current
controller, the MMC can be operated as a high-bandwidth and
high-precision current source to generate any desired current
waveforms.

In addition, a circulating current suppression controller
(CCSQ) is required to cancel circulating current harmonics in
the MMC’s arms [17]. It injects compensating voltages (v&2¢)
which are added to the reference voltages vﬁffc to produce the
final voltage orders. Then, the firing block calculates the
required number ‘N’ of the activated submodules in each arm
based on the voltage order and generates the necessary turn-
on/turn-off commands for the appropriate submodules. In this
paper, we use the commonly used ‘nearest level control’
(NLC) algorithm [17]. The objective of this paper is to achieve
the behaviour of a real synchronous generator. The specific
control strategy for generating i%’¢ for this purpose is
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discussed below.

III. CURRENT CONTROLLED VIRTUAL SYNCHRONOUS
GENERATOR CONTROL

A. Overall VSG controller

The structure of the proposed VSG controller is in Fig. 2.
The VSG controller can be mainly divided into two parts, 1)
Mechanical model and 2) Electrical equations, which
exchange information with each other. The “Electrical
equations” are used to generate the phase current references
iﬁff” using the SG equations as will be discussed later. An
excitation controller is added to generate the field voltage
(Efq) based on the terminal voltage reference.

Current limiting is easily achieved by adding a maximum
limit to the VSG’s current orders i}, in
Fig. 2. Several limiter algorithms can be used for the GFM
converter [18]. The circular magnitude limiter as shown in
Fig. 3 is used in the examples in this paper to make sure the

and as shown in
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magnitude of the current reference (lfef) + (lfef) is
always below the allowed limit I,y , while the angle
maintains the same.
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Different models of SG with varying levels of modelling
complexity are available in [19]. In the paper, we use the
following:

1) An accurate representation with one damper winding
each in the d- and g-axes

2) A less accurate representation without d- and g-axis
damper windings.

Note that the only difference between these two VSG
options is in the set of electrical equations.

B. Mechanical System Model

The mechanical modelling in the VSG controller contains
the core swing equations of the SG as in (1) [19].
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In (1), H is the inertia constant, P,..r is the active power
reference, T,, is the mechanical torque and T, is the



electromagnetic torque. The grid frequency and the machine’s
virtual angular speed are w, and w, respectively, while @ is
the virtual rotor angle.

C. Electrical Equations

Two different electrical structures are shown in this section.

1) VSG Control with Damper Windings: The d- and g-axis
equivalent circuits of this VSG controller are shown in Fig. 4.
The model has a field winding and one damper winding (with
currents irq, i14) on the d-axis whereas one damper winding
(with currents i;,) on the g-axis. The d and g-axis stator
currents are i; and i,. Inductances Ly, Lyg, Ligq etc., are
the inductances of the various windings as shown in Fig. 4.
The flux linkages of the respective windings are ¥4, ¥, etc.,
and ‘p’ is the time derivative operator e.g., py,; = dy,/dt,
etc. The d- and g-axis components of the voltage are v,; and
Vg. A detailed explanation of these equivalent circuits can be
found in [19].
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(a) d-axis equivalent circuit - (b) g-axis equivalent circuit
Fig. 4. Equivalent circuits of the VSG control with damper winding.
Based on Fig. 4, the relationships between currents and flux
linkages are given in (2)-(6).
Ya = (Lg + Lina)ia + Lnalia + Linaisa (2)
Y1a = Lipalq + (Lig + Lna)iig + Limaira (€))

Yra = Lmala + Lngiza + (Lrg + Lna)ifa 4)

Yy = (Lo + Ling)ig + Lingiag 5)
Y1g = Linglq + (L1g + Ling + Lqq)laq ()
The equations of voltages are given in (7)-(11).
d .

24 = vy — igRq — Wi ™)

dy .
—* = —Riaiia ®)

dy ,

dfd = Erq — Ryqlzq 9)
M - — Ry 10
dc vq + wl»bd alq ( )

diy ,
qu = _qullq (11)

Using (2)-(11), the fluxes (14, P, etc.) can be calculated
by integration using a suitable numerical integration method
(e.g., the trapezoidal rule) from which the currents (iy, i4
etc.) are determined using (2)-(6). Also, the electromagnetic
torque T, required in (1) is calculated as in (12).

T, = 1»bdiq - 1»bqid (12)
2) VSG Control Without Damper Winding: The d- and g-axis
equivalent circuits of this VSG controller are shown in Fig. 5.
Because of the similar structure, the electrical algorithm of

this VSG controller without damper winding can also be
obtained from (2)-(11) by simply dropping the terms related to

damper winding currents (i;4 and i;4). The equations are not
repeated here.

(a) d-axis equivalent circuit (b) g-axis equivalent circuit

Fig. 5. Equivalent circuits of the VSG control without damper winding.

This also shows the proposed VSG controller is very
flexible. The emulated electrical part can be modified easily
by removing or adding corresponding flux/voltage equations
without changing the existing equations. And the overall VSG
structure keeps the same as in Fig. 2.

IV. SMALL SIGNAL MODEL OF PROPOSED VIRTUAL
SYNCHRONOUS GENERATOR CONTROL

Root locus analysis is widely used for studying the
influence of the control parameters [11][13][19]. Before this,
the small signal (SS) models of these control systems are
required. The process of mathematically deriving the SS
models is introduced in this section. These SS models are then
validated using Electromagnetic Transients (EMT) simulation
as shown in the next section.

A. SS Model of VSG Control with Damper windings

A small signal model is developed to analyze the effect of
various parameters on the stability and dynamic behaviour of
the VSG. The mathematical derivation is presented below.

1) 88 model of the Electrical Equations: From (2)-(6), the
small signal expressions of these linearized equations are in
(13)-(15). ‘T’ represents the transpose of the matrix and the
matrix Lq is given in the Appendix.

Alpl = LlAll (13)
T
APy = (Mg Mg Mg Dy D) (14)
ALy = (dig Aiyg Aipg Aig Aiyg)' (15)
From (13), it is evident that:
Al = L7'AY, (16)

Also, converting (7)-(11) to their linearized equivalents, we
get the flux differential equations as in (17)-(21). All the
variables in per-unit (except ‘¢’ (time) which is measured in
seconds). Here w, = 2w X 60 rad/s is the nominal virtual
rotor speed (60 Hz system). The superscript ‘0° on any
variable indicates that it is its steady-state value.

o et = vy — Rebig — Mg — e (17)
win% = —Ryghisg (18)

win“;;fd = AEfq — Rrglisy (19)
U = fvg = Rebig + 0°By, +Y3ho  (20)
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In the linearized differential equations above, the
incremental flux linkages (A, A4, Arq, AYg, Ahyq)
and the incremental field voltage (AEf,) are state variables.
The incremental currents (Aiy, Alyg, Algq, Alg, Aiqg) can be
re-written in terms of their corresponding flux linkages based
on (16). Avg and Av, are not state variables but will be
substituted later with state variables by using the equations of
the interconnected external system.
2) SS model of Excitation Controller: From Fig. 2, the
small signal model of the excitation control (ignoring the

C N R
limits) is shown in Fig. 6, where K; = K} -Lﬂ. Two state
md

variables AXp,; and AXgp, are introduced to represent the
internal states of the first-order lag blocks as shown in Fig. 6.
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Small signal model of excitation control.

In the dq reference frame, the voltage magnitude V is

/vé +vZ . Hence, AV is as in (22), where V; is the steady
state magnitude of V as in (23).

0 0

—Ya Ya
AV = Ay + LAy, (22)
Vi = /(vg)z + (v9)? (23)

Using Fig. 6, the small signal equations of the excitation
controlled can be summarized as in (24)-(26). The units of the
time constants (T,., Tz, T4) are in seconds.

dAXE,

= X, + Ay, + A (24)
ac o ofE2 T, AVa T, B

dAXg; _ 1 1 1

—dt‘ —_ EAVTef - EAXEI - EAXEZ (25)
dAEfq 1 Ki(q_Tc KaTc
= B A ( TB) AXgy + AE AV, g
_ K,Tc

MKy (26)

3) SS model of the External System: The relationship
between Avy, Ay, and the state variables can be derived
from the external power system which the converter connects
to. The external system in Fig. 7 is equivalently represented as
a Thevenin reactance X; and a Thevenin voltage source
Ep£0. Any resistive component R, being much smaller than
X,, is ignored. The positive direction of the current phasor [
is as shown in Fig. 7 and V; is the converter’s terminal
voltage. From Fig. 7, (27) can be obtained.
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Fig. 7. Equivalent external power system.

Ve = Vr +jV; = Ep — jX;I = Ep +jO — jX;(Ir + jI}) (27)

Equation (27) is in the real-imaginary (RI) coordinates
which rotate at the fundamental speed (120w rad/s for a
60 Hz system). This needs to be transformed into the dq
reference frame (rotating at w rad/s) to be combined with
the other VSG equations.

Fig. 8 shows that the g-axis lags the d-axis by 90°, and I-
axis leads the R-axis by 90°. The angle between R-axis and d-
axis is defined as & and & is not the rotor angle 6
mentioned in (1). Then Ad, as given by (28) becomes one of
the state variables.

(28)
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Fig. 8. Phasor relationship.

Also, the external system voltage Ep in dq reference frame
can be obtained from Fig. 8 as shown in (29)-(30).

Egq = Ep - cosé 29)
Egq = —Eg * sind (30)
Thus, (27) is rewritten in the dq frame as in (31)-(33).
Va — jvg = (Epa — jEsq) — jXs(ia —Jjig) (D
Vg = Epg — Xig = Egcosé — X, (32)
Vg = Egq + Xsiqg = —Epsiné + X;iy (33)

Then, the incremental values of the d- and g-axis
components of the voltage (Avy, Av,) are in (34) and (395).
These are used to replace the voltages in (17), (20) and (24).

Avg = —Egsins® - A5 — X Ai, (4
Av, = —Epcos8® - AS + XAiy (35)

4) SS Model of the Mechanical Part: From (12), the
expression for the incremental torque AT, isin (36).

AT, = QMg + PJAiy — igAp, —PJAiy  (36)
Then combining (1) and (36), the differential equation for
Aw can be written as in (37). As AT, is approximately equal
to AP,.; in the per-unit system, it is replaced by AP,..¢. Also,
the unit of the inertia constant H is seconds.

dAw _ APrer Dy, i Py .. ig
o _ Brer  Dwpgy fapy, —Yap; 4 ldp
dat 2H 2H 2H Va 2H 9 " 2H Yq

+ va Aig 37
2H

Since the incremental rotor angle A8 is only related to Aw
and is not used in other small signal differential equations, A8
is neglected in the VSG small signal model.

5) Complete Small Signal Model: Combining the various
components of the small signal model derived above, the
complete set of small signal equations can be written in matrix
form as in (38)-(42). Where, the ‘0’ in (42) is the 5 X 5 zero
matrix.



dAxq

ar = Alel + BlAu (38)
A; =[M;+N(LD™] (39)
Ax,

T

= (Mg Mpyg Mprq MYy My, Aw AS AEpy AXpy AXpy)

(40)

Au = (A‘Dref AVref)T (41)

. _(Ly 0
L=(g o) (“2)

Matrices M4, N; and B; are given in the Appendix.

B. SS Model of VSG Control without Damper windings

The small signal model of the VSG controller without

damper winding can be easily obtained by removing the

corresponding differential equations related to the damper

windings. Therefore, the matrix equation for the VSG without
damper winding is as in (43) to (47).

T2 = 4,Ax, + ByAu (43)

Az = [My + N(Ly)7"] (44)

T
Ax, = (Mg Aprq MY, Dw AS AEp; AXpy AXg,)  (45)

Lo+ Lya Lina 0
L, = Lina Leg + Ly + Ling 0 (46)
0 0 Lo + Ling
, _(Ly O
=02 ,) @7

The matrices M, and N, are obtained by removing
columns 2, and 5, as well as rows 2 and 5 of M; and Ny
respectively. Removing columns 2 and 5 from B gives B,.

V. MODEL VALIDATION USING EMT SIMULATION

The proposed small signal (SS) models of the VSG
controllers are validated by matching their transient responses
with a fully detailed model in an EMT simulation program
(PSCAD/EMTDC). The system layout for validation is the
same as in Fig. 1, and its parameters are in Table I.

The SS model is linearized at the operating point where the
output power of the MMC (P;) is 1.0 pu. A step change in the
active power reference (AP, = —0.1pu) is applied in the
EMT simulation as well as in the SS models.

Fig. 9 shows the transients of the virtual rotor speed
obtained from the SS model wgs and EMT simulation wgpr
of the proposed VSG with the damper windings. From Fig. 9,
the traces are essentially overlapping and the maximum
absolute error between these two curves is 1.39 X 10™* pu
(as in Fig. 9 (b)) or 0.0139 % of the nominal value of wgyr.
Thus, this validates the small signal model derived earlier.

The plot of the speed w has an oscillatory component
close to 1.85 Hz and an attenuation constant close to 0.78 s.
The curves show that the proposed control method is stable at
the operating point as the speed w recovers to 1.0 pu. This
means the MMC synchronizes with the external ac system
after the small disturbance.

Similarly, the accuracy of the SS model of the VSG control
without damper windings can also be validated (not shown).

TABLEI
MAIN PARAMETERS
Main System Parameters
Parameter Value Parameter Value
Ve +150 kV fsystem 60Hz
MMC Spuse 270 MVA MMC Vypse 180kV
System SCR 4.5 SMs per arm 200
Main VSG Control Parameters
H 342s L, 0.015 pu
D, 5.0 Lona 2.0 pu
R, 0.0043 pu Leq 0.119 pu
Rig4 0.01823 pu Lig 0.1097 pu
Ry 0.0104 pu Lqg 0.395 pu
Req 0.0008947pu Limg 1.44pu
Main Excitation Control Parameters
T 1.0s Ty 100 s
K, 200.0 T, 0.015 s
T, 0.02s
——EMT Simulation (wg,,.) - - -Small Signal Model (wy)

(a) Virtual Rotor Speed w

1.0005 -

(pu)

0.9995 -

0.999 |

0.9985 . . . . .
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4 (b) Difference (w, w,

EmT ~ “ss)
:
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Time (s)
Fig. 9. SS model and EMT results of VSG control with damper windings.

VI. ROOT LOCUS ANALYSIS

Root locus analysis is conducted on the small signal model
for the operating point of P, = 1.0 pu to investigate how the
parameters of the ac system (X;) as well as the damper
windings (Rqiq, Lig, Rig, Lig) affect the stability and
transient behaviour of the proposed VSG. The eigenvalues of
matrix A; in (39) and A, in (44) can be plotted in the
complex plane as a function of the parameters (e.g., X, Riq4
etc.) being varied to generate a root locus plot from which the
damping and the stability information can be garnered.

In this section, only the most critical eigenvalues close to
the imaginary axis are plotted in the root loci.

A. VSG Performance under Varying System Strengths

Matrices A; and A, are functions of the ac system
reactance X; which is inversely proportional to SCR. Hence,
root loci for varying SCR can be generated by varying X;.

Fig. 10 (a) and (b) respectively show the plot of the critical
eigenvalues of A; (X) and A, (O), as the SCR varies from
SCR = 1.2 for a weak system to SCR = 100 for an ultra-
stiff system. Other non-varying parameters are given in Table
I. As the eigenvalues have negative real parts, both VSG
options exhibit stable operation over the entire SCR range.



This indicates a performance enhancement compared with
previous VSGs that utilize embedded current controllers
which may become unstable with high SCR ac systems [13].
This could be attributed to the delays inherent in the
proportional-integral (PI) controller. In contrast, the proposed
VSG uses a hysteresis current controller to generate the
currents which is extremely rapid with minimal delay.

Additionally, from Fig. 10, an increase in the SCR for the
VSG model leads to a shift of the oscillatory eigenvalues to
the left, which indicates an improvement in the damping of
oscillations. For example, the damping ratio (), when the
damper windings are included, is 0.059 for SCR = 1.2 and
& =0.159 for SCR = 20. Also, there is an increase in the
oscillation frequency (f,,) with a larger SCR. For example, f;,,
when the damper windings are included, is 1.07 Hz for
SCR =1.2 and f, = 256 Hz for SCR = 20.

The step responses of w with AP.., = —0.1pu in Fig.
11 is consistent with the above conclusions. For example,
measurements from the waveforms show that £ = 0.067 and
fn =093 Hz for SCR = 1.2, whereas ¢ = 0.155 and f, =
2.53 Hz for SCR = 20. These values match the information
obtained from the SS model. Similar conclusions can also be
drawn from the transient waveforms of the VSG with no
damper windings, which is omitted here for brevity.
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Fig. 10 Root loci with SCR increasing. (a) VSG1 (with damper windings)
(b) VSG2 (without damper windings).
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Fig. 11  Step responses for VSGI (with damper windings) with different

SCR Systems.

B. VSG Performance with Varying Damper Resistance
Riq
Fig. 12 shows the plot of the eigenvalues of A; (indicated
by X), as the d-axis damper resistance R;; changes from
0.0 pu to 1.0 pu. Other non-varying parameters are given in
Table 1. The eigenvalues of A, are also shown in the same
plot (represented by O), which remain stationary as the
damper windings are not included in 4,.
The eigenvalues of A; move asymptotically towards the
eigenvalues of A, as R;; increases, which is to be expected
as having no damper winding is tantamount to having a

damper winding with R;; = 0. As can be seen, the operation
is stable over the entire range of Ry .

A zoomed in plot of the oscillatory eigenvalues is shown in
the right-hand frame in Fig. 12. The oscillation frequency is
largely unchanged at around 11.8rad/s (1.85Hz). The
VSG controller with no damper windings has the least
damping ratio of 0.084 for the dominant oscillatory mode.
While with the damper winding, the real part of the oscillatory
eigenvalues first increases with increasing R;y4, attains a
maximum for R;; = 0.008 pu and then decreases. Thus, in
this example, the largest damping ratio of 0.119 occurs for
Ri4 = 0.008 pu. Hence, including the damper windings in the
VSG does improve the damping ratio from 0.084 to 0.119.

The above conclusions can be validated using a time
domain simulation. Fig. 13 shows step responses of w with
AP,.; = —0.1pu for three cases: i) VSG with no damper
winding, ii)) VSG with R;4 = 0.008 pu, and iii) VSG with
Riq = 0.1823 pu . As expected, damping ratio of the
oscillatory mode is the largest for R;; = 0.008pu (& =
0.121) while it is the least (¢ = 0.086) for the controller
without any damper windings. This is in excellent agreement
with the values £ = 0.119 and ¢ = 0.084 obtained from the
SS analysis. The oscillation frequencies vary marginally,
being 1.95Hz for R,; =0.008pu, 1.86 Hz for R,; =
0.1823 pu and 1.83 Hz for the no damper winding case,
which also agrees with the SS analysis results.
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Fig. 12. Root loci with R,; increasing.
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Fig. 13. Simulation waveforms showing R,, effect.

C. VSG Performance with Varying Damper
Inductance L4
Fig. 14 shows the plot of the eigenvalues of A; (X), as the
d-axis damper inductance L;; changes from 0.0 pu to
10.0 pu. One of the dominant poles is zoomed in and shown
on the right. The eigenvalues of A, (O) are also plotted and
remain stationary as the formulation of A, does not include
L14. Additionally, Fig. 15 shows the step responses of w with
AP,.; = —0.1pu for three cases, viz. i) VSG with no damper



winding, ii) VSG with L,; = 0.01 pu,
Lz = 1.097 pu.
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From the zoomed-in plot of Fig. 14, the dominant pole first
moves closer to and then turns away from the imaginary axis.
Therefore, the worst operating situation from the point of view
of system stability happens at the furthest right of the root
locus, where L, isaround 2.5 pu.

Observing the oscillatory poles in Fig. 14, the VSG
controller without damper windings has the least damping
ratio (£) which is 0.084. For VSG with damper windings, a
smaller L;4; gives better damping, for example ¢ = 0.114
for Lz =0.01pu . Also, the oscillation frequency is
unchanged at around 1.83 Hz with varying Lq4.

The EMT simulation in Fig. 15 confirms the root locus
results. The VSG with L;; = 0.01 pu has the most damped
response which is measured to be § = 0.118 and the least

transient settling time. In contrast, the damping ratio is the
smallest for the VSG without damper windings, and
measurement gives it as 0.086. These results match the
information (§ = 0.114 and & = 0.084) obtained from the
SS analysis. It can be seen that the transient performance is
marginally improved with the inclusion of the damper
windings.

The root loci (not shown here) obtained by varying the g-
axis damper resistance and inductance (R;, and L,q) are
qualitatively similar, as those with varying R,; and L,4.

VII. CONCLUSIONS

In this paper, a novel detailed synchronous machine
emulation VSG control approach is introduced. The MMC
interfaces to the network as a current source, with the current
references being calculated using the full set of equations
representing a synchronous generator. The proposed VSG
control is flexible, as the number of windings as well as the
winding parameters can be changed. Two VSG controllers
with different modeling complexity based on SG structure are
developed, one with, and the other without representing the
damper windings.

Small signal analysis, validated using EMT simulation,
shows that with or without the damper windings, the overall
VSG model remains stable not only in weak systems, but also
in ultra-stiff systems, which was identified as a challenge for
earlier VSG implementations. Also, for a given ac system, the
d- and g-axis damper winding impedances in the model can be
optimized to provide maximum damping and marginally
improve the transient performance. From the view of
modeling complexity and tuned parameters, the simplified
VSG without any damper winding is easier to implement and
tune as it has a smaller number of parameters.

VIII. APPENDIX

Matrices My, Ny, Ly, and B; are given in (A-1) to (A-4)
in this section.

0 0 0 -wow, O —l/)gwn —Epsinéw, 0 0 0
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0 0 0 0 0 0 0 Wy, 0 0
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- _l i Dy
M, = 0 0 0 H 0 H 0 0 0 0 (A1)
0 0 0 0 0 —wy, 0 0 0 0
) , ,
0 0 0 0 0 0 0 -= K _Ic _ K4 Te
Ta Ta a Tp TaTp
1 1
0 0 0 0 0 0 0 0 T 5
0 0 0 0 0 0 —Epv§sind®—EgvJcoss® 0 0 1
T, V; T,



(1]
(2]

(31

(4]

[3]

(6]

(7]

(8]

9]

[10]

(1]

—Rywh, 0 0 —Xswp 0 00 0 0 0
0 —Rygwy 0 0 0 00 0 0 0
0 0 —Rpqwn 0 0 00 0 0 0
X,wp, 0 0 —Rywp, 0 00 0 0 0
0 0 0 0 ~Rygwn 0 0 0 0 0
Ny = ¥g 0 0 _va 0 00 0 0 0 (A-2)
2H 2H
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 00 0 0 0
0 0
'S 0 0 — 2y 0 00 0 0 0
TV, Vi
Ly + Lyg Lina Lona 0 0
Lina Lgg + Lys + Lina Lif + Ling 0 0
L, = Lina ka + Lmd Lfd + Lk—f + Lmd 0 0 (A-3)
0 0 0 Lo+ Limg Limg
0 0 0 Lmg  Lig+Leqg+Lmg
00 00 0 = 0 0 0 0 T
2H
Bl =
KuTc 1 (A-4)
00000 0 0 A& — 0

IX. REFERENCES

J. Arrillaga, High Voltage Direct Current Transmission, 2nd Edition.
London: The Institution of Electrical Engineers, 1998.

A. Yazdani and R. Iravani, “Voltage-sourced Converters in Power
Systems: Modeling, Control, and Applications.” John Wiley & Sons,
2010.

M. Glinka and R. Marquardt, “A new AC/AC multilevel converter
family,” IEEE Transactions on Industrial Electronics, vol. 52, no. 3, pp.
662-669, June 2005

S. Debnath, J. Qin, B. Bahrani, M. Sacedifard and P. Barbosa,
“Operation, Control, and Applications of the Modular Multilevel
Converter: A Review,” IEEE Transactions on Power Electronics, vol.
30, no. 1, pp. 37-53, Jan. 2015

M. Hiller, D. Krug, R. Sommer and S. Rohner, “A new highly modular
medium voltage converter topology for industrial drive applications,” in
13th European Conference on Power Electronics and Applications,
2009, pp. 1-10

S. Debnath and M. Saeedifard, “A New Hybrid Modular Multilevel
Converter for Grid Connection of Large Wind Turbines,” IEEE
Transactions on Sustainable Energy, vol. 4, no. 4, pp. 1051-1064, Oct.
2013

J. H. Vivas, G. Bergna and M. Boyra, “Comparison of multilevel
converter-based STATCOMs,” in 14th European Conference on Power
Electronics and Applications, 2011, pp. 1-10

H. Zhang, W. Xiang, W. Lin and J. Wen, "Grid Forming Converters in
Renewable Energy Sources Dominated Power Grid: Control Strategy,
Stability, Application, and Challenges," Journal of Modern Power
Systems and Clean Energy, vol. 9, no. 6, pp. 1239-1256, November
2021.

Q.-C. Zhong and G. Weiss. ' Synchronverters: Inverters that mimic
synchronous generators', [EEE Trans. Ind. Electron., 2011, 58, (4), pp.
1259-1267

J. Roldan-Pérez, A. Rodriguez-Cabero and M. Prodanovic, "Design and
Analysis of Virtual Synchronous Machines in Inductive and Resistive
Weak Grids," IEEE Transactions on Energy Conversion, vol. 34, no. 4,
pp. 1818-1828, Dec. 2019.

Salvatore D'Arco, Jon Are Suul, Olav B. Fosso, “A Virtual Synchronous
Machine implementation for distributed control of power converters in

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

SmartGrids”, Electric Power Systems Research, Volume 122, 2015,
Pages 180-197, ISSN 0378-7796

P. Rodriguez, C. Citro, J. I. Candela, J. Rocabert and A. Luna, "Flexible
Grid Connection and Islanding of SPC-Based PV Power Converters,"
IEEE Transactions on Industry Applications, vol. 54, no. 3, pp. 2690-
2702, May-June 2018

A. F. Darbandi, A. Sinkar and A. Gole, "Effect of Short-Circuit Ratio
and Current Limiting on the Stability of a Virtual Synchronous Machine
Type Gridforming Converter," in 17th International Conference on AC
and DC Power Transmission (ACDC 2021), Glasgow, UK, 2021, pp.
182-187.

C. Jiang, A. D. Sinkar and A. M. Gole, "Comparative study of Swing
Equation-based and full emulation-based Virtual Synchronous
Generators," in /1th International Conference on Power Electronics,
Machines and Drives (PEMD 2022), 2022, pp. 578-582.

F. Martinez-Rodrigo, D. Ramirez, H. Mendonga, S. de Pablo, “MMC as
nonlinear vector current source for grid connection of wave energy
generation”, International Journal of Electrical Power & Energy
Systems, Volume 113, 2019, Pages 686-698

L. Yunbo, X. Yonghai and X. Yunfei, ‘A MMC hysteresis current
control method based on current slope’, in JECON 2017 - 43rd Annual
Conference of the IEEE Industrial Electronics Society, 2017, pp. 577-
582

Sharifabadi, Kamran, et al. “Design, control, and application of modular
multilevel converters for HVDC transmission systems”. John Wiley &
Sons, 2016

B. Fan, T. Liu, F. Zhao, H. Wu and X. Wang, "A Review of Current-
Limiting Control of Grid-Forming Inverters Under Symmetrical
Disturbances," IEEE Open Journal of Power Electronics, vol. 3, pp.
955-969, 2022.

P. Kundur, N. J. Balu, and M. G. Lauby.: ' Power System Stability and
Control' (McGraw-hill New York, 1997, vol. 7).



