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ABSTRACT Renewable inverter-based resources (IBRs), such as wind energy conversion systems (WSs),
replace directly grid-connected synchronous machines (SMs). Standard grid-following (GFL) control of
IBRs decreases the power system inertia. This article proposes virtual synchronous machine (VSM)-based
grid-forming (GFM) control for doubly fed induction machine (DFIM)-based WSs with the following exten-
sions: feedforward torque control (FTC) for maximum power point tracking (MPPT), MPPT compensation
for accurate inertia emulation, reference power point tracking to provide energy reserves, dynamic droop
saturation control to mitigate power overloading, and grid voltage control utilizing DFIM stator and rotor-side
back-to-back inverter reactive power. The WSs are integrated into the IEEE 9-bus test system. Comprehensive
simulation results give insights into (V)SM-based power system dynamics. Compared with existing VSM
control without FTC, the proposed FTC increases the wind energy yield, i.e., typical MPPT performance is
achieved, similar to GFL control. For high power penetration of IBRs, the proposed VSM control enables
stable operation due to its GFM capability, whereas GFL control tends to instability. The VSM provides
higher power system damping than a real SM due to adaptable internal damping. If wind power reserves
are available, the fast VSM droop control provides additional damping by adapting the virtual turbine power
without the dominant delays of real turbine dynamics.

INDEX TERMS Doubly fed induction machine (DFIM), grid-following (GFL), grid-forming (GFM), syn-
chronization stability, power system dynamics, reserves, virtual synchronous machine (VSM), wind energy.

NOMENCLATURE

Applying the Clarke and Park transformation with Park angle
¢p to three-phase signal vectors yabe yields (orthogonal) two- ~ TABLE 1. Definition of symbols (for more details, see Table I-11l in [2]).
phase signal vectors [1, Sec. 14.2.4]

ap abe dq 1. ap ap N, R, :=, T natural, real numbers, “is defined as,” “transposed.”
X = Tcx , X I= Tp(¢p) X = Tp(_¢p)x (1) x = (zq,... ,zn)T € R"™, column vector with n € N.
T n .

. . . 0, = (O7 ey O) € R, column vector with zeros.
with T. and T}, as given in she Norgenclim.lre. Small bold 1, = diag(1,...,1) € R"*" identity matrix.
symbols denote vectors, e.g., is? := (ig, i) is the stator cur- @ = L, time derivative.
rent vector in the dg-reference frame, and capital bold sym- @ := |@| := V& . amplitude or Euclidean norm.
bols denote eithder mg,ltrices or normalized vectors, e.g., I 01 = T 1 -1 -1 Clarke transformati i

} i . . =K , Clarke transtformation matrix.
4, HT = (;llsrR, ;'SPR)T with rated stator current amplitude ¢ 0 Y3 B
o~ S, Iy S,
Is,R- The function arg maxf(x) returns the argument x*, K€ {%, \/g} scaling factor for amplitude or power invariance.
which maximizes the function f(-), i.e., f(x*) = max f(x). o
. . . T, () = Cf)s(@ sin(¢) Park transformation matrix
For b > a, the saturation function is defined as P sin(¢)  cos(¢) |’
0 -1
a, ifx < a, J = [1 0 } = T},(%), matrix for rotation by 7.
satZ(x) = 1D, if x > b, 2)
X, otherwise.
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I. INTRODUCTION

Facing the climate crisis, renewable inverter-based resources
(IBRs), such as wind energy conversion systems (WSs), re-
place directly grid-connected synchronous machines (SMs).
SMs inherently form the grid voltage and provide power sys-
tem inertia, whereas standard grid-following (GFL) control of
IBRs leads to decreasing inertia of the future power system
with low SM generation [3]. At the same time, the installation
of additional transmission capacities, such as HVDC systems,
leads to potentially higher imbalances between power genera-
tion (including import) and power demand (including export)
during grid faults [4]. Both, the decreasing power system iner-
tia and the increasing worst-case power imbalance, are major
challenges for future grid stability [3], [4].

The current focus of research and development is on grid-
forming (GFM) control for IBRs, with GFM referring to the
SM-like or voltage-source-like capability to form the grid’s
voltage amplitude and frequency [5]. In contrast, GFL control
refers to the standard current-source-like capability of IBRs
to follow the grid frequency, using fast synchronization, e.g.,
based on a phase-locked loop (PLL) [6] or frequency-locked
loop [7], [8], and injecting a (quasi-) constant current or
power [9]. For GFL control of renewables, the power refer-
ence is usually given by some maximum power point tracking
(MPPT) strategy [9]. The GFL control may be extended to
provide fast frequency response or “synthetic” inertia, but
only GFM control allows for an instantaneous response or
“synchronous” inertia emulation similar to SMs [10], [11].
Latter kind of inertia is crucial to limit the initial rate of
change of frequency (RoCoF) after a sudden power imbal-
ance, e.g., during system split events [3]. Besides, as also
shown in this article, GFM control achieves power oscillation
damping, whereas GFL control tends to instability in grids
with low SM generation [5]. However, for GFM-controlled
inverters, current limitation while ensuring synchronization
stability is one of the major challenges [9], [12].

This article considers GFM control for type 3 WSs, which
use doubly fed induction machines (DFIMs) with grid-
connected stator. The rotor is connected to a back-to-back
inverter, which consists of the rotor-side inverter (RSI) and
the grid-side inverter (GSI), which share the same dc-link,
see Fig. 1. This is a common configuration used world-
wide [13]. In [12], different GFM controls for inverters are
considered, e.g., droop control, virtual synchronous machine
(VSM) control, and matching control. The latter is based on
the observation that the dc-link voltage—similar to the SM
speed—indicates power imbalances. The unleashed power
during the inertial response of matching control depends on
the dc-link capacity. However, for the considered DFIM-based
WS, the energy stored in the dc-link capacity is negligible
in comparison to the kinetic energy reserves of DFIM and
wind turbine (WT), see (R.2) and also [14]. Moreover, only
a fraction of the DFIM power flows via the dc-link [15]. Thus,
matching control is not considered in this article. Anyway,
GFM control methods based on ac voltage measurements,
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such as VSM control, further improve the grid frequency
support compared with matching control based on dc-link
voltage measurement [12].

The VSM damping in [12] and [16] is a function of the
VSM speed only, which is not analogous to SMs, since the
currents in the SM damper windings depend on the SM slip,
and thus, also on the grid frequency. This kind of VSM
damping rather corresponds to droop control but without the
significant governor time delay introduced by a real SM or,
more precisely, by the comparably slow dynamics of a real
SM’s turbine system including its actuators. Actually, this
kind of VSM control reduces to droop control, if the VSM
inertia is negligible in comparison to the VSM damping [12].
For clarity, the VSM damping terminology is avoided in
this context or replaced by the VSM droop (gain) in the
following. The VSM droop dampens the torque response to
reference changes during normal operation [16] and provides
power system damping during RoCoF events if power re-
serves are available [17]. However, in addition to the VSM
droop, a VSM damping analogous to the SM damper wind-
ings is crucial to stay grid-synchronized and to avoid power
oscillations during RoCoF events, taking into account that
the power reserves for the VSM droop may be limited [18],
[19], [20].

The overload capability of IBRs is small in comparison
to SMs due to the small thermal time constants of power
electronics compared with, e.g., windings of electrical ma-
chines. Hence, SMs are capable of providing 3 to 5 times
their rated currents during faults, whereas IBRs only allow
for an overloading of 1 to 1.5 times their rated currents [9].
However, in addition to the VSM inertial response, the VSM
droop may lead to power overloading of IBRs during faults,
as also shown in this article. Thus, Du and Lasseter [21]
proposed an overload mitigation control but only for inverters
and only for pure droop control without VSM. This article
proposes a dynamic saturation control of the VSM droop
to mitigate power overloading of DFIM-based WSs during
RoCoF events.

Despite the research trend toward VSM control for invert-
ers [12] or for type 4 WSs, based on full-scale back-to-back
inverters [18], [22], [23], the public research on VSM control
for DFIMs or type 3 WSs is limited. There exist a few VSM
control methods for DFIMs [16], [20], [24], [25], [26], [27],
[28], [29] with similar grid synchronization or outer torque
control loops, but their inner electromagnetic DFIM control
loops differ as follows:

(1) no inner current or magnetic flux control loop [24],
[25], [26], i.e., applying the VSM voltage amplitude
and angle directly to the RSI;

(i1) inner current control loop [20], [27], [28];

(iii) inner magnetic rotor flux control loop [16];

(iv) outer magnetic stator flux and inner stator current con-

trol loop [29].

For instance, the inner magnetic rotor flux control in [16]

sets the active power by changing the angle between rotor and
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FIGURE 1. Electrical circuit of the WU with DFIM.

stator magnetic flux linkages and sets the reactive power by
changing the magnetic rotor flux linkage amplitude, whereas
this article uses the inner rotor current control with the
reference vector angle depending on the VSM rotor position
based on [28]. This is motivated by the fact that the excitation
or rotor current vector of an SM is inherently fixed to its rotor
position as well.

The VSM control leads to decreased performance of MPPT
or reference power point tracking (RPPT) for type 3 and type
4 WSs [11], [22], [27]. More precisely, the VSM inertia de-
lays the torque reference tracking. For instance, considering a
sudden wind change from below to above rated wind speed,
more pitch actuation is required to limit the WT speed due
to the delayed DFIM torque response. Thus, the WT may
face higher mechanical stress, and, for MPPT, the higher
mismatch between wind input power and electrical output
power leads to decreased efficiency [27]. Thus, a compro-
mise between grid support and MPPT performance has to
be found. Lately, Thommessen and Hackl [28] combined
VSM control with feedforward torque control (FTC) for fast
MPPT, i.e., they achieved decoupling of the inertial response
to RoCoF events and the MPPT during normal operation.
However, Thommessen and Hackl [28] only considered ideal
RoCoF events, i.e., neglected the interaction with the grid,
whereas Tayyebi et al. [12] considered the interactions of
(V)SMs but only for VSM-controlled inverters, i.e., not for
VSM-controlled DFIMs. Moreover, Thommessen and Hackl
[28] only considered MPPT, but also RPPT or wind energy
reserves are desirable for grid support [23].

This article summarizes the long version [2] and extends
the VSM control with FTC for DFIM-based WSs in [28] by
the following contributions:

(i) RPPT based on the maximum rotation strategy [23] to
maximize the Kinetic energy reserves;
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(i) dynamic droop power saturation to mitigate power
overloading;

(iii) improved MPPT compensation for accurate inertia
emulation during severe RoCoF events;

(iv) WS modeling, including not only the DFIM with RSI
but also the RSI power supply via the dc-link, the GSI,
and the LC(L)-filter;

(v) WS control, including not only the DFIM power con-
trol but also the dc-link voltage and grid voltage
control;
simulations, including the grid connection to take
interactions with the transmission system or other gen-
eration units (GUs) into account, which may lead to
power oscillations.

In this regard, it is important to note that both, the DFIM
stator and the GSI, may provide reactive power for grid volt-
age support. Thus, the grid voltage control, proposed in this
article, uses this degree of freedom to maximize the VSM or
DFIM load angle stability margin, while taking the operating
limits (such as current and voltage limits) into account. To
the best of the authors’ knowledge, there is no publication
proposing the combination or considering the interaction of
VSM control for DFIMs with FTC, MPPT, RPPT, and droop
control as this article. In conclusion, this article proposes mod-
eling and control of DFIM-based WSs and of their interactions
with future power systems to pave the way toward 100%
renewable power generation. The proposed approach may also
be adapted to other types of WSs.

The rest of this article is organized as follows. Section II
introduces the modeling of the DFIM-based WS, before
Section III proposes its control system. Then, Section IV dis-
cusses numerous simulation scenarios and results regarding
the WS and the power system performance during normal
operation and grid faults. Finally, Section V concludes this

(vi)
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article by summarizing its achievements and by discussing
future research foci.

Il. MODELING
In this article, a WS consists of several wind units (WUs),
connected in parallel at the point of common coupling (PCC),
with number of WUs or WS scaling factor ny,,. Fig. 1 shows
the electrical system of a DFIM-based WU. The DFIM sta-
tor, directly connected to the PCC, generates most of the
PCC active power ppec = pg + ps < 0. The RSI, connected
to the DFIM rotor, and the GSI, connected to the PCC via
the LC(L)-filter, share a common dc-link voltage ug.. The
GSI may provide reactive power in addition to the DFIM
stator, i.e., gpcc = gg + gs. Note that grid-side filter power pg,
GSl-side filter power py, and rotor power p; may be positive or
negative depending on the DFIM’s slip (see [15] for a detailed
power flow analysis). The PCC currents are the sum of stator
and grid-side filter currents, i.e., iglgg = (fpees if;cc, pCC)T =
'“bc +i%¢. The stator and grid-side filter voltages u%’ =
c—a)T

” b (u b <, equal the line-to-line PCC volt-

ubc

ages GSI and RSI apply the line-to-line voltages u
@, ule ue )T and ud™c = Wéh, ule, us) T to theLC(L)
filter and the DFIM rotor, respectwely. The DFIM power
Pm ‘= @mMy depends on WT or DFIM angular velocity wp,
and DFIM torque my,.

The following sections discuss the modeling of DFIM-
based WSs in more detail. In addition, the next section
approximates the RoCoF for (V)SM-based power systems.

A. MECHANICAL SYSTEM AND (V)SM-BASED ROCOF
For turbine torque m; and total moment of inertia ®, the one-
mass model in motor sign convention is given by! [28]

%wm = — (my —my) = wm®%wm = WmMm — Om
® —— S——
=0 =Pm =Pt
. — M, w, m
t m m m/t
= Qn = , Qn = _—, = 3
m H m o m/t MR (3)
1 2
o sOw
Hi=——2._ 2 mR_g 4)
Pm,R Pm,R

with normalization based on ratings in generator operating
mode, i.e., omr > 0, mpr <0, and py r < 0. The inertia
constant H in (4) is proportional to the kinetic energy Eyi,
stored in the WS’s rotating masses, such as WT and DFIM.
For a (V)SM, assuming approximately rated grid frequency,
i:e., Qg := wg/wg R ~ 1, and grid synchronization, i.e., Qm =
Qq, Qm ~ Qg = 11n (3), it follows that:
3)

U o (Qth DMy ) (5)

=P

2H
=:Pn

! All quantities are transformed to the machine side or high-speed shaft.
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FIGURE 2. Power coefficient over tip speed ratio for different blade pitch
angles with maximum coefficient ¢ = cp(1*, p* = 0) at the MPP *
from [28] and [31].

Aggregating all grid-connected SMs analogously to (5), the
RoCoF depends on the power imbalance APy [30], ie.?

5) - APsys Pt,sys - Pm,sys Z Pm/ti
= sts = = s Pm/t,sys ==
2Hsys 2Hsys Psys,R
Hsys - _ Ekin,sys — _ZEkin,i — ZHipm,R,i -0
Psys,R Psys,R Psys,R
(6)

with machine/turbine power pp,; of the ith SM and overall
System pOwer pgys R ‘= > pm.i(to) < 0 before an event at 7.
The system inertia constant Hgys is proportional to the system
kinetic energy Ein,sys- Clearly, with decreasing Hys in (6), the
future RoCoF increases, especially for high APyys, leading to
grid frequency instability or black-outs in the worst case [3],
[4]. Thus, this article proposes inertia emulation based on the
extraction of the WS’s kinetic energy reserves or, if available,
the WS’s wind energy reserves.

Remark (R.1): Considering a fault, e.g., with loss of SMs
(or system split), the rated system power pgysR := > PmR.i
is defined for postfault conditions, i.e., the aggregation only
includes SMs that stay grid-connected. Similarly, the system
inertia Hyys(t) and the machine/turbine power Pyt sy5(t) are
time-dependent, i.e., the aggregation only includes those SMs
that stay grid-connected at that point in time t.

B. AERODYNAMICS
The WT power and tip speed ratio are given by [28]

Wi I Wm T
Lomrtvdco(n, B), A= — 1= —— (7)
Vw NgVy

Pt = pwCp ‘= —

respectively, with wind power py, air density p, turbine radius
i, wind speed vy, power coefficient ¢, blade pitch angle
B, turbine angular velocity e, and gearbox ratio ng. Below
cut-in wind speed vy cy-in, the WS does not generate power,
see region I in Fig. 5. For WT speeds above transition region
I-1I, the WT operates at its maximum power point (MPP) in
region II, i.e., (A*, B*) := arg maxc,(A, B), see Fig. 2. Above
rated and below cut-out wind speed, i.e., for vy R < vy <
Uw,cut-out 1N region III, B increases the limit wy to wy r. For

2Extending (6) for IBRs or VSMs is discussed later, see Remark (R.9).
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Uy > Uw cut-out il Tegion I'V, the WT is shut down. This article
does not consider regions I and I'V.

C. BLADE PITCH ANGLE CONTROL SYSTEM
The controlled pitch dynamics are approximated by [14]

tﬂmax

1

d Bmax

b - (— (Bref — ﬂ)) . B =satg™ (Bo) (8)
dr Bmax T/3 Bmin

vyith (blade) pitch angle limit Bmin/max, pitch angle rate limit
Bmax, pitch angle reference B, auxiliary state S, and pitch

control system time constant 7g.

D. DOUBLY FED INDUCTION MACHINE
The electromagnetic DFIM dynamics are given by [15], [28]

dq -dq dq y . d d
Ug Ry [N J'/’sq '/’ 1
(u;lq) - (Rri;jq> - <w£l'q‘h/,;1q> + dr (wfq) (9)

with voltage u%7: = wd, ul)T, ull = !, ul)T, current
dz = (ls , ls HTda d(zr ,i)T, and magnetic flux linkage
Y= (yd, yd )T Y99 = (yd, )T for stator and rotor

dq-vectors, respectively, and with electrical angular veloci-
ties wl? 1= —wp, = Npwm — wp, resistances Ry and Ry,
for stator and rotor, respectively, with Park angular velocity
wp = %q&p and pole pair number 7.

Assumption (A.1): The stator resistance is negligible in
comparison to the stator reactance, i.e., Ry < wpLs =: X.

Considering steady state with g 1//dq =3 dydd — 0, in (9),
it follows that:

gﬁ uglq B RsiS — wg qJ (L is" + M iy ) 10)
dq | — .dg dq dq
Uy Ry — o' J (M i + Lrl
using ¥4 = L7 + M, i and ¥4 = M, i + Li with

inductances Lg, L, and M;, for stator, rotor, and their mag-
netic coupling, respectively. Solving the first row in (10) for
the stator currents in view of Assumption (A.1) yields

—1
4 jda [Rslz—a)f"LSJ] (ufq - wff/JMS,rifq) (11)
=Y
@an ., 1 .
5= (Ju‘j‘f +Xs,rz;iq) Xoy = oMoy, (12)
S

The DFIM torque depends on the load angle §, i.e., [28]

M = —kpnp (i49) T Jyrda (13)
dq
M ;
(12) oy cos(¢u ) % 09S(¢gq) (14)
X Sm(% ) sin(¢; ")
_(u‘Q)T —l;jq
M, . .
= —icpnp XZr drsind), 8= ¢ + % — ¢l (15)

5, and stator voltage angle ¢>leq =0
for a grid-voltage-aligned dg-reference frame, see Fig. 3(a).

with power factor «, := 3%
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ull = JX

sl

(»3

(b

FIGURE 3. Load angle vector diagram in (12), (14), and [28], for (quasi-)

steady state :ttf" = :tl, = 0, and negligible stator resistance in (A.1). (a)

Fault-free case with grid voltage aligned dq-reference frame. (b) Fault with
negative RoCoF and VSM aligned dg-reference frame.

E. DC-LINK
The dc-link voltage dynamics are given by, see Fig. 1
d ic,dc

u ! i i Mde
dc — f.de —lr,de — 55 | -
ditide Cdc Cdc ¢ e Rdc

The GSI and RSI dc-link currents it 4. and i, . are derived by
the active power equality between ac- and dc-terminals of an
ideal average inverter model, i.e., [14]

od .
Pr K (urq)T q [ Ydclr,de . _ Dyt
dq T = . = Ir/f,dc = .
Pt Kp(u )i Udclf,dc Udc

Inserting (17) into (16), the dc-link voltage dynamics can be
rewritten as function of the ac- or dg-currents, i.e.,

2
o . u
(( fq)ﬂ?q—(ufqﬂfq—i). (18)
I(deC

(16)

A7)

Remark (R.2): The energy stored in the dc-link capacity is
negligible in comparison to the kinetic energy reserves, cf.
[14], i.e., despite |pm R| > |pt R|, it follows that:
1 2 1 2
5Caclt 4 300
Hyo = — 220 _ ygme o g2 _27mR _ 56165
PfR Pm,R
with rated GSI or LC(L)-filter active power pgr. Thus, this
article considers the well-known GFL control for the GSI.
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Modeling and proposed VSM control for DFIM-based WSs.

F. LC(L)-FILTER

The LCL-filter dynamics are given by, see Fig. 1

.dq .dq _ 1
) 12 lg 2 012><2 4
. .dg [
a lgq = Ay lg1 + | O2x2 Iz uigq
dq dgq g g
U U 022 0242
Re+R. Re 1
—%Iz—a)pJ L—;IQ L—flz
R Rc+R 1
Ajel 1= .l o) gD
1 1
__‘12 _‘12 _a)pJ
C (4
(19)
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This article considers an LC-filter with negligible grid-side in-
ductance and resistance, i.e., Lg, Ry ~ 0. However, assuming
small positive values, i.e., Ly, Rg > 0, simplifies the imple-
mentation and simulation, see [2, Remark (R.3)].

The proposed control system, see Fig. 4, consists of different
(1) low-level controls [ ], such as VSM control, rotor current
control, and filter current control, or (ii) high-level controls
[ 1, such as voltage and power control and pitch control. The
modeling [ ] was discussed in the previous section, whereas
the control is discussed in the following.
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FIGURE 5. MPPT DFIM torque with 2y, 1o = @m during normal operation.

A. BLADE PITCH REFERENCE CONTROL

After reaching the rated DFIM torque, i.e., my = my R, the
control has to increase the blade pitch angle to limit the WT
speed with increasing wind speed in region III [6], see also
Fig. 5. Assuming constant DFIM speed and torque for small
pitch angle changes AB, i.e., 35‘/’;“ AB <K wpy and %%A,B <
Mm, the DFIM power py, = wmnn, is constant for the control
design, i.e., a{)ﬁ = 0. Thus, (3) simplifies to

3 . 1 dwm -1 apt Vv
= = — = — = = —
Om = G Pm =P = = e T

1%
= Aoy = —AB, Aoy = oy — o, AB =B — B*

h

with both, ¥ and B* := B*(vy), evaluated at the wind-
dependent steady-state operating point denoted by e*. In

region III, the small-signal state-space model is

(20)

AB + B* B
X = Awm ‘= | Om — Om,ref
§ §
8) R
(%) x=Ax+bu+d, y=c'x:= (010)x 1)
-7 00 T 0
—| v o . v
A=| £ 0 0|, bi=[0]., di=|-5p"
0 1 0 0 0

with reference angular velocity wm ref = @m R = @, input
U = Pref 1= —kTx = (k1 ko k3) x,and 7, = Tg. Note that
the disturbance d in (21) depends on vy, due to B* := B*(vy).

With integral state & added in (21) to reach %é = Wm —
om ref = 0, the steady state is given by
B B
| @D
x=0 = x=|on-— Wmref | = 0 . (22)
E l+k1 ,3*
Now, comparing the closed-loop characteristic polynomial
1+k Vk Vk
det (A —bk' — AI3) = 2> + 22 LI GAPRL BN
T 1T, T

with some desired third-order polynomial

Pl (frxo)+a(P+ )+ E @3
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leads to the state feedback gain vector [28]
K= (1 (£ +20) -1, T (024 %2), o0k
with tuning parameters Ty, w, and ¢. The latter two are chosen
based on the proportional integral (PI) control design pro-
posed in [31]. However, Jonkman et al. [31] neglected the
pitch actuation delay introduced by the first-order lag system
(8), 1.e., Jonkman et al. [31] assumed 8 = B,es. Thus, the state

= B does not exist in [31] and the feedback is based on
x> and x3 only. Hackl et al. [14] took the pitch actuation delay
into account for modeling but also solely used PI control. In
contrast to those references, the proposed feedback improves
the control performance by requiring less (transient) pitch
actuation, see [2, Fig. 15].

Finally, the controller output and the integral state deriva-
tive are saturated based on the limits in (8), i.e.,?

—satﬁ"‘ MEDL

u = satg"“"( —k'x ). dx3 —fma

(24
B. POWER POINT TRACKING

The power point tracking modes, namely, 1) MPPT in-
cluding MPPT compensation for inertia emulation or 2)
RPPT, set the DFIM torque reference as discussed in the
following.

1) MAXIMUM POWER POINT TRACKING

P
With the MPPT gain K := —5 Low = P, i “hR ~ [28] and tak-

ing the power rating into account, i.e., Py = % 5 1, the

MPPT reference torque is defined as

S (2m HO)K*Q2 Ho» i @m o <1,
Mpppt := 17 ' m "
mppt { 1, otherwise, (25)
= Pmppt = Qm,HOMmppt (26)

with smooth transitioning between regions I and II by

Sorn(Qm ao0) = fi(—=CQm,H0, Cmymin, ASQm ) (27)
0, ifx > a,
filx,a, A) = 1955, elseifx >a— A, (28)
1, otherwise,

with modified DFIM angular velocity Q2 go, defined later in
(32); 2m.min and AQp, 11 define the start and length of the
transition region I-II in (28), see Fig. 5.

2) MPPT COMPENSATION

Assuming Qi go = Qm in (25), Mpppy would decrease if the
WT decelerates, counteracting the desired inertial response to
RoCoF events [11], [32]. The MPPT compensation circum-
vents this. A simple MPPT compensation is to sample and

3The anti-windup and gain scheduling for (24) to (i) achieve a smooth
transition between regions II and III (based on [14]) and to (ii) take changes
of V/Tj in (21) due to operating point variations into account are out of scope
of this article (details available at the authors).
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hold Mppe when detecting a RoCoF [28]. In this case, tem-
porarily ignoring WT speed changes, the WT deviates from its
MPP. Depending on RoCoF, initial operating point, WT char-
acteristics, and wind speed, an additional WT speed protection
may be required to avoid inadmissable deceleration [32], [33].
Moreover, after a RoCoF event, the decreased WS output
power during the WT speed recovery process has to be taken
into account to avoid a secondary frequency event [32], [33].

The MPPT compensation proposed in [32] is based on the
assumption that the extracted kinetic energies of VSM and
WS are equal. In contrast to [28], the MPPT compensation
in [32] takes WT or wind speed changes during the RoCoF
event into account, but assumes an ideal inertial response
without active saturations or protection schemes, see [2,
Sec. III-B2] for more details. However, this assumption is not
generally valid, e.g., the overload protection proposed in [28]
may limit the output power.

This article proposes a novel MPPT compensation that
improves [28] and [32] regarding WT speed protection or
compensation accuracy. It is based on the integration of the
actual torque control error ey, i.e.,

. M—Mp 1 My — Mo ret
SQ=———=—(M — M, —_—
m 2H 2H _mf,_“‘” 2H

=eym
d
::d_[Qm,HO

1 t
= Qm,H0 = Qm — 2—[ em(r)dr, ey(o) =0 (29)
H J;,

with the saturated DFIM torque reference A_dm, rof defined later
in (39). Note that, during normal operation and for ideal FTC,
there is no control error, i.e., ey = 0 in (29). Thus, ey cor-
responds (only) to the additional torque required for inertia
emulation (and droop control) during RoCoF events.

A RoCoF is detected when the time derivative of the VSM
angular velocity .y (VSM RoCoF) exceeds a threshold
€ > 0, which activates the MPPT compensation. Moreover,
a rate limiter is added to (29) for smooth transition between
active and inactive MPPT compensation, i.e., with discrete
control sampling index k and sampling time T, and with*

B 0, if |Qmy| <e,
Ek] = {—;—,@eM[k] + &[k — 1], otherwise, } G0
2 ulk] 1= Qulk] — £k, £10]:=0 Gb

the MPPT compensation angular velocity is given by

an ylk — 1]+ Qmakav if w = QmaXs

= ylkl = A9k — 1] — QmaxTis  if %ﬁ““” < Qmax.
ulk], otherwise,
= Qmnolk] :==ylk], y[0]=0 (32)

with rate limit Qmax = ﬁ

4 Actually, to avoid excessive toggling between active and inactive MPPT
compensation, Qp, v is filtered by a first-order system lag system with time
constant 7t y, before evaluating |2, v| < € in (30), see [2, Table X].

VOLUME 5, 2024

3) REFERENCE POWER POINT TRACKING
To increase the energy reserves for inertia emulation or droop
control, RPPT based on the maximum rotation strategy [23] is
derived in the following.

At the equilibrium point, WT and DFIM power are equal,
i.e., for MPPT and a given wind speed vy, the steady-state
operating point (w},, *) is given by

!
e(wm, B) = pw(vw)cp(@m, B, Vw) — OmMmp(wn) =0
————
=pwCp=Dt =WmMm=Pm

= (o, B*) = arg min{le(om, B[}y,

Om,min < Om = ®WnR,
< <
such that Puin= B = ﬁmax’ (33)
min — ﬁ’ lf UW S UW,R:

Wm,R = Wm; if vy > Uw,R>

Z;m’ﬁ) and mp(wm) :=

Minppt(2m,H0 = %)mm)R. Estimating the available turbine

where cp(@m, B, vw) = cp(A =

power ﬁ:(ﬁw), saturated by the WS operating limits, with
measured wind velocity Ty, and defining the relative DFIM
power reference P ref rel in the range 0%—100%, the DFIM
power reference [in per unit (p.u.)] is given by>

=
Pm,ref(,i)\w) — {Pm,ref,relpt (Vw), for Pm{cf,rel < 1} (34)
00, otherwise.
D 1
Pl (vw) := =30 vy, ——Ch(vw) (35)
~———— Pm,R
=:pw(vw)

— T (33) ¥ ok
Gyow) = lim Oy ) Zy = @ Bl

Pm,ref,rel(t) =1
(36)

Note that Py, ref in (34) does not depend on vy, for MPPT with
Py refrel = 1, 1.e., wind speed measurement is only required
for Py refrel < 1. Assuming constant vy and Py refrel = 1,
the operating point reaches the equilibrium point with power
coefficient Eg(vw) fort — oo in (36). Note that Ff) = c; holds
in operation region II but not in I-1T and III, i.e., with minimum
region II wind speed vy, 11, min

Cp(w;p /3*)|vw7 if VUw,cut-in = Uw < Uw,II,min»

(33) L .
E;(vw) - ¢ i=maxcp, if vy 1min < Vw < VwR,

( Pm,R .
pwr?vw)’ if Uw,R < Vw = Vw,cut-outs

for regions I-1I, II, and III, respectively. For the transition
region I-II, a numerical optimization algorithm solves the first
case or (33) for different vy, offline (before operation) and
the control approximates E{)(vw) by a lookup table, which is
evaluated online (during operation) at V.

SDo not replace oo by 1 in (34) due to possible transients with

Wm > WmR OF Qm = Qp o > 1. In this case, the MPPT should apply
the maximum torque, which is My, ref 1= ﬁsatg'“p"[mmm)oo =1 but not

Prnppt (2 .
My et 2= gsatg™™ @101 < 1 in (37).
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Taking wind speed measurement errors into account, the
MPPT curve saturates the final DFIM power reference, i.e.,

26 1 Prpp (@m0
M ret (:37) Q_msato PP im0 (Pm,ref) (37)
d Mm max
aMo = sat_Mm . (Mm’ref) (38)
Vi Mm max
My ref := sat, (M,) (39)

= Pm,ref = Qm]‘/lm,refa n_’lm,ref = Mm,refmm,R (40)

with transient torque limit My max and torque rate limit
Mm,max. Note that the steady-state torque limit equals the
rated torque, taken into account by the power satura-
tion in (37), i.e., My rer < 1 during normal operation with
Qm Ho = Qm. However, for inertia emulation, My, ref > 1
may be temporarily required to keep the power reference
constant while the DFIM decelerates during active MPPT
compensation with Qp, < Qpy go in (37). Thus, the DFIM
torque reference is saturated by the above-rated or transient
torque limit My max > 1 in (39), see [2, Table X].

C. CURRENT CONTROL
The control of the DFIM rotor and LC(L)-filter currents by the
RST and GSI, respectively, is derived in the following.

1) DFIM ROTOR CURRENT CONTROL
Rewriting (9) gives the rotor current dynamics as follows:

(9) ,
Ly v—ldq = — Ri% 4 % Jydd
MS,I' dq R ~dq dqg yrdq 41
- I ug" — Ry + o J'ﬁs (41)
S
. 2
with
Tyeaq and inserting the RST reference voltage
dq o, ,49 ._ dq _ dqygdq
u-~ ur,ref T ur,pi T Jilfr

M,
+ (= R+ 0YE) @)
S
with the PI controller output voltage®

~d. d
rpl_kp(rref rq)—l_kig 1,

into (41) yields the closed-loop rotor current dynamics

dgdg _ d‘]
g r ref

id1(43)

@n didg _ 1 oaq i _ L

(T;) Trdl L R, u, .pi L I = R, (44)
.d ki

) kSt TR (45)

d .
rigf(s) s2+<%+%)s+Tf}er
The PI control gain tuning in (43) is based on the “magnitude
optimum criterion” (see [34, Sec. 1.3.1, pp. 46-60]). As-

suming a second-order lag system for the open-loop transfer

5The implemented anti-windup and inverter dead time compensation are
out of scope of this article (details available at the authors).
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function, called “PT,” in [34], with steady-state gain Vg =
1/R;, large time constant 77 = T}, see (44), and small time
constant T, = Tyeaq (see [34, Table 1.3, p. 82]), the propor-
tional and integral control gains are given by

TiR; Ly R;
pi=z— ==— and ki:= .
2Tdead 2Tdead 2Tdead

(46)

2) LC(L)-FILTER CURRENT CONTROL
Considering a grounded LC-filter, see Fig. 1, it follows that:

.d
.
47)

Inserting (47) into (19) yields the filter current dynamics

ReLg ~ 0 = ull = ul 1 Ri% = ud + R, (ig‘f

(19) d d
Gt =T (‘”fq
(47) Lg

The GSI reference voltage

— R — wpJ L% + ugq) . (48)

d d .d .
g ~ ufzef = "5" — wpJ Lei ! — Rf’f Lf”f FSENC )
with the PI controller output voltage’
dgq gd d gdgq _ :dq dq
g = ky <fref ’f)"‘klE @ =i~ 50)

achieves input/output linearization (see also [35]), i.e., the
closed-loop filter current dynamics are

.d

lf/q(S) B

.d )
lf,/rgf(s) s

kps + ki
+ kps + ki

(59)

48) d.dg _  dq

- =Uu
(9) de°f f,pi

(S

k;
An additional reference filter with time constant 7 := k"
eliminates the derivative term in the numerator of (51) to avoid
overshooting, i.e., (51) is rewritten as

i/(s) 1 stk ki )
,f/rgf(s) U4 sTr 2+ kps + ki 8+ kps + ki
(,()2 2

= w, where kp = 2;(,() and ki =w
N ws T+ W

depend on the tuning parameters w and ¢, see [2, Table X].

D. DC-LINK VOLTAGE CONTROL
The control should keep the dc-link voltage ug. close to its
reference or rated value ugc ref 1= Ugc,r by balancing the en-
ergy or active power of RSI and GSI, see (17) and (18). In
this article, the RSI controls the DFIM power, whereas the
GSI controls ug. by corresponding grid-side filter active power
injection (see Fig. 4) as discussed in the following.

Solving (48) for u?q in the grid-voltage-aligned dg-
reference frame, i.e., U, = (i[g, O)T, the GSI active and
reactive power can be written as, see [6]

dg\T _d
pf ZKP(lfq) ufq

"The implemented anti-windup and inverter dead time compensation are
out of scope of this article (details available at the authors).
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48) . od. .d
= kpllgif — tepLe(if )T $if? — kpRe () (53)
o d
qr = —Kp(lfq)TJufq
(48) ~ . LiGi 2 Le g \T 7 d :dq 54
=" —plgly — kpwpLe ()™ + kpLe (") J gty " (54)

Inserting (53) into (18), the dc-link voltage dynamics are

d — 1
Cacltge

— Pr — M(zjc/Rdc>~

Inserting the approximated controlled filter current dynamics

~d g T d +d 2
(fcpung — kpLe ) SiEY — kpRe (i)

(55)

) (52 d.dg L (dg  .dg
lo*~0 = i’ = fc I rer — If (56)
into (55) yields
55 4 1 ~d Lt .ag.T.dq
- = K — Kp— (1, l
(?g) de Hde Cdcudc ( p”glf P Tf ( f ) Foref

Udc

L¢ 2
LRGP —pr ) - . (57
* " <Tf f) (l\t) pr) Rchdc ©7

The required steady-state reference filter d-current to fulfill

. . . !
%udc =0 in (57), %l?q = 0 in (56), and ugc = Udc ref Can

be derived and defined as feedforward control term, see [2,
Sec. III-D]

~d ~d 2
l.d - ”ugq” _ 1 p ||ugq||2 _ udc,ref _ ﬁ (58)
f.FE - 2R¢ Kpr P 4R¢ Rac !

based on measured grid voltage and estimated rotor power

d ~d dg \T.dq ~
d ~dq) . ”ugq” - ”ugq” d-~ . KP(ur,ref) Lref = Pr
4@ = L Se=
Trp Trr

with feedforward filter time constant Tgg.

Defining the state vector x ' := (i?q, Uuge, &)1 with inte-
gral state &, the input u := i?,ref’ the disturbance vector
v = (ig’ ref> Prs ﬁg)T, and the (small-signal) state feedback

0\ N
Au = Ai?,ref = —k"Ax =~ | ko Auge (59)
k3 AE

with gain vector k and %As = Udc — Udc.ref, the small-signal
closed-loop state space model can be written as

(59

L A% =AAx +bAu+DAv = AgAx +DAv  (60)

with Ay (= A — ka, where the system matrix A, the input
vector b, and the disturbance matrix D are linearized at the
steady-state operating point with ugc = ugc ref, see [2, Sec. III-
D] for details. The characteristic polynomial

60
( :>)

det M —Ag) = A+ 3as + AMax + day +ap (61)

with coefficients ay,..., az, is Hurwitz (proven for the con-
sidered WS parameters from [2] using MATLAB) if the
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FIGURE 6. Freely spinning VSM torque synchronization loop [18], [28], in
view of Assumption (A.2).

proportional and integral gains are chosen as follows:

U, max Tfmax - 18
ky = ky = T g k= ks = XS4
PR S e =R = G e

The nonaggressive tuning of kp, see its relatively small value
in (62), (i) avoids relatively high feedback or filter current
oscillations Au = Aif ref O kpAuge for relatively small uge

oscillations (e.g., induced by ifq disturbances) and (ii) en-
sures stability in the face of the nonminimum-phase behavior,
see also [6]. However, in combination with the rather large
integral gain k; in (62) and the feedforward control (58), ac-
curate dc-link voltage tracking is achieved by the overall filter
d-current reference

S8 g .d
= lf rof = I pp T Alf rep (63)

(59)

Remark (R.3): Note that (63) chooses i;{ref to control uge,
since the active filter power ps in the ug. dynamics only de-
pends on il‘f at steady state with S—ti;lq = 0y, assuming constant
ﬁg and negligible Ry, see (53) and (55). Later on, i?,ref controls
the reactive power or grid voltage, since g¢ also depends on
i? at steady state, see (54).

E. VIRTUAL SYNCHRONOUS MACHINE
For the discussion of the proposed VSM control method, the
following assumption is imposed in this subsection.

Assumption (A.2): For a freely spinning VSM, the virtual
turbine torque is zero, i.e., My = 0.

The VSM mechanical dynamics are based on the one-mass
model dynamics (3) and the VSM electromagnetical dynam-
ics are based on the modeling of directly grid-connected
SMs. The resulting torque synchronization loop of a freely
spinning VSM aligns its electrical rotor angle ¢, , with the
grid voltage angle ¢, as explained in the following based on
Fig. 6. In view of Assumption (A.2), the VSM machine torque
M,y and the VSM damper torque My, are zero at steady
state, i.e., My = Mmy = Mg,y = 0. For a RoCoF Qg # 0,
the synchronizing feedback My, v := kpdyv := ki (de,v — Pg)
counteracts the deviation between VSM electrical angle ¢ v
and grid voltage angle ¢,, defined as VSM load angle
8,%; whereas the damping feedback My, := DVSV/a)g,R =

8Physically correct (i.e., analogous to SMs) would be 8y := ¢e v — g +
%, but removing the offset %, i.e., 8y := ey — Pg, leads to the desired grid
voltage alignment of the VSM rotor position (see Fig. 3).
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Dy(Q2m,v — §2¢) counteracts the deviation between VSM an-
gular velocity ©2m v and grid angular velocity €2, defined
as (normalized) VSM slip dy/wgr. In general, the VSM
eventually achieves turbine torque and grid frequency syn-
chronization, i.e., My y =M,y and Qpy = Qg for Qg =
0. In particular, the considered freely spinning VSM with
M; v = 0 also achieves grid angle synchronization, i.e., ¢e y =
¢, in steady state. Thus, for the fault-free case with zero
RoCoF, ie., $w,=0= 8, =0, the VSM-aligned dg-
reference frame with ¢, := ¢ v = ¢, corresponds to the grid-
voltage-aligned dg-reference frame, as shown in Fig. 3(a).
However, for a fault with negative RoCoF, i.e., ;—lwg < 0, the
VSM load angle increases, i.€., 8y := ¢e v — ¢g > 0, as shown
in Fig. 3(b). For existing VSM control without FTC, denoted
by primed quantities, the dq’-reference frame is aligned with
the rotor current vector i?‘ﬂ and the VSM load angle is defined
equal to the DFIM load angle e, 8, =¢,, — ¢, +75 =

¢l — g4t + % =2 5 with ¢
In the Laplace domain, the VSM 1nert1al response [28]

Mm,v _ —KmWg R
Qg 5%+ 2¢ywys + w2
D k
with ¢y 1= ———t 2= R (g
\/ SHVkmwg,R 2I'Iv

is characterized by VSM damping ratio ¢, and natural an-
gular velocity wy. Note that the final value in (64) given by
s=0= Mpny=—2H, Qg is proportional to the VSM inertia
constant Hy. Thus, the higher the H,, the higher the VSM
machine torque and grid frequency support, since the VSM
power injection counteracts the RoCoF, see also Fig. 12. Con-
sidering the transient behavior of (64), we refer to [28, Fig. 5],
which compares the VSM inertial responses for different pa-
rameter combinations (Hy, Dy).

To achieve a critical damping ratio ¢, = 1 without torque or
power overshoots, the VSM damping Dy, and torque feedback
gain k;, should be chosen as follows [28]:

! 64
& =1 Y Dy = Dy orip = [8H kg r (65)
M, M, KM+
o o= ot T (D EPRTSIGE cos(8). (66)

s, 8

Mm RAg

Note that a critically damped system as in (65) is neither
realistic nor achievable for SMs but desirable for VSMs [18].
For more details about the differences between the inertial
response of VSM-controlled DFIMs and that of SMs, see [28,
Remark (R.4) and Sec. III-G]. Moreover, but out of scope of
this article, an overload protection scheme may manipulate
the torque synchronization loop parameters to ensure grid
synchronization, see [28, Sec. III-1].

Finally, note that the VSM slip or damping torque My y in
Fig. 6 is often calculated based on the assumption 2, =1
[16], [19], [22], [25], such that Dy can be considered as active
power droop gain [12]. However, in general, no power re-
serves are available for MPPT, such that this assumption leads
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to nonadmissible droop power for below-rated grid frequency.
In this case, the droop power is saturated to zero, which
reduces the VSM and power system damping, as explained
in more detail later in Section III-F2 and Remark (R.6).
Nonetheless, to achieve sufficient damping and to avoid power
oscillations during RoCoF events, a VSM damping analogous
to the SM damper windings is desirable [18], [19], [20]. Thus,
in this article, the assumption 2, = 1 is dropped. Instead,
for the computation of the VSM slip SV [Wg R = Qm,y — Ly,
the grid angular velocity €2, (in p.u.) for VSM damping is
dynamically estimated by” [28]

s Sy

Qo= Qmy— ————
& my 14+ 5Tty wg R

. Sy i=gey — P (67)

with filter time constant 7t , and measured stator voltage an-
gle qb,ff} . Note that Tty is chosen significantly smaller than
a realistic value, which would be necessary to emulate the
SM magnetic flux dynamics [18]. However, choosing Tt y
negligibly small for the inertial response, as in this article,
improves the VSM damping [18].

Remark (R.4): The virtual turbine power is defined as
Pt,v = Qm,th,w

Analogous to SMs, neglecting any mechanical losses, the VSM
mechanical power is defined based on the sum of the electro-
magnetical torques, i.e.,

Prn,v = Qm,v (Mm,v + Md,v) .

The VSM damping power Qum vMa v only appears in the ( “in-
ternal”) VSM model, i.e., the VSM electrical power is defined
as

Pel,v = Qm,vjwm,v ~ Qm,v (Mm - Mm,ref)

which is not identical to SMs, where the damping power of the
(“external”) real damper windings also appears in the elec-
trical (stator) power. For further discussion about so-called
internal versus external damping, see [18] and [28].

F. ACTIVE POWER CONTROL

The active power at the PCC pycc := ps + pg & pm depends
on the DFIM power py = @mMmm = ps + pr, 1.€., the stator
power pg flows directly to the PCC, whereas the rotor power
Dr X pg flows via the back-to-back inverter with LC(L)-filter
to the PCC, see Fig. 1 and [15]. Thus, the active power control
is based on controlling the DFIM torque my,. The FTC and
the active power droop control with its saturation for overload
protection are discussed in the following.

°In addition to the filtering in (67), a rate limiter is implemented anal-
ogously to (32), which limits the magnitude of the estimated grid angular
velocity time derivative maX{I @ Q |} to Ag max ‘= 2% % see [2, Table X]. This
limit corresponds to the maxlmum or worst-case RoCoF before facing a
black-out due to disconnection of SMs [4], [10].
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FIGURE 7. Illlustration of German grid codes [36] with normal operation tolerance band [
1. see also (R.5). (b) (Extended) Admissible voltage range [

admissible frequency range [
also Remark (R.8).

1) FEEDFORWARD TORQUE CONTROL

Assuming a grid-voltage-aligned dg-reference frame, the
DFIM torque only depends on the d-component of the DFIM
rotor current, recall (14), i.e., the FTC is given by

dg _ 78 _ Tl\g a4 q —Xs —
utl = = = =——m 68
: (0) (0) e VA (68)

with saturated torque reference 7y, rof from (40), see Fig. 4.

2) DROOP CONTROL
The strategy is to primarily use the WS kinetic energy for
inertia emulation, whereas droop control is only activated if
additional energy reserves are available due to RPPT (in-
stead of MPPT). This improves the WS stability (less severe
WT speed nadir in Fig. 13) without degrading the grid sup-
port, as shown in the results later in Section IV-E2. If wind
power reserves are available, i.e., for Py ref el < 11n (34), the
WS has to provide droop power outside the tolerance band
wg R £ Awg q with rated grid angular velocity w, g and toler-
ated grid angular velocity deviation =Awg q [36]. In Fig. 7(a),
with droop gain kg (see [2, Table X]) or normalized droop
gain Ky := kqwg R, the desired power change AP := (P —
P ret)/ P ret, relative to the power at rated grid frequency
Pm|wg:wg,R = P rer in (40), is given by [36]

AP — {kd (ADg £ Awga), for Ay < ;Awg,d,}

0, otherwise,

(69)
where the estimated grid angular velocity deviation A, is
based on the VSM angular velocity wp, v, i.€., AZBg ‘= wgR —
NpWm,y ~ wg R — wg. This is similar to the speed governor of
real SMs [37, Sec. 2.3.3], see also (102).

Remark (R.5): In [36], the power system state is defined as
critical if the grid angular velocity leaves its tolerance band
wg R = Awg With wg R = 2750 " and Aw, = 270.2 ",

. . A
which corresponds to a relative tolerance of AQg := w—wlf

0.4% (see tolerance band [ ] in Fig. 7(a) or in subplot 10 of
Fig. 16). Outside the tolerance band, GUs have to support
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Upper limit reduces to 115% at t = 5
and to 110 % at ¢t = 60s.

T
120
F Normal operation tolerance band - 100 o
Lower limit for - 80 ~—
symmetrical faults u 60 o0
Lower limit increases| — 40 )
to 90 % at t = 60s. 420
11 | | | | | i O

0.1 '0.15 1 2 3
t/s
(b)

]- (a) Active power droop curve, as in (69), with extended
] with lower and upper fault-ride-through-curves [—], see

Dynamic saturation

Active power droop &
steady-state saturation
(69)

Py ref,dyn

Dy | Available power

calculation (70)

FIGURE 8. Active power droop control with overload protection.

the grid frequency if feasible. Moreover, GUs have to stay
grid-connected within the range 27149% < wg <2751 r%d or
98% < Qg < 102%, and, for a limited time interval of up to
30 min, GUs have to stay grid-connected within the extended
range 27147.5%1 <wg < 27151.5%1 or 95% < Qg < 103%,
see [ ]in Fig. 7(a).10

In Fig. 8, the DFIM power reserve P

m.res 18 the difference
between available F:n and reference Fm’ref DFIM power, lead-
ing to the maximum droop power Py max as follows:

—x —% S (35) Prppt (2m) 5% o~ -_—
- Pm,ref (4?) Sat() et Pt (vw) — Qmlt/lm,ref

= Pymex = max [I_anm, 0} (70)

for Q. go > Qm, since Mm’ref depends on Qp, fo, see (37).
The steady-state droop power reference Py rer is saturated by

where the lower saturation ensures Py max > 0, especially

10Besides, there are further requirements during transients, e.g., above the
upper limit of 51.5 Hz, GUs have to be capable of staying grid-connected for
at least further 5 s [36].
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Pi.max to ensure steady-state overload protection, i.e.,

©9 . (=
Pd,ref (7?) min {Pm.refAPs Pd,max} . (71)

The droop power reference I_’d,ref in (71) adjusts the VSM
turbine torque M;  (see Fig. 8 without dynamic saturation)
like the speed governor of a real SM adjusts its turbine power.
However, the real (steam) turbine dynamics introduce delays
in the range of seconds [37, Sec. 2.3.3.7], as modeled later
by Ty in (103), such that the VSM droop control is sig-
nificantly faster (in the range of milliseconds) than the SM
droop control. The impact of the slow SM droop control on its
fast inertial response is rather negligible. This is different for
VSMs: For a negative RoCoF, in addition to the VSM inertial
power response, the droop control may further increase the
DFIM power Pp, which may then temporarily exceed the
available active power, i.e., Py > ITm, as shown in the results
later in Section IV-E2. In the worst case, this leads to inadmis-
sible power overshoots or WT deceleration. Thus, in addition
to the steady state saturation (ssDS) in (71), a dynamic droop
saturation (dyDS) is proposed in the following.

3) DYNAMIC DROOP SATURATION

Taking power reference deviations Fm’ref — Py # 0 due to
inertia emulation during RoCoF events into account, an ad-
ditional control loop is required to limit the droop power to
the available power reserve. A PI controller with anti-windup
could be designed, similar to the overload mitigation con-
troller for GFM inverters proposed in [21], but this article
proposes state feedback control in the following.

Dividing the available DFIM power reserve at the MPP
Py, res = Py — P rer by the DFIM angular velocity Qp
yields the corresponding DFIM torque reserve or VSM torque
reference My, y rof := F:n,res/Qm, see Fig. 8. The (small-
signal) response of the DFIM power Py, to changes in the
(dynamic reference) droop power Fd’ref’dyn is given by the
(small-signal) response of the VSM torque My, y to changes
in the virtual turbine torque M, v, i.e.,

P (s) — Qm Mm,v(s) — Mm,v(s) (72)
ﬁd,ref,dyn(s) Qm Mt,v(s) Ml,v(s) .
which, in view of Fig. 6, can be derived as follows:
1
SAQm,V = 3 (Mt,v - Mm,v - DVAQm,v) (73)
H,
SMm,v = mwg,RAQm,v (74)
M y(s) oy 75)

Mt,v(s) B 52 + 2¢ywys + a)%

with AQpy := Qmyv — Qg and ¢y, wy as in (64). With an
additional integral state %5 = Mmy — Mn v ref to achieve
steady-state accuracy, the controlled state-space dynamics are
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given by
AQpy.y
73 .
x:=| Mpny (ﬁ) XxX=Ax+bu—v (76)
§

y = Mm,v = ch = (O 1 O) X,  Yref := Mm,v,ref (77)

D, 1 1
—m;,  ~am 3 0
A= | kpwg R 0 0|,b:=] 0 |,v:=] 0
0 1 0 0 Yref

U= My = Yeer — K ' X = Yref — (kl ko k3) x

using the VSM slip approximation AQm v ~ Qm,y — ﬁg with
Qg in (67). Comparing the closed-loop characteristic polyno-
mial det(A — bk — AI) to the desired third-order polynomial
(23) leads to the state feedback gain vector!!

2H, (£ +260) = &

ki
k= [k | = [ 2 (0 +%2) -1 (78)
k3 2y o
kmwg.R Ty

with tuning parameters ¢, w, and T, see [2, Table X]. Refer-
ence tracking with steady-state accuracy is achieved, i.e.,

AQpy .y 0
. (76) an
x=0 = Myy | = M,y ref = V=Y. (719)
k
g _éMm,v,ref

In the dynamic saturation part of Fig. 8, the first (upper)
min-saturation block with input Fd’ref ensures that the final
(dynamically saturated) droop reference Fd’ref‘dyn equals the
(steady-state saturated) droop reference I_’d, ref if enough power
reserves are available. Moreover, the switching block in Fig. 8
and its neighboring min/max-saturation blocks ensure the cor-
rect sign of ﬁd’ref’dyn, e.g., to avoid that the droop control
counteracts the inertia emulation. The integral state & is reset
to its steady-state value in (79) if inertia emulation is inactive
in (30). For details of the anti-windup strategy in Fig. 8,
see [28, Sec. [TII-G3] and [1, Sec. 10.4.1].

Concluding, two droop saturation variants are considered,
namely ssDS and ss/dyDS, i.e., the VSM turbine torque, equal
to the droop reference, is given by'?

:= Py ref/S2m, for ssDS,

Mey = Marer = {:: Pa.ret.dyn/@m, for ss/dyDS.

} (80)

Remark (R.6): Active droop control with My # O changes
the equilibrium of the torque synchronization loop, see Fig. 4,
such that the VSM is not freely spinning anymore as previously
assumed in Section IlI-E and Figs. 3(a) and 6. The phasor

'The states AQp v and My, y are filtered by first-order lag systems with
time constants T A and Tty for the state feedback, see [2, Table X].

12Alternative1y, the droop control may adjust 77y, ref in (68) but this is
avoided due to the FTC inaccuracy during RoCoF events, see Section IV.
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diagram of the now nonfreely spinning VSM in Fig. 3(b)
shows that the d-axis is not aligned with the grid (stator)
voltage anymore. Moreover, in addition to the VSM damping
loop with damping gain Dy, the active droop control loop
with droop gain kq dampens the VSM inertial response (see
Fig. 4 and [20]). Thus, the assumption of inactive droop
control leads to a worst-case analysis with minimal damping
in Section III-E, i.e., the proposed damping gain adaption in
(65) and (66) achieves at least a critically damped system,
which is crucial and beneficial for grid stability (shown in the
results later), see also [17], [18], [19], and [20]. However,
choosing a high droop gain kq increases the risk of load angle
instability, i.e., the VSM or DFIM may loose synchronism
during RoCoFs [20]. The proposed dyDS (see Fig. 8) helps
to decrease this risk by reducing the droop power to the avail-
able power reserves. Besides, choosing a high VSM inertia
constant Hy also increases the risk of load angle stability, but
the protection method in [28] reduces H, if necessary, and
adapts Dy accordingly as in (65).

G. REACTIVE POWER CONTROL

The reactive power at the PCC gpec := g5 + o depends on
the reactive power of both, DFIM stator and grid-side filter,
see Fig. 1. The grid voltage control is based on feedforward
reactive power control of both, as discussed in the following.

1) FEEDFORWARD STATOR REACTIVE POWER CONTROL
With the DFIM stator reactive power given by

u Xor o
gs = Kp(ugq)—'—]ig’i (12) ( )’ + Kp S’rusi? 81)
X X
(1) —
- KPX;S — Kp ;Sr Uty €O (8) (82)
assuming u?q = (115, 0) T, the rotor g-current reference
B 4 X; 78
= l = — 83
r,ref Kst,rMs s, ref Xs,r (83)
should fulfill (z J@GR)? — (zr ref)2 (84)

with rotor current limit/rating 7; g, assuming |1r ref! <R
Moreover, with X := wpLs, X 1= wpM;  and

—1
(an | Rs  —X; T 1 1
Y = =Y Y=——1I,= —I, (85
|:XS RS:| Rix= ph &)

the admissible range for i i; ¢ induced by the stator current

limit/rating 75 g is given by (2 (;,R)2 > (lsq)T fq

11 da\ " }
(:>) (i\s,R)2 > (ugq — JXs,rlfq> (ugq - JXs,rlfq) /Z52

(85)
. 1 ~
= gref ; X (:t Zz(\ R)2 ( S, rld) MS)
(86)
with i¢ = fref, assuming u?? = (@i, 0) .
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2) FEEDFORWARD FILTER REACTIVE POWER CONTROL
In Fig. 1, for %u?q = 0,, the filter capacitor current is

1

i1 = (Z4)"'ude, 749 .= Ry — JXe, Xe = (87)

wplc

The filter g-current reference i? rof o track the grid-side filter
reactive power reference gg ref is given by

(87) ~ .

qe = kp@ld) ' Jil1 =" — iepityid — sz—g(ﬁg)z (88)
C
. qg,ref Xe
q ._ g
= lpep = T _Kpﬁg — Z—Czug (89)

using i = if9 4 ¢ and assuming u§? = (@, 0)" .

3) GRID VOLTAGE CONTROL

a) Grid voltage control with FTC: The stator (or grid) volt-
age amplitude u; is controlled by

is) + k& (90)

with stator voltage amplitude reference/rating g e := Us R,
PCC reactive power reference gpcc,ref, P gains kp and k;, and
saturated integral state £. Taking the WS reactive power limi-
tations into account, the output saturation and the anti-windup
for the PI control in (90) are given by!3

Apce,ref = {s,ref + qg,ref ‘= kp (”s,ref -

4pce,max

qpcc,ref = Satqpcc;min (‘Ipcc,ref)

ds . ~ ~
= 5%‘ = faw(Gpcc.refs gpee,mins Gpee, max) (Us,ref - Ms)

0, ifr<avr>bhb,
1, otherwise.

Jaw(r, a, b) := { } oD
with the (unsaturated) integral state & and the anti-windup
function f,y, which stops the integration if necessary. Espe-
cially, due to the dependency of the dc-link voltage on the
d-current or active power control, the latter is prioritized over
the reactive power control. Thus, gpcc, min and gpee,max depend
on the d-current references, which vary over time. Extending
the anti-windup strategy (91) accordingly, the saturated inte-
gral state in (90) is selected by14

klichc,min» if klg < {pcc,min;
g = kliQpcc,maXa if k1§ > {pcc,max»
£, & =E&[k — 1], otherwise, with & in (91).

92)

There is a degree of freedom for choosing the reactive
power share between the DFIM stator and grid-side filter in
(90). The strategy, proposed in the following, maximizes the

B3For inactive g-current saturation, the min./max. reactive power limit for
anti-windup in (91)—~(92) is set t0 gpce,min /max := F00. For active g-current
saturation, i.e., for isz‘sm # iﬁref in (94) and igmf‘sm + i?’ref in (99), the
corresponding reactive power limit is adapted based on the saturated reactive
power reference at the last sample step, i.€., ¢pce,min / max ‘= Gs,ref,sat [k — 1]+
qg.ref,satlk — 1] given by (95) and (100).

14The initial value & = &[k — 1] after (re)activation is given by the satura-
tion output £ at the last sample step k — 1, or by zero for k = ¢ = 0.
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rotor current amplitude or minimizes if, g5 in (81) for maxi-
mal VSM stability margin (max. overexcitation) [28], i.e.,

| .
2 i = = G = ()2 (93)
(88) Y Xe o~
= qg.ref = —Kplhsl in — Kpﬁ(us)
¢
(90) .
= qs,ref += {pcc,ref — qg, ref
(83) q Xs s
= i g = et —
r,ref Kst,rus gs.re Xs,r
= i = satt [ (94)
lr,ref,sat T 4 lr,ref
r,min
81 (is)? X, i
= {s,ref,sat ‘= KPTS tip—~ - X, slt ref,sat 95)

with maximal GSI or filter current amplitude 7¢ max and with

JERE @Y.
max ) 1 <¢zer>2 (Xorid)? +ﬁs), ©6)

The lower/upper saturation limit i

o 2
rmin e

with i;i = lr rof* r,min/max in
(94) depends onz; g and 75 R, see (96), but i lrymax also depends
on additional parameters to ensure load angle stability, see [2,
Table X]: the minimum excitation level, specified by E,min,
and the maximum load angle §max, resulting in a lower limit
for ¢;fq in (15). The details are out of scope of this article.
Clearly, the proposed strategy is based on the desired con-
dition i = i;’ min 0 (93). However, taking the saturation (94)
and (95) into account, gg ref and zf o have to be recalculated
after this saturation to fulfill the overall WS reactive power

demand gpcc ref in (90) if possible, i.e.,

(90)

= {g.ref “= {pcc,ref — s, ref sat 97)

95)

(89) .q ‘Zg,ref Xc m

= I = ———= 98
f,ref Kpily Zc:2 Ug. ( )

Finally, the saturated references for the filter g-current and the
grid-side filter reactive power are obtained as

C

‘ f, mm| -q
(ig) f ref, bdt = sat, ?mm (lf,ref) (99)
(88) . P c ~\2
= qg.ref,sat += _Kpusl?’ref’sm — Kp?(bts) . (100)
c

Note that the WS reactive (inductive) power increases with
but decreases with i? , see (81) and (88). It follows that,

for zr of > iﬁ max 10 (94), the WS cannot provide more reac-
q

. . . . . .q _
tive power, since the GSI is already at its limit If ref = Uf.min’

see (93); whereas, for irqref <i? in (94), the grid voltage

T, min
control decreases g ref by increasing i lf rof to fulfill the overall
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WS reactive power demand gpcc, ref, before reaching the upper
limit i?,ref = |i?’min|, see (97)—(100).

Remark (R.7): The saturation of the grid voltage control
output i? ref depends on the dc-link voltage control output

i?reﬁ see (93), (99), or Fig. 4. Moreover, both components

of i lf ref depend on Uy = U, see (58) and (90). Thus, active
saturation may lead to undesired control interaction, e.g.,
uge changes may lead to changes of lf rep i? rof and finally of
ug. To avoid a destabilizing feedback loop Aug. = Ail‘f ref =

Alf ref = Alty = Auge, the grid voltage control uses nonag-
gresswely tuned PI gains in (90) as in [12] and input filters
for s, lf rep and i€ . For more details, see [2,(R.11)].

r,ref*

b) Grid voltage control without FTC (for comparison): Ex-
isting VSM control methods without FTC are considered in
the following, which change the rotor current (or magnetic
flux) amplitude to control the grid voltage, see e.g., [16], [20],
[27], and [29]. Clearly, for small load angles § ~ 0 in Fig. 3(a)
or (82), the linear relation if ~ —7; = Ags o< —A7; holds.
However, for high 8, the function if = —7; cos(8) is nonlinear.
Thus, for a fair comparison between (i) VSM control with
FTC and (ii) VSM control without FTC, the latter variant
uses voltage control with the nonlinear compensation (101)
as discussed in the following.'?

Similar to the dg-reference frame, the dg’-reference frame
for VSM control without FTC (denoted by primed quantities)

is aligned with the VSM rotor position; but, choosing i i
(r refs 0)" with rotor current amplitude reference 7; ref, the
rotor current vector is always aligned with the VSM rotor
position, i.e., d)f) =y = d)gﬂ in Fig. 3(b). Defining the

VSM load angle as 8, := ¢, , + 5 — ¢y = d)ffq/ +5 - ;;’f/
with qb;i - 0, the VSM and DFIM load angle are equal, i.e.,
8, = 8. Thus, without FTC, only the VSM torque synchro-
nization loop controls the DFIM load angle § = 8(,, whereas,
with FTC, § # §y holds in general.16

Again, the grid voltage PI control (90) is used, but with
the following input/output modifications. (i) The FTC out-
puts’ zero, i.e., if = iﬁ{ rof = 0 is the input for the saturation

in (94) and (96), and (ii) the voltage control output

r, ref

of i lr ref, sat
iq

! ref sat 18 transformed into a rotor current vector ifq with equal
g-component and aligned with the VSM rotor or d’-axis, i.e.,
the final rotor current reference vector in the dq’-reference

frame is given by (see also Fig. 3)
il !
r,ref,sat 0
cos(d)
dq

with measured or known load angle § = ¢l-£:q + 5 — du, » see
(15), where § is filtered with the same time constant 7;, as the
other voltage control inputs (see [2, Table X]).

L 2= Grre. 0)1 (— 101

15Besides, for VSM control without FTC, load angle instability occurred
in some cases without compensation, i.e., assuming cos(8) = 1 in (101).
16 Also0, the definitions of 5, and 8y := ¢y — ¢, differ, see Section ITI-E.
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FIGURE 9. IEEE 9-bus test system [ ] for the DUT[ ] with DFIM-based
WSs, main loads [<~], and (small) local loads [<-] (for parameters, see [2,
Table XI]).

Note that the reference currents for the VSM control with
FTC could also be adapted similarly to (101) based on the
VSM load angle 8y := e,y — ¢pg, Which corresponds to the
grid-voltage-misalignment of the dg-reference frame. How-
ever, due to §, =~ 0 during normal operation and neglecting
temporarily misalignments during RoCoF events, this is not
implemented for simplicity.

Remark (R.8): In [36], GUs have to tolerate grid voltage
deviations of up to Aﬁg = max |ig R — Ug|/Ugr = 10% dur-
ing normal operation [see tolerance band [ ] in Fig. 7(b)].
For a time interval of up to 60 s, GUs have to tolerate higher
deviations of up to Aﬁg = 15%. After a fault, GUs have to tol-
erate even higher deviations and have to stay grid-connected,
especially for low-voltage transients. The admissible transient
voltage range [ ] is defined by so-called fault-ride-through-
curves [36], see Fig. 7(b). For instance, considering the lower
Jault-ride-through-curve in Fig. 7(b), the lower voltage limit
is Uy 1= ’uu_gR = 15% for 0 <t < 150 ms after a symmetrical
fault at 1 =0, before the lower limit linearly increases to

Us =85% att =3s.

IV. SIMULATION RESULTS

The modeling and proposed control of the device under test
(DUT), namely the DFIM-based WS, is implemented based
on Fig. 4. The simulation scenarios in this section consider
both, the normal operation and the response to grid faults.

A. IEEE 9-BUS TEST SYSTEM

This article adapts the IEEE 9-bus test system [12], [38], but
the DFIM-based WSs (at bus 2 and 3) in Fig. 9 replace the
inverters with simplified dc energy source models from [12].
Different grid configurations are defined in the following for
switch oy in the left (SM2) or right (WS2) position (see
Fig. 9):
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TABLE 2. Simulation scenarios and respective sections of the
corresponding simulation results, switches o4, 67, and og, in Fig. 9, WS
scaling factor n,,, and wind speed vy changing from 9Tt013 7T within
At = 1 s for Scenarios SN;-SN3, but with constant rated wind speed

vw = vw,r = 11.177 for Scenarios SF;-SF;.

Scenario  Section oy or OTgu2  Mwu  Vw/ %
SNy IV-D1 1 0 SM2 1 9 — 13
SN, IV-D2 1 0 SM2 20 9—13
SN3 IV-D3 1 0 WS2 20 9 — 13
SF, IV-E1 1 0—1 WS2 20 11.17
SF, IV-E2 1—0 0 SM2 20 11.17
SF3 IV-E3 1—0 0 WS2 20 11.17
SF, IV-E4 0 0—1 WS2 40 11.17

1) SM-dominated power system—for ogy2 = SM2;

2) WS-dominated power system—for ogyy = WS2.

Moreover, the renewable power penetration levels differ for
different WS scaling factors ny, in Table 2. Different grid
faults are defined for switching o7, o4 (see Fig. 9):

1) load disturbance—for o7 = 0 — 1 (closing);

2) loss of SM—for 04 = 1 — 0 (opening).

The SM subsystems in Fig. 9 include an SM model with
excitation (field) winding and three-phase damper winding in
the rotor, an excitation system with built-in automatic voltage
regulator and a corresponding power system stabilizer, as well
as a (speed) governor and turbine dynamics. The latter are
modeled by a proportional speed droop control and a first-
order lag system, respectively, i.e.,

Psm,ref = Psm,ref,O + kd,sm (wg,R - np,smwsm) (102)

p—— (Psm,ref - Pt,sm) (103)

gov

d
EPt,sm =

with SM power reference Py ref := Psm.ref/Psm,R (i p.u.) or
Psm.ref (in W), rated SM power psm r < O, initial SM power
reference (at zero speed deviation) Py rer0. SM pole pair
number 71p sm, SM angular velocity wgy, rated SM electrical
angular velocity or rated grid angular velocity wg r, SM droop
gain kg sm, SM turbine power P ¢, and mechanical/thermal
turbine or governor time constant Tyoy. For further model
descriptions, we refer to [12] and [38]. All grid model param-
eters are collected in [2, Table XI].

B. CONSIDERED SIMULATION SCENARIOS

Three scenarios consider normal operation (SN;) and four
scenarios consider the response to grid faults (SF;). The seven
scenarios for the DUT (WS1) are listed in Tables 2—4 and
described in the following.

SN|—MPPT in bulk power system: The wind speed
changes for WS1, operating in MPPT mode and connected
to an SM-based power system with a single WU (ny, = 1).

SN,—MPPT in SM-dominated power system: The wind
speed changes for WS1 (ny, = 20), operating in MPPT mode
and connected to an SM-dominated power system.

SN3—MPPT in WS-dominated power system: The wind
speed changes for WS1 (nyy = 20), operating in MPPT mode
and connected to a WS-dominated power system.
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TABLE 3. Rated machine power of each GU i in Fig. 9 and rated system
power for all scenarios in Table 2 with corresponding figures of the
simulation results.

_ Pm,R,i _ Psys,R
sp 5p
Scenario Fig. SM1  SM2  WSI  WS2 System
SN, 15 1 1 0.05 2.05
SN, 16-18 1 1 1 - 3
SN3 19 1 - 1 2 4
SF, 20 1 - 1 2 4
SFy 21-23 - 1 1 - 2
SF, 24 - - 1 2 3
SF, 25 - - 2 2 4

TABLE 4. (V)SM inertia of each GU i in Fig. 9 and power system inertia, see
(6), for all scenarios in Table 2 with corresponding figures of the
simulation results.

H(v),i / s Hsys / S
Scenario Figure | SM1 ~ SM2 WSl  WS2 System
SNy 15 3.7 3.7 5 - 3.732
SN 16-17 3.7 3.7 5 - 4.133
2 18 3.7 3.7 0 - 2.467
SN3 19 3.7 - 5 5 4.675
20, 12 3.7 - 5 5 4.675
SF, 12 3.7 - 0.1 5 3.450
12 3.7 - 25 5 9.675
SF, 21-23 - 3.7 5 - 4.350
SF3 24 - - 5 5 5
SF, 25 - - 5 5 5

SF|—Load disturbance in WS-dominated power system:
The WSI1 (ny, = 20) operates in MPPT mode, when a load
disturbance occurs in the WS-dominated power system.

SFr—Loss of SM in SM-dominated power system: The
WS1 (nyy, = 20) operates in RPPT mode, when a loss of SM
occurs in the SM-dominated power system.

SF3;—Loss of SM in WS-dominanted power system: The
WSI1 (nwu = 20) operates in RPPT mode, when a loss of SM
occurs in the WS-dominated power system.

SF4;—Load disturbance in WS-based power system: The
WS1 (nwy = 40) operates in RPPT mode, when a load dis-
turbance occurs in the WS-based power system (no SM).

Besides the scenario parameters in Table 2, the WS2 wind
speed and scaling factor are always vy = vy R and nyy 2 =
40, respectively. The WS2 droop gain and grid frequency
tolerance bandwidth always equal the corresponding SM pa-
rameters, i.e., kg2 = kg,sm and Awg 42 = Awgd,sm (see [2,
Table XI]). Table 3 lists the rated machine power —@
of each GU i (SM1/2, WS1/2) and the rated system power
— PR with Dsys,R 1= > pmr.i for all scenarios. With this
and the (V)SM inertia constant H(y) ; of each GU i, the power
system inertia Hgys in Table 4 is calculated based on (6) for
all scenarios. Note that Tables 3 and 4 consider postfault
conditions, see also Remark (R.1).
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C. PRESENTATION OF THE SIMULATION RESULTS

For the following simulation results, if not stated otherwise,
all quantities are normalized with respect to (w.r.t.) their rated
values. For power quantities, such as P and Q, the default
normalization is w.r.t. the rated active power pr < O of the
GU, corresponding to the (negative) base (load) power s, =
100 MVA in most cases (see [2, Table XI]). The WU stator,
rotor, and filter currents are normalized w.r.t. their rated values
Ts.Rs Ir.R» and 7§ R, respectively. Note that the WU grid-side
filter currents are also normalized w.r.t. 7 R, €.g., Ig = ig /iR
(see the WU configuration in Fig. 1).

The figures listed in Table 3 present the simulation results
of all scenarios (see Table 2) and follow the same structure of
time series plots (subplots), which show the following quanti-
ties (see, e.g., Fig. 17):

1) machine and turbine power of WS1;

2) VSM load angle of WS1/2;

3) load angle of all GUs (DFIMs and SMs);

4) machine and turbine power of GU1/2;

5) VSM mechanical and turbine power of WS1/2;

6) reactive power of all GUs (at the PCC);

7) aggregated machine and turbine power, i.e., sums of

corresponding GU power from 1) and 4);
8) power system machine and turbine power, i.e., sums of
corresponding (V)SM power from 4) and 5), see (R.9);

9) aggregated reactive power, i.e., sum of GU reactive
power from 6);
angular velocity of all (V)SMs and grid angular veloc-
ity at the DUT’s PCC;
grid RoCoF at the DUT’s PCC, and power system
RoCoF, calculated with (6) and data from 8), see (R.9);
voltage amplitudes of all GUs (at their PCCs);
DUT actual and rated wind speed;
14) DUT actual and optimal (MPP) tip speed ratio;
15) DUT actual and reference blade pitch angle;
16) DUT MPPT compensated, see (29), and actual WT or
DFIM angular velocity;
DUT actual and saturated reference DFIM torque;
DUT VSM, virtual damping, and virtual turbine
torque;
DUT actual rotor, reference rotor, and stator currents;
DUT actual, reference, and grid-side filter currents;
DUT dc-link voltage;
DUT DFIM, PCC, stator, and available turbine power;
DUT grid-side filter and rotor power;
DUT stator, grid-side filter, PCC, and rotor reactive
power.

Note that the background colors relate to Fig. 9, i.e., the
subplots 1-12 relate to the power system [ ], whereas sub-
plots 13-24 relate to the DUT [  ]. Moreover, for a simple and
fair comparison of the results, an identical RoCoF tolerance
for normal operation of :I:O.Z% is assumed, see, e.g., the
tolerance band [ ] in subplot 11 of Fig. 16, which is higher
than the maximum RoCoF of IOmTHZ or 0.02% observed in the
European grid during normal operation (“‘ordinary operation”

10)
1)

12)
13)

17)
18)

19)
20)
21)
22)
23)
24)
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in [4]), but corresponds to 10% of the critical RoCoF of 1 % or

2% in [4]. The grid frequency and voltage tolerance bands for
normal operation are visualized in green according to (R.5)
and (R.8), see, e.g., [ ] in subplots 10 and 12 of Fig. 16,
respectively. Finally, for grid faults, also the extended admis-
sible ranges for grid frequency [ ] and voltage [ ] according
to Fig. 7 are indicated (see, e.g., subplots 10 and 12 of Fig. 21,
respectively).

Remark (R.9): The power system RoCoF sts calculation
(6) should include all GUs, i.e., not only SMs but also IBRs or
DFIM-based WSs with (i) GFL control or with (ii) GFM/VSM
control. Only (V)SMs provide power system inertia, i.e., for
GU i with GFL control, inserting H; = pt; = pm.i =0 in
(6), but, for GU i with GFM/VSM control, inserting the cor-
responding VSM quantities Hy ;, piv.i, and pm.,y,; leads to
the desired inclusion of IBRs in (6). The rated system power
PsysR ‘= ) PmR,i includes all GUs. Thus, more GUs with
GFL control lead to decreasing system inertia constant Hgyg
in (6) as psys,Rr appears in the denominator. The parameters
Dsys,R and Hyys are constant for each simulation, see Tables 3
and 4;'7 whereas P sys(t) and P y5(t) depend on the dynam-
ics of all grid-connected (V)SMs, e.g., aggregating subplots 4
and 5 leads to subplot 8 in Fig. 16, see also (R.1). Finally,
using P sys(t) and Py 5y5(t) as inputs for (6) leads to sts,
see, e.g., subplot 11 in Fig. 16. Note that the system power
Pr sys is the sum of the mechanical power of all (V)SMs. For
SMs, the mechanical and electrical power are approximately
equal; but for VSMs, the mechanical power Py, y includes the
internal damping power, whereas the electrical power P,y
does not include it, since no real damper windings exist, see
Remark (R.4). Therefore, and since the VSM grid synchroniza-
tion depends on the VSM mechanical dynamics, calculating
Pu.sys based on Py, y (instead of based on Py, y) would lead to
wrong RoCoFs.'8

D. DISCUSSION: NORMAL OPERATION (SN;_3)
For scenarios SN;—SN3, normal operation without grid faults
is considered. The wind speed changes within Ar = 1 s from
vy = 9% at fo =4 s to vy = 137 to evaluate the MPPT
performance, see, e.g., subplot 13 of Fig. 15. Three different
power system configurations are simulated and discussed in
the following (see also Table 2):
(i) the bulk power system in Section IV-D1;

(i) the SM-dominated system in Section IV-D2;

(iii) the WS-dominated system in Section IV-D3.

Moreover, the following three different control variants are
compared:

(a) the proposed VSM control with FTC;

(b) the VSM control without FTC, see Section III-G3b;

(c) standard GFL control with PLL instead of VSM con-

trol, see also [6].

1"Here, the time-dependency of Hgys in (R.1) is dropped due to steady-state
initialization (zero RoCoF), i.e., Table 4 considers postfault conditions.
18Significant RoCoF errors were observed in this case (not shown here).
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1) SN;—MPPT IN BULK POWER SYSTEM

The WS consists of a single WU with pp g = =5 MW for
the considered scenario, see Table 2 and [2, Table IX]. More-
over, two SMs, with pgm R = —100 MW each, are connected
to the IEEE 9-bus (see ibid.). Neglecting any conversion or
transmission losses and local voltage deviations, the rated
total power demand is given by the sum of all rated (local
and distant) load power, i.e., Pload.R := 3Ploc.R + 3PdistR =
2.55sp = 255 MW (see Fig. 9 and [2, Table XI]). The initial
power references of both SMs are set to Py ref,0 := % =
127.5% in (102), to roughly fulfill the power demand. Note
that Py ref o0 corresponds to the actual SM power at rated grid
frequency (inactive droop). However, due to power demand
underestimation, the grid frequency and the SM speed are
slightly below rated values initially, i.e., 24(0) ~ Qsn(0) < 1
in subplot 10 of Fig. 15. Consequently, the SM speed governor
increases the SM power reference, i.e., Py ref = Psm ref,0 +
K, sm(1 — Qgm) with p.u. droop gain Kg sy := kg,sm@g,R 1IN
(102). Thus, the SM power is greater than the initial SM
power reference, i.e., Psm > 130% > Py rer,0 10 subplot 4 of
Fig. 15.1°

The power of the considered WS (here a single WU) is
rather negligible in comparison to the overall power demand,
ie., |P11)(:;]RR| < 2%, which is also typical for WUs in large
interconnected grids or so-called bulk power systems. In these
systems, grid frequency and voltage are approximately con-
stant for a power or wind change of a single WU (see subplots
10, 12, and 13 of Fig. 15). In this case, an infinite bus may be
sufficient to model the grid connection.

With increasing wind speed, the WT speed €2y, increases
and the MPPT increases the DFIM torque reference Mm’ref.
When exceeding the rated speed Qp, =1 at + = 8.5 s, the
torque reference is saturated to Mm’ref = 1 and the pitch con-
trol gets active, i.e., 8 increases, see subplots 15-17 of Fig. 15.
Note the WT speed overshoot induced by the rather slow
pitch control dynamics (compared with the FTC dynamics),
i.e., @, further increases to above 102.5% before decreas-
ing to its reference Qp e = 100%. Thus, the DFIM power
P = QmMy, in subplot 22 of Fig. 15 also overshoots before
reaching the saturated available power ﬁ: at steady state, i.e.,
Pn=P, =1fort - oc.

The VSM quantities are shown in subplots 2 and 18 of
Fig. 15. Due to the inactive droop control, i.e., M;y =0,
the VSM torque synchronization loop achieves grid voltage
alignment, i.e., 6y & 0. The remaining deviation §, < 0 in
Fig. 15 is due to the inaccuracy of the FTC induced by as-
sumption (A.1), i.e., taking the stator resistance into account
could improve the FTC and alignment accuracy.

The simulation results for VSM control without FTC and
for GFL control are shown in [2, Figs. 12 and 13] but not
here due to nearly identical power system dynamics. How-
ever, Fig. 10 compares the simulation results for the three

19Neglecting any losses and electromagnetic transients, the SM electrical
and mechanical power are assumed to be equal, i.e., Psm = P sm-
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FIGURE 10. Simulation results of scenario SN;: MPPT in bulk power
system comparing different control variants (see Fig. 15, [2, Figs. 12 and
13]). The quantities with superscript o’ denote the VSM control without
FTC. The quantities with superscript ¢” denote the standard GFL control,
using a PLL instead of a VSM for grid synchronization.

control variants. Without FTC, the VSM torque synchroniza-
tion loop achieves torque reference tracking but with transient
torque control errors ¢}, 1= A_/I;n’ref — M, [-==] exceeding
2% in Fig. 10. Thus, the FTC increases the DFIM power Py,
by more than 1.75% for the considered wind speed change,
see AP}, := Py — P,, [——]. Moreover, without the proposed
FTC, the blade pitch controller has to compensate for the
torque reference tracking delay to keep the WT speed within
the admissible range, leading to faster activation of the blade
pitch system, see B [---]and AB := B8 — B’ [ ]in Fig. 10.
Taking the volatile nature of realistic wind profiles into ac-
count, this effect may lead to (even) higher pitch actuation,
and thus, to (even) higher mechanical stress, which would
require further investigations as it does not occur for standard
GFL control, see also [22] and [27].

The GFL control exhibits a nonvanishing steady-state
torque control error e}, := A_li;,ref -M] <0 [ ] in
Fig. 10, since the FTC neglects the DFIM resistances in As-
sumption (A.1) and there is no torque feedback. In contrast to
that, for the VSM control variants, the torque synchronization
loop compensates for this error. Due to the higher torque mag-
nitude, i.e., M}, > My, induced by the torque control error
eﬁ(,,, the GFL control seems to achieve higher DFIM power,
ie., AP} :=Pn— Pl <0[ ], and slower activation of the
blade pitch system, see B/ [ Jand AB”" :=B—B" [ 1.
However, the DFIM power actually exceeds its rated value
by approximately P, — 1 = 1% at steady state, which is not
admissible (at least for a long period of time). Considering the
transient response with inactive pitch control before reaching
the rated speed, i.e., for 4 s <t < 8.5 s, the performances of
the GFL control and the VSM control with FTC are almost
identical, i.e., AP} :== Py — P/ ~ 0 [ ] in Fig. 10.
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In conclusion, the VSM control with FTC improves the
MPPT performance and increases the wind energy yield com-
pared with the VSM control without FTC. For the latter, the
other GUs or SMs have to compensate for the reduced WS
output power. This effect is undesired, especially for SMs
connected to nonrenewable energy sources, such as coal-fired
steam turbines. The transient response of the VSM control
with FTC and the standard GFL control are comparable.
Considering the steady-state torque control error, the torque
synchronization loop of the VSM control compensates for
any simplification error of the FTC, assuming an ideal DFIM
torque estimation for the VSM torque feedback. In contrast
to that, for GFL control, there is no torque feedback and any
FTC simplification errors result in nonvanishing steady-state
torque control errors.

2) SN,—MPPT IN SM-DOMINATED POWER SYSTEM

The WS is scaled by the factor ny, := ’;%1: = 20 to the rated

SM power psmr = —100 MW, i.e., the WS power rating
PwsR = Nwupm R = —100 MW corresponds to the parallel
connection of ny, identical WUs with pyy g = —5 MW each
(see the grid connection in Fig. 4, Table 2, [2, Table X]). With
rated initial SM power references, i.e., Psy ref,0 = 1, the initial
grid power demand exceeds the sum of the rated SM power
generation plus the initial WS power at vy, = 9. Thus, the
initial grid frequency is below and the initial power of the
droop-controlled SMs is above its rating, see subplots 10 and
4 of Figs. 16, 17, and 18, respectively.

With increasing wind speed, the WT speed increases.
Again, the MPPT increases the DFIM torque as in the previ-
ous scenario for the bulk power system; but, now with higher
WS rating, this leads to nonnegligible interactions between the
GUs. With increasing WS power Py ws) for 4 s <t < 8.5s
in subplot 1 of Fig. 16, the grid frequency £2¢ increases no-
ticeably in subplot 10, which decreases the SM power Py, in
subplot 4. In reality, the wind speed may not rapidly increase
simultaneously for all ny,, = 20 WTSs, such that this scenario
can be considered as extreme (worst-case) grid (frequency)
event for normal operation.

For VSM control with and without FTC in Figs. 16 and 17,
respectively, the grid voltage amplitude deviations are rather
small, i.e., |l//\g — 1] < 3% in subplots 12, compared with the
normal tolerance of +10%, see (R.8). Instead, the grid fre-
quency leaves the normal operation range [ ] in subplots 10
for a few seconds, but €2, does not exceed 100.6%, i.e., the
deviation is critical but within the admissable range according
to the grid codes (R.5), and the grid frequency oscillations
vanish shortly afterward. In contrast to that, the standard GFL
control in Fig. 18 leads to higher grid frequency oscillations
for t < 30 s, ie., the first peak of €2, exceeds 100.6%. In
other words, the VSM control improves the grid frequency
oscillation damping compared with GFL control. Moreover,
for GFL control, the destabilizing effect of the PLL [5] leads
to high oscillations or even instability for # > 30 s in Fig. 18.

The turbine power P s of the DUT (WS1) and thus also

the aggregated turbine power P a¢¢ increase with increasing
VOLUME 5, 2024
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wind speed as visualized in subplots 1, 7, and 13 of Fig. 16.
After the wind speed change, i.e., for r > 5 s, the turbine
power P ws1 further increases for a short period due to the in-
creasing tip speed ratio A in subplot 14, before P ys1 decreases
again due to the increasing blade pitch angle § in subplot 15.
Finally, at the new steady-state operating point, F; ws] reaches
its rated value of 100%.

The area between P; w1 and Py, ws1 in subplot 1 of Fig. 16
corresponds to the energy needed to accelerate the WS to
rated speed. Similarly, the area between P ,0; and Py age
in subplot 7 corresponds to the energy needed to accelerate
all (real) rotating masses of the power system to the new
steady-state operating point. However, since the SM speed
changes (see Q2gm1, 2sm2 in subplot 10) are rather negligible
in comparison to the WS speed changes (see 2y, in subplot
16), the area between P »oo and Py, ¢ mainly corresponds to
the energy needed to accelerate the WS.2 Clearly, P 50, and
P agg cannot be used for the RoCoF calculation in (6), as
Py agg includes the asynchronously rotating WT. Instead, the
system turbine and machine power P sys and Py sys in (6) have
to be calculated based on all synchronously rotating (V)SMs,
i.e., the time series in subplot 8 in Fig. 16 are obtained based
on the aggregation of subplots 4 and 5, see Remark (R.9). Fi-
nally, with the system acceleration proportional to the system
power imbalance, i.e., sts x APS:yS = Pt',sys — P sys in (6),
the RoCoF is approximated, see Q2gys A 2¢ in subplot 11 of
Fig. 16.

The (V)SM power system dynamics can be interpreted as
follows. The power generation consists of two real (loaded)
SMs, namely SM1/2, and one freely spinning VSM, realized
by WS(1). The WS reference power Fm,ref is not considered
as power generation but as (negative) power demand (load),
such that, at the initial steady state, only the SMs generate the
system machine power (see subplots 4 and 8 in Fig. 16)
*_(p Prn) ~ i 7339
( m,sml + m,sm2) ~ 300 ~ -J70.
The wind speed change at ) = 4 s increases the WS reference
power Py, rf, interpreted as decreasing power demand, such
that Q, increases and the inertial response of all (V)SMs
decreases Py sys, see subplots 10 and 8 in Fig. 16, respectively.
At the same time, the SM droop control reduces P sys ac-
cordingly (see subplot 8). With vanishing RoCoFs, the VSM
inertial power decreases to zero (see subplot 5). Again, at
the new steady state, only the two SMs generate the system
machine power (see subplots 4 and 8 in Fig. 16)

=0
= Pm,sys = -
Psys,R

Sb 2-86
(Pm,sml + Pm,st) ~ T ~ 57.3%.

t—00

= Pm,sys - -

Psys,R

The VSM quantities for the VSM control with/without
FTC are shown in subplots 2 and 18 of Figs. 16 and 17.
In contrast to 8y &~ 0 for VSM control with FTC, the VSM

20 Actually, not only the speed but also the inertia constant values are rel-
evant for the kinetic energy consideration, but the (physical) inertia constant
H =7.816 s of the WS [2, Table IX] is higher than the inertia constant
H = 3.7 s of the SMs [2, Table XIJ, i.e., the area between P agg and P agg
still mainly corresponds to the WS’s kinetic energy change.
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control without FTC does not achieve grid voltage alignment
at steady state, i.e., 8y # 0 (superscript o dropped for better
readability), see subplot 2. With FTC, the VSM torque syn-
chronization loop only needs to compensate for FTC errors;
whereas, without FTC, the VSM fully controls the DFIM
torque. In the latter case, the torque reference tracking de-
pends on the VSM synchronization delay, resulting in higher
torque control errors, see Fig. 11, as already observed in the
previous scenario SNy, see Fig. 10. However, in this scenario
SN, even with FTC, the oscillations of the torque control
error or VSM torque My, y & My, — My et (see Fig. 4) are
not negligible any more (although smaller than without FTC),
see subplot 18 in Fig. 16. Note that the droop control de-
creases M;, (subplot 18) to counteract the grid frequency
deviation, when g (subplot 10) exceeds its upper normal
tolerance limit of 104% at ¢t ~ 7.5 s. Thus, the droop control
counteracts the FTC, which should track the increasing torque
reference Mm,ref (subplot 17), and further increases the torque
control error eyy 1= Mmyref — My [—]for75s<t<10s
in Fig. 11. However, even for the other time intervals with
M, = 0, the oscillations of My, y or ey, are higher than for
the previously considered bulk power system. This is due to
the interacting inertial responses of the (V)SMs as explained
in the following.

Neglecting droop control, a power imbalance APgys is dis-
tributed to all rotating masses of the (V)SMs, i.e.,

> Exin,i -

©)
Qgys.
_psys,R

= APy = 2I'Isystys =2

(104)

Note that, for the VSM-controlled WS, instead of the physical
inertia constant H, the VSM inertia constant H, has to be
inserted for H; in (104), see Remark (R.9). According to (104),
the inertial power share of the ith (V)SM equals its share of
kinetic energy. For the previously considered scenario SNy,
the WS power change, induced by the wind speed change,
and also its VSM kinetic energy were negligible, i.e.,

_ Pmly—om = Pmly,—3m  25MW

APy, = ~ ~ 1%
Pload,R 255 MW
Exinyv Hypm,Rr
Ekin,sys vam,R + ”smHsmPsm,R
5s-5MW
~ 3.3%.

T 55-5MW+2-3.7s-100 MW

using H, = 5 s for the VSM and H = 3.7 s for the ngy, = 2
SMs, see Table 4 and [2, Tables X and XI]. For this scenario
SN,

Pmlyy=9m = Pmly,—13m MW

AP, = m |y, =91 m |y 135%50 ~ 20%
Pload,R 255 MW

Ekin,v _ 5s-100 MW ~ 40%

Exinsys  58- 100 MW +2-3.75- 100 MW

the VSM inertial response is not negligible in (104). The VSM
inertial response counteracts the FTC or MPP;F, as shown in
Fig. 16, i.e., the increasing torque reference My, e (subplot

17) increases the WS power Py, (subplot 22), which increases
283
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FIGURE 11. Simulation results of scenario SN,: MPPT in SM-dominated
power system comparing VSM control with and without FTC (see Figs. 16

and 17). The quantities with superscript o’ denote the VSM control without
FTC.

the grid frequency (subplot 10). Consequently, the VSM load
angle 8, (subplot 2) decreases, which decreases the actual
DFIM torque My, or My, y (subplots 17 and 18). Finally, this
is the main reason for higher torque control errors than in the
previous scenario, cf. Figs. 10 and 11.

In Fig. 11, considering the comparison of the VSM con-
trol with and without FTC in detail, the FTC achieves less
severe power or torque oscillations, i.e., the torque control
error ey = Mm’ref — M, with FTC [——] is smaller than

ey = M;n,ref — M|, without FTC [——]. The FTC triggers
the power response of the SMs via the grid frequency with-
out additional delay, which is introduced by the VSM inertia
for VSM control without FTC. Thus, the FTC reduces the
communication delay between the WS and its power-sharing
partners (SMs), resulting in (slightly) reduced grid frequency
oscillations, compare 2, [——] and Qﬁa, [—]. With FTC, the
grid voltage amplitude oscillations are (slightly) higher but by
far not critical, see also (R.8).?! Finally, the FTC increases
the (transient) wind energy yield, with the additionally gener-
ated energy corresponding to the area below AP := Py, — P},
[ ] in Fig. 11, which means less energy must be provided
by the SMs at the same time. Thus, the FTC increases the
share of renewable energy.

3) SN3—MPPT IN WS-DOMINATED POWER SYSTEM

In scenario SN3, SM2 is replaced by WS2 with rated power
Pws2.R = Hwu2Pm R = —200 MW (see Tables 2 and 3), result-
ing in a WS-dominated power system. Assuming rated wind

211f smaller grid voltage deviations for VSM control with FTC are desired,
(i) more aggressive tuning, or (ii) nonlinear compensation, see also (101),
may be considered for voltage control, but this is out of scope of this article
due to acceptable control performance in all considered scenarios.
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speed for WS2, i.e., vy 2 = vy,R, and choosing its relative
power reference Py, ref rel,2 = 50%, the WS2 power is equal to
the SM power at rated grid frequency, i.e., pws2, R Pm.ref.rel,2 =
Psm.R- WS2 always uses the proposed VSM control with
FTC and its VSM is denoted by VSM2, whereas WS(1) with
VSM(1) is still the DUT, see also Fig. 9. With the WS2
power reserves, the VSM2 enables droop control similar to
the SM(1). For easier comparison, the VSM2 droop gain and
grid frequency tolerance bandwidth are identical to the cor-
responding SM parameters, i.e., k4,2 = kq,sm and Awg g0 =
Awg d,sm = 0 (see [2, Table XI]). Note that the WS2 power
quantities are normalized w.r.t. rated SM power or negative

base power psmRr = —sp (and not w.r.t. pws r) for easier
comparison between WSs and SMs, see, e.g., subplot 4 in
Fig. 19.

The (V)SM power system dynamics, shown in subplots 8
and 11 of Fig. 19, can be interpreted like in the previous
scenario, but, instead of two SMs and one VSM, the system
now consists of one SM and two VSMs. Again, VSM1 is
freely spinning but VSM2 would only freely spin at rated
grid frequency as its droop control frequency tolerance is
set to zero, i.e., Awg 42 = 0. Actually, the grid frequency at
the start/end is below/above rated frequency, such that VSM2
provides positive/negative droop power, see 2, and Py ws2
in subplots 10 and 5 of Fig. 19, respectively. The WS2 power
change, see Py ws2 in subplot 4, is approximately proportional
to the (negative) grid frequency change, see €2, in subplot
10. In contrast, the governor time delay 7goy in (103) leads
to a significantly slower SM1 droop response, see Py smi in
subplot 4. The faster droop response of WS2, compared with
SM2 in the previous scenario (recall Figs. 16, 17 and 18),
is one reason for the improved system damping (see also
[17]), as further explained later for grid fault scenarios, e.g.,
in Section I'V-E2.

Since the grid frequency reaches its new steady state faster
than for the previously considered SM-dominated system, the
VSM torque synchronization loop is only active for a few
seconds, see subplots 10 and 18 in Fig. 19. Moreover, My, v
(subplot 18) is smaller than previously due to (i) smaller
RoCoF Qg (subplot 11), and due to (ii) inactive droop control,
i.e., My = 0 (subplot 18) as g (subplot 10) stays within its
normal tolerance band of £0.4% [ ].

The results for VSM control without FTC and for GFL
control, as well as a comparison to VSM control with FTC
(similar to Fig. 8) are shown in [2, Figs. 21-23] but not
here due the qualitatively similar conclusions as previously in
Section IV-D2, summarized in the following. The FTC leads
to (i) lower torque deviations or power oscillations and (ii)
higher wind energy yield during transients, compared with
VSM control without FTC [2, Fig. 23]. The GFL control
leads to high oscillations or even instability in the long run [2,
Fig. 22].

E. DISCUSSION: RESPONSE TO GRID FAULTS (SF;_4)
Due to the focus on the response to grid faults, all follow-
ing scenarios assume rated wind conditions, i.e., vy = Uy R.
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Firstly, Section IV-E1 (SF;) considers a load disturbance with
additional power demand pgisr r = 0.75sp at bus 7, see Fig. 9
and Table 2. Then, Sections IV-E2 (SF;) and IV-E3 (SF3)
consider a loss of power generation by disconnection of SM1
for different renewable power penetration. Finally, after the
disconnection of SM1, no SM stays grid-connected, i.e., Sec-
tion IV-E4 (SF4) considers the load disturbance again, but for
WS power generation only. All WSs operate based on the
proposed VSM control with FTC (see Fig. 4).

Remark (R.10): The initial RoCoF determines the time
available to respond to power imbalances induced by
faults [3], [10]. In the following, a time window with length

= 200 ms after the fault is considered for the initial RoCoF
Qg 0, which is in line with values suggested for protection
schemes (see, e.g., [39]). Note that the initial RoCoF Qg 0
after the fault at to =4 s is manually computed over the
time window [ty, to + T]. However, the RoCoF time series
are calculated over a centered time window, i.e., Qg(t) =

T
Qg(’+2)TQg( 2) i filtered Q24(t). Thus, $2(t) may al-
ready change just before 19, see, e.g., subplot 1 I of Fig. 20,
and Qg (to) may (slightly) differ from Qg 0-

1) SF;—LOAD DISTURBANCE IN WS-DOMINATED

POWER SYSTEM

The configuration equals the one in the previously consid-
ered scenario SN3 (see Section IV-D3), except that a) rated
wind speed conditions are assumed for both WSs (WS1/2)
and b) a sudden load step occurs at tp =4 s (see also Ta-
ble 2). The initial power of WS1 (DUT) equals its rated
power due to MPPT, but the initial power of WS2 is below
its rated value due to RPPT with Py, ref re1,2 = 50%. Moreover,
since the sum of all power generation references exceeds the
power demand, i.€., |psmR + Pwsl,R T Pws2,RPm refrel,2| =
38p > Pload.R = 2.55sp (see Table 2 and [2, Table XIJ), the
initial grid frequency is higher than its rated value, see g in
subplot 10 of Fig. 20. Hence, the droop controllers of SM 1 and
WS2 reduce the power generation to fulfill the power demand,
.., Pmsmi, Pm,ws2 < 1 att = 0, see subplot 4 of Fig. 20.

In Fig. 20, the load disturbance leads to temporary grid
voltage misalignment of the VSM, ie., éy = ¢p — ¢y #0
in subplot 2. This disturbs the FTC in (68), i.e., the DFIM
torque M, deviates from its reference My, re¢ in subplot 17 of
Fig. 20. However, this is the desired inertia emulation for grid
frequency support, i.e., the torque deviation or power pulse
counteracts the RoCoF by reducing the power imbalance, see
also (6). Note that the temporary misalignment also disturbs
the grid voltage control, which, however, yields an acceptable
performance, see (R.8), since |l’]\g — 1| > 10% only occurs for
less than 1 s in subplot 12 of Fig. 20.

For different chosen inertia constants, Fig. 12 and Table 5
give the inertial response and corresponding initial RoCoFs,
respectively. Note that the initial RoCoFs are significantly
higher than some average RoCoF (secant) over a longer time
window of, e.g., T = 1 s after the disturbance. This may also

VOLUME 5, 2024

Nor—r—————7—71"71 77 T T — 110

P./%

100

i & |
100 ~

T T
I
g
M, [ %

Qv [ %

O | %

100

Q, /%

0,/ %

FIGURE 12. Simulation results of scenario SF;: Load disturbance in
WS-dominated power system (see also Table 2 and Fig. 20) with
comparison of the inertial response for different VSM/system inertia
constants (cf. Table 4): Hy/Hsys = 0.1 5/3.45 S [mem], 5 5/4.675 s [
and 25 s/9.675 s [ ].

L

TABLE 5. Simulation results of Scenario SF,: Comparison of the inertial
response to the load disturbance, cf. Table 2, for different VSM/system
inertia constants H, /Hsys, cf. Fig. 12, with metrics: Initial RoCoF S'lg,o, see
Remark (R.10), grid frequency deviation nadir AQg i, =1 — min{Qg(t)},
WT or DFIM rotor speed deviation nadir A2y, i =1 — min{Qm (t)).

Hv /S Hsys /S |Qg,0| / % AQg,min / % AQm,min / %
0.1 3.450 0.9722 0.3033 0.0306
5 4.675 0.6511 0.3194 0.336 3

25 9.675 0.5210 0.3233 0.9924

be the case in the bulk power system, because local phe-
nomena can be more severe than the global RoCoF [3]. For
Hy, =25 s [—] in Fig. 12, a small dip of Qg atz ~ 4.8 s
is visible due to MPPT compensation reset. More precisely,
Qm, Ho 1s reset to 2y, at this moment, see also (30)—(32), such
that the MPPT rapidly reduces the torque reference My, rer,
similar as in subplots 16 and 17 of Fig. 20 for H, = 5 s. The
resulting abrupt power reduction is notable shortly after the
peak of Py, for H, =25 s [—] in Fig. 12, which leads to
the aforementioned dip of €2,. For the smaller VSM inertia
constants H, =5 s [—] and H, = 0.1 s [——], this dip is
smaller or not visible, since the WT speed deviation is smaller
(see Q2), and thus, also the effect of the MPPT compensation
reset is smaller.

In Table 5, increasing inertia constants lead to less severe
RoCoFs but slightly more severe frequency nadir, see |Qg,0|
and A min. The latter is due to more severe MPP deviation,
quantified by WT speed deviation, see AQm min, resulting in
reduced power output when the RoCoF vanishes to recover
the initial WT speed, see Pp-nadirs in Fig. 12. However,
the delay until reaching the grid frequency nadir significantly
increases with higher Hy, see 2, in Fig. 12, giving grid oper-
ators or protection schemes more time to react. Consequently,
lower RoCoFs also decrease the requirements for protection
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schemes [3], [10], [39]. In conclusion, with higher VSM in-
ertia, the power system inertia increases, which supports the
grid frequency due to lower RoCoFs. Nevertheless, H, should
not be chosen too high to avoid high WT speed deviations (see
Qm in Fig. 12). Note that severe WT speed nadirs imply high
MPP deviations (at least for initial MPPT operation), which
may also lead to secondary grid frequency drops in the worst
case [32], [33].

Finally, the power overload for negative RoCoFs increases
with higher H, (see Py, in Fig. 12), which may be inadmissi-
ble. This is less relevant for higher power reserves in RPPT
mode, considered in the following scenarios.

2) SF,—LOSS OF SM IN SM-DOMINATED POWER SYSTEM

In general, like the previously considered load disturbance,
the now considered loss of SM1 leads also to a (significant)
power imbalance and thus, to a RoCoF. Note that this scenario
SF, considers the SM-dominated power system like scenario
SN» (see Table 2). With Py ref el = 95%, the RPPT enables
droop control for WS1 with power reserves of 5%. Since
the WS(1) droop control is only activated outside the normal
grid frequency tolerance band, see also (69), an initial grid
frequency near its lower band limit is assumed to analyze
the WS droop control. Thus, after the loss of SM1, the grid
frequency decreases below its lower limit, which activates
the WS droop control, see €, and Py, in Fig. 14. The power
generation of all GUs (SM1/2+WS1) should equal the total
power demand at the desired initial grid frequency devia-
tion AQg o :=1— Q4(0) = 0.4%, cf. Remark (R.5). Thus,
assuming equal power of both (ng, =2) SMs and due to

Psm.R = Pws.R = —Sb, the initial SM power reference is
demand generation of SMs+WS
— e
Pload,R !
. + Py = ngm (Psm,ref,() + Kd,smAQg,O) + P ref,rel
b

= Pnret.0 = 50% (105)

with estimated power buffer P, = 20% = 7.84%"%4X . This
buffer is added to the demand side to compensate (or slightly
overcompensate) for (i) conversion and transmission losses,
and for (ii) deviations between actual pjo,q and rated load
power pioad.r due to (local) deviations from the rated grid
voltage but constant load impedances (see also [2, Table XIJ).
The initial SM power (see subplot 4 of Figs. 21, 22, and 23)

(102)
(106)

"Pload R

Pan = sm,ref,0 + Kd,smAQg,O ~ 90% ~ 35%
Psm,R

equals the power imbalance induced by the loss of SM1.2?
After the loss of SM1 at fo =4 s, only SM2 stays grid-
connected besides the WS. The SM(2) droop response delay
depends on the governor time constant Tgoy, see (103).
Clearly, decreasing Tgoy from its default value 5 s in Fig. 21
to 0.5 s in Fig. 22 reduces the system oscillations (as fur-
ther discussed later in Section IV-E3, see Fig. 14). Moreover,

22The actual power imbalance is slightly smaller, since the local load of
SM1 is also disconnected from the grid after opening switch oy in Fig. 9.
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Fig. 23 shows the simulation results for WS control with
ssDS (variant ssDS) only, i.e., without additionally proposed
dyDS (variant ss/dyDS), see (80). Finally, Fig. 13 and Table 6
compare the droop saturation variants ssDs and ss/dyDS in
detail.

In view of Remark (R.1), after the loss of SM1, i.e., for
t > tp, the SMI turbine, machine, and reactive power P g1,
P sm1, and Qgmp are set to zero for calculating the power
sums in subplots 7-9 of Figs. 21, 22, and 23. In other words,
SMI is excluded from the power system consideration, see
also Remark (R.1), which is especially relevant for the sys-
tem RoCoF, see sts in subplot 11, calculated based on (6)
with the data from subplot 8. Actually, after its disconnection,
SM1 continues to generate power for its local load (see, e.g.,
P sm1 > O fort > 1o in subplot 4 of Fig. 22), but the islanded
operation of SM1 is not relevant for the remaining power
system.

In Figs. 22 and 23, due to the high negative RoCoF after the
loss of SM1 (subplot 11), the VSM inertial response increases
the DFIM torque above its rating, i.e., max My, > 1 (subplot
17) for both the droop saturation variants but the dynamics
differ as follows. For variant ss/dyDS in Fig. 22, the droop
control stays inactive at least for 1 s after the disconnection
of SM1, i.e., the ss/dyDS sets M;y = 0 (subplot 18), since
the WS power P, (subplot 22) is already above its rating,
i.e., no power reserves remain. Afterward, with vanishing
RoCoF (subplot 11), the VSM torque M, y decreases while
the droop torque M, , increases at ¢+ = 5.3 s (subplot 18) to
keep the DFIM torque My, (subplot 17) close to its rating.
Actually, My, slightly decreases below its rating to recover
rated WT speed, i.e., M;y is saturated to 3.7% at t = 5.3 s,
before 2, (subplot 16) increases to its rated value again
and the droop torque approaches its steady-state saturation
limit of M,y = 5% (subplot 18). For variant ssDS (without
dyDS) in Fig. 23, the droop control does not take the inertial
response into account, i.e., M; y (subplot 18) already increases
shortly after the loss of SM1, leading to higher DFIM torques
with max My, = 108.34% (subplot 17 in Fig. 23), instead of
max My, = 107.36% (subplot 17 of Fig. 22). Consequently,
the power overloading differs, see Py,-peaks in Fig. 13.

Considering Fig. 13 and Table 6, ss/dyDS slightly increases
the initial RoCoF magnitude by 1.25% but slightly decreases
the grid frequency deviation nadir by 0.09% compared with
ssDS. However, the ss/dyDS significantly improves the WT
speed deviation nadir by 27.80%. Thus, the proposed ss/dyDS
leads to less severe WS reference operating point deviations
while providing similar grid support.

3) SF;—LOSS OF SM IN WS-DOMINANTED POWER SYSTEM

This scenario considers the same loss of SM1 and the same
WS(1) configuration as the previous scenario SF;, but SM2 is
now replaced by WS2 (see also Table 2) with WS2 configu-
ration as in scenario SN3. The WS2 power reference to reach
the desired initial grid frequency deviation AQg o = 0.4% is

VOLUME 5, 2024



S IEEE Open Journal of the
Industrial Electronics Society

P,/ %

Qv /%

Q /%

FIGURE 13. Simulation results of scenario SF,: Loss of SM in
SM-dominated power system comparing VSM control with and without
dynamic droop saturation (see also Figs. 22 and 23), i.e., for ss/dyDS

[ ] and ssDS [ ] in (80).

TABLE 6. Grid frequency response to the loss of SM1 for the different
droop saturation variants in (80), see also Fig. 13: Comparison of the initial
RoCoF $2g,o, see also (R.10), the grid frequency deviation nadir

AQg min i=1 — min{(t)}, and the WT or DFIM rotor speed deviation nadir
ALy min =1 — min{Qm(t)}.

Variant [| [0/ 2 | AQg min /% | AL min /%
DS 1.5781 1.1424 0.6224
ss/dyDS 1.5978 1.1414 0.4494

chosen analogously to (105), but WS2 replaces SM2, i.e.,

demand

generation of SM1+WS1
Pload,R !
% + P = P ref,0 + Ka,sm ALg,0 + P ref rel

Pws2,R
+ Pm,ref,rel,Z (1 + Kd,ZAQgsO) igsb
generation of WS2
—S]
= Pm,ref,rel,Z = 34.65% = 69.31% . (106)
Pws2,R

with Py rer,0 = 50% for SM1 as in (105) and buffer power
P, =27% = 10.6%”1?%.23 In (106), the WS2 droop gain
equals the one of SM1, i.e., K2 := kgowe R = Kg,sm,» and
the factor 2%2R — 2 is required for correct WS2 scaling,
since the WS2 power rating is twice the power rating of the
other GUs SM1 and WS1. Note that the SM(1) and WS2
droop control differ regarding their power references. The SM
droop power Kg sm A2 o refers to its rated power pﬂ%}f =1,
whereas the WS2 droop power refers to its relative power
reference Py refrel2 < 1, see (102) and (69). Thus, the final
grid frequency nadir for the WS-dominated power system in
subplot 10 of Fig. 24 is lower than for the SM-dominated

23The buffer power P, increased compared with (105) to compensate for
higher losses, e.g., since WS2 requires additional LV/MV transformers.
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FIGURE 14. Simulation results of scenarios SF, and SF;: Loss of SM with
comparison of the inertial response for SM-dominated power system
(GU2=SM2) with Tgoy =5 s [ ] (see also Fig. 21) or Tgoy = 0.5 s [ 1
(see also Fig. 22) and WS-dominated power system (GU2=WS2) [. ]
(see also Fig. 24).

power system in subplot 10 of Fig. 22. Clearly, more ag-
gressive tuning, i.e., increasing Kq 2, would increase the grid
frequency nadir. Alternatively, the droop control definition
may be unified. However, this difference is not relevant for
the following qualitative comparison of the transient behavior
during the inertial response.

Fig. 14 compares the response to the loss of SM for
different configurations. The SM-dominated power system
(scenario SF,) with default governor time delay Tgoy =5 s
[——] leads to significantly higher deviations in grid fre-
quency 2, and WT speed 2y, than for the WS-dominated
power system [——]. Although Ty, = 0.5 s [ ] shows sig-
nificantly improved performance compared with Tgoy =35 s,
reducing Tyoy may be impossible in reality due to slow SM tur-
bine dynamics. Instead, for the WS-dominated power system,
the inverters do not induce any significant droop control delay
such that no grid frequency oscillations occur (see subplot 10
of Fig. 24). The RoCoF (subplot 11 of Fig. 24) is significantly
smaller for the WS-dominated power system, even compared
with the SM-dominated power system with Tgoy = 0.5 s (see
subplot 11 of Fig. 22). This is due to (i) a higher system inertia
Hgys = 5 s of the WS-dominated or VSM-dominated power
system compared with Hgys = 4.35 s of the SM-dominated
power system (see Table 4) and due to (ii)) a much higher
system damping induced by the VSMs with a higher damping
and a faster droop control compared with the SMs.

The RoCoF is so small for the WS-dominated power
system, that, except for the transients in the first 100 ms
after the loss of SM1 at 7y = 4 s, there are no power over-
shoots above the power rating, see P, [—] in Fig. 14.
Consequently, the WT speed nadir (see 2, [——] in Fig. 14)
is less severe compared with the SM-dominated power sys-
tem [=—] and [ ]. The grid voltage recovery process is
slower for the WS-dominated power system than for the
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SM-dominated power system (see ﬁg in Fig. 14), but the volt-
age control performance is acceptable, since 17g [—1] stays
within the admissible range [ ] and returns to the normal
operation range [ ]| within less than 3 s, see also Remark
(R.8).

4) SF,—LOAD DISTURBANCE IN WS-BASED POWER SYSTEM
After the loss of SM in the previous scenario SF3, no
SM stays grid-connected. This scenario SF4 considers the
same load step as in scenario SF; but for 100% renew-
able power generation by WSs (WS1/2) only. A higher
WS scaling factor of nyy, = 40 (instead of nyy, = 20 previ-
ously) compensates for the missing SM power generation
and provides sufficient power reserves for the load distur-
bance, see also Table 2. The relative power reference for
WS1 and WS2 are set to Py ref.rel = 77.5% and P ref rel,2 =
50%, respectively, which leads to a below rated initial grid
frequency, see subplot 10 in Fig. 25. This is desirable for
the following discussion, since the DUT/WS1 droop con-
trol is only activated outside the grid frequency tolerance
band, see also (69), i.e., the initial grid frequency devia-
tion leads to faster droop control activation after the load
disturbance.

Again, the DUT/WSI1 quantities, as shown in subplots
13-24 [ ] of Fig. 25, are normalized w.r.t. rated values,
e.g., the initial machine power is Py = 77.5% in subplot
22 wurt. the rated WS power pysr. Note that pysr =
NwuPm R = —2sp changed by the factor two compared with
the previous scenarios. This factor has to be taken into ac-
count when considering the power system subplots 1-12
[ ] of Fig. 25, as the WS power quantities are normal-
ized w.r.t. —sp. For instance, the sum of the initial WS1/2
machine power (subplots 1 and 4) equals the initial ag-
gregated machine power (subplot 7), i.e., Py age = P ws1 +
Prws2 =2-(77.5% + 60%) = 155% + 120% = 275%.

In Fig. 25, after the load step at #yp = 4 s, the RoCoF is only
limited by the inertial response and droop control response
of the VSMs. Before Qn v.ws1 decreases below the tolerance
band [ ]at? & 5.7 sin subplot 10, only the WS2 droop con-
trol is active, i.e., M;y = 0 for the VSM of WS1, see subplot
18. Afterward, the active WS1 droop control increases M y,
and, with vanishing RoCoFs, the VSM torque My, , converges
to M; v (subplot 18). Clearly, the WSs are capable of compen-
sating for the load disturbance and the power system reaches a
new equilibrium point for # > 24 s. Thus, the proposed VSM
control enables stable islanded operation if the available wind
power reserves are high enough. If not, the power demand
may be reduced (e.g., by load shedding) to avoid a total
blackout [4].

Note that for the SM-dominated power system (scenario
SFj), the RoCoF magnitude was maximal immediately af-
ter the load disturbance at fo =4 s (see subplots 10 and
11 in Fig. 20). The corresponding initial RoCoF was Qg,o =
—0.651%, recall also (R.10). For the (purely) WS-based
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power system (scenario SFy), the initial RoCoF for the same
load disturbance is (slightly) positive, i.e., Qg,() = 0.148%,
before €2, rapidly decreases below zero such that £, begins
to decrease (see subplots 10 and 11 in Fig. 25). The minimal
RoCoF of min Qg = —0.155%“ for scenario SF4 is reached
t ~5.5 s, ie., approximately 1.5 s after the disturbance
(see subplot 11 in Fig. 25). Besides, for scenario SFi,
the SM droop control delay led to a negative overshoot
of €, (see subplot 10 in Fig. 20), which does not oc-
cur for the highly damped WS-based power system in this
scenario SF4 (see subplot 10 in Fig. 25). In conclusion,
the WS-based power system (SF4) leads to less severe
RoCoFs compared with the SM-dominated power system
(SFy) due to (i) higher system inertia (see Table 4) and
due to (ii) higher system damping. This is achieved by
the following improvements of VSMs compared with SMs:
(i) higher (virtual) inertia constants are possible (see Ta-
ble 4) and (ii) higher damping ratios can be realized by
internal damping, see (65), and by fast droop control, see
Remark (R.6).

V. CONCLUSION

For the bulk power system with centralized generation and
negligible penetration of IBRs, the grid connection of an
IBR (here of the considered WS) can be approximated by an
infinite bus. However, for the future power system with dis-
tributed generation, the interactions with the (micro)grid and
its GUs (here WSs and SMs) have to be taken into account.
For instance, in contrast to the proposed VSM (GFM) control,
the standard GFL control tends to instability with increasing
WS power penetration.

The proposed VSM control with FTC achieves nearly the
same MPPT performance as standard GFL control, and the
torque synchronization loop of the proposed freely spinning
VSM compensates for possible FTC simplification errors dur-
ing normal operation; whereas, for VSM control without FTC,
the torque is fully controlled by the VSM, i.e., fast synchro-
nization with low VSM inertia could achieve fast MPPT but
reduces the grid frequency support. Thus, a compromise be-
tween WS efficiency and grid stability has to be found for
existing VSM control without FTC.

A power imbalance, e.g., induced by a wind change or
grid fault, is distributed to all (virtual) rotating masses of the
(V)SMs in the power system, before the droop controllers ac-
tivate power reserves and set the new steady-state power share.
With the proposed FTC, the power sharing dynamics are sig-
nificantly faster than without FTC. In other words, the FTC
leads to a faster communication of power reference changes
to other power-sharing partners via the grid frequency. For
instance, for a wind speed change, the proposed FTC leads
to faster MPPT and thus, higher renewable energy yield. Be-
sides, this results in decreased power or torque oscillations
and less pitch actuation in WSs. Moreover, for a grid fault,
the proposed MPPT compensation achieves accurate inertia
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emulation such that the WS provides the expected VSM iner-
tial power share.

Increasing the VSM inertia supports the grid frequency sta-
bility due to lower RoCoFs. Nevertheless, for WSs, the VSM
inertia should not be chosen too high to avoid severe power
overshoots and WT speed deviations. The only way to in-
crease the output power of a real, directly grid-connected SM
is to increase the mechanical power of its turbine, i.e., the SM
active droop power response depends on the turbine dynamics.
In contrast to that, the VSM control can increase the power
of its virtual turbine without mechanical delay, such that the
VSM active droop power response is significantly faster than
for real SMs. Actually, the fast VSM droop response su-
perposes the VSM inertial response almost instantaneously,
which may lead to high power or torque overshoots and thus,
severe WT speed deviations for existing VSM control meth-
ods in literature. However, the proposed overload protection
ss/dyDS limits the droop power to the physically available
power reserves during the inertial response. Thus, the pro-
posed control avoids undesired superpositions of inertial and
droop responses, while providing similar grid frequency sup-
port.

The simulation results show that DFIM-based WSs can
achieve 100% renewable power generation with the proposed
VSM control. The proposed VSM damping gain adaption
achieves critical damping (¢, = 1) for the inertial response to
RoCoFs, or even higher damping (¢, > 1) for active droop
control, see Remark (R.6). In contrast to that, the inertial
response of a real SM with damper windings depends on the
machine design and the operating point, but usually cannot
achieve critical damping, i.e., ¢, < 1 [18]. Consequently, the
proposed VSM provides higher power system damping than
a real SM. Actually, with VSMs only, i.e., without SMs, the
power system damping is sufficiently high to avoid any power
or grid frequency overshoots and oscillations (neglecting the
transients in the first few 10 ms after a fault). Thus, the
overload capability requirements for IBRs with GFM control
may even be weakened for future power systems without any
directly grid-connected SMs.

Future work will also consider the transients in the first few
10 ms after a fault in detail. Future simulations will include
other types of faults, such as asymmetrical faults, and will
include the response of protection devices. Moreover, future
work will validate methods for protection of VSM-controlled
WSs, such as WT speed protection and overload protection.
For instance, the VSM overload protection proposed in [28]
ensures grid synchronization for ideal RoCoF events, but fu-
ture work must also take grid interactions into account. For
WS power overload protection, the proposed ss/dyDS control
may be extended, e.g., by allowing this control to counteract
not only the droop but also the inertial response when reaching
the power limit. Finally, a thorough analysis of the GFM
capability of WSs is desirable, which additionally considers
operating limits, such as power, torque, and WT speed limits,
in order to ease monitoring and forecasting grid stability of
future power systems.
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