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Abstract— Wind turbine generators (WTG) can participate in
system frequency regulation via virtual inertial controllers (VIC).
In the presence of frequency disturbances, VIC temporarily regu-
lates the WTG power output forcing it to release/absorb kinetic
energy into/from the grid. With increasing penetration of WTGs
in power systems, grid operators require these generators to pro-
vide frequency regulation services; however, Kinetic energy re-
lease/absorption can destabilize WTGs. Hence, to address these is-
sues, a new large-perturbation nonlinear WTG model is proposed
in this paper, based on the WTG internal response that is used to
tune typical VICs. Novel worst-case and optimal VIC tuning ap-
proaches are also proposed and discussed, based on the developed
WTG nonlinear model. Several simulations are presented to test
and validate the proposed model and VIC tuning techniques,
demonstrating their adequate performance and advantages.

Index Terms— Frequency regulation, frequency stability, vir-
tual inertial controller, wind turbine generator, wind turbine mod-
eling.

I. INTRODUCTION

Frequency stability is “the ability of a power system to main-
tain steady frequency following a severe system upset resulting
in a significant imbalance between generation and load” [1]. In
order to guarantee frequency stability, grid operators employ
hierarchical frequency controls, including inertial response and
primary, secondary, and tertiary control levels. This paper
mainly focuses on the inertial response and the primary fre-
quency control of the system, in which, whenever a frequency
disturbance (FD) occurs, a certain number of synchronous gen-
erators temporarily release/absorb Kinetic energy into/from the
grid to regulate the system frequency; hence, the more the syn-
chronous generator inertia, the less the frequency excursions.

Fast-growing renewable generation, and in particular varia-
ble speed wind turbine generators (WTGSs), do not typically
provide inertial response, since their built-in high speed power
electronic converters are controlled to extract the maximum
power, and thus do not respond to system frequency variations
[2], [3]; therefore, as the grid penetration of renewable genera-
tion increases, the overall system inertia is reduced. Conse-
quently, FDs result in increased frequency change rates and na-
dirs, which may lead to frequency relays unwantedly tripping
generators and loads [4]. However, WTGs inherently have the
potential for inertial response [5]; thus, several researchers have
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focused on emulating inertial response with these generators to
allow temporary energy release/absorption [5]-[13], using an
essentially different approach than WTG deloading and droop
control, as suggested for example in [14]. In these papers, vir-
tual inertia is provided by short-term variations on the WTG
electrical power set points whenever an FD occurs, using a de-
rivative controller in [10], [13]; proportional-based controllers
in [8] and [11]; combinations of the previous controllers in [4],
[51, [7], and [9]; and heuristic nonlinear controllers in [12]. In
general, derivate controllers mainly emulate inertial response,
and proportional-based controllers play the role of temporary
droop controllers, thus also increasing the system damping.
None of these papers have investigated the WTGs internal re-
sponse to FDs, assuming that the WTG penetration is not sig-
nificant and that their internal stability is not an issue.

In the current paper, it is shown that the WTG internal stabil-
ity is not guaranteed in systems with high renewable generation
penetration. In this case, the role of the WTGs in system fre-
quency stability is significant, requiring the release/absorption
of energy from these sources when an FD occurs in the system.
However, the more energy released, the less the WTG rotor
speed; if the rotor speed reaches its minimum limit during a fre-
quency drop event, the WTG would stall, thus worsening fre-
quency stability, which may result in a double frequency dip,
and even frequency instability in extreme cases. Hence, calcu-
lating the WTGs rotor speed is necessary, which has not yet
been done to the best knowledge of the authors in other papers.
Therefore, the following contributions are made in this paper:

e A novel analytical frequency model for power system
large-perturbation studies is proposed, which provides
the WTG internal response through explicit equations
for its kinetic energy and speed.

e  Two methods for tuning typical VICs are also proposed
based on the proposed WTG nonlinear model; the first
approach guaranties the WTG frequency stability for
FDs, and the second one additionally maximizes the
WTG inertial participation.

The proposed model could be also useful for other power sys-
tem studies such as economic impact of wind power integration
[15]-[17], and utilization of energy storage for system fre-
quency support [18]-[21].

The rest of this paper is organized as follows: Section 1l
briefly discusses existing frequency models of the system and
WTGs, as well as a typical VIC. In Section Ill, the proposed
large-perturbation modeling of WTGs is discussed. Two new
tuning methods for VICs based on this model are proposed in
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Section IV. Simulation results to test, validate, and compare the
proposed WTG model and VIC tuning approaches are pre-
sented in Sections V and VI. Finally, conclusions are drawn in
Section VII.

Il. BACKGROUND REVIEW

In this section, the frequency models of power system and
the WTG components are first described. A typical VIC is also
presented here.

A. Power System Frequency Model

The fundamental concern in power system frequency stabil-
ity is the active power balance between generators and loads.
Since the generators output power is controlled by governors,
the overall power system frequency model can be described by
the system swing equation as follows [22]:

d
AP, (t) — AP,(t) = 2H, EAwS(t) + D Awy(t) (1)

where APB,,, AP,, and Aw, denote the system overall mechanical
and electrical power changes and the system frequency devia-
tions, respectively. In addition, Hg represents the system inertia
constant, and Dy is defined as follows:

5 Aw,

which describes the sensitivity of frequency-dependent loads to
system frequency changes. Assuming that the equivalent sys-
tem governor-turbine transfer function is represented
by G(s), AP, can be calculated as follows:
AR, (s) = G(s)Aws(s) (3)
Note that AP, is controlled by an AGC, in order to preserve
the system frequency at its nominal value, by gradually chang-
ing the system generators set points to balance the total load and
generation. However, compared to the inertial and primary fre-
quency-control response, the AGC is quite slow, and thus its
effect is not considered in this paper, which focuses on primary
frequency control. It should be highlighted that the inclusion of
AGC improves the system frequency response, and thus the
proposed models provide conservative results.

B. WTG Frequency Model

WTGs respond to power system perturbations as per their
swing equation, as follows [21]:
Prwr — P, d
%ﬂlew = 2Hyr Ewm 4)
where Py, wr, Powr, Hyr, and w,, denote the WTG mechanical
and electrical powers, its intrinsic inertia constant, and its rotor
speed, respectively. The WTG mechanical power is a function
of the wind speed, WTG rotor speed, and its pitch angle, which
is controlled by a pitch angle controller that, due to mechanical
restrictions, confines the WTG output power to its nominal
value for wind speeds higher than the WTG nominal speed. On
the other hand, in order to extract the maximum wind power,
the WTG electrical power is controlled through a Maximum
Power-Point Track (MPPT) approach, which regulates the
WTG rotor speed as well. Accordingly, the WTG electrical
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Fig. 1. Block diagram of a common VIC.

power is independent of the system frequency and is not influ-
enced by the FDs, i.e. WTGs do not typically participate in the
system frequency ancillary services. However, VICs are being
introduced to remedy this situation, given the higher penetration
of WTGs in the grid, which requires that WTGs contribute to
frequency regulation, as per various current grid codes [6], [23],
[24].

C. Existing VIC Model

VICs affect the WTG electrical power reference as follows:

P(:,WT = Pupp — Pric ®)
where Pypp, Pyic, and Py denote the MPPT reference
power, VIC output signal, and the WTG electrical power refer-
ence, respectively. The structure of a typical VIC is illustrated
in Fig. 1. Observe that the VIC is made up of two controllers: a
derivative controller with gain K; emulating the inertial re-
sponse of a conventional generator, and a proportional control-
ler with gain K, providing temporary droop for the WTG during
FDs. Note that the VIC requires the “frequency changes” as its
input signal, with some papers providing this by subtracting the
system frequency from its reference (e.g. [5]), while others pro-
vide this through a washout filter, which removes the dc com-
ponent of the system frequency (e.g. [25] and [26]). In the for-
mer approach, when a large load/generation change occurs in
the system, primary frequency regulation balances the genera-
tion and the load, stabilizing the frequency at a value that is not
its nominal value, requiring some time for the AGC to restore
the system frequency to its nominal value; during this period,
the VIC has a dc input signal forcing the WTG to provide un-
necessary inertial response for the system. On the other hand,
in the latter, the washout filter eliminates this unnecessary iner-
tial provision. Furthermore, the washout filter transfer function
has a rather small negative real pole while the derivative con-
troller has a large negative real pole, which combined make the
VIC casual.

When a frequency drop occurs, the VIC changes the WTG
electrical power reference and, given the fast responses of the
power electronic components and controllers, the WTG output
power increases rapidly. However, the mechanical power does
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Fig. 2. WTG internal response after a frequency drop in the system.
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Fig. 3. WTG simplified control scheme.

not change as fast as the electrical power; therefore, according
to (4), the negative accelerating power decelerates the WTG.
Fig. 2 describes the WTG internal response when a frequency
drop occurs, where point & corresponds to the WTG steady-
state operating point before the frequency drop, point 8 repre-
sents its steady-state operating point after the frequency drop,
and point y stands for a time snapshot when P,,. = —P,, after
the frequency drop; thus, when the frequency changes, the
WTG rotor speed decreases and its operating point moves from
point a to B, passing through y.

D. WTG Internal Control Scheme

The overall control scheme of existing variable speed WTGs
is illustrated in Fig. 3 [27]. Observe that the active power is reg-
ulated through a cascade scheme of PI controllers, where the
reference is determined using the wind turbine rotor speed via
the MPPT function, which may be then modified by an optional
VIC output signal. In addition to the WTG active power, the
stator and grid-injected reactive powers, and the dc-link capac-
itor voltage are regulated by the machine-side controller (MSC)
and the grid-side controller (GSC).

I1l. LARGE-PERTURBATION MODELING

As mentioned in Section I, an approximated nonlinear model
is presented here providing the required equations for evaluat-
ing the WTG internal response when an FD occurs in the power
system. Thus, in a power system with VIC-equipped WTGs, for
low penetration wind power, the overall power system inertia
constant H, and load damping D, are approximately equal to
the corresponding system parameters of an equivalent synchro-
nous generator’s Hg and Dy, respectively. On the other hand, for
high WTG penetration, one has [28]:

PR
H,=H, + ?Kd (6)
D, = Dy + PRK, @)

where PR denotes the WTG penetration ratio.
The system equivalent governor-turbine can be simplified as
follows [29]:

1+ sTg
G(s) = Kg T+sT,, (8)

where T, and Ty, represent the time constants of the equiva-

lent governor, and K is its gain. Several standard IEEE gover-
nor-turbine models are available in the literature [30]; however,
as discussed in [29], transfer function (8) can effectively de-
scribe any complex governor responses for frequency stability
and control studies. Therefore, the frequency can be calculated
from the power system frequency model, as follows:
1+5Tg A
1+ sTg,
2H,s + D,

where AU (s) denotes the system power variation. In the pres-
ence of an FD, the power variation is modeled by a step

change AU(s) = — %, where AP, represents the amount of ac-

tive load/generation decrease/increase. Major load power
changes are mainly compensated by dispatching synchronous
generators, with WTGs’ output powers not significantly chang-
ing, i.e. one can assume that AP, < AP, since WTGs are
used here to help synchronous generators with frequency regu-
lation, as WTGs are not capable of compensating for large
power changes in the system, because these are not dispatcha-
ble. Based on these assumptions, the system frequency can be
obtained from (9) as follows:

AU(s) — Kg 77— Aws(s) + AP, yr

©)

Aws(s) =

1 n S
AP, 2H,T, 20,
Awg(s) = —TL = 12 (10)
2 _
s +Td1 + (sz)
where:
2H,T
T =5y +D7ij-KT (11)
e elG2 GGl
2H, T,
T, = |—2= 12
az /De + K, (12)

Using the Inverse Laplace Transform, the time-domain re-
sponse of the system frequency can be calculated as follows:

P,
Awy(t) = (e Tat sin(wt — §) + PZ) (13)
PP,
where:
4n2 —
14
wy 2T (14)
¢ =cot™1¢ (15)
Ty
=4 16
n=q (16)
T,
22— 1
= ez (17)
4n? -1
ZHETGZ
P, = (18)
TS
1
P, (19)

GRS

In order to calculate the WTG internal response, the VIC
transfer function in Fig. 1 can be used, yielding:
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APyic(s) = (Kas + Ko e )Aws(s) 0
= APWC(S) + AP C(s)
where:
AP}A(s) = KgsAws(s) (21)
K. K

4P%? (5) = (Kp - Tst) Ao, 22)

In the time domain:
VIC(t) = Kd; Awg(t) (23)

1

AR = K, (Aws(t) S s Awsm) (24)

Thus, using the Inverse Laplace Transform, the following equa-
tions can be obtained:
t

VIC o) = P Pz dede “2Ta1 sin(wgt — @) (25)
t
AP, e 2Ta
VIC( ) = 1; 14 T" Sln(wdt - ¢p)
. (26)
e_
T — (TwgP, — sin¢y)
Wy
where:
1 2
wy = |wi+ (E) = wg/1+7? @7)
1
1 1 ?
v :Jw‘zﬁ(T_Zle) = wq |1+ (28)
— 29
{'= Ty (29)
"o o__ 1
{"={ " Tw, (30)
{"=0"-Twy /1 + ¢ (31)
B 1
T =
2l +¢ 1 (32)
Wy t{w +F
bp=0+¢" (33)
pr=¢p—¢' (34)

Substituting (25) in (20), and employing the Inverse Laplace
Transform, the VIC output signal can then be calculated as fol-
lows.

AP, __t t
APyyo(t) = — ——t [e T sin(wyt — dy) + P4e_7] (35)
PP, P,
where:
_ 1
P3 B ’2 12 IR/ (36)
Ky + Ky + 2K K cos ¢
sin ¢,
K, (Pz +Tr )
P, = (37)
JK(QZ + Ky? + 2KK}, cos ¢
K} = K0!, (38)
K = (39)
p T”(J)"i’
¢y = +cot™ (" (40)
¢s =cot™ " —cot™r (" (41)
K)/K) + cos
¢y = ¢, +cot™! —p/ d & (42)

sin ¢5
On the other hand, by defining the WTG kinetic energy E, =

Hy,r w2, and rearranging the WTG swing equation, the follow-
ing equation can be obtained:

PVIc(f)— E(t) (mWT(f) PMPP(f))

It is not possible to solve (43) analytically; however, detailed
numerical simulations show that Py, 7 (t) — Pypp(t) reflects
the delayed behavior of Py, (t), with this delay being propor-
tional to the WTG intrinsic and emulated inertia. Therefore,
based on these empirical observations, the following novel ap-
proximations are proposed here:

Powr () — Pypp(s) = Pyic(s) (—

(43)

1+ Ks) &9

K = Hyp — PsAEy;¢ (45)

where P; is a fixed parameter that can be obtained from simu-
lations, and AEy,. is the released energy by the VIC:

t=oco0
AEyc = f APy;c(t) dt
t

=0

(46)

The validity of these approximations is demonstrated with sim-
ulation results in Sections V and V1. In order to calculate AEy ¢,
the integral of AP, (t) can be derived as follows from (35):

T=t t
APy () dt = - [e 2Ta1 sin(wgyt — ¢;)
o PP, ! 47)
+ Pje” T +sing; + PZ{]
where P} = Pyw);, P; =P, Tw), and¢, = ¢, +cot 1.

Then, at t = oo, one has:
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AP, ,
AEyc = PlP—ZPg'(Sln ¢1 + Py) (48)
Thus, substituting (48) in (45), it follows that:
APL . ’
KEHWT_PSPIPZPS, (sing, + Py) (49)

and by substituting (49) in (44), the WTG swing equation can
be simplified to:

Substituting (35) in (50), and using the Inverse Laplace Trans-
form, the WTG energy can be obtained as follows:

+ 1) = SE,(s) (50)

A __t t
AE.(t) = L [e 2Tar sin(wgyt — ¢g) + Puge T
P1P2P3K (51)
_t
— Psge K]
where Py = Pywgi, Py = P4%wd1<ap51( = Py —
sin ¢EY ¢E = ¢V + COt_l {K’ and.
1
k=¢ +K—wd (52)
Wag = Wgq }1 + 4% (53)

Therefore, by rearranging the WTG kinetic energy equation, the
internal response of the WTG can be obtained from:

a)m(t)z\/i;—:;)=\]wfno+

where w,,, denotes the WTG rotor speed at the instance of the
FD occurrence.

Employing the proposed model, the system frequency (13),
VIC output signal (35), WTG kinetic energy (51), and its rotor
speed (54) can be obtained sequentially. It should be mentioned
that in detailed turbine-governors and WTG models, there are
several nonlinearities and saturations associated with practical
component limitations. These limitations have not been consid-
ered here; however, as shown in Sections V and VI, including
these limitations do not significantly affect the results, thus
showing that the proposed model is sufficiently accurate.

AE,(t)

HWT

(54)

IV. VIC TUNING

As previously discussed, increasing WTG penetration re-
quires the participation of these generators in system frequency
control; however, WTG energy release to the system may de-
stabilize these generators, because there is a minimum limit for
the WTG rotor speed wst", which if reached, stalls the WTGs.
This instability may occur when the wind speed is low and is
near the WTG cut-in speed, since in this condition the MPPT
regulates the WTG rotor speed near the w3t with the WTG
energy released possibly stalling these generators. In order to
avoid this, two new and distinct methods for tuning the VICs

are proposed, which are derived from the proposed large-per-
turbation model. For this purpose, the VIC gains are initially
obtained by conventional methods described in [7], [12], [15],
and [23], which do not change with wind speed variations; then,
these gains are modified using the proposed techniques de-
scribed next. In the first method, the typical gains are scaled for
the worst-case scenario, and in the second method, a nearly op-
timum gain scaling factor is obtained for a specific wind speed.

A. Worst-Case Scenario (WCS) Tuning

In this method, it is assumed that a maximum conceivable
load/generation (MCLG) change is specified, and that the VIC
gains are tuned to avoid WTG instability for this worst-case
scenario, i.e. the conventional VIC gains are scaled for the
WCS. For the sake of comparison with a typical VIC gain, the
following tuning scaling factor is defined and used here:

_ Tuned VIC Gain

VR =
Typical VIC Gain

(55)

In the WCS method, VR is calculated for the worst-case sce-
nario, i.e. the VIC gains are calculated for the MCLG change,
at the minimum expected WTG rotor speed o = w3t If
VR = 1, the WTG equipped with a typical VIC is internally sta-
ble; on the other hand, if VR < 1, the WCS method attenuates
the VIC gains to guarantee the WTG internal stability, provid-
ing the expected inertial response for the system and thus in-
jecting the required energy for the system to recover, even for
severe frequency drops. However, with this method, the VIC
gain is reduced for all wind speeds; thus, even at higher wind
speeds when the turbine instability is not an issue, the VIC ef-
fect is also attenuated, which reduces the effectiveness of the
WTG emulated inertial response. To address this issue, an op-
timal VIC tuning method is proposed next.

B. Optimal Tuning

The main objective of employing VICs for WTGs is to pro-
vide inertial response for the system to improve its frequency
response. However, there are several limitations to consider,
such as WTG stability at lower wind speeds as previously dis-
cussed. The WTG maximum output power P2t and its maxi-
mum allowable output power rate of change p, - are other
limitations that must be considered when tuning VICs. Thus, in
order to optimize the VIC gain, the following optimization
problem is proposed here:

min @M (56)

st w, = wstal (57)
d

|E Pe,WT| < Pewr (58)

Pewr < Powr (59)

where constraint (57) stands for the WTG stability at lower
wind speed, (58) represents the WTG maximum allowable out-
put power rate of change, and (59) corresponds to the WTG
maximum output power. This optimization problem is nonlin-
ear and should be solved for various wind speeds, which is ac-
complished here by determining its feasibility region. Thus,
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first constraints (58) and (59) are ignored and the inequality
constraint (57) is considered as an equality constraint. Then, for
various wind speeds in their normal range, with a small step of
0.1 m/s, VR in (55) is calculated from equations (6)-(54) for
each wind speed assuming w,, = w3t* from (57), thus gener-
ating a set of VR values that are interpolated using a quadratic
polynomial; this procedure yields the red line for constraint (57)
depicted in Fig. 4. A similar procedure is used for the two other
constraints (58) and (59), i.e. for (58), constraints (57) and (59)
are ignored and (58) is considered as an equality constraint, and
for (59), constraints (57) and (58) are ignored and (59) is con-
sidered as an equality constraint; these yield the blue line for
(58) and the black line for (59) in Fig. 4. This procedure gives
the feasible space for the optimization problem (56)-(59) de-
picted in Fig. 4 for a specific MCLG value. A parabolic function
can then be defined for VR by interpolating points A, B, and C
in Fig. 4, which approximates the feasible space boundary of
the optimization problem. Thus, for a wind speed v,,, the near-
optimal VIC gains can be obtained by using this quadratic func-
tion to get the gain scaling factor VR for a given MCLG. Note
that this VR value does not attenuate the WTG inertial response
at high wind speeds, as opposed to the previously proposed
WCS method, while guaranteeing the WTG internal stability
and providing the expected inertial response for the system,
even for severe frequency drops.

V. Two-AREA FOUR-MACHINE TEST SYSTEM RESULTS

In this section, in order to examine the performance of the
proposed model and the proposed VIC tuning methods, a mod-
ified version of the IEEE two-area four-machine test system il-
lustrated in Fig. 5 is used, consisting of a 300-MW DFIG-based
wind farm and three 900 MW synchronous generators [31]. The
aggregated wind farm represents 200 1.5 MW GE WTGs, for
wind speeds in the range of 6 to 12 m/s assuming MPPT control,
which is modeled using the phasor representation proposed in
[32]. The default value of the wind speed is 11 m/s at which the
wind farm generates 167.7 MW at 1.01 pu bus voltage. The sys-
tem parameters can be found in the Appendix. It should be high-
lighted that the proposed models are valid for DFIG as well as
full converter WTGs, and thus similar results would be ex-
pected for the latter.

The synchronous generators are modeled as single-mass tan-
dem-compound generators equipped with the IEEE Type-I tur-

(58)

(59)
! s Proposed
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Fig. 4. VR solution space and limits.
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Fig. 5. Modified |IEEE two-area four-machine test system [2].

bine governors and excitation systems [30]; as previously men-
tioned, the AGC is not included here. At the default operating
point, SG2, SG3, and SG4 generate 489.9 MW, 698.7 MW, and
698.7 MW at set-point voltages 1.03 pu, 1.03 pu, and 1.01 pu,
respectively. As the wind speed changes, the WTG MW output
changes (as a cubic function), with the SG2 output being re-
dispatched to compensate for these changes, thus assuming this
generator to be the system slack bus, so that the system fre-
quency is kept within permissible bounds.

The implemented VIC for the aggregated wind farm is illus-
trated in Fig. 1. The most appropriate input signal for this VIC
is the voltage frequency at Bus 1; however, since this signal is
not available in phasor-based simulations, the per-unit value of
the SG2 rotor speed, which is the closest generator, is used as
the system frequency input to the VIC. Furthermore, the VIC
output signal is assumed to be in per unit with respect to the
WTG base.

Proposed Model —Base Model (Fig. 5 )
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—Proposed Model —Base Model (Fig. 5)
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Fig. 7. System frequencies for v, = 11 m/s and Bus 8 load changes at t =
5s: (a) 50 MW, (b) 150 MW, and (c) 250 MW.

The synchronous inertia constant of the system H, can be cal-
culated by adding the weighted inertia constants of each syn-
chronous generator, where the weights are proportional to their
rated power. On the other hand, D, K;, T;,, and T;, were ob-
tained using the curve-fitting toolbox in MATLAB/Simulink
[33], which was used for all simulations, to match the simula-
tion results of the base model with the proposed model response
for several load changes. Numerical values of the all system pa-
rameters used in the closed-from expressions in (6)-(54) can be
found in the Appendix.

A. Model Validation

In order to verify the validity of the obtained equations and
the corresponding proposed model in Section Ill, att =5s a
200 MW impedance load is added at Bus 8. The obtained results
are depicted in Fig. 6 for both detailed and proposed models of
the WTG. Observe that the proposed equations yield accurate
values for the system frequency, the VIC output signal, and the
WTG rotor speed and its output power. Furthermore, as men-
tioned earlier, in order to investigate the effect of the systems
nonlinearities, the simulations are repeated for several load
changes and wind speeds, as depicted in Fig. 7 and Fig. 8, show-
ing only the system frequency results. Note that even for large
load changes and high wind speeds, the frequency response ob-
tained from the proposed model is accurate.

B. VIC Tuning

As previously discussed, inertial contributions from WTGs
at low wind speed conditions can destabilize these generators.
In order to study this issue and also to verify the performance
of the proposed VIC tuning methods, the wind speed is assumed
to be 7 m/s in the test system, with the following load increases
atBus8att = 5s:100 MW, 200 MW, and 300 MW. The sim-
ulation results are presented in Fig. 9, where for the 300 MW
load increase, the WTG rotor speed is less than w3f4¥, thus los-
ing WTG generation and destabilizing the system. To avoid this

—Proposed Model —Base Model (Fig. 5)
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Fig. 8. System frequencies for a 200 MW load change at Bus 8 t = 5 s, and
wind speeds: (a) 8 m/s, (b) 10 m/s, and (c) 12 m/s.

problem, the two VIC tuning methods proposed here are ap-
plied.

First, the VIC gains are tuned using the WCS method. Ac-
cordingly, assuming that the MCLG change is 300 MW for this
test system, solving (54) for w¥™ = w3t yields:

VR = 0.55 (60)

Thus, the VIC gains should be attenuated by 0.55. For the sec-
ond tuning approach, the VIC gains were obtained based on the
feasible solution space of (56). Accordingly, assuming that the
MCLG change is 300 MW and p, ,+ = 0.5 pu/s, the following
parabolic equation can be obtained for VR:

— AP,=100 MW — AP, =200 MW —A P, =300 MW
1

= 0.996 -
= 0,992

3 0.988

0.984

0 5 10 15 20 25 30 33
@

0 1 A N . .
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t [s]

©
Fig. 9. Simulation results for v, = 7 m/s and 100, 200, and 300 MW load
increases at Bus 8 at t = 5 s: (a) system frequency, (b) WTG rotor speed, and
(c) WTG power output.
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Fig. 10. Simulation results for 300 MW load increase at Bus 8 att = 5 s: (a)
system frequency for v, = 7 m/s, (b) system frequency for v, = 11 m/s, (c)
WTG rotor speed for v, = 7 m/s, (d) WTG rotor speed for v, = 11 m/s, (e)
WTG output power for vy, = 7m/s, and (f) WTG output power for v, =

11 m/s.
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The simulation results for a 300 MW load increase at Bus 8,
for wind speeds 7 m/s and 11 m/s, with both tuning methods are
depicted in Fig. 10. Observe that the WTG rotor speed never
reaches its w3t limit, and thus the power system instability
problem at lower wind speeds is resolved. Note also that in sce-
narios with higher wind speeds, the WCS method decreases the
WTG inertial participation, while the optimization approach
provides more inertial response from the WTG, improving the

(61)
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Fig. 11. Feasibility space for VR in (56), and WTG limits for various MCLG
values.
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Fig. 12. Simulation results for a three-phase fault at Bus 8 att = 5 s, cleared
10 cycles later: (a) system frequency for v, = 7 m/s, (b) system frequency
for v, = 11 m/s, (c) WTG rotor speed for v, = 7 m/s, (d) WTG rotor speed
for v, = 11 m/s, (e) WTG output power for v, = 7 m/s, and (f) WTG output
power for v, = 11 m/s.
system frequency response, as expected.

Finally, by solving optimization problem (56)-(59) for vari-
ous MCLG values, Fig. 11 is obtained, illustrating the solution
of the optimization problem as MCLG changes, thus showing
the effect of MCLG on the optimal VR. Note that as MCLG in-
creases, the optimum values for VR decrease, which means that
for more severe FDs, the WTG inertial participation decreases
as well.

C. Three-Phase Fault

In order to investigate the response to severe disturbances of
the system equipped with a tuned VIC, the simulation results
for a three-phase fault at Bus 8 att = 5's, cleared 10 cycles
later, are depicted in Fig. 12 for wind speeds 7 m/s and 11 m/s.
Observe that the system stability is preserved, due to the fact
that the fault is cleared in less than a second and the VIC is
properly tuned. As in previous simulations, the optimally tuned
VIC presents the best performance.

VI. NEW ENGLAND 10-MACHINE 39-BUS SYSTEM RESULTS

In this section, in order to examine the performance of the
proposed model and VIC tuning methods in a more realistic
system, the IEEE 10-machine, 39-bus New England test system
in [13] has been modified by adding a wind farm at Bus B22,
consisting of 500 1.5 MW GE WTGs similar to the two-area
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Fig. 14. Results for v, = 11 m/s and 500 MW impedance load change at Bus
B11 at t = 5 s for the test system in Fig. 13: (a) system frequency, (b) WTG
rotor speed, (c) WTG output electrical power, and (d) VIC output signal.

test system, as illustrated in Fig. 13. The AGC is not included
either in this case, and the per unit value of the G7 rotor speed,
which is the closest generator, is used as the system frequency
input to the VIC, since the voltage frequency at Bus B22 is not
available in phasor-based simulations. The values of all system
parameters used in the closed-from expressions (6)-(54) can be
found in the Appendix.
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Fig. 15. Simulatio(ne)results for a 1000 MW impedance Ioag)connection at Bus
B11 at t = 5 s for the test system in Fig. 13: (a) system frequency for v, =
7 m/s, (b) system frequency for v, = 11 m/s, (c) WTG rotor speed for v, =
7m/s, (d) WTG rotor speed forv, =11m/s, (¢) WTG output power
for vy, = 7 m/s, and (f) WTG output power for v, = 11 m/s.

In order to test and compare the model proposed in Section
111, a 500 MW impedance load is added to Bus Bll att = 5's.
The obtained results are depicted in Fig. 14 for both detailed
and proposed WTG models. Observe that the proposed equa-
tions yield accurate values for the system frequency, the VIC
output signal, and the WTG rotor speed and output power.

To verify the performance of the proposed VIC tuning meth-
ods, the simulation results for a 1000 MW impedance load con-
nection at Bus B11, for wind speeds 7 m/s and 11 m/s, are de-
picted in Fig. 15 for all tuned VICs. In this case, assuming an
MCLG change of 1104 MW (the largest load in the system at
Bus B39), and p,yr = 0.5 pu/s, the WCS method yields
aVR = 0.9, whereas the VR value for the optimal tuning
method is obtained from the following parabolic function ap-
proximating the feasible region of the optimization problem
(56)-(59):

2
% %
R = -52 (—W> +89.5 (—W> —34
Vw b Vw b

Observe that for both tuning methods, the power system insta-
bility problem at lower wind speeds detected for the typical VIC
is resolved. Note also that at higher wind speeds, the optimiza-
tion approach provides more inertial response from the WTG,
as expected.

(62)
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VII. CONCLUSION

In order to investigate the behavior of WTGs equipped with
VICs to respond to power system frequency events, a nonlinear
WTG model was proposed in this paper, which represents the
WTG internal response to large perturbations in the system.
This model was then employed to tune VICs to provide optimal
inertial response and to avoid WTG instability at lower wind
speeds. The adequate performance of the developed model and
the proposed tuning methods were verified through several sim-
ulations on a test system. The obtained results demonstrate that
the presented WTG model and VIC tuning techniques would
allow designing better frequency regulation controls for varia-
ble speed WTGs, as required in grids with high penetration of
wind power sources.

It should be mentioned that the proposed models and tech-
nigues may be used for systems with multiple wind farms by

10

simply applying them to each farm at a time, using an aggre-
gated model of the power system that includes the other wind
farms. This way each farm would provide proper inertial re-
sponse while accounting for the effect of the other wind farms,
and thus not requiring of centralize coordination of the various
VICs.

APPENDIX

The simulated equivalent WTG and the two-area four-ma-
chine system parameters are provided in Tables I and Il; the rest
of the systems parameters can be found in [13] and [31]. The
numerical values of the aggregated system parameters in (6)-
(54) used in Sections V and VI are presented in Tables 111 and
1V, respectively.
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