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Coordinated Primary and Secondary Frequency
Support between Microgrid and Weak Grid

Xiao Zhao-xia, Zhu Mingke, Huang Yu, Josep M. Guerrero, Fellow, IEEE, and Juan C. Vasquez,
Senior Member, IEEE

Abstract— Dispersed wind power connected to the weak grid
may cause the frequency instability. In this paper, a hierarchical
controller applied to a microgrid (MG), including wind turbines
(WT) and battery units (BU), is proposed to provide in a
coordinated frequency support to a weak grid by adjusting the tie-
line active power flow according to the frequency-grid
requirements. The coordination between MG local and central
controllers provides the following features. (i) In case of required
grid-frequency, the MG tie-line power flow will be controlled to be
constant in each dispatching time interval. (ii) In case of under-
frequency, the coordination between WT virtual inertia and BU
controllers will be used to participate in primary frequency
regulation (PFR). Then, BU supplies power according to the
secondary frequency regulation (SFR) commanded by the main-
grid dispatch center. (iii) In case of over-frequency, BU absorbs
power to reduce the tie-line active power for PFR purposes. After
that, the SFR uses pitch control coordinated with the battery
charge control. A stability analysis model is established to deal
with several transitions among different operation modes and the
interaction between the weak grid impedance and the MG output
impedance. Simulation results are presented to validate the
proposed approach.

Index Terms—W.ind/battery microgrids, primary frequency
regulation (PFR), secondary frequency regulation (SFR),
hierarchical control, central controller, local controller

NOMENCLATURE
Parameter  Description
Ww Generated wind energy [J]
T Scheduling period [min]
Pws Forecast output power of WT [W]
Pr Average wind power [W]
P Reference power of the BU inverter [W]
Pwr Actual WT output power [W]
Pwr” WT expected output power [W]
Pinertia WT virtual power inertia [W]
Af Difference between the grid frequency and the
rated one [Hz]
k PFR factor [-]
ke Differential coefficient of the frequency deviation
[-]
Pacc_me AGC power scheduling of MG [W]
Pacc_g AGC power scheduling of grid[W]
Cwme Frequency-regulation capacity of the MG [W]
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Cy Frequency-regulation capacity of the grid [W]
fmin Minimum value of the normal frequency [Hz]
fmax Maximum value of the normal frequency[Hz]
10} WT rotor angle speed [rad/s]
rated WT rotor rated angle speed [rad/s]
o PMSG rotor position angle[°]
p Pole pairs number of PMSG[-]
Psloss PMSG stator losses[W]
isabc PMSG stator current[A]
Ude Back-to-back converter dc bus voltage[V]

p Air density [kg/m?]

R WT radius[m]

Cp Wind energy utilization factor [W-s3/kg-m?]
i Pitch angle reference of the WT [°]

p Pitch angle of the WT [°]

A Tip speed ratio[-]

Cpmax maximum wind energy utilization factor
[W-s3/kg-m?]
Popt WT maximum power [W]
Lgq, Lsq d-q stator inductances [mH]
Rs Stator resistance [Q]
Usd, Usq d-q stator voltages [V]
We Synchronous angular velocity[rad/s]
@ Permanent magnet flux of the PMSG [Wh]
Te Electromagnetic torque of the PMSG [N-m]
E Kinetic energy stored in the WT [J]
J Inertia of the WT and its generator[kg-m?]
Py Active power reference of the generator side
converter controller [W]
Pmpp MPPT output of the PMSG [W]
PwTrated PMSG rated power [W]
Ps”* Active power reference of the BU inverter[W]
Qs Reactive power reference of the BU inverter[Var]
Ugabe BU inverter voltages [V]
iBabc BU inverter current [A]
Zgdq Equivalent impedance of the weak grid [Q]
Pgrefo Weak-grid rated power [W]
Pgret Weak-grid power reference [W]
Jg Weak-grid inertia [kg-m?]
Zodg Equivalent output impedance of the inverter[Q]
Vrid” Voltage magnitude of the weak grid[-]

I. INTRODUCTION

HE worldwide total installed electricity generation capacity
from wind power is steadily increasing meaning that the burden
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on the grid operation will increase as well [1]-[4]. Wind power
fluctuations may result in grid frequency instabilities, and the
situation is worse in weak-grid situations due to the small
kinetic energy able to store in the generators.

In this sense, permanent magnet synchronous generators
(PMSG) based wind turbines (WT) are becoming more popular
in wind generation due to the higher performances required in
new grid codes. In contrast to conventional synchronous
generators, PMSG thanks to the use of back-to-back converters,
disturbances in the wind generator little affect the main grid.
However, this implies that the WT rotor speed is decoupled
from the grid frequency, which may result in a lack of inertia,
i.e. frequency changes may not produce power variations, as it
is desired in power systems [5]-[6].

Thus, wind farms are becoming a major driver to integrate
high-level penetration of renewables into the electrical grid.
Nevertheless, in some large lands, like in China, due to the long
distances, high voltage transmission lines are required, which
can lead to an overall reduced access of wind power penetration
[7]. Therefore, in order to achieve higher proportion of
renewable energy access, distributed wind power generation
with energy storages may be installed as well, like battery units
(BU) together with wind generation to form MGs which can
effectively smooth wind power fluctuations, and potentially
improve the output controllability of the wind generation [8]-
[91.

In case of the weak-grid conditions, the MG including WT
and BU can also provide in the frequency regulation
coordinated with the main grid. The main techniques to achieve
wind generation participating in grid frequency regulation are
virtual inertia, rotor over-speed recovery, and pitch control.
These three methods are described as follows:

1) Virtual inertia is created to respond to frequency drops by
using the kinetic energy stored in rotating masses of WTs. In
case of variable speed wind turbines (VSWTSs), they have more
kinetic energy to be converted into electrical energy when the
rotor speed of VSWTs is around the rated value [10]-[11]. Rotor
inertia control can provide short-time power support along few
seconds, and it may need the rotor speed recovery (RSR)
control. RSR control usually requires WTs to absorb energy
from the grid to restore its nominal speed. However, in [12]-
[13] it was pointed out that rotor speed recovery may cause
secondary frequency drop down.

2) Rotor over-speed control is required to regulate the rotor
speed to operate over its optimal value, so that WT runs at non-
maximum wind energy capture point and the rotor speed is
above its optimum speed to retain part of active power standby
for primary frequency regulation [14].

3) Pitch control aims to change the input mechanical energy of
WTs by controlling the wind blade’s pitch angle. Therefore, it
can make the wind generation system operate below the
maximum power point, giving a certain backup [15].

However, these last two methods are at the expenses of
reducing the efficiency of wind generation.

A lot of work has been done in MG operation and
hierarchical control has become a standard method for MG [16-
19]. For an islanded MG, the control aim is to balance active
power (P) and reactive power (Q) between generations and
power consumption, thus making MGs to operate as a
controlled voltage source. In case of grid-connected MGs

including WT and EU, they usually operate as controlled

current sources dependent on the capacity of the storage [20].

If the MG is connected to a weak grid, it has great
responsibility on the grid frequency regulation according to the
relationship between the MG and grid frequency regulation
capacities. In this sense, several research works can be found
about the type and size optimization of energy storages and
coordination control of WT and energy storages. In [21], a
flywheel is used in combination with a DFIG for grid-frequency
regulation. In [22], BU is connected to the DC bus as a
stationary synchronous compensator, while in [23] a super
capacitor is connected to the DC bus of the PMSG wind power
back-to-back converter. Although the aforementioned methods
can be used to make wind generation participating in frequency
regulation, a holistic control approach considering the
coordination between the weak grid and MG have not been
presented so far in the literature.

In order to solve the output power fluctuations and
frequency instability of a WT/BU MG connected to a weak
grid, this paper uses a method to calculate the expected
interchanged power flow of the WT/BU MG tie-line, according
to the predicted wind speed and the grid frequency inside a
determined time period. When the weak grid frequency is inside
a specified range, a flat tie-line power flow between MG and
the grid is required. Further, when grid frequency exceeds the
specified range, the output active power of the WT/BU MG is
rapidly changed automatically. Then, the output power is
continuously changing according to the automatic generation
control (AGC) commands from the dispatch center, while the
wind generation ensures maximum power point tracking
(MPPT) performance. Here, a hierarchical control structure is
proposed to implement a flat tie-line power flow and the
primary/secondary frequency regulation (PFR and SFR) of the
WT/BU MG coordinated with the weak grid. Hence, the main
goals in this paper are proposed as follows :

e To design the frequency characteristic curve of BU-WT
MG and develop an emulated weak grid model.

e To provide seamless coordination between a weak grid and
the proposed BU-WT MG for fast frequency recovery by
using automatic generation control (AGC).

e To achieve seamless coordination between BU and WT
by designing a two-level control architecture for frequency
participation under different operation modes.

e To develop a stability analysis model to deal with
transitions among different operation modes and the
interaction between the impedance of the weak grid and the
output impedance of the MG.

The paper is organized as follows. Section Il presents the
principle of WT/BU MG to both smooth tie-line power flow
and regulate grid frequency. Section 111 describes the WT/BU
MG power and control architecture. Section IV presents the
central controller including how to calculate the reference
values to be sent to local controllers in different situations and
operation modes. Local controllers are presented in Section V,
including PMSG-side MPPT control, grid-side DC bus voltage
control, virtual inertia, pitch control of WT, battery active-
reactive power (PQ) control, and the emulated weak grid model
with its corresponding PFR and SFR. Stability analysis is
presented in Section VI. Section VII presents the simulation
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results of a MG connected to the weak grid supporting
frequency in different scenarios. Finally, Section VIII
summarizes this paper.

Il. MICROGRID FREQUENCY SUPPORT PRINCIPLE

Pue A

Py SFR Prmax
P, N
) S )N

:

:

' 0

! > >
0 f, f > f

(a) Weak grid (b) WT/BU Microgrid

Fig. 1. Frequency regulation characteristics.

Fig. 1 shows the static frequency regulation characteristics of
(@) weak grid and (b) WT/BU MG. The weak grid will
participate in the PFR and SFR by following the paralleled
droop curves shown in Fig. 1(a) emulated from synchronous
generators. The MG will participate in the PFR and SFR by
following the hysteresis droop curves shown in Fig. 1(b) which
is designed to achieve seamless coordination between weak
grid and MG in grid frequency regulation. Note that both weak
grid and MG has different PFR and SFR characteristics, and the
aim of this work is to coordinate all of them.

Fig. 2 shows the proposed principle of the MG to regulate the
grid frequency. The tie-line power flow of the MG can be
controlled to be constant for a period of time when the grid
frequency is within the required range, i.e. inside maximum and
minimum frequencies, fnax and fmin in Fig. 1(b). If grid
frequency is out of the required range, PFR and SFR will be
required to provide grid-frequency restoration by changing the
MG output active power in coordination with the weak-grid.
Two main cases can be presented according to under/over
frequency situations:

« In case that the grid-frequency is lower than required (under-
frequency), virtual inertia control from the WT spinning reserve
energy will be firstly used to participate in the PFR, if the rotor
speed of PMSG is higher than the required value. The battery
may also supply power to help the PFR, if the rotational kinetic
energy is not enough. Then, if the grid frequency has not
reached the required range, the battery will continue supplying

fA

power to SFR based on the AGC reference.

¢ In case that the grid frequency is higher than required (over-
frequency), firstly the PFR will be enabled. Thus, BU will
absorb power to reduce the tie-line active power injected by the
MG to the main grid, according to the difference between the
actual grid frequency and the rated one. Then, the SFR will start
acting so that the pitch control will be used, while the battery
charge control matches the pitch control, since the response
time of the pitch control is long due to the WT inertia.

I1l.  MICROGRID POWER AND CONTROL ARCHITECTURE

Fig. 3 shows the hybrid WT/BU MG, including the power
stage and the control architecture. In this case, the BU is
connected to the AC side to facilitate the retrofitting of existing
grid-connected wind turbines, or to easily use standard
components in case of a new installation. Note that by adding
batteries in the DC side may be more effective, but in practice
it may not be suitable since it may require cooperation between
WT and BU production companies, which may not be easy in
many cases. Since in our case, the hardware control between the
WT and the energy storage system is completely decoupled
from each other, it is more feasible in practice.

The dispatch center is responsible for allocating the required
power of the SFR to the generation units according to the load
power and the generator capacity participating in the SFR of the
grid, that is, the automatic generation control (AGC) command.

The central controller includes wind forecasting, tie-line
power calculations, selection between operation modes,
selection and reference settings of local controllers, battery
charge/discharge management, and the real-time grid frequency
detection. The local controllers include the virtual inertia
control, MPPT algorithm and power control, DC voltage
control of PMSG back-to-back converter, pitch control, and PQ
control of BU inverter.

By means of the coordinated control of WT/BU, when the
frequency of the system is nominal, the MG supplies flat power
to the main grid. Nevertheless, when the grid frequency is
outside the normal range, the MG participates with the
frequency regulation, according to the principle already
explained in Section II.

S50Hz

Fig. 2. Proposed principle of a WT/BU MG for grid-frequency regulation.
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Fig. 3. Proposed WT/BU MG power and control architecture.

IV. MICROGRID CENTRAL CONTROLLER

This Section describes the different parts of the MG central
controller, including reference calculations and operation
modes transition conditions.

A. Local controller output power reference
1) Flat tie-line power flow

The generated wind energy Ww during the scheduling perio®)
T can be expressed as follows [22]:

Wy = Jy Purdt (1)
being Pwr the forecast output power of WT derived from the
forecasted wind speed. Thus, during this scheduling period T,
the average wind power, P+, can be expressed as follows:

PT:WW/T. (2)

If the grid frequency is nominal, the expected total output

active power during the scheduling period T is the output

average power. At this time, the reference power of the BU
inverter can be expressed as:

Pg = Pr — Pyr 3
where Pwr is the actual WT output power.

2) Primary Frequency Regulation

When the main grid requires the MG to participate in the
PFR, firstly the WT will use virtual inertia control, as follows:
Pinertia= kK Af+ kg s Af (4)
where Pineriia is the WT virtual power inertia, the Af is the
difference between the grid frequency and the rated one, k is the
PFR factor determined by the MG frequency regulation
characteristics, shown in Fig. 1(b), and kq is the differential
coefficient of the frequency deviation.
Since the virtual WT inertia control will change the output
power of WT automatically and the BU is responsible for

smoothing the tie-line output power, the expected output active
power of the BU inverter is expressed as:
PE = PT - PWT + Pinertia (5)
If wind and rotor speeds are low, BU continues participating
in the PFR, and the BU inverter power reference can be
expressed as:
PB*:PT-PWT‘H( Af
where k is still the PFR factor.

(6)

Secondary Frequency Regulation

The proposed WT/BU MG is able to follow AGC power
scheduling Pacc_mc to restore the grid frequency for SFR
purposes (see Fig. 4). The dead frequency band is defined
between f. and f. (20.05Hz).

Fig. 4. Block diagram of the automatic generation control (AGC).

Pacc_mc is based on the ratio between the frequency-
regulation capacity of the MG and the grid from the dispatch
center: mg=Cy/(Cy+Cwmc), Mmc=Cwmc/(Cq+Cuwmc).

In case of under-frequency, the expected output active power
of BU inverter is the average power plus the active power of the
Pacc_mc. The BU inverter reference power can be expressed as:
()

Notice that the output power of BU, Pg, should track Pg",
which is the duty of the battery-inverter controller.

In case of over-frequency, the expected WT output active
power of the pitch control can be expressed as:

Pwr "=P1-Pacc_mc (8)
where Pwr™ is the WT expected output power.

Pg = Pp & Pagcme — Pwr
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B. Battery sizing considerations

APyrl/kW

0 T'i_1 Ti
Fig. 5. WT output power and average power.

The following considerations are needed in order to properly
size the BU:

1) Minimum battery capacity proper design is necessary to
flat the tie-line power flow and make it equal to the average
power during T, as shown in Fig. 5. The minimum battery
capacity can be obtained from the biggest area along T.
Therefore, the minimum capacity of the battery can be
calculated by taking half of the maximum wind energy
generated during T.

2) Minimum battery charging/discharging power is designed
as required to perform PFR and SFR. The maximum
charging/discharging power is determined by the frequency
regulation characteristics of the MG, as shown in Fig. 1(b).

C. Operation modes and transition conditions

According to Section 11, there are seven operation states for
both the tie-line power flat and grid frequency regulation
participating purposes, as shown in Fig. 6. The functionalities
of the different operation modes are described as follows.

e Mode 1: If fnin < f < fmax, the grid-frequency f will be
nominal according to the grid code requirements. WT
operates in MPPT mode, and tie-line active power is
regulated to a constant value during this scheduling period
T. Then the BU inverter active power reference is: P; =
P — Pyr.

e  Mode 2: If f < fyinand @ >0.8 wrated, Virtual inertia control
will be used to participate in PFR, being @ the WT rotor
speed and wraweq its rated value. The reference active
power of WT inertia control is: Pinertia= K f+ kg s f. The

BU inverter active power reference is: Pg = Pr —

Normal frequency

If fmin SF<fnax

Mode 1: smoothing the tie-line power;
WT operates MPPT;

Battery reference power is

Pg =Pr-Pwr;

Over frequency
PFR

Mode 6:

WT operates MPPT;
Battery charges for
PFR, Pg =P1-
Pwrtk*Af;

SFR

Mode 7:

WT participates in PFR using
pltCh control, PWT*:PT'PAG(LMG;
Battery charges,

Pg =Pr-Pacc-Pwri

Fig. 6. Flow chart of the WT/BU MG operation modes.
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SFR
<] | Mode 4: Battery discharges Mode 5: Battery
for PFR, Pg'=P1- discharges,
Pwrtk*Af; Pg =Pt+Pacc-Pwr;
kl’ operates MPPT; WT operates MPPT;

PWT + Pinertia-

e Mode 3: If f < fmin and @<0.7 @raed, BU provides power
to participate in PFR if the WT inertia is not enough. The
BU inverter active power reference is: Pg"=P1-Pwr+k-Af.

e Mode 4: If f < fuin and @<0.8 @raed, WT inertia is not
enough and BU provides power to participate in PFR
directly and BU inverter active power reference is:
PB*ZPT-PWT‘FK'Af.

e Mode 5: If f < fyin, BU provides power to participate in
SFR and BU inverter active power reference is: Pg =
Pr + Pagc — Pwr.

e Mode 6: If f > fna, BU absorbs power to participate in
PFR and BU inverter active power reference is: Pg"=Pt-

e Mode 7: If f > fnax, WT pitch control is used to participate
in SFR and BU absorbs power to match with the pitch
control due its slow response. WT output reference active
power of the pitch control is: Pwr =Pr-Pacc mc. BU
inverter active power reference is:Pg = Pr + Pagc — Pwr-

Notice that:

i) when ©>0.8 oraed the WT inertia is used because the
kinetic energy stored in the WT is much, and when ©<0.7 ®rated
it stops using the kinetic energy to prevent the WT shut down.
In addition, the 0.7wraed IS chosen in order to keep a smooth
speed of the WT [10, 24].

ii) when the grid frequency is too high or too low (according
to the power grid standard), BU inverter power reference is
greater than its charge/discharge maximum power, so that the
MG may be eventually disconnected from the main grid, thus
running in islanded mode.

Table | presents the transition conditions of different
operation modes for the proposed WT/BU MG.

TABLE |. OPERATION MODES TRANSITION CONDITIONS
Mode State transition condition
1 fnin < f < fmax
(f < fin)&( 0.8 @ratea)
(f < fin) &(@0<0.7 Oratea)
(f < fuin )&(0)<0~8 a)rated)
(f < fmin)&(Pacc command)
> fmax
(f > fnax) &(Pacc command)

~N o oA wWwN

ﬂnder frequency

If ©=0.80rated If @<0.7 wrateq
Mode 2: WT uses its inertia Mode 3: Battery
for PFR, Pinetia= k Af+ discharges PFR,
kg s Af ; Battery reference Pg =P1-Pyr+k*Af:

power is Pg =P1-Pwr;

~

If @<0.8®raed

2/
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V. WIND GENERATION AND BATTERY LOCAL CONTROLLERS

In this Section, the MG local controllers, including PMSG-
side MPPT control, DC-bus voltage control, virtual inertia
control, and WT pitch control (SubSections A-C), BU PQ
control (SubSection D), and the weak grid modeling
(SubSection E) are presented.

Generator side]
converter

Fig. 7. Wind power MPPT control of generator-side converter.

A.  MPPT control of PMSG

The WT-based PMSG use a back-to-back converter, which
avoids the use of gearbox, thus improving system efficiency
and reliability. The PMSG MPPT control includes outer loop
based on MPPT algorithm and inner PQ control loop, as
shown in Fig. 7. In this figure, @is the rotor position angle, p
is the pole pairs number, Psjoss iS the PMSG stator losses, Pwr
is the PMSG output active power, isupc IS the PMSG stator
current, and Ug is the back-to-back converter dc bus voltage.

It is well known that the wind energy captured by WTs can
be expressed as:

Pyr = §p1'cR2CIL,v3 9)
where p is air density, R is the WT radius, and C, is the wind
energy utilization factor, being a function of the pitch angle
B, and the tip speed ratio A, A = wR/v, while w is the angular
speed of WT. When the pitch angle is constant, the WT runs
at the optimum A, so that it can get the maximum wind energy
utilization factor C,y,q. Therefore, the WT maximum power
Popt is only related to the rotor or wind speeds:

Pope = kyw?
Pope = ko3

(10)
(11)

where coefficients k;=0.5pmR>C, ‘/‘1’—33 andk, =0.5p7R*C, .

Usually (10) is used to calculate the maximum captured
wind power since the rotor speed of PMSG is easy to be
measured. When using virtual inertia control, from (11) we can
calculate Py since the rotor speed will suddenly drop-down if
wind kinetic energy is extracted. The transfer between these
two MPPT algorithms is determined by the MG central
controller.

The inner PQ control loop is designed to achieve maximum
power tracking by using stator flux linkage vector control. Thus
by using synchronous reference frame transformation, stator

voltage equation can be expressed in dq axis:

_ . digq .
Usg = RSlsd + Lsd ar weLsdlsq

: (12)
dsq 4 WelLsqisq + we

Usq = Rsigq + Lsg—

The electromagnetic torque can be obtained as:

T, = Zp[(pisq + (Lsd - qu)isqisd] (13)
where R is the stator resistance, Lgq and Lgq are the d-q stator
inductances, i,q and i, are the d-q stator currents, ugq and ugq
are the d-q stator voltages, w, is synchronous angular velocity,
and ¢ is permanent magnet flux linkage. Considering that d-
axis current component is kept to zero, the electromagnetic
torque can be expressed as:

T, = Sp(pisq- (14)

Therefore, we can regulate the torque or the active power

by the using g-axis current component. A grid-side controller is

also added to stabilize DC bus voltage of the PMSG back-to-

back converter and to achieve P/Q decoupling control, similarly
as in [22].

B. Virtual inertia control

Fig. 8. Rotor inertia control.

The kinetic energy stored in the WT rotor blade can be
expressed as:

E = 2Jw? (15)
where ] is the inertia of the WT and its generator, and w is the

rotor speed. When the rotor speed is ranged from w, t0 w4, the
WT differential kinetic energy yields to:

AE = ~Jwo? — ~Jw,?. (16)
From (16), we can conclude that WT contains certain rotational
kinetic energy. Conventional VSWT, in order to achieve
maximum wind energy capture, uses back-to-back converters
to decouple rotor speed and grid frequency. Therefore, a
frequency-dependent power command Py can be imposed on
the active power reference value of the generator side converter
controller.

Fig. 8 shows the block diagram of the virtual inertia control.
The virtual inertia controller can participate in PFR by linking
rotor speed with frequency, taking into account speed
constraints and coordinating the actions between WT and BU.
When the grid frequency drops down, the controller makes the
rotor speed decreasing, thus the rotating kinetic energy is
released to help recovering grid frequency. When starting the
virtual inertia loop, the controller will connect AP to switch #2
(see Fig. 8), and the power reference will change according to
the frequency deviation through a PD controller that will be
added over the MPPT output (Prmpp)-

In order to prevent WT losing too much kinetic energy and
self-recover its speed, when the rotor speed drop down to 0.7
times the rated value, the virtual inertia loop is disconnected and
BU will support grid frequency. Hence when the system
frequency is nominal, the controller will connect AP to switch
#1, AP will be zero, otherwise AP will change according to Fig.
1(b) and the central controller. This way, stored kinetic energy
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can be converted to electrical energy in order to support grid
frequency.

C. Pitch control

Pitch control is used in two situations: one when wind speed
exceeds the rated value and the other when grid frequency
exceeds normal range. For the first situation, WT output active
power needs to be limited to the rated value by changing wind
turbine pitch angle S. For the second situation, WT output
active power needs to be limited to the required value of the
dispatch center.

*

PWWT et o] wsen AL
Pwr

Fig.9. Block diagram of the pitch control.

Fig. 9 shows the pitch control block diagram. The WT output
power Pyt is compared with its power reference Pwr™. The
error is then processed by a Pl controller to produce the required
B Thus the pitch angle is changed accordingly, so that the WT
output power is kept at reference Pwr". For instance, if
49.5< f <50.5Hz & v>12m/s, Pwr =Pwrrated, Where Pwrrateq i

the PMSG rated power. In case of over-frequency (f>50.5Hz),
then Pwr =P1-Pacc_moc.

D. BU Inverter P/Q Control

BU inverter power controller structure is shown in Fig. 10.
Inverter voltages Ugane and currents iganc are used to calculate
P/Q, controlling BU output power to follow Pg"/Qg", while the
inner loop limits the charging/discharging currents to the value
Isq". The active power reference Pg” of the BU inverter of the
PFR and SFR is generated from the MG central control and the
dispatch center (see Subsection IV.A). The reactive power
reference Qg” is determined by the output power factor of the
BU inverter.

Pg=VglgatVgleq

_ V
Qe=-VgilegtVeqled u

Vg

Fig. 10. Block diagram of the BU inverter power control.

The PI controller design of the MPPT control of PMSG,
grid-side controller of PMSG, and the BU Inverter P/Q control
is introduced in [23,24].

E. Weak-grid model

A weak grid with limited capacity is emulated by means of a
controlled voltage source with a relatively large impedance Zg,
local loads, and a tie-line connected to the WT/BU MG. Fig.
11(a) shows the main circuit of the emulated weak grid, being
Z4=Rg+jX4 the weak-grid impedance [25]. Note that the weak

grid has its own PFR which is governed by the swing equation,
shown in Fig. 11(b), being D the droop coefficient, Pgefo the
grid rated power, Pyer the grid power reference, and Jg the weak
grid inertia. The SFR controllers are shown in Fig. 4 of Section
(AVA

oAk g e E s =TT T T — = ——— == | Tie-lin

Weak grid emulation Grid impedancey | j/ e WT/BU

" weak grid |ugiq” () X = A X

| volta%e orid ! | “f microgrid
H . | [ |

} cal:ula:mn i, #ugnd ,S( } Gabey ¥ Ugane

| igial 1 Ugig Loads| !

S S . A

}Weakgridinertia f

| ref
} p | Af Voltage
IPyreto —={E b+ 1/(Jy5+D) @ reference (H——»

|

| 0 }
|

I f }

- - |

i Vg, | calculation }

|

! |

T I

! |

Power Ugrig
calculationf+— g

Fig.11. Weak grid model.

V1. STABILITY ANALYSIS

From the operation modes of the WT-BU MG, Fig.7, Fig.10,
the grid-side controller of PMSG and Fig.11 (b), the MG can be
equivalent to a controlled current source with an impedance,
and the weak grid can be equivalent to a controlled voltage
source with an impedance as shown in Fig.12. The system
stability includes two parts. The first one corresponds to the
transitions among different operation modes which can be seen
as a stability caused by changes in the power output from the
MG to the grid. The second one is the interaction between the
impedance of the weak grid and the output impedance of the
MG which may also cause stability problems [26].

>
Iinvd,q Igridd,q ng‘q
A
ORIBINC
G(S)Iinvrefd,q m(s) Igridd,q
Controlled Controlled
current source voltage source

Fig.12. The equivalent system structure.
From Fig.11 (b), the math model of emulated weak grid
shows as equation (17).

(s P P
ref J,s+D
0=owt= J.Ot wdt )
Pyria = Ugrialgria
Ugria =Veria SINEO

Where, Vgig™ is the voltage magnitude of the weak grid and
constant.
The steady-state equation can be expressed in (18).
P.—P

f _ f gref grid0
T Tref
D
: (18)
0=2x( fdt=2rft=wt
Pgrido :Vgrido | grido

Vgrido :Vgrid sin@
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Where, Vgrido, lgrido, Pgrico are the steady-state voltage,
current and active power of the weak grid.

The small-signal model can be expressed in (19).
df D, 1

o Dy

p rid
d J, 3, °°
R Jy ~ 27 ¢t (19)
—_ 9 f _
O=-2r2 - [ Byglt

A &
Pgrig :Vgridolgrid + Ugrig grido

Ugrig = Vgridoe

The frequency domain equation can be expressed as (20).

. V. N
fo 2 (010 + i)
grid0 grid
J,s+D
N J. V. N A 27V o A . K(s) -
f=272 9 (@G| i )-—LC@I )=
D JgS+D( grid0 gnd) DS ( grid0 gnd) 1—K(S)Igrido grid
R K(s) -
Ugria =Vaido v lgria = M(S)igg
gri grid0 1_K(s)|grido gri gri
Where, K(s) = 2783 Vgrigo _ 27V5i40 __ 27V540
DJ,s+D’ Ds J s° +Ds
2
_Zﬂvgrido

m(s) =

3,52+ Ds+27P,
The grid line dq axis equation can be expressed as (21).

di, 1 . 1 1 .

gd i A ~ i
——=—mi, ——V . ——R i, + ol

dt Lg gd Lg peed Lg g gd 9q (21)
d, 1 . 1 . .

9 _ i 5 i i
ot —fgm'gq —ngpccq ‘ngg'gq — Oly,

Therefore, the equivalent impedance of the weak grid can be
expressed as (22). The parameters of the weak grid will change
the equivalent output impedance.

v
Zygg =—7L=sL, +R, —m(s) (22)

gdq i
gd.q

From the Fig.10, and the grid-side controller, the inner loop
current control is shown in Fig.13. The small-signal model in
dq axis can be expressed as equation (23).

T

Fig.13. The d-g component block diagram when using PQ control.

dlin\/d :_ivpccd +ikp(0_fd)+ikijt(o_fcﬂ)dt
dt L, L, L, o 23)
df 1 1 ~ 1 t ~
M= +—k (0-1)+—k [ (0—i )dt
dt L, "L, (01 L, 'jo( )

The transfer function can be derived as:

_— k,S+k; . 1

Iiim‘l,q - 2 Iinvrefd,q - Vpccd,q
Lis™+(k, +Ry)s+k; Lis+R; +k, +k /s (24)

= G(S) : iinvrefd‘q _Y(S) 'Vpccd‘q
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From G(s), we know the system can keep stable when the
reference iinvrera,q Changes, namely the output power of the WT-
BU MG changes.

The equivalent output impedance of the inverter can be
expressed as (25). It is made up of a series of an inductor, a
resistor and a capacitor.

Zyo =Lis+k,+R; +k /s (25)

From Fig.12, in order to meet the Nyquist Criteria, the ratio
Zgdg!Zodq Should be much smaller than 1. The ratio Zggq/Zogq Can
be expressed as.

z (sL, +R,—m(s))// Z,

N,(s) == =
Zy, Lis+k, +R;+k /s

The frequency characteristics of Zgyq and Zoqq are shown in
Fig.14 and the Nyquist curve is shown in Fig.15 when the
inductance of the grid impedance Ly changes. When the
Ly=0.6mH, the system is not stable and has a resonance.

(20)

Bode Diagram

[}
=]

/
/

I Eaill

Magnitude (dB)
o
T

20 A H

T - =1
| Zod,q
60 | — Zgd,q(Lg=0.1mH)

450 Zgd,q(Lg=0.3mH)
360 — Zgd,q(Lg=0.5mH)
5 — Zgd,q(Lg=0.6mH)
ﬁ 270 Zgd,q(Lg=0.7mH)
§ 180 \ m
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=
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Fig.14. Frequency characteristics of Zgdq and Zodg.

Nyquist Diagram
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Fig.15. Nyquist diagram of the output impedance ratio when Lg
changes.

VII. SIMULATION RESULTS

The model of the WT/BU MG connected through a tie-line
to a weak grid was derived by using Matlab/SimPowerSystem
toolbox. The selection and switching of the operating modes of
the WT/BU MG embedded into the central controller are based
on the stateflow toolbox. The main parameters of the system are



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSTE.2018.2869904, IEEE

Transactions on Sustainable Energy

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 9

shown in Table II, including WT, PMSG, back-to-back
generator-side and grid-side converter controllers, virtual
inertia controller, pitch controller, battery parameters, BU-
inverter controller, and the model parameters of the weak grid.
The selected battery is a lithium-ion battery, which the model
can be found in [27]. The rated capacity of the weak grid is
10MW, and the unit regulation power of the WT/BU MG is
500kW/Hz. The nominal grid frequency is f,=50 Hz, with 1%
of error, so that the maximum and minimum frequencies are
defined as fn=50.5 Hz and fyin=49.5 Hz. The MG control
includes flat power flow control, PFR based on the local
controllers, and SFR based on AGC to restore the frequency.

TABLE Il SIMULATION PARAMETERS

Weak grid frequency regulation gain D [kW/Hz] 500
Rated capacity Pgerp [MW] 10
Grid impedance Z, [Q] 0.1+j0.314

Wind turbine and its controller Value
Wind turbine radius [m] 27.5
Rated wind speed [m/s] 12
Cut-in wind speed [m/s] 4
Cut-off wind speed [m/s] 20
Air density [kg/m?] 1.225
Rated power [MW] 1.1
Optimal tip speed ratio 6.325
Wind energy maximum utilization factor 0.4385
Pitch control regulator gain ki, kiy, T) 0.0012, 0.0001, 1.2
PMSG Value
Rated power [MW] 1.1
Flux linkage 4.74
Inertia [kg-m2] 401258
Pole pairs 42
Rated rotor speed [rad/s] 2.7
Stator resistance [Q] 0.006
d-axis inductance [mH] 1.704
g-axis inductance [mH] 1.216
Grid side voltage controller Value
Line inductance [mH] 0.2
DC side capacitance [mF] 60
DC side rated voltage [V] 1200
Current inner loop k2, ki 1,10
Voltage outer loop kps, ki3 2,120
Generator side controllers Value
d/q axis current inner loop k4, kis 1, 10
Active power outer loop ks, kis 0.0001, 0.06
Virtual inertia control k£ [kW/Hz], k,[kWs/Hz] 400, 100
BU and its controller Value
Rated voltage of battery [V] 1700
Battery capacity [Ah] 100
Battery maximum charge/discharge current 3C
PQ controls d/q-axis current inner loop ke, ki 2,20
PQ control outer loopk,7, ki 0.001, 0.5

MG frequency regulation gain (f~P), k [kW/Hz] 400

Weak grid model Value

Grid inertia constant J, [kg-m2] 2.1e6

Wind speed curve is shown in Fig. 16, being the cut-in and
cut-off wind speed fixed at 4m/s and 20m/s, and the rated wind
speed at 12m/s. Meteorological real data of wind speed was
provided by the Photovoltaic Research Program of Aalborg
University, Denmark [23]. According to the abovementioned
wind speed curve, the calculation of the tie-line active power is
Pr=550kW and the reactive power Q=0 to make the power
factor equal to 1.

Simulation results are shown in Figs. 17-25. Fig. 17 shows
the grid frequency with and without the MG frequency support.
The result illustrates the static frequency error reduction (from
#Hz to #.5Hz which depends on the MG frequency
regulation gain k). A faster frequency restoration can be seen
when using MG.

Fig. 18 shows the tie-line active power when the WT/BU MG
participates in the grid frequency and smooth its output power.
Fig. 19 depicts the output active power of the weak grid and its
reference. Notice that the difference between them is due to the
PFR action at the beginning of each frequency change. Fig. 20
shows the different power of local controllers for PFR and SFR
purposes. From Figs. 17 to 20, it shows the coordination of PFR
and SFR between the weak grid and MG.

Fig. 21 shows the WT pitch angle dynamics. Notice that
when the wind speed is lower than 12m/s, the WT operates in
MPPT or SPR. While, if the wind speed is higher than 12 m/s,
the pitch control will be automatically enabled.

Figs. 20 to 23, show that during under-frequency conditions,
the virtual inertia helps to firstly recover the grid frequency.
Then, when the stored kinetic energy is not enough, the BU
restores the frequency, and the rotor speed can be self-
recovered as shown in Fig.23. During over-frequency
conditions, the grid frequency can be smoothly reduced due to
the fast response of the BU PFR and the coordination between
the pitch control and the BU SFR. Figs. 22 and 23 show WT
MPPT operation (0-110s), virtual inertia operation (35-38s),
and pitch control operation (110-142s and 152-162s). Fig. 24
shows that BU charge/discharge powers can accurately track
Pg". Fig. 25 depicts the change of the BU SoC along the
frequency restoration operation. Note that the SoC does not
change dramatically, thus being easily recovered during
normal-frequency dispatch operation periods.

The different operation states including weak grid and
WT/BU MG can be observed in Table Il1.

TABLE |11 OPERATION MODES FOR WEAK GRID AND THE PROPOSED MG

Frequency(Hz) Simulation time (s) Weak grid WT BU
=50 0-30 Maintain grid frequency MPPT or Pitch control Tie-line power smoothing
and voltage
50>f>49.5 30-33 PFR MPPT Tie-line power smoothing
33-36 PFR PFR (virtual inertia) Tie-line power smoothing
. PFR and tie-line power
f<49 5 36-49 PFR MPPT or Pitch control smoothing
49-82 SFR MPPT or Pitch control SFRuand tie-line power
smoothing
f=50 82-90 Maintain grid frequency MPPT or Pitch control Tie-line power smoothing
and voltage
50.5>f>50 90-93 PFR MPPT or Pitch control Tie-line power smoothing
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93-108 PFR MPPT or Pitch control PFR and tie-line power
smoothing
f>50.5 108-122 SFR SFR (pitch control) SFR and tie-line power
smoothing
122-142 SFR SFR (pitch control) Tie-line power smoothing
f=50 142-180 Maintain grid frequency MPPT or Pitch control Tie-line power smoothing
and voltage
30
15
W gl T
10 Ly H”H”J hYmHﬂ | ) U i A W\’M g | 1m
HWWWW\WM WW vy . | T
5 | I X
t
0O 20 40 60 80 100 120 140 160 180
0 20 40 60 80 100 120 140 160 180 s
t/s
Fig. 16. Wind speed waveforms. Fig. 21. Pitch angle of WT.
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VIIl. CONCLUSIONS
This paper proposed a holistic approach to regulate the

frequency of a weak grid by using a WT/BU MG, with
capabilities to participate in the primary and secondary
frequency regulation. The proposed control architecture
manages the tie-line active power of the MG according to the
grid requirements, thus achieving the following functionalities:

To provide a fast frequency recovery thanks to seamless
coordination between MG and weak grid.

To increase the whole grid inertia by the BU and virtual
inertia control.

To obtain the frequency characteristic curve of a BU-WT
MG while considering weak grid model.

To establish a stability analysis model which deals with the
transitions among different operation modes and the
interaction between the impedance of the weak grid and the
output impedance of the MG.

As a future research work, a wind farm with energy storage
participating in weak grid frequency regulation will be
investigated and an advanced coordinated control will be
proposed by considering different WT power ratings and
energy storage capacities.
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