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ABSTRACT The increasing penetration of renewable generation in power systems is causing growing
concern about system stability. Grid-forming (GFM) control has been appointed as the technology required
for achieving a high penetration of renewables in the grid, as it successfully contributes to the power system
stability. This paper proposes a novel grid-forming control scheme for voltage source converters (VSC)
achieving the operational characteristics of a virtual synchronous machine (VSM). The proposed scheme
is based on the orientation of a defined virtual flux to a reference axis obtained from the emulation of the
synchronous generator swing equation. The virtual flux is obtained by the integration of the VSC internal
voltage and it is oriented to the reference axis by means of a flux controller that also controls the flux
magnitude. In this way, the VSC synchronism is maintained, operating as a voltage source connected to the
grid. Moreover, the flux orientation in turn allows to control the VSC active power, while the flux magnitude
control allows to regulate the VSC reactive power or terminal voltage in isolated mode. The paper also
demonstrates that the stability of GFM converters is negatively affected when emulating high inertia values.
So, a stabilizer is also proposed for damping these modes. Finally, due to fact that GFM converters behave as
voltage sources, their low voltage ride through capability becomes an issue, because they naturally respond to
faults with high short-circuit currents, that cannot be withstand by power electronics converters. Therefore,
a method for limiting fault currents is proposed as well in the paper. The proposed grid-forming control
scheme has been implemented in a real-time control platform and validated using comprehensive simulation
models in a real-time simulator for assessing its grid-forming capability.

INDEX TERMS Grid-forming power converter, virtual-flux orientation, virtual synchronous machines.

I. INTRODUCTION between 2013 a 2020. Renewable power technologies now

It is a well-known fact that power generation has changed
significantly due to the massive integration of renew-
able energy sources (RES) in power systems worldwide.
Renewable power plants are mainly based on inverter-based
resources (IBR) for their grid connection, unlike conventional
synchronous generators (SG) that use an electromechanical
device for such a purpose.

According to the International Renewable Energy Agency
(IRENA) [1] more renewable power capacity was added to
the grid annually than all fossil fuels and nuclear combined
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dominate the global market for new electricity generation
capacity. So, it can be concluded that electricity generation
growth based on RES in detrimental of non-renewables power
plants is a fact nowadays. It seems clear that electrical
systems are moving from classical centralized power system
where large synchronous generators (SG) units ensure power
stability and robustness, towards a decentralized power
system where the generation shifts into the distribution level.
This type of generation is based on IBR that can be grouped
into two categories: a) grid-following converters (GFLs) and
b) grid-forming converters (GFCs).

GFL inverter controls are used in most grid-connected
IBRs today. These converters typically use a phase-locked
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loop (PLL) and a fast-current controller. A PLL is used
to synchronize the IBR ““following” the grid voltage by
extracting its phase information. This angular position of the
grid voltage vector is needed for the internal current control
loops. For that reason, GFL-VSC converters are considered as
controlled current sources. Due to its control structure, GFL
control cannot instantaneously respond to load changes on the
grid as it is the case of SGs. There is always an inherent delay
in the GFL-VSC response caused by the PLL, so that IBR’s
active and reactive currents are injected when the disturbance
has passed. In addition, it has been shown that GFLs can
become unstable under certain low-strength systems [2], [3].
As a consequence of SG declining due to the high penetration
of GFL converters in power systems, GFM converters arise
as a promising alternative to solve the shortcomings of GFL
converters.

GFM controls have the main purpose of maintaining
internal voltage phasor in the sub-transient and transient time
frame [4]. This allows the IBR to immediately respond to
changes in the external network maintaining stability during
severe disturbances. Besides, the internal voltage vector must
be controlled to maintain synchronism with other generators
by regulating active and reactive power appropriately to
support the grid. GFM-VSC are recommended to provide
some services such as, operation in low system-strength
conditions, grid frequency and voltage stabilization, power
oscillations damping, re-synchronization capability, system
restoration and black-start [5].

Different GFM-VSC controllers can be found in the
literature. According to its principle of operation, they can
be classified into three categories [6]. The first category
includes droop controls, which allow parallel operation
of multiple converters emulating the governor action of
SGs. This category, in turn, can be subdivided into
frequency-based droop [7], [8], [9], [10], [11], [12], angle-
based droop [13], [14], [15] and power synchronization
control (PSC) [16], [17]. One of the most important
drawbacks of droop controls is their lack of inertial
response. Recently, a new GFM-VSC controllers’ category,
named as synchronous-machine-based, has been proposed,
whose control provide inertial response and damping. The
first attempt of emulating the behavior of a SG was
introduced as a concept known as virtual synchronous
machine (VISMA) [18], [19]. VISMA systems aim to
emulate by control the dynamic equations of a SG. In this
category some controllers try to emulate only the SG’s
swing equation [20], [21], [22], [23], [24], [25], [26],
[27], [28], [29], [30], while others operate as virtual
synchronous generators (VSG) with augmented capabili-
ties [31], [32], [33], [34], [35], [36], [37], [38] in order
to achieve better damping and improved transient stability.
Another variant is the so-called Synchronverter which
consists of fully reproducing the dynamic equations of the
SG including the electrical equations, speed governor and
voltage regulator [39], [40], [41], [42], [43], [44]. Lastly,
a novel controller is used in [45], [46], and [47] to match
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the electromechanical energy transfer of SGs by using the
DC-link dynamics of the converter. The third category
includes some non-linear synchronization methods such as
the virtual oscillation-based method [48], [49], [50], [51],
[52], [53], [54], [55], [56], [57]. The Virtual Oscillator
Controller (VOC) is a non-linear controller that makes the
GFM-VSC reproduce the dynamics of a weakly non-linear
limit-cycle oscillator allowing the synchronization of several
converters running in parallel regardless of their initial
operating state. In addition, VOC performs synchroniza-
tion in a stationary reference frame without the need to
determine any control angle by means of a synchronization
loop.

On the other hand, as indicated in the literature, [58], [59]
there are basically two methods of limiting the current in
a GFM-VSC during a voltage dip or severe disturbances
in the grid: switching the control mode to a GFL mode
during the fault, or limiting the current by using virtual
impedances. In the first case, IBR loses all functionalities of
the grid-forming control during the fault periods and uses a
back-up PLL for the synchronization [60], [61], [62], which
has its own stability issues in weak-grids. Current limiting
can be achieved directly by saturating the regulators of the
inner current loops (if GFM-VSC uses a current regulator),
however this causes a reduction of the synchronous stability
margin [63] and a wind-up effect in the outer power
loop which can lead to instability [64]. To avoid this,
some researchers propose the use of virtual resistors, either
linear [65] or nonlinear [66]. Also, the influence of the
virtual impedance on the grid-forming control for current
limitation is analyzed in [67], where it is shown that the
current limitation is largely depending on the fault location
and the selected virtual impedance. It has also been shown
that the use of virtual impedances can lead to stability
problems in parallel operation [66]. However, improved
virtual impedance methods have been proposed, such as the
one reported in [67], which uses a new current limiting
method based on the threshold virtual impedance (TVI)
during balanced and unbalanced faults.

Therefore, GFM-VSC act as real voltage sources where
the internal voltage is kept under control. The module of this
internal voltage is determined by an external reactive power
control loop, or a voltage regulator, and the voltage angle is
controlled by a synchronization loop using the active power.
On the one hand, this mode of operation is similar to that of a
SG, and has certain advantages such as simplicity. However,
it has some disadvantages in regards to its dynamics. In this
configuration, no system state variable is directly controlled,
which means a lack of robustness. In order to solve this
problem, a scheme of several cascaded controllers has been
proposed, with a current inner loop and a voltage outer
loop [28]. Although it improves the dynamic robustness, the
setting of several cascaded controllers has the drawback of
slowing down the dynamic response of the system [68].

This paper presents a novel solution using a scheme
without any internal current control loops and regulating a
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state variable, called virtual-flux, that is obtained as a function
of the output current and the integral of the voltage measured
at converter’s terminals. This virtual-flux is proportional to
the internal voltage, so that the control of the converter is
achieved in a simple and robust way. In the past, virtual-flux
was proposed for inverter droop control in microgrids [69],
also using direct control in three-phase rectifiers [70], and
applying predictive control [71]. Unlike these proposals, the
present virtual-flux control is used to perform a GFM control.
In addition, in this work a novel active and reactive current
limitations are proposed, as well as a power stabilizer in
order to avoid power oscillations produced when designing
the GFM-VSC with a high inertia constant and a low damping
factor.

This paper is organized as follows. The VSC system
description is presented in Section II. The dynamic electric
equations of the power converter are also presented by using
virtual-fluxes as state-variables. Section III is aimed to the
GFM-VSC control by orientation of the virtual-flux vector
to a rotating reference frame. This section also includes
the small-signal stability analysis and the flux regulators
tuning. Section IV shows a method for obtaining the system
control angle using an active power synchronization loop
including a power stabilizer (PSS) and an active current
limiter. Likewise, in Section V a reactive-power/voltage
controller with a reactive current limiter are presented.
In Section VI the synchronization process is addressed.
Subsequently, in Section VII results of a comprehensive
real-time simulation are shown and discussed. The complete
GFM-VSC control is executed using a hardware-in-the-loop
(HiL) experimental set-up connected to a real-time digital
simulator (RTDS) where the response of the VSC is analyzed
under different grid disturbances. Finally, in Section VIII the
final conclusions of this work are presented.

I VSC

T >

s Ty, T
load
GFM
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* 4
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FIGURE 1. System description of a GFM-controlled VSC.

Il. SYSTEM DESCRIPTION
Fig. 1 shows the schematic of a three-phase VSC connected
to a grid using an LC filter, with parameters Ry, Ly and Cy.
The internal voltage of the VSC is indicated as e and the grid
voltage as v. The filter current is denoted as i. A constant
voltage source V. is assumed at the converter DC bus.

A circuit breaker is connected between the VSC terminals
and the grid, and its state determines the operation mode of
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the VSC (on: grid connected, off: islanded). At VSC terminals
a local load is also connected. As it will be shown later,
the virtual-flux control allows the VSC to be controlled in a
robust way regardless of the output filter. Obviously, the type
of filter has some effect on dynamics and power quality of the
converter, but unlike other GFM controls which use internal
current loops, the use of capacitors is not mandatory.

GFM control block shown in Fig. 1 uses the three-phase
voltages measured at the VSC terminals (v, vp, v¢), the
output currents in each phase (i,, ip, i), as well as the
DC voltage V. to generate the switching pattern S, ¢ that
determines the on and off states of the six switches of a two-
level VSC. The VSC can be controlled as a PQ node, setting
the active P* and reactive Q* power setpoints at the converter
output, or as a PV node. In this case, the reactive power
reference is replaced by a voltage setpoint v*.

A. DYNAMIC EQUATIONS
The electrical equations corresponding to each of the three
phases of the output filter of the VSC are as follows

) di
ex = Ryi +sz + vk (D

where the index k corresponds to the phases a, b, c.
The voltages v; can be defined as the derivative of a virtual
flux ¥ at the VSC terminals as
_din

k= — @

Substituting (2) in (1), grouping the derivative terms and
considering Ly as constant, (1) is equal to

ood
ex = Rrig + E(Lflk + ¥r) 3)

where the derivative term is defined as the converter virtual-
flux in each phase v,

lpkv = [{f ik + Wk (4)

which is expressed as a function of the output current and the
terminal voltage v as

Yy = Ly, +/det (@)

that is, in each phase the converter virtual-flux, ¥y,
is obtained as the sum of the instantaneous current, i,
multiplied by Ly and the integral of the voltage, vi, measured
at the output terminals of the VSC. The direct measurement
of the voltage and current, indicated in Fig. 1, allows the
virtual-flux ¥y, to be calculated directly according to (5).
The precision in the measurement of v, is not significantly
affected by the variation of parameters, since the filter
inductance Ly is a very stable magnitude.

Calculating in (4) the current as a function of the fluxes,
it is obtained that

1
iy = E Wiy — Yi) (6)
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By substituting (6) in (3) and taking (2) into account, the
system of differential equations that define the dynamics of
the VSC in Fig. 1 is obtained as follows

d 1

% = O =)

d

% _— %)

where Ty is the filter time constant defined as Ly/Ry.
As shown in (7), the state-variables are the virtual-fluxes, ¥,
and Y, being e; and vy the control variables and the input
variables, respectively.

Equation (7) can be also expressed in vector form
by transforming the three-phase variables, indicated with
subscript k, into space vectors referred to a rotating dg-axes.
These axes rotate at w rad/s, being 6 the d-axis angular
position respect to a stationary reference frame. A generic
spatial vector X, in this rotating reference frame, is obtained
from the instantaneous three-phase components x,, xp,X.
using the well-known expression

> . _ g 2 _j0
x—xd+1xq—3 Xa+axp+axc)e 3
where a = ejo” and @ = e_jon.
By applying the space-vector definition of (8) in (7), the
following VSC dynamics equations are obtained

v, . - 1o -
dr + joy, = e — Tf (% - Kﬁ)
‘Z—‘f tjoy =7V ©9)

Note that in (9) there are two terms proportional to the
angular velocity w, as a result of the dg-axes rotation.
Separating into real and imaginary components the first
equation of (9) can be expressed as

dgtd" + ﬁjv =eq+ % + w¥gy
R T )
And the second one as
% =vqg + oYy
Wi vy~ o an

As shown in (10), e4 controls the virtual-flux component
Y¥ay. The dynamic relationship between these two variables
responds to a first-order function neglecting the cross-
coupling term w4y, and the resistive term ¥4 (Ry/Ly), since
/Ty = (Rf /Lf). This term is usually neglected as it is much
smaller than the rest of terms. A similar reasoning can be
made for the dynamics of v, and its control variable e, in
the second equation of (10).

Fig. 2 shows the block diagram corresponding to equations
(10) and (11) in the Laplace s-domain.
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FIGURE 2. Block diagram of VSC's dynamic equations.

B. STEADY-STATE OPERATION

In this subsection, the operation of the VSC in steady state is
analyzed. Considering in (9) that the derivatives are zero and
the filter resistance Ry ~ 0 (Ry < wLy) the internal voltage
¢ can be expressed in terms of the virtual-flux as

é = jovy (12)
and likewise, for the grid voltage v
V= joy (13)

By transforming (4) into a vectorial expression using (8),
and multiplying by jw it is obtained that

Jjou, = joLgi + joy (14)

Substituting (12) and (13) in (14), and given that the
reactance Xy = wLy, this equation is expressed in terms of
voltages as

¢ =jXpi+ v (15)

+ o

FIGURE 3. Equivalent circuit of a VSC in steady-state operation.

In other words, the VSC has an internal voltage, e, equal to
sum of the voltage drop in the reactance, ij?, and the terminal
voltage, v. Fig. 3 shows the equivalent circuit corresponding
to (15), which is analogous to the equivalent circuit of a SG
represented by a voltage source behind a reactance. While the
synchronous reactance of a SG is around 1 p.u, Xy ina VSC
is much smaller (typically between 0.10-0.20 p.u.)
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The active and reactive power injected by the VSC into the
grid, can be expressed in terms of vectors v and i as follows

. 3.\ T
P+jQ =37 (z) (16)
where the operator (1) indicates complex conjugate. Calcu-
lating the current vector in (15) as a function of ¥ and ¢, and

separating into real and imaginary part, the expression for
active power, P, is obtained as

3(v .
P=—|—)esiné (17
2 X

where § is the power angle between the voltage vectors, ¢ and
v. Likewise, the reactive power expression is equal to

3 (2 5 18
Q_E(X_f)(ecos —v) (18)

Equations (17) and (18) are the classic expressions of the
active and reactive power transmitted by a SG to the grid.
According to (15) the internal voltage ¢ is proportional to the
virtual-flux 12‘,, and therefore, its control allows to regulate
the active and reactive power exchanged by the VSC.

q
/
N J JAfl
() Y f
»«.’ ..........
N P U

d

FIGURE 4. Vector diagram of the VSC in steady-state operation.

Fig. 4 shows the VSC vector diagram in steady-state
operation. The voltage vector vangle is taken as the angular
reference. The current vector lags by an angle ¢, which means
that the VSC is delivering active and reactive power to the
grid. The internal voltage ¢ is calculated according to (15),
its angular position corresponds to a positive power angle
(8§ > 0) and its module, e, is higher than v, (¢ > v). A similar
triangle to that representing the voltage balance in the VSC
can be represented, lagging 90°, using fluxes. In this case,
the virtual- flux vector is obtained as v, = sz + w where
the vector Wv is leading an angle § respect to w and has a
higher module (v, > ). Both conditions, as in the triangle
of voltages, determine that the VSC generates positive active
and reactive power, according to (17) and (18).
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In Fig. 4 it has been considered that all vectors rotate
synchronously with the dg-axes at w rad/s. The d-axis is
aligned to the virtual-flux 1;‘,, and the g-axis to the internal
voltage vector é.
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FIGURE 5. Block diagram of the virtual-flux orientation control.

IIl. VIRTUAL-FLUX ORIENTATION CONTROL
The VSC control scheme for the virtual-flux orientation is
shown in Fig. 5. It is composed of four blocks.

In this section, the virtual-flux measurement (VFM) and its
orientation control (VFOC) are presented below. The active
power control block (APC) and the reactive power control
block (RPC) are explained in sections IV and V, respectively.

A. VIRTUAL-FLUX MEASUREMENT

As indicated in (5) the virtual-flux in each phase, Vg,
is calculated as the product of the current i, and the filter
inductance Ly plus the integral of the voltage vi. By applying
a Clarke transformation abc/ap to these three-phase virtual-
fluxes the af-components (Y4, and ¥g,) are obtained.

Yoy = Lfia +/Vadl‘

Yy = Lfiﬂ —|—/ijdt (19)

where iy, ig and vy, vg are the currents and voltages of-
components. To avoid using derivatives and the offset from
the unknown initial conditions, the integral is approached by
a first-order filter, whose cutoff frequency is close to a value
of 1 Hz [73]. This gives rise to an error in the low-frequency
range that is very small when the virtual flux is estimated at
the fundamental frequency (50 or 60 Hz). Fig. 6 shows the
Bode-plot corresponding to the response of a pure integrator
1/s and the first order function 1/(s+27m). As shown at 50 Hz
(314.16 rad/s) the frequency response of both functions is
almost the same

Fig. 7 shows the practical way to calculate the virtual-
fluxes ¥y and ¥g,,. Both components are obtained by passing
vq and vg through two filters, such as 1/(s + 27), and adding
to each output the signals Lyi,, and Lyig, respectively.
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Bode Diagram
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FIGURE 6. Bode-plot of the functions 1/s, and 1/(s + 2x).

FIGURE 7. Block diagram of virtual-flux measurement.

From the af-components of voltages and currents, the
active and reactive power can be calculated as
3, .
P = 3 (vaza + v515)

3
0 =3 (vpia =

and the voltage module as

v=/v2+v} 2D

Vaig) (20)

%

(1)) Vv .
il | dq X PI &

PWM

1.",*11- U ‘l[l' ‘q

X EEIED

0 0

FIGURE 8. Block diagram of the virtual-flux orientation control (VFOC).

B. VIRTUAL-FLUX CONTROL
The virtual-flux orientation control scheme is shown in
Fig 8. Initially, the stationary components v/, and g, are
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calculated in dg-axes by applying a «f/dg transformation,
where the rotation angle, 0, is obtained from the APC block
through a synchronization loop.

Once the virtual-flux components in dq-axes are obtained,
a control is performed in order to keep the virtual-flux vector,
wv, oriented to the d-axis of the rotating dq-axes. Fig. 9 shows
the position of vectors 1/fv and 1// which are separated by and
angle 8, and the dg-axes rotating to an angular speed w. The
angular position of the d-axis is 6 respect to the «-axis.

5]
q . w
. Vqv
d
Py
) -
¥ 0

FIGURE 9. Vector diagram of the virtual-flux in «3 and dq axes.

Only when the virtual-flux vector, va, is aligned with the
d-axis it can be said that the VSC is operating synchronously

In order to achieve this alignment, a control of the virtual-
flux through the internal VSC voltage must be carried out.

As explained in section I.A (Fig. 2), the relationship
between the dg-components of both magnitudes responds to
a first-order function provided that the cross-coupling terms
are compensated.

In Fig. 8 the control loops to regulate the virtual-flux
components are shown. On the one hand, in the g-axis the
reference ¥, = 0, in order to align @v to the d-axis. This
reference is compared to ¥, in order to obtain e, as the
output of the PI regulator and an additional feedforward
signal, wyg,, which is added to compensate the cross-
coupling terms. On the other hand, e; is obtained in a
similar way by passing through a PI regulator the error
between the virtual-flux module reference ;" and 4, and
compensating the cross-coupling term —w,,. By applying
an inverse Park transformation to ¢4 and e, using the angle
6, the voltage references, e, ep, €., are obtained. From these
three-phase voltages the switching pattern of the VSC, S,
is calculated by using a well-known pulse with modulation
(PWM) algorithm.

C. REGULATOR TUNING

The process for tuning the PI regulators is the same regardless
of the axis (d or q) considered. After compensating cross-
coupling terms, the transfer function G, (s) between the
virtual-flux and the internal voltage in each dq components
is equal to

Vav _ Vg Ty
eq Trs+1

Gp (s) = (22)
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Fig. 10 shows the block diagram of the close-loop control
system where the reference signal is any of the virtual-
flux components, generically represented as 1//1.’;, being the
disturbance signal, as indicated in (10), WJ?“/Lf, where

j=d,q.

i/ Ly

: §
TI)

G,

v

regulator plant

FIGURE 10. Close-loop control system.

The transfer function corresponding to the PI regulator is
expressed as follows

T, 1
Gy () =k, ( i ) 23)

where kj, is the PI-gain and T, its time constant. The open-
loop transfer function is represented by the product of G, (s)
and G, (s) so that

Tes+ 1 T,
G(s):Gr(s)Gp(s)zkp( ;JSF )(Tfsil) (24)

If the time constant of the regulator is chosen equal to the
time constant of the filter 7. = T, the open-loop transfer
function of (24) becomes in an integral function

kp
G(s) =— (25)
K
being then, the close-loop transfer function G’ (s)
G k 1
G=—® _ B _ 26)
1+G(@Gs) s+k  Ts+1

So that, the Pl-gain is k, = 1/7;, being 7; the system
bandwidth. k), is expressed in unit of s~!, and in p.u. as

-1
s
[l = 2 [ ] 27)
When T, = Ty ak, = 1 p.u. means a regulator bandwidth of
wp, that for a 50 Hz is equal to 314.16 rad/s.

D. SMALL-SIGNAL STABILITY

In (10) and (11) the dynamic equations of the VSC were
presented, using as state-variables the dq-components of
vectors 1//v and . When these four equations are expressed in
a matrix form, its state-matrix presents 2 complex-conjugated
eigenvalues as shown in Fig. 11 where wy = 314.16 rad/s and
the filter time constant, according to the parameters indicated
in Appendix A, is Ty = 159.2 ms. As shown in Fig. 11, there
are two eigenvalues over the imaginary axis corresponding
to state-variables ¥4 and v, whose natural frequency wj is
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FIGURE 11. Eigenvalues corresponding to dg-components of ¥, and .

equal to wg = 314.16 rad/s. Likewise, there are two other
eigenvalues corresponding to ¥4, and v/, with a negative real
part equal to 6.28 rad/s, which is the inverse value of Ty, and
an imaginary value equal to +wy. These eigenvalues present
a small damping factor £ = 2%. As will be seen below,
the virtual-flux regulator will allow increasing the damping
factor of these eigenvalues.

When the virtual-flux control is implemented, the VSC
output voltage vector ¢ is calculated as a function of the
virtual-flux wv, and its reference 1// according to the
following expression

e =k, (¥ =)+ / (vs-w)ar @9

where k), is the PI-gain and k; its integral constant that can be

expressed in term of 7, as k; = ];—” Separating (28) into real
and imaginary parts, e; and e, are obtained as follows

R / (WF — V) dt
= kg —ki / Vel 29)

Note that in (29) the d-component of the virtual-flux
reference is equal to the reference flux module ¥ = v
and the g-component ‘/f;v = 0. In order to prevent the use of
integrals in the VSC dynamic equations two additional state-
variables xg4, x, are defined

dxd

_dt =k (Vf;k - 1//dv)

dx,

— = kivey (30)

So that (29) is expressed in terms of x4, x4 as

eq = ky () — Yay) +xa
= _kpl/fqv + Xq (31)
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By substituting (31) in (10) the equations corresponding to
dynamics of 14, and v, are now expressed as

dv¥ray 1
Va z_(_+kp) 1/’dv+0)qu

dt Ty
+ %" + kpry + xa
dvyg 1
7‘/ = - (Ff +kp) 1/’(1\1 — oYay
+ I;/,—; + x4 (32)

In (32) the terms corresponding to ¥4, in the first equation
and 4, in the second one, depend on k), affecting directly to
the system damping, as will be indicated below.

Now the VSC dynamics is represented by six state-
variables, the virtual-flux components /4, ¥y, the grid flux
components V4, ¥y, as well as x4 and x,. Fig. 12 shows
the eigenvalues loci corresponding to the VSC dynamics
applying a virtual-flux orientation control with 7. = Ty and
kp varying from O to 2 p.u, being the parameters of the system
the same than before (wp = 314.16rad/s and Ty = 159.2 ms).
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FIGURE 12. Eigenvalue loci corresponding to the virtual-flux orientation

control.

The eigenvalues corresponding to 4 and v, remain
constant in the imaginary axis. However, the eigenvalues
Yav, Vgv are shifted towards the negative real axis when &,
increases. As shown in Fig. 12, the imaginary component
of theses eigenvalues is constant and equal to wg. When
k, = 1 p.u. the system bandwidth matches the fundamental
frequency wg = 314.16 rad/s and the damping factor is
& = 70.7% (same real and imaginary components). The
eigenvalues x; and x, remain practically constant in the
negative half-plane of Fig. 12.

IV. ACTIVE POWER SYNCHRONIZATION LOOP

The active power controller (APC) is shown in Fig. 13. This
controller establishes the angular position, 6, to which the
virtual-flux vector 1/71, must be oriented. The inputs to APC
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integrator
pP* 4 w [1 0
% -
— —
, A+ S
swing equation v
g equa
PSS| |ACL [ma
*—

[)

FIGURE 13. Active power controller block.

block are: the active power reference, P*, and the frequency
wp, as well as the active power measurement, P, and the
grid voltage module, v. For the calculation of 8, the APC try
to reproduce the swing equation of a SG by calculating the
internal frequency o’ from the difference between the active
power reference P* and the active power P as follows

do'

dt
where J is the virtual inertia moment, that is defined as twice
the inertia constant H, (/ = 2H) when both parameters
are expressed in seconds. Likewise, D is the damping factor
which, in p.u., is inverse to the droop constant R (D = Il_i)‘
The rated frequency is represented by wg rad/ s.

As shown in Fig. 13 the control angle 6 is obtained by
integration of the frequency w, which is calculated as the
internal frequency o’ minus w; plus w;. These frequencies
are the outputs of an active current limiting (ACL) block and
a power system stabilizer (PSS), respectively. So that, the
control angle 6 is calculated as follows

Qz/a)dt:/[a)’—wl—i-wz]dt (34)

A. ACTIVE CURRENT LIMITER

The ACL block prevents the active current I, from
exceeding a certain limit I)%*. The active power is calculated
according to (20), but it can also be expressed as the product

of the voltage v and I,,.; as follows

Pr—pP=J

+ D (o — wp) (33)

3
P= EVIM (35)

1,¢; 1s proportional to P over v, so that the active current can
be limited by limiting the active power. According to (17) the
active power is proportional to sind, being & the power angle
that is defined as

8 =0 — wot (36)

So, if § is limited, P is also limited, and the way to do this
is by acting on 6. Fig. 14 shows the active current limiting
block. Firstly, 1, is obtained according to (35), as a value
proportional to P divided by the module of the voltage v,
whose value is previously saturated at its lower limit to a
value k., greater than zero, in order to avoid indeterminacy
when v = 0.
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FIGURE 14. Active current limiting block.

When the active current is out of limits, e.g. I, > I
the PI regulator generates a wy < 0 that is saturated to —k,
so that the control angle 6 is limited, and therefore, the active
current as well. The ACL stops working when [, is inside
of limits. Similarly, the ACL acts generating a w> > 0 when
I4¢; is below the lower limit —/7".

B. APC LINEARIZED MODEL

The block diagram presented in Fig. 13 denotes the imple-
mentation of an APC, but it does not explain the synchro-
nization process principle. For such purposes, the system is
linearized around an equilibrium point. In this case equation
(33) can be expressed in the s-domain as

AP" — AP = (Js + D) A&/ (37)

where overlined magnitudes denote that they are expressed in
p-u. Likewise, the angular increment A§ can be calculated as

a function of A’ and Aw, as follows
1 dAS - _
wo

where A’ and Aw, are the increment of the internal fre-
quency and the grid frequency, respectively, both expressed
in p.u, and wy the rated frequency in rad/s.

AP + 1

o
_ Js+ D + S
AP P(d)

FIGURE 15. Linearized active power controller block.

v

The dynamic equations (37) and (38) are represented in
Fig. 15 as a block diagram, where it has been considered that
the active power increment AP is function of AS.

Equation (17) denotes a non-linear relationship between
the active power P and the angle§. Considering increments in
this equation, the following linear relationship for the active
power and angle is obtained

AP = K,AS8 39)

where K is the synchronization constant whose value is
calculated by applying the partial derivative of P with respect
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to § (15) at the point of equilibrium (““0”")

P
Ko=(Z) = (2) cosso (40)
06 0 Xf

The (3/2) constant does not appear in this equation, since
the active power P is expressed in p.u. Considering the VSC
parameters in Appendix A (Xy = 0.15 p.u.) and assuming
that, at the point of equilibrium, the internal voltage e and
the grid voltage v are close to 1, (e = vo = 1 p.u.) and the
angle §¢ is small (cosép ~ 1), the synchronization constant
is equal to K;= 6.67 p.u. This value is significantly higher
than the value for conventional SGs, which is close to 1 [74].
This causes that the power transmission is produced at lower
active power angles.

When observing the block diagram of Fig. 15 and
considering the synchronization constant Ky, the trans-
fer function between A8 and the reference torque AP,
if Awg =0,1s

AS wo
APt Js2 + Ds + K wy

which is equivalent to the oscillation equation of a SG.
Reordering (41) yields

(41)

J 5, D —
—s5“(A8) + —s(AS) + K (AS) = AP (42)
o o
When equating the terms of (42) with regards to
the normalized expression of a second-order function

5% + 2 wps + 2, it is obtained that

woK
Wy = 7
D
= (43)

2T woKy
where wj, is the undamped natural frequency and & is the
damping coefficient.

In Fig. 15, the dynamics of the VSC depend on the changes
in the active power reference, AP, and the grid frequency,
Aw,. The choice of the parameters D and J is not free. The
damping constant D indicates the active power variation that
the VSC has to produce to maintain the system synchronized
when the frequency changes. For acommon value of R= 0.05
p-u., the damping constant is D= 20 p.u., which denotes that,
if there is a frequency variation of 0.05 p.u. (2.5 Hz in a 50 Hz
grid), the VSC would increase its active power by 1 p.u.
If, in (42), D is considered constant and J= 0, the response
of AP under changes of AP", corresponds to a first-order
function with a negative pole located on the real axis

Kwo
D

The smaller D is, the further the pole will be from the origin
and the higher the natural frequency w, will be. Therefore,
the system’s response will be faster and also more sensitive to
frequency changes. Since Kswy is a constant, the coefficient
D is the first choice when determining the dynamics of the

g = —

(44)
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active power synchronization loop. If the inertia constant J is
gradually increased from O to greater values, the loci of the
system poles is as presented in Fig. 16. Initially, the system
is overdamped (£> 1), and the poles are negative and real
until they meet at —20 where & = 1. From this point, when
J increases, the poles will become conjugated complexes
following the path of a circumference, as shown in Fig. 16.
It can be observed that this circumference has a radius of
o and the center is at (—o, 0). When the inertia constant
increases and the value of D is held constant, the system
becomes oscillatory and slows down.

£=0.707 §:0.50 _520.2§

100} S
= i
E sof |
Nz i
= 0 J=0
- A
E H
S -50 i
] !
= 1

-100 =

300 200 -100 0

Real axis [rad/s]
FIGURE 16. Pole loci under variation of J with D = 20 p.u.
Similarly, the transfer function between A$ and Aw, when

the power reference is AP* = 0 can also be achieved. In this
case the power increment AP is equal to

AP = woKg

(AT — Aw,) (45)

and considering that the internal frequency increment can be
expressed in term of AP as

AP

AW = — (46)
Js+D
Substituting (46) in (45) it is obtained that
AP Ks(Js+D
i woKy (Js + D) 47)
Aw, s (Js + D) + woK
and reordering, (47) can be expressed as follows
AP — — woK Js _
Js% 4+ Ds + woK g
woK ;D _
Aw, (48)

~ JS2 + Ds + woK
The first term corresponds to the inertial response where the
product sAw, is defined as the rate of change of frequency
(RoCoF), so that the power injected in steady-state (s — 0)
due to the inertial response is equal to

APinertial = —J - (sAWg) = —J - RoCoF (49)
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Unlike this, the second term corresponds to the droop
response that in steady-state is equal to

APupop = —D - Aw, (50)

In an application where the VSC presents only inertial
response (D = 0), the second term of (48) is equal to zero
and considering (39), the dynamic relationship between A§
and Awy, is expressed as follows

Ad woJs

=— 51
Aw, Js? + woK g D

which presents two complex-conjugated poles on the imagi-
nary axis, being its response critically stable and oscillatory.
In this case the use of a power stabilizer is required in order
to avoid a poorly damped oscillatory response.

+£ - wWo Ad R

P(d)

FIGURE 17. PSS block in the active power controller.

C. POWER SYSTEM STABILIZER
Fig. 17 shows the PSS block integrated on the active power
controller. As explained above, a PSS is required when the
swing equation of the APC is designed with a high inertia
constant and a low damping gain, as when D=0. In these
cases, any disturbance in the grid frequency, or any change in
the active power reference, produce a poorly damped active
power response that must be compensated by a PSS.

If (51) is expressed as a differential equation it is obtained
that

d? (A$)
dt

The PSS transfer function correspond to a washout filter
with gain K,,, a zero in the origin and a pole in —1/T,, so

that
Aw T,
Jﬂ:—m( WS) (53)

d (Aw,)

AP T,s+ 1

Considering the relationship between the frequency and the
angle, and according to (39), equation (53) can be expressed
in terms of A as

d*(AS) d (A8)
g - KeKTwoo—p
By adding (52) and (54) the following equation is obtained

d? (A$) d(AS) d (Awy)
J' D K wpAS = —awo] ——2L
dt + dt TR swo @0 dt

(54)

w

(55)
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where the new parameter J' and D’ after integrating the PSS
are now

J =J+T,
D' = K,Ky(T,,w,) (56)
and, (39) presents a new damping term
AS woJs

— = (57)
Aw, J's?2 + D's + woK g

According to (51) J' depends on Ty, but its value is similar to
J since usually J is higher than T,. J is in the order of seconds
when T,, < 0.5 s. So, when T,, is chosen, J’ is defined and
the value of D’ depends directly on the PSS-gain K, since the
rests of parameters are constants. Note that when no PSS is
connected (7, = 0) equation (57) is the same as (51).

s £=0.7071

10+

Imaginary axis [rad/s]

\ |

15— ' ' ‘ ‘ : ‘
25 20 15 10 5 0 5 10

Real axis [rad/s]

FIGURE 18. Poles loci of the transfer function AS/Awg under Ky
variation.

Fig. 18 shows the pole placement loci of (57) considering
J = 16s, K = 6.67 pu, T,, = 0.1s as a function of
K. As shown in this figure when K,, = 0 two complex-
conjugated poles are located on the imaginary axis and are
shifted to the negative half-plane following a circumference
when K, increases up to reach a value where the poles are on
the negative real axis.

As stated above, it seems essential to implement a power
stabilizer to ensure an adequate response of the VSC during
disturbances in the grid frequency, or when the active power
reference changes. Fig. 19 shows the VSC active power
response under a frequency change from 50 Hz to 47.5 Hz
with a rate of change of frequency (RoCof) of 1 Hz/s. The
VSC has been designed with / = 16 s and D = 20 p.u.
(droop constant R = 0.05). As shown in that figure,
for this droop value, when the frequency is reduced a 5%
(2.5 Hz/50 Hz) the active power increases from O up to 1 p.u.

The dynamic response is very different when a PSS is
used, without PSS the active power presents a high oscillatory
response and exceed its rated value. On the contrary, the use
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time [s]

FIGURE 19. VSC active power response under a change on frequency with
and without PSS. J=16 s and D=20 p.u.

of a PSS allows a smoother response of the active power
but with a certain delay. The PSS has been tuning with
K, = 1 p.u.and T,, = 100 ms

P [pu]

0 1 2 3 4 5 6 7 8 9 10
0 T T T T T I ——RoCoF 0.5Hz/s
_ —RoCoF 1.0 Hz/s
E RoCoF 2.0 Hz/s
= oasr ]
0 1 P 3 4 5 6 7 8 9 10
time [s]

FIGURE 20. VSC active power response for different RoCoF. J=16 s,
D=20 p.u and PSS.

Fig. 20 shows the VSC active power response for different
RoCof when using the PSS’s parameters indicated above. The
lower the RoCof is, the slower the response. The active power
response for a RoCof = 1 Hz/s is the same as in Fig. 19,
the other two graphs correspond to the response for a higher
and lower RoCof than the previous one. According to (50) a
negative frequency variation of 5% and a droop D=20 p.u.
gives rise to a positive power increase of 1 p.u

04F T—J=4s
= —J=16s
c 02y [\/\——-———3 1=30s
o, 0 J R e
02 ‘ | ‘ ‘ ‘
0 2 4 6 8 10 12
50 ‘ . ‘ ‘ ‘ 1
N
Toagt .
0 2 4 6 8 10 12

time [s]

FIGURE 21. VSC inertial response (D=0 p.u). RoCof 0.5 Hz/s.

The VSC can be designed as a static synchronous
compensator (SSC), so that it presents inertial response,
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providing only active power during frequency variations.
In this case D = 0 and according to (49) the active power
increment is proportional to minus the product of J and the
RoCof. Fig. 21 shows the inertial response of a VSC designed
as a SSC for different J values during a frequency change with
RoCof = 0.5 Hz/s. This frequency change is equivalent to a
sAwg = —0.01 p.u/s, so that according to (49) the inertial
active power increment is equal to 0.3 p.u. when J = 30 s.
As shown in Fig. 21 the VSC only exchange active power
when the frequency varies, otherwise is zero. During the
period of frequency variation, the active power reaches the
steady state without oscillations due to the use of the PSS in
the active power synchronization loop.

/
O* /v* W0
g } V)
—> Tlg

Q/v
RCL
(]
(O B

FIGURE 22. VSC reactive power controller.

V. REACTIVE POWER AND VOLTAGE CONTROLLER
Fig. 22 shows the reactive power controller that produces the
virtual-flux module reference . In this case, the inputs to
RPC block are the reactive power reference, Q*, or the voltage
reference v*, if the VSC is operated as a PV node. The reactive
power Q or the voltage module, v, measurements are also
required in order to fulfill the control. According to (18) the
reactive power exchanged by the VSC mainly depends on the
difference between the module of the internal voltage e and
the grid voltage v. As indicated in (12) e is proportional to
, so the reactive power control is achieved by regulating
the virtual-flux module.

Indeed, the RPC can become in a voltage controller in the
case the VSC operates as a PV node. Anyway, the control
principle is basically the same, it is based on the well-known
droop control where the virtual-flux module reference v is
calculated as the product of droop gain n, and the difference
between the reactive power reference, Q*, and its actual value,
0, plus an initial virtual-flux ¥

w;k =Y — ng (Q - Q*) + AI/f:( (58)

This equation can be interpreted as follows. When the reactive
power is higher than its reference (Q < Q*)y, should be
reduced in order to decrease the reactive power generated.
On the contrary, ¥, should be increase when (Q > Q%).
As shown in (58), the last term A’ is a control signal that
remains equal to zero when the reactive current ., is inside
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limits. As in (35) the reactive power can be expressed as the
product of v and eqct

3
0= EVIreuct (59)

[max

react

o o—

v —:

ky

FIGURE 23. Reactive current limiting block.

The reactive current limiter (RCL) block shown in Fig. 22
calculates A" as a function of Q and v. Fig. 23 shows the
logic of the RCL. Initially, 7,4 is obtained using (59), where
v is previously limited to a value greater than zero in order to
avoid indeterminacy when v = 0. Once I, is calculated it
is compared to I}74%,, so that when I,eqe; > I)pan; a Plregulator
calculates a negative Ay} that reduce the virtual-flux module
reference ), limiting as well I,.4c;. If the reactive current
is inside limits, e.g. lreaer < I, the Pl-regulator output
is Ay¥ = 0. A symmetrical regulator is used for negative

values of Lreger

VI. GRID SYNCHRONIZATION CONTROL

As in SGs, GFM-VSCs currently uses a synchronization
method when connected to a grid in order to avoid overcurrent
or an unstable operation in the connection instant. During
synchronization the main breaker shown in Fig. 1 is open, the
VSC tries to generate an instantaneous three-phase voltage
system identical to the grid, so that when the breaker closes
the connection current is practically zero. Fig. 24 shows the
synchronization method based on the virtual-flux orientation
control (VFOC).

Uqs Upy Ve Yawv

— >
VFM

o 2 Ve e

VEOC [ _| Si.¢

%
|

‘ abc v
g - dg

(d

Yag

Ucg Weg dq
—
1/(s +2m) 9

synchronization block

FIGURE 24. VSC synchronization block.

In this case, the synchronization is achieved when the
virtual-flux vector v, is oriented to the grid flux vector
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1,7/g generated by the three-phase voltages v, Vg, Vg, and
besides the module of both vectors are the same. Firstly,
the three-phase voltages of the grid are passed through a
the first-order filter 1/(s 4+ 27) in order to obtain the grid-
fluxes in each phase. From these fluxes, and applying a Park
transformation, ¥4, and v,, components are obtained. Then,
in order to orientate the virtual flux to the grid flux a PI
regulator is used to maintain the grid flux q-component equal
to zero (Y4, = 0). When this condition is satisfied, the control
angle @ indicates the angular position of vector 1/_}5,, being its
module is equal to ¥4,. On the other hand, the VFOC block
shown in Fig. 24 tries to generate a virtual-flux vector whose
references are: the module v that is equal to ¥4, and the
angular position 6, so that when the control objectives are
achieved 1/_}g and &V are equal. This is the synchronization
condition that ensures that the three-phase voltage systems,
before and after the circuit breaker, are the same. So that, the
breaker can be closed without overcurrent.

VII. CASE STUDIES AND RESULTS

This section presents the results of the study cases, which
include grid synchronization, response to a grid frequency
disturbance and phase jump, response to a grid fault
and response to a transition from grid-tied to islanded
mode. These study cases have been chosen to assess the
grid-forming capabilities of the proposed control system,
according to the grid code draft of National Grid ESO,
“Minimum Specification Required for Provision of GB Grid
Forming Capability”. Finally, the proposed control system
has been tested in a 39-node network and compared with
conventional grid-forming algorithm.

FIGURE 25. Hardware in the Loop experimental set-up.

To carry out these studies, the plant illustrated in Fig. 1
has been modelled in RSCAD, for real-time simulation in
the RTDS (Real Time Digital Simulator) platform, shown in
Fig. 25. Tests, such as phase jumps or frequency changes,
proposed by National Grid ESO, require the use of an ideal
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AC source in the test bench shown in Fig 1. Moreover, the
control system, depicted in Fig. 1, has been implemented in a
real-time dSpace platform, also shown in Fig. 25, to perform
a Hardware in the Loop (HIL) real-time simulation. The
parameters used in the real-time simulation of both, the plant
and the control system, are given in the Table 1 and Table 2
of Appendix.
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FIGURE 26. Synchronization with a LC filter.
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FIGURE 27. Synchronization with a L filter.

A. SYNCHRONIZATION

Before, performing any test for the assessing of the grid-
forming capability, it is needed to connect the inverter to
the grid. In this subsection the grid synchronization control
presented above is used for such purpose. Fig 26 and 27
show the synchronization results. The difference between
both figures is that in the first one the inverter uses a LC
filter while in the second one, only a L filter is used. However,
in both figures the state of the breaker is included. So, when
the synchronization control has established a virtual flux
equal to the grid flux, the breaker can be closed. Fig. 26 and 27
show the instantaneous voltages at both sides of the breaker
in one phase of the system.
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Also, the voltage across the breaker is shown. It is demon-
strated that the virtual flux control allows the synchronization
even without using a LC filter, because despite the voltage
error due to the PWM, the virtual flux components are nearly
constant as they are obtained by integration of such voltage.

515 1
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S 05 1
S
S 0
0 0.1 0.2 0.3 0.4 0.5 0.6
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FIGURE 28. D-component of the virtual and grid fluxes during
synchronization.
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FIGURE 29. Q-component of the virtual and grid fluxes during
synchronization.

This can be observed in the results presented in
Fig. 28 and Fig. 29, where the direct and quadrature
components of the virtual flux and the grid flux, respectively,
are presented during the synchronization. Recall, that the g-
components are zero, which means that both components
have the same phase angle, oriented to the reference axis,
while the d-components are one, which means they have the
same magnitude, equal to the nominal value.

Finally, Fig. 30 shows the inverter currents during the
synchronization

B. FREQUENCY AND PHASE-JUMP RESPONSE

Once the inverter is synchronized, the response to a frequency
disturbance and a phase jump is obtained. The top graph of
Fig. 31 shows the frequency disturbance, which consist of
a frequency rise of 0.5 Hz followed by a frequency drop of
2.5 Hz, both over the nominal frequency of 50 Hz and with
a ROCOF of 1 Hz/s. Fig. 31 shows the inverter response,
in terms of the active and reactive power (in the middle graph)
and the active and reactive current (in the bottom graph). The
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FIGURE 30. Converter currents during synchronization.

o T Sfee
. i
—48 - ‘ | ‘ ‘ | ‘ : .
0 1 g g 4 5 6 7 8
c>h“ T T T T
< 2r[—p gfm —Q gfm| 7/

-0 |
g ~————
=0 1 2 3 4 5 6 7 8
.2 : ; :

s 1r —lact—hreact 8
80

0 1 2 3 4 5 6 7 8
time [s]

FIGURE 31. Active and reactive power and currents during a frequency
disturbance.

responses show that the inverter reduces its active power and
current following the frequency rise and increases its active
power and current following the frequency drop. Moreover,
the figure shows that the reactive power is hardly affected
by the frequency disturbance, demonstrating the decoupled
control of active and reactive power shown in Fig. 5.
Furthermore, according to Fig. 13, the power increment
following the frequency disturbance is proportional to the
frequency deviation multiplied by the constant D, which was
set to 50 in this test. So, the frequency rise of 1%, produces a
power drop of 50%, while the frequency drop of 5% produced
would produce a power increment of 250%. Nevertheless,
the latter is not possible, because the inverter power (or
current) cannot be increased overrated. Therefore, in order
to avoid this overcurrent, the active current limiter, presented
in Section IV-A has to limit current to rated. So, as shown
in Fig. 31, when current reach its nominal value, it doesn’t
increase beyond this value, regardless frequency continues
dropping.

On the other hand, Fig. 32 shows a 10° phase jump
in the grid voltage. Fig. 33 shows the inverter active and
reactive power and current responses to such event. This test
is employed to demonstrate the inertial response capability
of the proposed control system, because a phase jump
means a frequency pulse. First of all, the inverter maintains
the synchronism following the event, responding with a

10267



IEEE Access

J. L. Rodriguez-Amenedo et al.: GFM Control of Voltage Source Converters Based on the Virtual-Flux Orientation

[rad]
N A O

o
T

L L

L L

0.59 0.595 0.6 0.605 0.61
time [s]

FIGURE 32. Angle and instantaneous phase voltages during a 10° phase
change.

o

[MW, MVAr]

IS}
~
H
o
< Q
33

0.6 0.8 1 1.2 1.4 1.6

0.6 0.8 1 1.2 1.4 1.6
time [s]

FIGURE 33. Active and reactive power and converter currents during a
10° phase change.

peak of power reduction to the phase jump. Besides, the
reactive power is also affected by the event, but in a lower
extend.
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FIGURE 34. Angle and instantaneous phase voltages during a 60° phase
change.

Moreover, Fig. 34 shows a 60° phase jump in the grid
voltage, while Fig. 35 shows the inverter response in this
case. The response is quite similar to the previous case, but in
this case the active power peak is higher, as a consequence
of the higher disturbance. However, both cases show the
capability of the proposed grid-forming control to provide
inertial response to the grid phase-jump disturbance. Fig. 34
and Fig. 35 also show the instantaneous current response.
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FIGURE 35. Active and reactive power and converter currents during a
60° phase change.

C. VOLTAGE RIDE-THROUGH

In this section, the response to a voltage dip is obtained, first
when the voltage dip is provoked by the starting of a high-
power motor and second when the voltage dip is provoked by
a three-phase fault. In the first case, Fig. 36 shows the inverter
terminal voltage and active and reactive current during the
motor start-up at not load, followed by the loading of the
motor att =2s.

1.2 T T T

[p.u]

0.8 1 1.2 1.4 1.6 1.8 2 22 2.4

time [s]

FIGURE 36. Inverter voltage and current during the motor start-up.

It can be observed that the voltage drop starts att =1 s and
lasts about 600 ms due to the high reactive current demanded
by the motor during start-up and the low grid SCR, equal to
1. However, the reactive current supplied by the inverter is
limited to a maximum value of 1.15 p.u. using the reactive
current limiter presented in Fig. 23.

Fig. 37 shows the instantaneous currents supplied by the
inverter and grid, while Fig. 38 shows the inverter and grid
active and reactive power. Finally, Fig. 39 shows the motor
torque and rotational speed during the start-up and also the
mechanical torque applied to the motor.

In the second case, a 20% voltage dip produced by a
three-phase fault is applied to the inverter. Fig. 40 shows
the voltage dip and the inverter response in terms of active
and reactive current and instantaneous current as well. This
response demonstrates the low voltage ride through capability
of the proposed grid-forming control scheme. Also, it can be
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FIGURE 38. Inverter and grid active and reactive power during the motor
start-up.
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FIGURE 39. Motor torque and speed during start-up.

observed that reactive current is limited to the maximum set
value during the fault, as in the previous case. It has to be
noted that if the limiter was not implemented, an overcurrent
would have been obtained due to the grid-forming capability
of the inverter. However, this overcurrent is not allowed
in the inverter and the overcurrent protection would have
disconnected the inverter, preventing its LVRT capability.

D. HOT SWAP FROM GRID-CONNECTED TO ISLANDED
The transition from grid-tied to islanded mode is performed
in this test. The system is first supplying a dynamic load
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FIGURE 40. Converter currents during a three-phase voltage dip.
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FIGURE 41. Voltage and frequency during the transition to islanded mode.
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FIGURE 42. Instantaneous phase voltages during the transition to
islanded mode.

demanding 1 MW and 300 kVAr. At t = 3 s, the breaker
of Fig. 1 is open, separating the inverter and the load from
the grid. Fig. 41 shows the inverter voltage and frequency
during the transition. A disturbance can be observed in both
magnitudes, but nominal voltage and frequency is recovered
after a short time. Fig. 42 shows the inverter instantaneous
voltages. Moreover, Fig. 43 shows the inverter and grid active
and reactive power response. When the inverter is in islanded
mode, it supplies the active and reactive power demanded by
the load. Therefore, its active and reactive power increases
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FIGURE 43. Active and reactive powers during the transition to islanded
mode.

until the load demand is met. Finally, Fig. 44 shows the
inverter and grid instantaneous currents, while Fig. 45 shows
the motor electromagnetic torque presents a disturbance due
to the voltage disturbance during the transition.
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FIGURE 44. Instantaneous 3-phase currents during the transition to
islanded mode.
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FIGURE 45. Electromechanical motor torque during the transition to
islanded mode.

E. FREQUENCY AND FAULT RESPONSES IN THE IEEE
39-NODE SYSTEM

The performance of the proposed control system has been
tested in the IEEE 39-node network as shown in Fig. 46,
composed by 9 SGs and one GFC connected in bus 31.
In order to check the frequency response of the GFC,
a 140 MW load increase has been applied to the system on bus
15. Likewise, a fault on bus 12 has been applied in order to
evaluate also the GFC fault response. The network parameters
have been included in Table 3 of the Appendix.
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FIGURE 47. Frequency response and active power output of G3 and GFC.

Regarding the frequency response analysis all SGs have
their primary regulation system disabled except G3, which
will be the generator that assume the load increase. The GFC
has also the primary frequency regulation disabled providing
active power only during frequency variations contributing
exclusively to the inertial response. Fig. 47 shows the active
power response of G3 and GFC during a load step of 140
MW at t = 0.1 s. G3 has a rated power of 1000 MVA and a
2% droop constant so that increases its output from 650 MW
to 790 MW with a frequency drop from 50 Hz to 49.9 Hz.
During the first instants after the load change GFC increases
its output power providing inertial response, supporting the
system ROCOF. As G3, the initial GFC power is 650 MW
and oscillates in the opposite direction to the frequency in
order to reduce the ROCOF.

In order to analyze the GFC fault response during a
balanced three-phase short-circuit, a 100 ms fault has been
applied in bus 12. Figure 48 shows the active power
exchanged by G3 and the GFC during the fault, as well as
the voltage magnitude at their terminals buses 32 and 31,
respectively.
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FIGURE 48. Active power output of G3 and GFC and voltages during a
fault.

The fault response of the SG and the GFC differs because
the during the voltage dip, the GFC current is limited to rated,
in order to protect the converter. Therefore, in the GFC, active
power is proportional to the voltage during the fault. After
the fault is cleared, both, the SG and GFC, reach the pre-fault
state in about 150 ms, proving the low voltage ride through
capability of the GFC.

F. COMPARISON WITH CONVENTIONAL GRID-FORMING
ALGORITHM

Finally, a comparison has been made between the perfor-
mance of the proposed grid-forming control system and
a conventional one using inner current loops for current
limitation, as shown in Fig. 49. For comparison, the second
test of section C was reproduced employing the conventional
grid-forming control system, obtaining the response to a
20% voltage dip provoked by a balanced three-phase fault.
In addition, the frequency disturbance shown in Fig. 31 of
section B has also been reproduced for the conventional
control system.
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FIGURE 49. Conventional grid-forming algorithm scheme.

According to the literature, current-limited grid-forming
converters can lose system stability under a voltage dip
occurs. In addition, depending on the depth and the duration
of the dip, the converter may not be able to re-synchronize to
the grid once the fault is cleared and the voltage has been
recovered. Fig. 50, shows how the same voltage dip as in
section C provokes the current saturation and as result the
regulator operates in open loop, losing the stability which
causes that the converter is not able to re-synchronize to the
grid once the fault has been cleared. This is explained by the
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FIGURE 50. Voltage, currents and active and reactive powers of a
conventional GFM converter during a dip voltage.

existence of an internal inertia in the system, which causes
that the control angle obtained for regulating the active power
is not related to power under current limitation. In opposition,
the proposed GFC control scheme is able to re-synchronize
to the grid once the fault has been cleared without losing the
converter stability.
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FIGURE 51. Active and reactive power and currents during a frequency
disturbance.

Fig. 51 shows the response of the conventional control
system to the same frequency disturbance test of Fig. 31.
During the frequency rise, the system response shows that the
inverter absorbs active power increasing its current without
reaching the limit. However, during the frequency drop, the
inverter injects active power until the current limitation is
reached, which causes the regulator to operate in open loop
losing again the stability.

VIil. CONCLUSION

This paper has proposed a novel grid-forming control
strategy for VSCs based on the virtual flux orientation. The
virtual flux is defined as the integral of the VSC internal
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voltage, obtaining in this was a state variable for the VSC
control. Then, the virtual flux is aligned to an axis obtained
from the emulation of the synchronous generator swing
equation. Through this alignment, two objectives are met,
first, controlling the synchronism with the grid and, second,
controlling the VSC active power. Moreover, the control
of the virtual flux magnitude allows controlling the VSC
reactive power.

The dynamic model of the VSC using the virtual flux
was first introduced and based on this dynamic model a
control scheme is derived, demonstrating its analogy to
the synchronous generator. A small-signal stability anal-
ysis has also been performed to demonstrate the system
stability.

The operation as a virtual synchronous machine presents
two drawbacks, inherited from the SG. First, the oscillatory
nature of the system with high inertia. Hence, a power system
stabilizer is proposed for damping these low frequency
oscillations. Second, the voltage source nature of the system
leads to high short-circuit currents as a response to grid
faults. Here, a current limiter is proposed as the VSC cannot
withstand currents overrated.

Finally, the assessment of these capabilities has been
performed using real-time hardware in the loop simulation
employing comprehensive simulation models. Different tests
have been performed for assessing the grid-forming capabil-
ity of the proposed control scheme, including the response to
frequency disturbances and voltage phase jump. Also, the low
voltage ride through capability has been demonstrated, where
the proposed current limiter is key. In addition, the capability
to swap from grid-tied to islanded mode has also been
assessed. The proposed control scheme has also been tested
in a 39-node system to assess its capabilities in an electrical
grid comprising SGs. Finally, a comparison has been made
between the proposed control system and a traditional GFM
control system.

As conclusion, the grid-forming capability of the VSC
employing the proposed control scheme have been demon-
strated, proving also its excellent dynamic response.

APPENDIX
RSCAD AND CONTROL SYSTEM PARAMETERS

TABLE 1. RSCAD parameters.

PARAMETERS VALUE UNITS
DC voltage of the VSC, V ;. 1200 v
Converter rated power, S, 2 MVA
Line to line rated voltage (RMS), V,, 690 v
Filter inductance, Ls 0.113 mH
Filter resistance, Ry 0.7104 mQ
Filter capacitance, C¢ 1 mF
Nominal frequency, f, 50 Hz
Switching frequency, f, 3 kHz
Synchronization constant, K 6.67 Hz/MVAr
Grid inductance, L, 0.113 mH
Grid resistance, R 0.7104 mQ
Short-circuit ratio, SCR 1

X/R ratio 50
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TABLE 2. Control system parameters.

PARAMETERS VALUE UNITS
Inertia constant, H 7.5 s
Damping constant, D 50 p-u.
PSS time constant, T,, 1.2 s
PSS constant, K, 0.01

TABLE 3. 39-NODE system parameters.
PARAMETERS VALUE UNITS
Synchronous generator rated power, Sy3 1000 MVA
Synchronous generator rated line-line voltage, V3 16.5 kV
Frequency, fgg3 50 Hz
Inertia constant, Hg3 4 s
Stator leakage reactance, X3 0.14 p.u.
Unsaturated reactance, X ;3 1.014 p.u.
Unsaturated transient reactance, X3 0.314 p.u.
Unsaturated sub-transient reactance, X 4,3 0.28 p.u.
Q-axis unsaturated reactance, X3 0.77 p.u.
Q-axis unsaturated sub-transient reactance, Xg,/3 0.375 p.u.
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