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Abstract—Typical type-4 wind turbines use DC-link inverters
to link the electrical machine to the power grid resulting in 2
power converter steps for each turbine of the N turbine farm
and will result in 2N power converters. This work presents a
DC bus collection system for a type-4 wind farm that reduced
the overall required number of converters and minimizes
the energy storage system (ESS) requirements. This approach
requires one conversion step per turbine, one converter for the
ESS and a single grid coupling converter, which leads to N + 2
number of converters for the wind farm and potentially result
in significant cost savings. However, one of the trade-offs for a
DC collection system is the need for increased energy storage
to filter the power variations and improve power quality to the
grid. This paper presents a novel approach to an effective DC
bus collection system design. The DC collection for the wind
farm implements a power phasing control method between
turbines that filter the variations and improves power quality
while minimizing the need for added energy storage system
hardware and improved power quality. The phasing control
takes advantage of a novel power packet network concept with
nonlinear power flow control design techniques that guarantees
both stable and enhanced dynamic performance. This paper
presents the theoretical design of the DC collection and phasing
control. To demonstrate the efficacy of this approach detailed
numerical simulation examples are presented.

I. INTRODUCTION

A large number of countries are striving to provide a
more reduced carbon-based energy mix economy that is
sustainable and secure. Both the European Union (EU) and
the United States (US) are including large increases in
renewable resources to help meet green energy strategies. For
example, in the EU the overall goal by 2030 is to be able
to share renewable resources in total energy consumption
[1]. In the US, the Department of Energy (DOE), Office of
Energy Efficiency and Renewable Energy (EERE) mission is
to provide a clean energy economy (carbon-neutral) by 2050.
Increased investments in research and development (R&D)
will bridge this transition with new technologies [2].

In the last decade wind energy has shown a large growth
in installed capacity worldwide [1]. With the introduction
of large volumes of renewable energy (RE) integration into
the electric power grid (EPG) continued challenges need
to be addressed in maintaining reliable grid operations and
dynamic stability due to variable generation. Variable power
flows due to REs increase the need for reactive power, or
energy storage system (ESS) capacity due to both decreased
conventional generation and non-collocated RE systems
(e.g., offshore wind farms) with load centers requiring long-
distance transmission infrastructures [1]. Several of the DOE

EERE wind energy technologies office R&D goals are to
advance technologies for both onshore and offshore wind
with effective EPG integration [3].

Near term energy systems are becoming more distributed
and decentralized requiring transmission infrastructures for
growing bulk power transfer [3]. Innovative approaches will
be required to improve power quality, minimize the number
of power electronic components, and reduce ESS require-
ments. Future power scenarios include offshore wind energy
as an important generation source [4]. Numerous researchers
[4]1, [5], [6], [71, [8], [9], [10], [11], [12] are exploring a vast
array of approaches to help solve these problems. This new
technology is less tolerant to voltage quality disturbances
[13] and with widespread use of power electronic converters
will contribute to the relevance of power quality [5]. It
continues to be critically important to assess the inevitable
impact that wind farms have on power quality.

This paper presents a novel approach to an effective DC
bus collection system design. The DC collection for the wind
farm implements a power phasing control method between
turbines that filter the variations and improves power quality
while reducing the size and amount of ESS hardware. The
phasing control takes advantage of a novel power packet
network (PPN) concept [14] with nonlinear power flow con-
trol design techniques [15] that guarantees both stable and
enhanced dynamic performance. In Section II, the system
model is defined that captures the critical coupled dynam-
ics of the mechanical-electrical system. The mechanical-
electrical wind turbine coupled models concentrate on a
Type IV generator system as part of a DC collective. In
Section III, the electrical phasing control is developed that
utilizes a PPN electric power grid design technique [14]. In
Section IV, a numerical simulation example is presented for
a wind farm and DC collective topology. Power electronic
and ESS component reductions are reviewed with the trade-
off discussed for efficient power quality metrics. Key paper
conclusions are given in the last Section.

II. SYSTEM MODEL

The schematic of the proposed DC collection system is
shown in Fig. 1 where NV turbines, which include the electri-
cal induction machine and DC/AC converter, are connected
to a common DC collection bus. Also connected to the bus is
a generic ESS device that regulates the DC voltage, as well
as a grid connected DC/AC inverter. For this work only the
DC side of the the grid connected DC/AC is considered.
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Fig. 2. Power coefficient of Vestas v27 turbine.

The AC dynamics of the grid are not modeled. Further, all
power converters are modeled as average-mode behaviour
and switching effects are not considered. The following
sub-sections will present the models for the individual
components including the aerodynamics of the turbine, the
electrical induction machine, DC/AC converter, DC bus, ESS
and grid connected converter.

A. Turbine and Aerodynamic Model

The aerodynamic power [15] from a each of the wind
turbines shown in Fig. 1 is approximated as

1
Py = 5prR*Cy(y)v? (1

where p is the density of air, R is the rotor radius, v is the
wind velocity, and C,(7y) is the power coefficient which is
a function of the tip-speed ratio

R
Y= W ()
v

The power coefficient curve of the Vestas v27 is shown in
Fig. 2.

TABLE 1
TURBINE ROTOR MODEL PARAMETERS

Parameter  Description Value
p Density of air 1.2kg/m?
R Rotor radius 13.5m
J Rotor moment of inertia 109,900 kg m?
B Friction damping coefficient 565 Nm/rad/s
GR Gear ratio 38.8
Yopt Optimal tip-speed ratio for max power 7.7

The aerodynamic torque from the turbine can then be
found from

P, 1
T — fa — 2 3
a W, 2w’r‘ p7TR CP (7)U
1
= §p7rR3Cp('y)v2. 3)

It should be noted that the pitch of the turbine blades also
plays a significant role in the aerodynamic torque 7, and
power coefficient Cp,. However, in this paper, pitch control
is not considered and is left for future study.

Then, the rotational dynamics of the turbine are approxi-
mated as

Jturbinewr = Ta —GR Te — WT-B (4)

where J;,.pine 1S the rotational inertia of the rotor, B is
the frictional damping, T, is the electrical torque from the
induction machine and GR is the gearbox ratio. The moment
of inertia of the turbine is estimated as that of a cylindrical
hub with the blades modeled as rods rotating about their
ends given as

Jturbine = Jhub + 3Jblade
1 1
= <2MhubR}2mb) +3 (3szadeL§lade> (%)

where Mj,., and Rp,;, are the mass and radius of the hub
respectively and Mp;qqe and Ryjqq. are the mass and radius
of the blades. Values for the turbine parameters are taken
from the Vestas v27-225 product [16]. TABLE. I contains
model parameters values and descriptions of the turbine used
in this work.

B. Induction Machine and Inverter Model

A squirrel cage induction machine was chosen as the elec-
trical machine for this work. Further, the specific machine,
ABB IDDRPM364004R1 [17] was chosen as the basis of the
model and parameters given its power and speed ratings. The
differential equating model of the squirrel cage induction
machine [18] are

Ads = Vas — Riigs + wshgs (6)
Ags = Vgs — Ryigs — WsAds ©)
Xar =0 = Ryigr + (ws — pwm)Agr ®)
Agr = 0= Ryigs — (ws — pwm)Aar ©)

where the state Ags, Ags, Adr.Agr are the flux linkages of
the stator d-axes, stator g-axes, rotor d-axes and rotor g-
axes respectively. The synchronous speed of the machine is



TABLE II
INDUCTION MACHINE MODEL PARAMETERS

Parameter  Description Value
R Stator winding resistance 9.57 mQ2
Rp Rotor winding resistance 7.65 mQ
Ly Stator leakage inductance 253 nH
Ly, Rotor leakage inductance 253 uH
Lm Mutual inductance 7.07 mH
p Pole-pairs 2

ws and the mechanical rotor speed is w,,. The flux linkages
can be mapped to the winding currents as

)\ds = Llsids + Lm(ids + idr) (10)
)\qs = Llsiqs + Lm(iqs + Z‘qr) (11)
>\dr = Llridr + Lm (ids + idr) (12)
Aqr = Llriqr + LT)'L (iqs + iq’r‘)~ (13)
The electrical torque on the machine shaft is
T, = me(iqsiq'r - idsiq'r)- (14)

Further descriptions and model parameters for this model
are given in TABLE. II.

The average-mode reduced order model of the DC/AC
inverter is based on [19] and is given as

tde = a(igs cos(d) + igs sin(d)) (15)
Vs = Ugex cos(0) (16)
Vgs = Vgeaxsin(d) 17

where « is the gain and § is the phase of the inverter. This
model neglects switching effects and gives a simple form for
use in the larger system model.

For this application, a volts-per-hertz control of the
electrical machine [18] was implemented. For the induc-
tion machines in this model the optimal ratio is § =
1.22 V/(rad/s). To actuate the torque of the machine a
slip control was implemented to control the torque of the
electrical machines. In this approach there is a linear approx-
imation between the slip frequency wsi, = (ws —pwm ), and
the electrical torque. This linear slip to torque relationship
for this model is k = T, /wsiip ~ 315.3 Nm/(rad/s).

C. DC Bus Collection and Energy Storage System Model

Each of the turbines shown in Fig. 1 are connected to a
common DC collection bus which has the model

N
1.117 = Z idc,n - Ub/Rb + Uess — igrid (18)

n=1

where 4., represents the DC currents from the turbine
inverters, u.ss is the current injected from a generic ESS
and i4.;9 is the DC current to a grid connected inverter
that serves as the point of common coupling to the larger
grid. In this work, the grid dynamics and AC modelling
are not considered and ig4.;4 set to a fixed value based
on the total power generated by the turbines over the time
horizon. The energy storage system is modeled as a simple
current injection in order to make the ESS device as general
and storage-technology agnostic as possible. One of the

objectives of this work is to establish a framework that can
be used to generate the specifications for the ESS, including
peak power, energy capacity. In future work the frequency
response and bandwidth of the ESS will be considered as
well. Therefore, this model will focus on the energy needs
of the system and not the energy capabilities of a specific
storage technology such as batteries or super-capacitors [20],
[21].

III. ELECTRICAL PHASING CONTROL

To harvest the maximum power from the wind turbine,
the wind velocity at the turbine is measured and used to
calculate the optimal rotor speed based on the optimal tip-
speed ratio ., = 7.7 of the power coefficient from Fig. 2.
The optimal aerodynamic torque is then found from (3).
Then, assuming the rotor to be in steady-state using (4), the
optimal electrical torque T, is found. The optimal electrical
torque from the electrical machine is actuated through the
slip control described in Section II-B. A diagram of this
process for each individual turbine is shown in Fig. 3.

The ESS injects the required current to keep the bus
voltage v, at a constant 460 V. in (18). The current to
the grid-tie inverter 44,4 1S set to inject the fixed maximum
total power collected from the turbines over the period of
interest. If the wind values are changing then the sum of
powers from the turbines is fluctuating and the ESS must
make up the difference to keep v constant. However, if the
powers injected to the DC bus from the turbines are phased
over a period then there is less fluctuations in the total.

For this work, a time delay in the wind velocity signal
has been introduced into the max power point tracking
control shown in Fig. 3. This time delay will cause a sub-
optimal power tracking on the turbine, but will also time shift
the power injected into the DC bus. When the N turbines
in a farm are all equally shifted and spaced over a total
delay, then their power fluctuations tend to cancel which
causes less effort on the ESS to maintain the bus voltage
and thus minimizing the ESS requirements. For example,
in a N = 9 turbine system with a time delay of 8 s, the
individual time delays for each of the nine turbines would
be {0,1,2,3,4,5,6,7,8} s respectively.

IV. SIMULATION EXAMPLE

To demonstrate the DC collection bus topology with time
delay power phasing, a MATLAB/Simulink simulation was
constructed from the models described in Section II and the
controls described in Section III with nine turbines (N = 9).
Wind profiles were generated for the system using the NALU
wind simulation package [22] for a 600 s. The wind profile
for each turbine and induction machine are shown in Fig. 4.

A. Baseline Time Delay Example of 0 s

To demonstrate a baseline operation, a zero time phase
delay was simulated. The resulting rotor speeds in RPM
is shown in Fig. 5 and the DC currents from the tur-
bine/induction machines are shown in Fig. 6. Note, the
negative sign convention in Fig. 6 denotes currents from
the turbines fo the DC collection bus. The DC collection
bus was held at a constant 460 V. and the current to the
grid-connected inverter was ig.;q = 3308 Ag.. The power
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Fig. 4. Wind velocity profiles applied to turbine/induction machine model.

and total energy of the ESS are shown in Fig. 7 and Fig. 8,
respectively.

B. Time Delay Example of 32 s

To demonstrate the time delay phasing control described
in Section III, a total time delay of 32 s was simulated. The
resulting rotor speeds in RPM is shown in Fig. 9 and the
DC currents from the turbine/induction machines are shown
in Fig. 10. The DC collection bus was held at a constant
460 V. and the current to the grid-connected inverter was
igria = 3173 Agc. The power and total energy of the ESS
are shown in Fig. 11 and Fig. 12, respectively.

Note that the DC currents from the turbines in Fig. 10 are
more distributed over the 600 s simulation than the baseline
case shown in Fig. 6. This enables the ESS to require less
effort to maintain the 460 V. bus and thus use less power
and require less energy storage. However, the trade off is
that now the power to the grid will be slightly diminished.

C. Overall Results

A Dbatch study was performed using the MAT-
LAB/Simulink model. This study simulated the 600 s period
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Fig. 5. Rotor RPMs for 0 s phase delay.

45 times and increased the phase time delay from 0 s to 90 s
in 2 s increments. The resulting peak power of the ESS is
shown in Fig. 13, the required energy capacity of the ESS
is shown in Fig. 14 and the average grid power is shown in
Fig. 15.

It is seen in Fig. 14 that the minimum required energy
storage capacity of the ESS is 36.6 M J and occurs when
the phase delay time is 32 s. This is a 18.5% reduction in
the capacity over the baseline case of 44.9 M J. Further,
in Fig. 13 it is seen that for a 32 s phase delay time, the
peak power is reduced 3% down to 1.81 MW. The cost
of implementing the phasing control and reducing the ESS
power and energy requirements is that the average power
to the grid is also reduced, but only by 3% to 1.46 MW
shown in Fig. 15. Therefore, with the DC collection bus
and phasing control, significant reductions in the ESS size,
weight and likely cost can be made at the expense of a small
reduction in total power exported to the grid. Another aspect
not quantified in this paper is that power quality to the grid
will also be improved with a better regulated DC bus, which
occurs with the ESS [23].
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V. CONCLUSION

This work has shown that a DC collection system that
utilizes a time delay phasing control of turbines will signif-
icantly reduce the ESS requirements. Furthermore, a tradi-
tional type-4 wind farm with N turbines will result in 2N
power converters. The DC collection approach will lead to
N + 2 number of converters, one for each turbine, one for
the ESS and one for the grid connected inverter. Further, it
is anticipated that incorporation of blade-pitch control of the
turbines could also lead to more improvements, but is left
for future work. This paper did not quantify the economic
impacts, but the reduction in the number of converters,
along with the minimization of the ESS and improved power
quality to the grid will likely yield a substantial cost savings
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to the wind farm owner/operator.
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