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Abstract—The integration of renewable energy sources into
power systems has gathered significant momentum globally be-
cause of its unlimited supply and environmental benefits. Within
the portfolio of renewable energy, wind power is expected to
have a soaring growth rate in the coming years. Despite its
well known benefits, wind power poses several challenges in
grid integration. The inherent intermittent and non-dispatchable
features of wind power not only inject additional fluctuations to
the already variable nature of frequency deviation, they also
decrease frequency stability by reducing the inertia and the
regulation capability. This paper closely examines these effects as
well as the effect on tie-line flows and area control error, which
causes a larger and longer frequency deviation in the integrated
system. Further, the effect of wind power on frequency regulation
capability at different penetration levels is also examined. The
analytical and simulation results presented here provide some
guidance on determining maximum wind power penetration level
given a frequency deviation limit.

Index Terms—Area control error, equivalent regulation con-
stant, frequency deviation, frequency response characteristic,
inertia, tie-line power, wind power.

I. INTRODUCTION

ITH technological and economic growth, the need for

energy has been on the rise worldwide. However, this
substantial growth faces two major concerns: the reduction of
fossil fuel reserve and the impact on the environment. In order
to deal with these issues, renewable energy is being increas-
ingly utilized all over the world. According to [1], renewable
energy is expected to provide 40% of total electricity in the
US by 2030, and half of that comes from wind power. Wind
farms have been growing steadily throughout the US both
in turbine size and in wind farm capacity. Furthermore, the
cost of wind generators has decreased dramatically over the
past decade. These have promoted wind power as a promising
renewable energy technology. However, the application of
wind power has been confronted with a host of technical
and economical problems. Although the levelized cost of
wind production has been gradually growing competitive
with respect to conventional technologies, the integration of
wind power can negatively affect the stability of a power
system if there are not enough appropriate measures to deal
with the intermittency and low or zero inertia [2], [3] that
characterize this resource. One of these undesirable effects
is frequency disturbance. In normal operation, as system
frequency deviation must be maintained within a specified
range, a minimum inertial frequency response is vital for
frequency stability. Therefore, by contributing to a reduction

This work has been supported in part by the US Department of Energy
under award no. DE-OE0000625. The authors are with the Department
of Electrical and Computer Engineering, Michigan State University, East
Lansing, MI, 48823 USA e-mail: (nguye301 @msu.edu, mitraj@msu.edu).

of the system’s inertia response, high wind power penetration
level can endanger the stable operation of the system. Once
wind power sources are connected to the main grid and replace
conventional generators, they will cause a larger and faster
frequency deviation. If the main grid does not have sufficient
regulation capability, frequency deviation might direct to load
shedding or even cause the whole system to collapse. The
North American Electric Reliability Corporation (NERC) as
well as Electric Reliability Council of Texas (ERCOT) and
Western Interconnect (WECC) have all reported a reduction in
frequency response due to an increase of variable generation
[4]-[8]. Hydro-Québec TransEnergie (HQT) is dealing with
this problem by requiring their wind power plants to be
equipped with an inertia emulation system [9]. Therefore, it is
important to investigate not only the effects of different wind
power penetration levels on frequency regulation capability of
power systems but also the maximum acceptable level of wind
power that can be integrated into the grid.

While examining the undesirable influence of wind power
on the load frequency control (LFC) of power system, previous
works mostly consider wind power output uncertainty (i.e.
intermittency) and inertia reduction [8], [10]-[19], reserve
requirement [20]. In [18] and [21], the effect of wind power on
equivalent regulation constant was also investigated. Besides,
several papers have made an effort to identify the maximum
penetration level of wind power based on thermal limit [22]
or constraint on frequency deviation [23], [24]. The work
presented in this paper extends the prior art by adding the
following contributions: (i) it models the effect of wind inte-
gration on the system frequency response characteristic (5);
(ii) it models the effect of wind integration on the area control
error (ACE) and on tie line interchanges in an interconnected
system; and (iii) it provides guidance to the limit on wind
penetration for a given limit on frequency deviation.

The remainder of this paper is organized as follows. Sec-
tion II explains load frequency control and the mathematical
modeling of one control area in the presence of wind power.
This model provides the basis to define the limitation of wind
penetration to the grid. A simulation model and result are pre-
sented in section III to verify the computation obtained from
the mathematical model. In this section, some observations
and recommendations are also included to clarify the salient
aspects of the contribution. Finally, section IV provides some
concluding remarks on the work presented.

II. MATHEMATICAL LFC MODELING FOR ONE CONTROL
AREA IN THE PRESENCE OF WIND
A. Load frequency control

The main objective of LFC is to return frequency excursion
to the nominal value whenever a mismatch between generation



and demand appears. Frequency disturbance is immediately
inhibited by inertia, governor action, load and other damping
mechanisms. Motor loads resist disturbance by adjusting their
speed in direct proportion to frequency deviation while gover-
nor regulates generator output by changing prime mover input.
These actions are attributed to the furthest frequency deviation
point and a part of frequency recovery duration. They stabilize
system frequency rather than restore frequency to its nominal
value. To remove the remaining frequency error, it is required
to have the Automatic Generation Control (AGC) change the
generator set point.

When wind generators are installed into the main grid and
replace conventional generators, the governor response will
be less effective due to the decline of inertia and of ability to
regulate the generation output of the entire system. As a result,
the frequency deviates at a larger magnitude and the recovery
is prolonged. These effects are considered in the mathematical
model in the next sub-section.

B. LFC mechanism of one control area in the presence of wind
power

Traditionally, mechanical power, which is created from rota-
tional energy, is fed to the conventional generator via turbine to
produce electrical power. Once an imbalance occurs between
input and output, rotor speed will experience a deviation. The
governor plays the role of sensing the disturbance that causes
unbalance and sends a control signal to recover frequency
by adjusting the turbine input. The combination of governor,
turbine, rotating mass and load damping control model is
represented in the load frequency control model as shown in
Fig. 1 [25]. The disturbance caused by wind power is captured
in the control model by APy, (s) based on the assumption that
wind power is considered to be a negative load. In Fig. 1, the
notations used are as follows:

APz = supplementary control action
K(s) = LFC controller
K
K(s)=—

S
APyinqg = disturbance caused by wind power
AP,qq = non-frequency-sensitive load change
APy, = disturbance

AP = ABoad - AF)’wind (D
T;; = synchronizing torque coefficient
H = equivalent inertia constant
Af = frequency deviation
D = load damping constant

T'Gyi(s) = turbine-governor transfer function
AP, ; = tie-line power exchange between area i
and other areas [25]
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B; = frequency bias factor which is calculated as below [27]:
Bi=pi=—5+D; 3)

Although the nature of wind power is intermittent, it is
said that fixed-speed wind turbines can contribute to LFC
by its spinning inertia [30]-[32]. On the other hand, DFIG
wind turbines cannot provide spinning inertia because they
are decoupled from the grid by power electronic converters.
However, with improved control strategies, DFIG turbine is
able to provide partial inertia to support the grid by performing
some operations similar to these in conventional generators
[18], [33]-[40]. As stated in [41]-[43], wind turbine can
also have a droop characteristic with speed up/down aver-
aging control. In another point of view, the application of
synchronverters [44] can make the wind generators mimic
the behavior of synchronous generators. However, the wind
inertia is limited by the available output of wind generators
and the type of wind turbines. Once wind generators gradually
replace conventional generators, the total inertia of the system
decreases while the equivalent regulation constant increases.
This effect yields a reduction of the area frequency response
characteristic. Assuming that the fraction of inertia that wind
power contributes to the grid is r,, (which is determined based
on wind generation output [45]), the fraction of conventional
generation inertia that is reduced in the presence of wind is
T, the new inertia constant of the system can be calculated
as follows:

Hnew,i = Hold,i(l + Tw — TT) (4)

The term r,, includes both the actual inertia provided by fixed-
speed wind turbines as well as any artificial inertia that may
be synthetically emulated at other wind turbines. It should also
be noted that r,. is not always the fraction of wind power that
takes the place of conventional power. The following example
will illustrate the difference between these two definitions
(power replacement and inertia replacement):

Consider a small power system with three conventional gener-
ators of 50 MW output and 0.02 pu.s inertia each. Assuming
that the system has a total output of 150 MW, let us consider
three possibilities as below:

o If the total integrated wind power is 40 MW (which is
smaller than output of one conventional generator) and
constitutes approximately 26.7% total power, the total
power output of the conventional generators will reduce.
However, the total inertia constant of the integrated
system does not change because none of the conventional
generators is decommitted.

o If the total integrated wind power is 50 MW (which
equals to the output of one conventional generator) and
constitutes approximately 33.3% total power, both the
total power output of the conventional generators and
the total inertia of the integrated system reduce because
one of the conventional generators will be completely
decommitted. The inertia constant reduction in this case
equals 0.02 pu.s. The fraction of replaced power and the
fraction of inertia reduction are the same.
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Fig. 1. Control area % in an interconnected system in the presence of wind power.

o If the total integrated wind power is 60 MW (which
is larger than the output of one conventional generator) 1 B 1 AP, w1+ FypTays AP,
and constitutes 40%'t0tal power, both the total power 1+ Té s 1+Ts 1+T,,s
output of the conventional generators and the total inertia
of the integrated system reduce. However, the inertia Governor Reheat steam turbine
,ConStant .reductlon in this Case equals 0.02 pu.s which Fig. 3. Block diagram of governor with reheat steam turbine.
is approximately 33.3% total inertia.

Besides the change in the inertia constant, the equivalent
regulation constant is also modified: Try = time constant of reheater
Rojd.i Fyp = fraction of turbine power generated by HP unit
Rnew,i = m (3)  APpy = intermediate (reheat) power signal
. . . AP, = intermediate valve positioner signal
Because of the change in equivalent re'gu.lat%on consta.lnt, the T, — valve positioner time constant
new area frequency response characteristic is determined as Ty — gas fuel time constant
follows: W,., = minimum fuel flow
Bnew,i =B (1 + Ty — Tr) + D; (6) Wf = fuel flow

new,i —
Roa,i

The change in R and [ leads to the variation in the area control
error in the interconnected system:

ACEnewﬂ‘ = APtie,i + ﬁnew,iAfi (7)

While investigating the effect of wind power on intercon-
nected systems, three types of conventional turbine will be
considered in LFC model: non-reheat turbine, reheat turbine
and gas turbine. The dynamic models of turbine-governor
systems for these three generators are shown in Fig. 2, Fig. 3
[27] and Fig. 4 [28], [29].

1 1 AR,
1+T,s 1+Ts

Governor Non-reheat turbine

Fig. 2. Block diagram of governor with non-reheat turbine.

In Fig. 2, Fig. 3 and Fig. 4, the notations used are as follows:

T, = speed governor time constant
T steam turbine time constant

af,by = gas turbine constant

The state-space of LFC dynamic model for control area
that includes m reheat steam turbine generators in the presence
of wind power can be presented as follows:

d; = Aiz; + Byu; + Cin; ®)
Yi = ﬁzxz )
where
Ty = [Afz A-Ptz A-sz A-Ptze ) A-PRH'L]
APti = [Apth APtZz . APtmi]
AP, = [AP, Pyoi -+ APyl
APgpg; = [APRHh APrpai -+ APrpmi)
yi = [Afi ACE; ]
U; = [Apcl AP02 APCm ]T
N
n; = [APL’L ZszAf]]T
j=1
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Fig. 4. A simplified block diagram of single-shaft gas turbine.

For simplicity, matrices Ai, Bi, C’i and ljz- of a control area
with one reheat steam turbine can be expressed as shown in
(10):

A=
—D; 1 —1
0 —1 FupiTrH: 0 Tti—FupiTrH:
TrH: TtiTrH: TtiTrH:
—1 —1
R 0 T, 0 0
2w ATy, 0 0 0 0
g7 1 -1
0 0 T4i 0 Tti
(10
Bi=(00 0 0)7”
gt
—1 T
é 5H, 0 0 0 0
1o 00 —27r 0
) 1 0 0 0 O
Di = B 00 1 0

In case of non-reheat turbine, the state variables are similar to
those in reheat turbine except that the entries corresponding
to APgry are omitted and the entries corresponding to AP,
are modified. The state-space of the gas turbine is different
from that of the reheat and non-reheat turbines and has been
described in the Appendix of this paper.

As is evident from Fig. 1, the frequency deviation can be
expressed as follows:

Afi(s) =
Z;nzl TGk7(S)APCk7(S) — APtie,i(S) — AP[J(S)

2Hnew,i8 + D; + Y TGri(s)

an
Rnew,i

Using the final value theorem to get the steady state value of
the frequency deviation A fs:

Afiss = lim sAf;(s) = lim s.

5—0 s—0
>y TGri(8)APcri(s) — APy i(s) — APp i(s)
2Hnew,i3 + Dz —+ M

P new,i

(

) (12)

Following the assumption that APy, ;(s) approaches zero at
steady state [25] and the system has enough reserve to match
the disturbance A Po; = APp;, equation (12) gives the result:

However, the frequency deviates farther from the scheduled
value and the recovery duration is lengthened. Due to the
change in frequency, the power flow on the tie line increases,
which is a negative impact on each area. This can be inferred
easily from equation (2).

When a stand-alone system is considered, power exchange
in the tie-line between control areas does not exist and
APy ;(s) vanishes in equation (11).

From the above analysis, the maximum excursion of fre-
quency can be identified. As a consequence, it is possible to
evaluate the wind penetration limit. The maximum excursion
is compared with the safe range of frequency deviation +0.2
Hz [26] to define how much wind power should be integrated
into the main grid. Based on the theoretical examination in this
section, a simulation model is implemented in the following
section in order to verify the effect of wind power on frequency
deviation, tie-line power flow, and area control error.

III. SIMULATION AND RESULTS

For the purpose of illustrating the aforementioned influ-
ence of integrating wind power into power system, the Mat-
lab/Simulink model of the system explained in section II is
developed. Three scenarios are evaluated, as described below.
These scenarios examine the behavior of a single area, the
interaction of two interconnected areas, and the impact of
gas turbines that are being increasingly deployed to provide
ramping capability. The test cases are constructed as follows:

o All generators in one area are chosen to be the same type
and combined into one single unit.

e Only area 1 includes wind power.

o Load disturbance is simulated by a 0.04 pu step function.

e Only area 1 is subjected to a load disturbance in order to
observe the assistance of area 2 to area 1.

e Wind penetration level will be adjusted with different
values of inertia reduction: 0%, 10%, 20%, 30%, 40%,
50% and 60%.

o The effects of wind power on LFC with and without con-
sidering the change in frequency response characteristic
and equivalent regulation constant will be compared.

Scenario 1: A stand-alone control area.

The simulation model of a stand-alone control area (area
1) is presented in Fig. 5. The parameters of the study system
are derived from [25] and reported in Table I in the Appendix.
These parameters are the typical parameters for a small system
and converted to per unit. Using initial values in Table I and
applying equations (4), (5) and (6), simulation parameters are
calculated and shown in Table II in the Appendix.

Scenario 2: Two interconnected control areas.
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Fig. 6. Simulation model of two interconnected control areas.
from scenario 1 and 2 with different wind penetration levels
Tubine | 2Em ROta‘Cil“lg mass are shown in Figures 8, 10, 12 and 16. The rate of change
and loa . . . . .
I . - ; of frequency (ROCOF) is presented in Fig. 9, Fig. 11, Fig.
. »@_‘ _ 13 and Fig. 17. Also, the power flows in the tie lines and the
Tys+1 D +2H,s ACE in scenario 2 are illustrated in Fig. 14, Fig. 15 and Fig.
AF,, AF, Ay 18, Fig. 19. The frequency deviations obtained from the third

scenario are shown in Figures 20 and 21.

Fig. 5. A stand-alone control area with non-reheat turbine unit. ) ) )
From the simulation results, several observations can be

made:

In this scenario, parameters of control area 1 are kept
the same as those in the first scenario. Parameters of area
2 are derived from [46] and reported in Table III in the
Appendix. The load disturbance is applied only to area 1 to
examine the mutual frequency assistance between the areas
in an interconnected system and the change of ACE due
to the adjusted R and (3. The simulation model of the two
interconnected control areas is presented in Fig. 6.

1) The more wind power is integrated into the system, the
larger the frequency deviation that occurs in case of
disturbance. The reason is that when a greater amount
of wind power substitutes conventional generators, a
larger reduction in total system inertia and a higher
increase in equivalent regulation constant occur. This
leads to a deeper decrease in area frequency response
characteristic. As a result, frequency deviates farther
from the scheduled value. This is evident in Fig. 10
and Fig. 16: the largest frequency deviation increases

Scenario 3: A stand-alone control area with a combination of
a gas turbine and a non-reheat turbine.

This scenario is similar to Scenario 1 except that it includes from 0.14 Hz to 0.32 Hz (in the first scenario) and from
a gas turbine. This helps illustrate the impact of gas turbines, 0.075 Hz to 0.125 Hz (in the second scenario) while
which are being increasingly integrated in systems with wind inertia reduction augments from 0% to 60%. It is also
generation to provide ramping capability. The parameters of obvious that if the effect of wind on frequency response
the non-reheat turbine are kept the same as those in the first characteristic and equivalent regulation constant is taken
scenario. The parameters of the gas turbine are derived from into account, frequency deviation gets worse value. From
[28] and reported in Table IV in the Appendix. Ramp rate Fig. 8 to Fig. 16, these values fall into the range 0.14
limits are applied for all turbines with a higher ramp rate limit to 0.32 Hz (in the first scenario) and 0.075 to 0.125
for the gas turbine. In particular, the ramp rate limit for the Hz (in the second scenario) instead of 0.14 to 0.22
non-reheat turbine (RR,,) is 0.029 while the ramp rate limit Hz (in the first scenario) and 0.075 to 0.115 (in the
for the gas turbine (RR,) is varied from 0.045 to 0.062 in second scenario) if these effects are not considered.
order to observe the impact of the gas turbine. Due to the In addition to the farther variation in the frequency,
presence of wind, the 10% and 30% reduction of inertia are the rate of change of frequency as shown in Fig. 9,
applied. The simulation model of this scenario is presented in Fig. 11, Fig. 13 and Fig. 17 proves that the duration
Fig. 7. of frequency recovery has been extended due to the

In the first two scenarios, the simulation is implemented effect (the derivatives of frequency with respect to time
with and without the effect of wind on the frequency response change more slowly). Besides, the more wind power
characteristic and equivalent regulation constant to compare is integrated, the lower the ROCOF is. These changes

the differences between them. Frequency deviation obtained can cause serious consequences if the system employs
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protective df /dt relays.

2) In an interconnected system, control areas are able to
assist each other when the system is subject to distur-
bances. In simulation results, assistance from area 2 to
area 1 has prevented frequency deviation from growing
up. Frequency deviation is much smaller in the second
scenario (0.075 to 0.125 Hz falling range) compared to
the first scenario (0.14 to 0.32 Hz) as shown in Figures
10 and 16. For this reason, it is recommended that

3)

control areas collaborate to get the most benefit when
wind generation is integrated into power system.
Following the increase of penetration levels, the tie-
line power flow and the area control error get larger
absolute values and longer time to recede as shown in
Fig. 14, Fig. 15, Fig. 18 and Fig. 19. These are negative
consequences due to the effect of wind power on 8 and
on frequency which have been discussed in the foregoing
section.
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considering the effect of wind on 8 and R. ¢) The proportion of inertia and regulating capability
to the total system load.
5) Depending on the relationship between the ramp rate
1 limits of two types of turbine, the gas turbine shows
08 / ‘ different impacts on frequency deviation. This is shown
05l o\ /r\ in Figures 20 and 21. If the ramp rate limit of the
. ’/ - / \ gas turbine is high (0.062), the system with gas turbine
o 04 / Vo / \ / recovers faster. When this value decreases to 0.045, the
§ 02+ / b [ | system with gas turbine recovers slower. In the first case,
é 0 i \\ \ /7\ / \ vam the gas turbine benefits the freguency recovering speed
5 02} / w‘ / \ / o clea.rly. H0w<.aver, the gas turbl.ne.makes. the frequency
= \\ ,/ Vo nadir worse in both cases. This is consistent with the
& O ! / results reported in [47]-[49]. It is clear that while gas
-06 \ i \\ e — . . - turbines benefit systems with wind generation through
: with gas turbine, RRg=0.045 . o .
08f Y with gas turbine, RRg=0.062 ramping capability, they are generally detrimental to
N i without gas turbine frequency regulation.
0 5 10 15 20 25
Time (s)

IV. CONCLUSION

i . o In this paper, the effect of wind power on load fre-
Fig. 20. Scenario 3: Frequency deviations in the stand-alone control area . .
considering the effect of gas turbine with 10% inertia reduction. quency control has been presented and examined at different

penetration levels. The mathematical model and simulation



results indicate that wind power leads to reduction in not
only the overall system inertia but also frequency response
characteristic due to an increase of regulation constant. As
a consequence, the frequency deviation, the tie-line power
flow and the area control error increase. This contribution
of our paper addresses a factor that is often overlooked
when investigating load frequency control in the presence of
wind generation. The analysis also provides guidelines toward
estimating the allowable level of wind generation based on
the configuration of system, maximum load disturbance and
safe range of frequency excursion. The analyses presented
here provide important information to the grid operator when
considering wind power integration while ensuring the system
stability. In the illustrations reported here, the control areas
include gas turbine, reheat and non-reheat turbines. It is not
difficult to extend this approach to include hydraulic turbine
to more appropriately model the frequency response.

APPENDIX

The parameters of LFC dynamic model state space for the
gas turbine are shown as follows:

z; = [Afi APy APye; AP, Wy)T
AP, = [APyi APy AP,i]
AP, = [APyi APy, APyl
Wpi = Wi Wiy W pimi]

vi = [Afi ACE]T

u; = [APq, APg, APc, "

N
ni = [APL Y Tilfj by Wil"
i

Matrices /L-, BZ-, C‘i and Di of a control area with one gas
turbine are provided as follows:

B 0 & 0 3
R, T, 0 0 0
A= |2, 0o 0 0 0
f)# L
0 0 0 Tlf T_f1
Bi=[0 = 000
i
-0 0 0 0\
A 0 0 —2r 0 0
Ci = S0 0 0 0
0 0 0 7 0
A 1 0000
Di = B 01 00

The model data used in the simulations are reported in
Tables I-IV below.

TABLE 1
SIMULATION PARAMETERS OF A STAND-ALONE CONTROL AREA FOR
SCENARIO 1
K D 2H R T,(5) | Tis) B Tij
(puw/Hz) | (pu.s) |(Hz/pu) (pu/Hz) | (pu/Hz)
—0.3| 0.015 |0.1667| 3.00 |0.08 | 0.4 |0.3483| 0.2

TABLE II
SIMULATION PARAMETERS FOR A STAND-ALONE CONTROL AREA WITH
WIND EFFECT ON 8 AND R

Inertia D 2H R B T
reduction| K (pu | (pu.s) | (Hz |T4(s)|Te(s)| (pu (pu
(%) /Hz) /pu) /Hz) |/Hz)
0 —0.3[0.015|0.1667| 3.00 | 0.08 | 0.4 [0.3483| 0.2
10 —0.3[0.015|0.1500{3.333| 0.08 | 0.4 | 0.315 | 0.2
20 —0.3]0.015]0.1334| 3.75 | 0.08 | 0.4 [0.2817| 0.2
30 —0.3[0.015|0.1167|4.286| 0.08 | 0.4 [0.2483| 0.2
40 —0.3(0.015|0.1000f 5 |0.08| 0.4 | 0.215 | 0.2
50 —0.3]0.015|0.0834| 6 |0.08| 0.4 [0.1817] 0.2
60 —0.3[0.015|0.0667| 7.5 |0.08 | 0.4 [0.1483] 0.2
TABLE III
SIMULATION PARAMETERS OF CONTROL AREA 2 FOR SCENARIO 2
D 2H | R B | T
K1 pu | (pus)|Hz | Ts® |Te(S)| pu | (pu |TrRHS)| Frp
/Hz) /pu) /Hz)| /Hz)
—0.4{0.008|0.167{ 2.4 |0.08 | 0.3 |0.42]0.087| 10 0.5

TABLE IV
SIMULATION PARAMETERS OF A GAS TURBINE FOR SCENARIO 3

K | D(pu/Hz) | Ty(s) | To(s) | T5(s) | Wen | ay | by
—0.3| 0.015 | 005|005 | 04 [0.23]13]0.23
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