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Electro-mechanical Modeling of Wind Turbine
and Energy Storage Systems with
Enhanced Inertial Response

Weihang Yan, Xiao Wang, Wei Gao, and Vahan Gevorgian

Abstract—In this paper, a coordinated control scheme for
wind turbine generator (WTG) and supercapacitor energy stor-
age system (ESS) is proposed for temporary frequency sup-
ports. Inertial control is designed by using generator torque lim-
it considering the security of WTG system, while ESS releases
its energy to compensate the sudden active power deficit during
the recovery process of turbine rotor. WTG is modeled using
the fatigue, aerodynamic, structure, turbulence (FAST) code,
which identifies the mechanical loadings of the turbine and ad-
dresses electro-mechanical interactions in the wind energy sys-
tem. A damping controller is augmented to the inertial control
to suppress severe mechanical oscillations in the shaft and tow-
er of the turbine during frequency supports. Furthermore, the
result of small-signal stability analysis shows that the WTG-
ESS tends to improve the stability of the whole multi-energy
power grid. The major contributions of this paper will be vali-
dated by utilizing the proposed control method that combines
the grid support capability and maintaining the integrity of
structural design of the turbine for normal operations.

Index Terms—Inertial response, wind turbine generator

(WTG), supercapacitor, coordinated control, electro-mechanical
transient, structural mode.

1. INTRODUCTION

OTIVATED by aggressive sustainable energy policies,
renewable energy is supplying a large amount of elec-
tricity demands in modern power systems. However, the sto-
chastic nature of renewable power makes it difficult to dis-
patch. The power reserve from conventional power plants
might not be enough to accommodate the variations in re-
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newable energy. The majority of commissioned renewable
generators operate in grid-following mode, which makes
them decoupled from the grid frequency and contribute little
to the system inertial response. The low-voltage ride through
(LVRT) capability of renewable energy generation units is
another concern for reliable grid operations [1]. These issues
should be fully addressed before large-scale renewable inte-
grations.

Nowadays, taking wind power plants (WPPs) as an exam-
ple, they are required to participate in power system frequen-
cy regulations in various forms, which is achieved by auxil-
iary controls beyond basic turbine torque and pitch controls.
Modern wind turbine generators (WTGs) are controlled to
emulate the behaviors of conventional generators, providing
inertial response when under-frequency event happens [2]. In
fact, a WTG processes the wider operation range of rotor
speed than that of a synchronous generator. Hence, taking ad-
vantage of flexible controls of converters, it is possible for
WTGs to provide effective frequency regulation to enhance
power system stability. Based on these characteristics, some
inertial control methods [2], [3] can be added to the power
reference of WTG in the power/speed plane by understand-
ing its overloading capability. However, the feasibility of
these ideal methods still needs to be examined under turbu-
lent winds for real applications. Deloaded operation is neces-
sary for a turbine to participate in primary frequency and
secondary frequency regulations. Power reserve control in-
cludes overspeed control and pitch control, but these meth-
ods have limitations in full wind regimes. The available pow-
er reserved is also distinct for each WTG in a WPP, which
further complicates frequency control for system operators.

The advancement of multi-energy system provides undeni-
able flexibility for power system operation. The distributed
energy management problem is solved for multi-energy sys-
tem in different timescales by designing a novel event-trig-
gered based distributed algorithm [4]. A novel double-mode
energy management model is proposed in [5], which unifies
the islanded and network-connected modes for multi-energy
system. Therefore, a distributed dynamic event-triggered
Newton-Raphson algorithm is developed to achieve coordina-
tive operation for all participants with faster convergence
rate and better adaptability. Even though various forms of en-
ergy have been integrated in multi-energy system, the long-
distance energy transmission still relies on electric power net-
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works. As a result, the stability criteria of multi-energy sys-
tems still heavily depend on the standard of electric power
systems. Within this context, engineers become increasingly
aware of the importance of energy storage systems (ESSs)
using various energy carriers to make WPP a grid-friendly
power plant. ESS technologies for wind power applications
have been used for a long time, where ESSs are originally
deployed to smooth out the injected WPP power to the grid
and enhance the LVRT capability of WPP [6], [7]. Recently,
the role of ESS shifts to actively contribute to power system
stabilities and improve the ability of WPP in frequency re-
sponsive control. The selection of ESS devices depends on
power ratings, energy capacities, energy density, and re-
sponse time. For example, supercapacitor and flywheel are
featured by their high power-ramping capabilities, while the
battery with high energy density is suitable for long-term fre-
quency control [8].

By combining multi-energy carriers, WTG-ESS formulates
a multi-energy generation plant. The mechanical power from
the turbine side is transformed to electric power in a more
controllable manner. The energy stored or released through
supercapacitor enhances the control flexibility of a WTG dur-
ing system transient state, improves the overall inertial con-
trol performance, and relieves mechanical stress on WTG. In
this paper, we focus on the coordinated response of the stud-
ied system for temporary frequency supports.

References [9] and [10] seek to use the DC-link energy to
enhance the inertial response of a WTG. The proposed two
methods are similar in principle as the DC voltage dynamics
are designed to strengthen the combined inertia constant of
WTG-ESS. A cascading control approach is proposed, ac-
counting for the reduced wind energy extraction during fre-
quency response in [9]. Due to the limited capacity of DC
capacitor bank, its frequency support is not evident com-
pared with that from rotor kinetic energy (KE). Reference
[10] utilizes lithium-ion supercapacitors to improve the ener-
gy capacity of the DC bank of a Type III WTG, then a desir-
able inertial control can be achieved. The sizing, cost, and
weight of the supercapacitor are discussed for the combined
inertial response in WTG. References [11]-[14] coordinate
the actions of WTG and ESS with complex control logics,
where releasable KE in the turbine rotor, storage state of
charge (SOC), and the grid frequency profiles are consid-
ered. ESS is primarily used to suppress the secondary fre-
quency dip (SFD) caused by rotor KE restoration in [11],
[12]. The power reference of ESS is determined by the sud-
den deloading action in WTG inertial control using torque
limit [11]. Knowledge-based methods are also widely em-
ployed to achieve optimal WTG and ESS operations. The
fuzzy-logic based controller is mentioned in [13] and [14],
where the WTG-ESS is designed to provide multi-timescale
frequency response using a state-machine based controller.

In order to maximize the contribution of WTG in frequen-
cy regulation, we design the inertial control scheme for
WTG based on the generator torque limit which is similar to
the concepts presented in [11], [15]. A deficiency identified
with this method is that the deloaded operation is activated
when the rotor speed settles at a quasi-steady state, which is
difficult to be detected with turbulent winds. Furthermore,

we intend to address the factors that are potentially damag-
ing to a WTG and propose modifications considering system
safety. References [11] and [16] adopt more straightforward
torque-limit-based inertial control (TLIC) methods by com-
manding the generator torque at its limit during the whole
process of inertial response. It points out that this method
would be beneficial to the independent system operator
(ISO) since the available power increase can be predicted
[16]. The same control concept is employed in [11] with the
coordination from the battery ESS. However, the duration is
ignored when the torque is operated at its limit. The genera-
tor torque limit is also related to the current limit of the pow-
er switches (overloading capability of RSC), therefore, its du-
ration should be restricted to avoid permanent thermal break-
down of the power electronic devices. The start of the de-
loaded action is decided by the pre-disturbance WTG power
output and grid frequency rebound, before which the power
converters could be damaged as long-term overcurrent is ini-
tialized. The same issue will also occur in the region with
high wind speed, especially for that considered in [15]. The
torque limit provides headroom for power increase under the
rated condition. As the active power reference is designed to
decrease with rotor speed, WIG may get trapped in the
torque limit point with invariant rotor speed controlled by
the pitch. Therefore, long-term overload could sustain until
the wind speed decreases.

From the perspective of mechanical structure of the tur-
bine, efforts are made to improve the controller's perfor-
mance in damping the structural modes of flexible wind tur-
bines (WTs) [17]. Some studies utilize the model of wind
power system based on the fatigue, aerodynamic, structure,
turbulence (FAST) of turbine simulator, thus the interactions
between mechanical and electrical systems of the turbine can
be observed in simulations [18], [19]. Reference [14] pres-
ents that a voltage sag at point of common coupling (PCC)
may trigger severe oscillations of turbine tower. Cyclical me-
chanical loadings induced by blade rotation can also affect
the power qualities in an isolated grid [7], [19]. Results in
[20], [21] and [22] reveal that active power controls of the
turbine tends to increase mechanical burdens on the drive-
train, while the thrust-related loadings can be reduced in this
process. In this paper, we further highlight the electro-me-
chanical transients of the turbine system during inertial con-
trols with multi-energy participations. We propose a damping
method to mitigate the mechanical loading escalation at the
turbine shaft and tower when the inertial control is activated.

To perform these tasks, we first introduce the modeling of
wind power system with the FAST program. Using real aero-
dynamics and airfoil data measured in field tests, the model
is developed for a 3-bladed controls advanced research tur-
bine (CART3) located at the Flatirons Campus, National Re-
newable Energy Laboratory (NREL) (National Wind Technol-
ogy Center) in Colorado, USA. The control of rotor-side con-
verter (RSC) and grid-side converter (GSC) is synthesized
systematically, based on which the auxiliary control is de-
signed. The supercapacitor is connected directly at the DC
link, solving the SFD caused by KE restoration. Finally, the
coordinated response of the studied system is verified based
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on the CART3 model integrated in the IEEE 14-bus test sys-
tem. Small-signal studies are carried out to prove the im-
proved inertial response from the perspective of the whole
multi-energy network.

The rest of this paper is organized as follows: Section II
illustrates the proposed CART3-PMSG simulation model. In
Section III, the control of power converters is presented, and
the coordinated control scheme with damped structural
modes is elaborated in Section IV. Case studies are present-
ed in Section V and the paper is finalized in Section VI.

II. MODELING OF CART3-PMSG SYSTEM

CART3 employs a Type IV WTG configuration with full
power converters. The mechanical system is modeled on the
FAST simulation platform by considering the dynamics in
the turbine shaft, blades, and tower. The permanent-magnetic
synchronous generator (PMSG) is represented by its voltage
and flux equations in rotating reference frame. An overview
of the simulated system is given in Fig. 1. The signals of ro-
tating speed and mechanical torque on the high-speed shaft
(HSS) is fed from FAST to PMSG model, and the electro-
magnetic torque is an external input to FAST.

Wind
Nacelle Drive train f{’g”T,’n
””””” m—
@,«@
' Mechanical PCC GSC RSC
! system in FAST ! Electrical system in Simlink

Fig. 1. A comprehensive wind energy system modeling based on FAST.

A. Modeling of WIG Mechanical System in FAST

FAST is a high-fidelity aeroelastic turbine simulator devel-
oped by the NREL [23]. It can be used to simulate horizon-
tal-axis WTs with two or three blades. Based on the com-
bined modal and the formulation of multibody dynamics, at
most 24 degree of freedoms (DOFs) can be selected to pre-
dict the behavior of WTs [24]. In addition to the shaft
DOFs, the dynamics in the turbine tower and blades are
proven to have evident impacts on turbine operations with in-
creased structural flexibility. These DOFs are shown in
Fig. 2.

Blade edgewise
bending

Blade flapwise
bending ol

Tower side-to-side

Tower fore-aft || - |
’ bending 7|

bending *~

Fig. 2. Interested DOFs in turbine tower and blades.

The motion equations of DOFs are set up using Euler-La-
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grange method in FAST as denoted in (1), which is solved
by numerical integrations.

M(q.u.04+£(q. 4. u.u,.0=0 (1)
where M is the mass matrix of considered components;
q.q,q are the displacements, velocities and accelerations of
selected DOFs, respectively; and # and u, are the control
and disturbance inputs, respectively. The dynamic motions
given in (1) are driven by the induced aerodynamic forces f,
which is calculated by the subroutine AeroDyn embedded in
the FAST code. The inputs to AeroDyn include full-field
wind speed, geometrical data of blades and motion informa-
tion of DOFs. The calculated forces are returned as feed-
backs to the FAST code for the evaluation of the structure
dynamics in the next step.

In this paper, the FAST code is used to model a 600 kW
modern turbine CART3 equipped with various sensors to
monitor its operation and performance in field. CART3 and
its corresponding power coefficient are shown in Fig. 3,
where the photo is provided by Andrew Scholbrock. These
data are recorded during the rotor commission based on
proper procedures. Other parameters for the mechanical sys-
tem of CART3 are listed in Table Al in Appendix A. The se-
lected DOFs are variable-speed generator DOF, shaft torsion-
al DOF, flapwise blade bending DOF, and the tower side-to-
side bending DOF in FAST.

(a)
CART3 and its power surface. (a) CART2 (left) and CART3 (right).
(b) CART3 C,,.

Fig. 3.

B. Modeling of WTG Electrical System in Simulink

A low-speed PMSG is usually built with multiple poles,
thus it can be directly driven by the low-speed shaft (LSS)
without a gearbox. Such a compact WTG structure leads to
high reliability, which is always adopted in scenarios requir-
ing considerable maintenance cost such as offshore wind ap-
plications. Permanent magnet is employed for the flux gener-
ation, and the dynamic model of a PMSG is formulated as

in (2)-(4).
ali Lo, S Sl e
s fj[?’Hﬂ

/1 i

m*sq

(€)

4)

where 4,, and 4, are the stator ﬂuxes in dq frame; /1, is the
rotor flux; w, is the rotating speed of the high-speed turbine
shaft; R, is the stator resistance; L, and L, are the stator in-

3 .
= 5 (L, _Lq)lxdl
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ductances in dg frame; v, v, i, and i, are the stator volt-
ages and currents in dg frame, respectively; and 7, is the
electromagnetic torque of PMSG. These equations are repre-
sented in dg frame aligned to the rotor position. Other eclec-
trical components in the WTG system are simulated in MAT-
LAB/Simulink using average models. Detailed PMSG param-

eters are shown in Table AIl of Appendix A.

III. CONTROL OF POWER CONVERTERS

Three control units working in coordinative manner are
presented to achieve the desired wind power extraction. The
pitch control and RSC control mainly deal with rotor speed
regulations, and the GSC stabilizes the DC-link voltage and
regulates reactive power injection to the grid. A gain-schedul-
ing PI control is employed for blade pitch regulations in
CARTS3. The detailed description can be found in [24]. The
RSC and GSC manipulate the stator currents of PMSG and
grid-side current injection. This section mainly describes a
systemic design for power converter control.

A. RSC Control

RSC regulates 7, based on the vector control concept. Ac-
cording to (4), iy, is usually controlled to zero due to the in-
significant rotor saliency, thus 7, can be solely determined
by stator current on g-axis i,,. To control the stator current
on d-axis i, and i, (3) is substituted into (2) to formulate

current dynamics in dq frame, as in (5) and (6).

di, .
Ld dl‘ :_Rxlsd +ud.r.ve (5)
di.vq .
q dt = _Rslsq + uq.mv (6)
where the control variables u,,,. and u,,,. are assigned as:
utl.rsc = qugisq + vsll (7)
uq,mr :_Lda)gisd _lmwg + Vsq (8)

With compensators having PI control forms, transfer func-
tions of the PI controllers for the RSC can be derived as fol-
lowing.

i L,s+R,
d.rsc (s) - T’,SCS (9)
L,s+R,
Kyse ()= —— (10)

rsc

where 7, is the time constant of the current loop of RSC.

Hence, combining (5), (6) and (9), (10) in Laplace do-
main, the closed-loop systems become first order transfer
function with z,, as in (11).

]sd (S) _ Isq (S) _ 1
1 sd,ref (S) I sq.ref (S) 1 + TI‘SC §

where 1,(s), 1,,(s), 1,,(s), and I, (s) are the current injec-
tions of GSC and their references in the Laplace domain, re-
spectively. The control inputs to RSC are voltage references
V. e at the stator terminal of PMSG as determined through

s,abc

(7) and (8).

rsed

(11)

B. GSC Control

GSC is regarded as a DC-voltage port for controller devel-
opment, whose core is the active/reactive power controller
that manipulates power exchanges at PCC [25]. With the in-
ner current control loops nested inside the outer loop that
controls the DC voltage, the controlled DC-voltage port has
a cascading control structure. Once the DC voltage is im-
posed as constant, the power generated from the RSC side is
consistently and smoothly transferred to the GSC side and in-
jected into the grid. The controller analysis is presented in
the dg frame synchronized to the grid voltage [26]. The cur-
rent dynamics i, and i, of the RL filter are expressed as in
(12) and (13).

di,
LE:La)Oiq—Rid+v,d—vgd (12)
di, ] )
ng—Lwozd—qu+v,q—vgq (13)

where R and L are the resistance and inductance of the RL
filter, respectively; w, is the grid frequency in angular speed;
and v, v,, v, and v, are the turbine terminal voltages and
grid voltages in dg frame, respectively. The current referenc-
es of GSC, i,,, and i, can be calculated from the power
references P, and Q, ..

. 2
1 =1L,
d.ref 3ng s,ref (14)
2
lq,ref:_sngQs,ref (15)

Similar to RSC control, we define control variables u,,,

and u,,, for GSC control. Substituting them into (12) and
(13), we can obtain:
di,
LE— Rld+ungL (16)
di, )
LEZ—RIII-FMQ@.C (17)

Similarly, with PI compensators, the transfer functions of
GSC current controllers in (18) can be derived as follows,
where 7, is the designed time constant of the current loop
of GSC.

Ls+R

kd,gsc(s):kq,gsc(s): (18)
The closed-loop GSC current dynamics G(s) are identical
for the d and ¢ current components as:

L) L 1
Id, re/'(s) Iz], ref(s) 1 + Tgscs
Again, the voltage references v,, and v,, for controlling the
converter can be obtained through (12) and (13).
In the outer control loop, the compensator controls the
DC voltage V, by regulating active power P, and reactive

power O, delivered to PCC. The system dynamics that link
the control variable P, and V,, is described in (20) [25].

72 2 5 2y 2LP,dP.| 22LQ, dQ,
—~=—=P,. - =P+ +—
3, dr | C 32, dr

gsc

G,(s)=

(19)

d Cc *“ C (20)
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where P, is the active power imposed on DC link from tur-
bine side; C is the capacitance of DC side; the superscript ~
denotes small-signal perturbations under the steady-state con-
dition; and the subscript 0 in variables denotes the equilibri-
um, e.g., P, is the steady-state power injection of GSC, P,
is the deviations from this operation point, and Q,, is the re-
active power of GSC. Then, (20) is transformed into Laplace
domain as in (21) to derive DC voltage controller G (s).

dec(s)__g s+ 1

G,(9)= 21

P(sy € s @l
_2LP, 2LP,,

= 3v, B 3v2, (22)

where P, is the steady-state active power delivered to DC
side from RSC. Note that 7 is determined by P,,. A nega-
tive 7 results in a non-minimum phase system, leading to a
reduction in the phase of G (s). This phase lag should be ac-
counted for in the compensator design to ensure sufficient
system phase margin [25]. In a Type III wind power system,
the power flow is bidirectional through the power convert-
ers. P,, is negative in the sub-synchronous mode when the
generator operates at the speed below the synchronous
speed. The power flow is unidirectional from generator sta-
tors to the grid in most cases in a Type IV wind power sys-
tem. However, because an ESS is connected at the DC link
for enhanced inertial response, the power needs to be ab-
sorbed from the grid to charge the ESS. The importance of a
lead compensator should be emphasized to ensure the stabil-
ity of the WTG-ESS system. The DC voltage compensator
K (s) consists of a lead term N(s) and an integral term as:

NGs)
N

K, (s)=— (23)

The open loop transfer function of GSC side L(s) is ob-
tained by including dynamics of the GSC current control
loops:

s+ 1
§7 (Tye 5+ 1)
A useful formation for the lead compensator is denoted as:

Vb Ss+tw Vb
GUoN s+o,v/b
At w,, an approximate 75° phase margin is achieved with

b=20. Detailed control parameters of power converters are
shown in Table AIIl in Appendix A.

L5)=K. (96, (96, () =N ) & NGXG6) (24)

N(s)= (25)

IV. COORDINATED CONTROL STRATEGIES

The proposed coordinated control strategy is presented in
this section. The turbine inertial response is developed based
on the torque limit (1.2 p.u.), and the supercapacitor is used
to avoid SFD caused by deloaded operation. The supercapac-
itor is deployed directly at the DC link of WTG, thus GSC
can be used to perform charging/discharging controls for
ESS. A damping controller is added in the torque control
loop to suppress severe shaft and tower oscillations due to
inertial response. The sizing of the supercapacitor is also dis-
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cussed based on the prior simulations.

A. Inertial Response Considering WTG System Security

In this sub-section, we propose a modified TLIC method
considering the potential issues of original methods dis-
cussed in Section I. The methods are based on our practical
experience that is obtained when TLIC method is firstly im-
plemented on CART3. The TLIC method is modified by con-
sidering the security of WTG system as described in Fig. 4,
with the power reference P,;,- denoted as in (26).

Tpm®, ©y/(2m)<59.8

lim*? g
Ct)g <w

K, (26)

P =
oIty > 1,

g .min

where T, is the turbine torque limit; and K, is the maxi-
mum power point tracking (MPPT) coefficient. WTG pro-
vides a timely power surge by switching the operation point
from A to B once the frequency event is detected. The de-
loading (C—D) is activated when the prescribed overproduc-
tion duration ¢, is attained or when the rotor speed decreases
down to the minimum value. Considering the overproduction
capability of the CART3 system, #, is set to be 5 s, which
means that the turbine will terminate the frequency support
after 5 s and switch back to MPPT operation.

Power
‘ Minimum B. Torque limit
~ rotor speed
C Pmppt

P mech

Wg.min g Wg

Fig. 4. Active power reference for modified TLIC method.

B. Coordinated Actions with Supercapacitor

The proposed TLIC ensures the reliability of the WTG
system, and it is effective in real applications without com-
plex control logics. However, the sudden active power defi-
cit is relatively large when the deloading starts. Such power
difference AP, is given as:

AP, =T,,0

i@, — K, (27)

The extreme value is obtained by setting the derivate of
(27) to be zero, e.g., the maximum power decrease could be
282.44 kW when the deloading operation happens at the gen-
erator speed of 120.21 rad/s. If the active power deficit is
not balanced by the DC-link energy, deteriorated SFD could
occur. As presented in Section III-B, GSC cascading control
structure is the basis for DC energy release. Auxiliary con-
trols are designed to mitigate SFD using a power-rate limiter
at the GSC side. The control logics are given in Fig. 5.

A sudden decrease in 7, happens when the deloading
starts, which will enable the DC-side voltage auxiliary con-
trol. The power-rate limiter restricts sudden power decrease
by setting the allowable power change rate between (—P

7,mind
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+0) at the GSC side. Due to the power-rate limit, active
power difference between the RSC side and GSC side
should be compensated by the energy storage. The released
DC-side energy E,,, is governed by energy equation in (28).
E rel — %
where C,,, is the capacitance value of the supercapacitor.

Cop W~ Vig=AVD)= [(P,~w,T)dt  (28)

* max
Te wg I + APgsc-r‘sc m Erer @ AVdZL
s C
RSC min
power Integrator
GSC power
rate limiter
(a)
AVi
2 Compensator
-N(s)| + ~Pres | Inner current | Mgahe
s control loops
5 +
Vico Pexo
(b)

Fig. 5. Diagram of DC-link auxiliary control for mitigating SFD. (a) DC
voltage auxiliary control. (b) GSC cascaded controls.

In this paper, the model of supercapacitor is referred in
[27] and [28]. Since V, is controlled as a constant before
the disturbance, the squared change of DC voltage can be
simply determined by the released energy from supercapaci-
tor, as in (29).

AV;=2E,/C,, (29)

The calculated AV, will be added to the voltage control
loop, thus the energy stored in DC-side supercapacitor is re-
leased, and the power decrease rate at PCC is restricted to
prevent obvious impacts on grid frequency. As the turbine
gradually accelerates to the pre-disturbed speed, AV} de-
creases to zero, and the supercapacitor stops participating in
the frequency support of WTG.

C. Sizing of Supercapacitor

The sizing of the supercapacitor is determined by prior
simulations. Based on the developed CART3-PMSG model,
we set up a series of simulations with different wind speeds
and different GSC power-rate limits. AV, is not added to
the DC voltage controls, but the required energy is calculat-
ed during such process. The simulation results are shown
with the interpolation in Fig. 6.

2.19 MJ energy is
released at most with
30 kW/s rate limit

60
Prmin (KWs)

80 100

Fig. 6. Required energy from the DC link with respect to different wind
speeds and GSC power-rate limiters. (a) 3-dimentional plot. (b) Side view
of 3-dimentional plot.

As expected, there is an increase in the demand of DC-
link energy as the absolute values of GSC power-rate limits
decrease. Compared with the required energy in low and
high wind speed regions, the required energy is higher in
middle wind speed region due to the larger deloaded power.

The sizing of the supercapacitor should ensure that the
DC voltage is still within allowable range for stable opera-
tions of the power converters when the maximum energy is
released. In this paper, the GSC power-rate limit is selected
as 30 kW/s to reduce SFD as much as possible. Normally,
this value should be selected considering the power-ramping
capabilities of conventional generators in different power
grids. A small power-rate limit (absolute value) can signifi-
cantly mitigate SFD, but this will lead to an increase in the
energy requirement and sizing of the supercapacitor. With
this power-rate limit, the maximum required energy is 2.19
MJ as shown in Fig. 6. If the supercapacitor is selected as 1
F, then the DC voltage will reduce to 2150 V when such
amount of energy is released. According to [25], the allow-
able DC voltage is determined by (30), which has been sim-
plified considering unity power factors for GSC operation.

2 2
2L 2Lw
APS) + ( : PSO)

3T65cVea 3V

Vie22\/vig+v;, =2 v§d+(

(30)
It indicates that the possible minimum DC voltage is col-
laboratively determined by the steady-state active power P,,,
and the sudden power change AP, in the worst-case scenar-
i0. AP, is set to be 283 kW as identified in (27) under the
extreme conditions. P, is selected as the rated power of
CARTS3. As calculated, V,, should be larger than 962 V to en-
sure the stability. Thus, there exists enough voltage margin
for stable system operation.

D. Damping of Turbine Shaft and Tower Mode

The inertial control design is based on WTG torque limit
that draws extensive attentions recently [11], [15], [16].
However, none of these studies examine the change of me-
chanical loadings of the turbine by extracting KE with such
aggressive torque commands. The inertial response tends to
increase the shaft torque and tower side-to-side movement.
Commonly, the change rate of generator torque is limited to
prevent extreme loadings on turbine shaft, but this will slow
down the inertial response of the turbine in frequency sup-
port. In this paper, a state-feedback controller is designed to
damp the structural oscillations. This is an important contri-
bution of this paper, since the proposed controller must be
effective without threatening the integrity of structural de-
sign of the WT for normal operations.

The nonlinear motion in (1) is linearized for the following
controller synthesis. We only consider the shaft and tower
DOFs because the controller is mainly designed to damp the
oscillations in these components. In the general linear state-
space model of the mechanical part of the turbine, the sys-
tem states are selected following the FAST convention [19],
as X=[q,,q >G> Ga» G0 qs]>, Where g, is the rotor azimuth an-
gle; ¢g,,=q,—q,s are the drive-drain torsional angle; ¢, is
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the HSS azimuth angle converted to the LSS; and ¢, is the
tower side-to-side displacement.

HSS speed and tower side-to-side displacement are mea-
sured in the system output. The system matrices are comput-
ed by FAST through numerical approach. The states consist
of selected DOFs and their derivatives, which are represent-
ed in terms of small deflections around the operation points.
The controller is realized in the generator torque control
loop as shown in Fig. 7. The damping controller generates
the damping torque AT and adds to 7},,. The torque limit is
de-rated to 1.18 p.u. compared with the original 1.2 p.u. on
CART3.

RSC current

Mv,abc
| —
control loops

O
S F<59.8Hz |-

Modified RSC torque control with additional damping functions.

Fig. 7.

The mechanical system of the turbine is linearized around
the operation point that has 10 m/s wind speed, under which
the system open-loop poles are (—0.0394, —0.0942+1.1131i,
—-0.0041+5.5541). It corresponds to the generator speed mode,
drive-train torsional mode, and tower side-to-side bending
mode, respectively. The state feedback gain is designed to
place the closed-loop poles at (—0.0394, —1+18.113i, —0.05+
5.5541), hence, significant damping is added to the shaft and
tower modes. A state observer is included to estimate the
system states.

V. CASE STUDIES

A. Simulation Setups

CART3-PMSG is aggregated into a WPP with 100 identi-
cal WTs. As shown in Fig. 8, WPP is connected at bus 14 of
the modified IEEE 14-bus test system. The model of IEEE
14-bus test system is based on [29] and [30] and simulated
in MATLAB/Simulink. Key parameters of the test system
are listed in Table AIV in Appendix A. Five synchronous
generators and one WPP supply 575 MW loads in total. The
nominal frequency is 60 Hz. Each synchronous generator is
equipped with a governor and an excitation control. The
droop coefficient is set to be 20% in this test grid. The syn-
chronous generator at bus 2 is intentionally tripped to trigger
the under-frequency event. The case studies are carried out
under turbulent winds generated by TurbSim, which is a full-
field wind speed simulator developed by NREL [31]. The
mean wind speeds at the hub height are set to be 7 m/s, 10
m/s, 18 m/s with 10% turbulence intensity, corresponding to
the low, middle, and high wind speed regions, respectively.
A vertical power law shear component is included in the
wind speed data to excite structural modes of the turbine [31].
The power law exponent is set to be 0.2 in the simulations.
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WPP

“IN 60 MW
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SG1
615 MVA

SG4

1 T 120 MVA
4
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2
SG2 i

100 MVA SG3

180 MVA
—230kV; — 132 kV

Fig. 8. CART3-based WPP connected into IEEE 14-bus test system.

As mentioned in Section III, the voltage control loop of
the GSC is essential to coordinate the energy stored in the
supercapacitor. The power can be extracted from the PCC to
the DC side, a lead term should be included to solve the
non-minimum phase problem by the voltage controller.
Based on the parameters in Table AIIl, the compensator (23)
is tuned at 200 rad/s, which is one fifth of the time constant
of current control loops.

B. Response of WIG-ESS System

In Figs. 9 and 10, we evaluate the proposed coordinated
control scheme (red line) as well as TLIC without superca-
pacitor’s support (green line), the TLIC with torque-rate lim-
it (blue line), and the baseline without inertial response
(black line). The torque-rate limit is effective to restrict sud-
den torque changes on the shaft, but the inertial response
would be slowed. The generator torque-rate limit is set to be
0.45 p.u./s [15].

Generally, the results presented in Figs. 9 and 10 are used
to demonstrate the effectiveness of the proposed method. Ob-
viously, the proposed inertial control not only improves the
trajectory of power system frequency after generator trip-
ping, but also provides better oscillation damping on turbine
mechanical components which is excited by the increasing
aggressive torque. Compared with the baseline without tur-
bine inertial response, the proposed method obviously im-
proves the frequency nadir (FN) by delivering additional
power for grid support. Comparing the proposed method
with original TLIC without storage, SFD can be observed
when the turbine deloading is enabled. Regarding the me-
chanical parts of the turbine, the proposed method provides
additional damping on the turbine shaft and tower. Since a
torque rate limit is usually used to mitigate the impacts of
sudden torque change in real turbine system, we also com-
pare the proposed method with TLIC using such a torque
rate limit. The result indicates that the torque rate limit is ef-
fective to reduce structure oscillations but yields a deteriorat-
ed frequency support due to the slowed response.
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Fig. 9. Performance comparison of WTG frequency support using different
inertial control algorithms. (a) 7 m/s. (b) 10 m/s. (c) 18 m/s.

1) Inertial Response Evaluated with Turbulent Wind Speeds
The simulation resulting in the low wind speed region are

illustrated in Fig. 9(a). It shows that the frequency support is

terminated as the rotor speed hits the lower speed limit (850
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r/min), which prevents the system from shutting down. From
the system frequency profile under both low wind (Fig. 9(a))
and medium wind conditions (Fig. 9(b)), the TLIC method
improves the FN significantly compared with the baseline
without inertial response and TLIC with torque-rate limit.
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Fig. 10. Effects of augmented damping controller in inertial controls with
hub-height mean wind speeds. (a) 7 m/s. (b) 10 m/s. (¢) 18 m/s.

However, without the support from DC-link supercapaci-
tor, significant SFD is observed in the original TLIC method
during KE recovery process.

With the proposed coordinated approach, active power
support from DC link is activated when the deloading opera-
tion starts. The active power output at the GSC side gradual-
ly decreases to pre-disturbed level with the power injection
from the storage at DC side. The energy released from super-
capacitor becomes zero when WTG reaches pre-disturbed
condition, and DC-link voltage is stabilized at a lower level
than its nominal value. The generator speed has already
shown some oscillations using TLIC without enabling DC-
side support. This is because no damping control is added to
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this TLIC method.

In TLIC with torque-rate limit, the generator speed is low-
er than the minimum value due to the slow torque response,
which potentially affects the reliability of the turbine system.
The effectiveness of the proposed coordinated control
scheme is more evident in the middle wind speed region as
shown in Fig. 11(b). The proposed method presents an im-
proved FN compared with the case of TLIC with torque-rate
limit and the baseline. WTG is operated at torque limit for pre-
defined duration considering the rated power of converter. With
the coordinated action from the supercapacitor, SFD is lower
than the case without coordination when the deloading happens.
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Fig. 11. Small-signal analysis at system level of WPP integrated IEEE 14-
bus test system.

At high wind speed, the active power increment is limited
for inertial controls. This is because the turbine is operated
under the rated condition using pitch control before the dis-
turbance. It is shown that the HSS speed is operated around
1600 r/min in Fig. 9(c). Compared with the baseline, the in-
creased active power output (around 100 kW) is not signifi-
cant due to the limited overproduction capability of WTG
and power converters. Therefore, the improvement of FN is
not as evident as the former two cases in which a large amount
of turbine power is released during frequency response.

2) Mechanical Loadings in Turbine Shaft and Tower

The simulations in Fig. 10 reveal that the inertial controls
can excite severe oscillations on the turbine shaft and tower.
These oscillations are caused by turbine rotation in wind
shears and relate to the lightly damped structural modes in
flexible WTs. In low wind speed region of Fig. 10(a) and
middle wind speed region of Fig. 10(b), it is clear that the
coordinated TLIC with damping control can effectively sup-

press oscillations in LSS and tower in the side-to-side direc-
tion. The TLIC method with torque-rate limit holds the
smallest magnitude of oscillations, but its inertial response is
weakened accordingly as discussed in the previous sub-sec-
tion. At the high wind speed as shown in Fig. 10(c), the
loadings on LSS show less differences among the three com-
pared algorithms, while the tower side-to-side bending
shows a decreased trend with implemented inertial controls.
It is obvious that at high wind speed, the proposed control
can provide better damping on structural modes with re-
duced magnitude of oscillation on turbine tower and LSS.
Compared with the other two scenarios, the inertial response
without damping has smaller oscillation than the scenario
with torque-rate limit. This is because the inertial response
further reduces the aerodynamic power extraction from
wind, resulting in a reduced aerodynamic force on turbine ro-
tating plane. Such scenario is consistent with the previous re-
search results in [21]. Note that the displacement on turbine
tower will show periodic oscillations under steady state,
which is induced by the rotation of turbine blades. The coor-
dinate transformation [32] is usually required to convert the
mechanical system model into a rotating reference frame,
which is similar to the concept of Park transformation used
in the analysis of electric machines.

C. Small-signal Analysis at Power System Level

In this part, the small-signal analysis at system level for
WPP integrated IEEE 14-bus test system is conducted. The
sub-section focuses on the interactions between WPP and the
studied power system. Figure 11(a) gives the entire eigenval-
ue distribution of the system, and the zoomed-in eigenvalue
distribution focusing on electro-mechanical dynamics of the
system is shown in Fig. 11(b). The eigenvalues that are
away from imaginary axis have fast natural oscillation fre-
quencies, where corresponding transients can be damped out
fast enough and the system stability concern will not be
raised. As illustrated in Fig. 11(b), the participation of virtu-
al inertial support from WPP (red case) is able to slightly
drive the eigenvalues of the system toward right, so that the
power system can obtain slower dynamics, and rate of
change of frequency (ROCOF) is able to be mitigated. Com-
pared with the blue case, the studied eigenvalues in red case
have slightly higher damping ratio, which means its FN is
able to be improved during frequency transient by integrat-
ing the proposed WT controller.

Unstable poles appear in the power system with reduced
inertial constants, as the black case in Fig. 11(b), which fur-
ther strengthens the importance of the proposed WTG iner-
tial control method. By conducting small-signal analysis at
system level, the interactions between multi-energy genera-
tion units can be comprehensively evaluated. The insights
are provided on stability analysis of the system and design
guidance on multi-energy systems. In fact, the frequency
threshold of 59.8 Hz is ignored in this section in order to ful-
ly investigate the inertial control performance and eliminate
the nonlinearity. Note that the eigenvalues with the slowest
system dynamics are still maintained in the left-hand side of
the complex plain. Meanwhile, no oscillatory behavior is in-
troduced by these eigenvalues and they are not the poles of
interest for inertial control analysis.
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VI. CONCLUSION

In this paper, an enhanced WTG inertial control scheme
with coordinated actions from supercapacitor ESS is pro-
posed. High-fidelity models of the studied multi-energy sys-
tem are presented using FAST for the mechanical sub-sys-
tem. It has been proven that the proposed inertial control is
able to provide effective power system frequency regulation
without affecting the structural integrity of the WTG me-
chanical parts. The security of WTG system is considered
and a feedback controller to damp structural modes in tur-
bine shaft and tower is augmented by the modified TLIC
method. ESS is mainly used to solve the SFD caused by KE
restoration. The enhanced inertial response of multi-energy
power system is studied through small-signal analysis at sys-
tem level. Simulations show that the proposed method can
improve the FN and mitigate SFD, and the magnitudes of os-
cillations in the mechanical subsystem decrease as well.

APPENDIX A

TABLE Al
MECHANICAL PARAMETERS OF CART3

Parameter Value
Hub height 349 m
Hub radius 0.816 m

2.47x107 N-m/rad
1.4x10* N-m/s

Drive-train torsional spring

Drive-train torsional damper

Generator inertia 46 kg'm?
Hub inertia 3899.7 kg'm?
Nacelle inertia 36590 kg'm?
Hub mass 6552 kg
Nacelle mass 23884.1 kg
Gearbox ratio 43.165
Maximum C, 0.4658
Optimal TSR 7.1
Minimum pitch angle 3.7°
Rated rotor speed 41.7 r/min
MPPT control gain K, 0.0813
Note: rotor radius is 20 m.
TABLE All
PARAMETERS OF PMSG
Parameter Value
Rated electric power 600 kW
Rated voltage 575V
Rated rotor speed 1600 r/min
Number of pole pairs 1
Rated torque 3529.6 N'm
Torque limit 1.2 pu.
Rotor flux linkage 2.1313 Wb
Stator resistance R 1.843 mQ
d-axis stator inductance L, 1.290 mH
g-axis stator inductance L, 1.290 mH

Note: rated electric power is 600 kW.

TABLE AIII
PARAMETERS OF POWER CONVERTERS

Parameter Value
7. of current control loops 5 ms
7,,. of current control loops 1 ms
Rated DC voltage 3000 V
Resistance of RL filter 2.38 mQ
Inductance of RL filter 200x 10~ mH

Note: the capacitance at DC link is increased to 1 Farad using the superca-
pacitor according to Section IV-C.

TABLE AIV
KEY PARAMETERS OF IEEE 14-BUS TEST SYSTEM

Generator Capacity (MVA) Inertial constant (s) Generator voltage (kV)

SG1 615 7 22.0

SG2 100 5 13.8

SG3 180 6 13.8

SG4 120 5 13.8

SG5 60 4 13.8
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