
Received March 29, 2019, accepted May 2, 2019, date of publication May 7, 2019, date of current version May 29, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2915308

Comprehensive Coordinated Control Strategy
of PMSG-Based Wind Turbine for Providing
Frequency Regulation Services

XUEYANG ZENG 1, TIANQI LIU1, (Senior Member, IEEE),

SHUNLIANG WANG 1, (Member, IEEE), YUQING DONG1,
AND ZHE CHEN2, (Fellow, IEEE)
1College of Electrical Engineering and Information Technology, Sichuan University, Chengdu 610065, China
2Department of Energy Technology, Aalborg University, 9220 Aalborg, Denmark

Corresponding author: Tianqi Liu (tqliu@scu.edu.cn)

This work was supported by the National Key Research and Development Plan of China (No. 2018YFB0904600).

ABSTRACT A high proportion of wind energy in modern power system requires wind turbines (WTs)

to provide frequency regulation services. In this context, this paper proposes a comprehensive coordinated

control strategy of permanent magnet synchronous generator (PMSG)-based WT for providing an inertial

response and primary control. First, a DC-link inertia control is proposed for providing virtual inertia by

using the electrostatic energy stored in the DC capacitor, and the key parameters that affect the virtual inertia

provided by this control are discussed in detail. Moreover, in order to provide more virtual inertia, a virtual

capacitor control (VCC) strategy is proposed. With the VCC strategy, the rotor-side converter (RSC) can

provide a virtual capacitance much larger than the actual DC capacitance and supply fast and transient extra

power support by using the WT’s rotor kinetic energy, in a similar way with the synchronous generator (SG)

inertial response. Power-frequency droop control is adapted to allow WT to provide primary control service

by using the WT’s rotor kinetic energy. Furthermore, the virtual inertia constant of the proposed strategy

is analytically derived. Finally, the simulation results in PSCAD/EMTDC are presented to verify the

effectiveness of the proposed control strategy.

INDEX TERMS DC-link inertia control, frequency regulation, PMSG, power-frequency droop control,

virtual capacitor control, virtual inertia support.

NOMENCLATURE
i AC line current

PRS Active power output by PMSG

QRS Reactive power output by PMSG

Vac AC grid voltage

Vdc DC voltage of wind turbine (WT)

Pwind Mechanical power extracted from the wind

PWT Power output by PMSG-based WT to AC system

ρ Air density

R Rotor blade radius

vw Wind speed

β Pitch angle

Cp Wind power utilization coefficient

Cmax
p Maximum wind power utilization coefficient

The associate editor coordinating the review of this manuscript and
approving it for publication was Tariq Masood.

ωr Wind turbine rotor speed

ωmax
r Upper limit of rotor speed

λ Tip-speed ratio

Pref Power reference determined by maximum

power point tracking (MPPT)

kopt MPPT curve coefficient.

1PH Electromagnetic power output by synchronous

generator (SG) inertial response

1PP Electromagnetic power output by SG primary

control

Hg Inertia constant of SG

Sg Rated apparent power of SG

RP Droop coefficient of SG.

f Instantaneous frequency of AC grid

PM∗ Mechanical power input by the prime mover

PE∗ Electromagnetic power output by the SG
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1P1 Rotational kinetic energy absorbed or

released from the inertial response of SG

1P2 Dynamic electrostatic power stored or

released by DC capacitor.

Cdc DC capacitance of WT

SWT Rated apparent power of WT

Pin∗ Power flowing from RSC to DC capacitor

in pu

Pout∗ Power flowing from DC capacitor to GSC

in pu

Pin Power flowing from RSC to DC capacitor

in MW

Pout Power flowing from DC capacitor to GSC

in MW

Hdc Virtual inertia constant provided by

DC capacitor

1fmax Maximum allowed AC frequency deviation

1Vmax Maximum allowed DC voltage deviation

Pref _VCC Active power reference considering virtual

capacitor control (VCC)

Cvir Virtual capacitance

1P′
vir Additional power output provided by VCC

1PR Additional power provided by droop control

P
∗

ref Active power reference considering the

power-frequency droop control and VCC

HS Inertia constant of WT, including the rotor

constant and generator constant.

Hr Virtual inertia constant provided by

WT’s rotor kinetic energy

PWT0 WT output active power before the

disturbance

HWT Total virtual inertia constant provided by the

WT’s rotor kinetic energy and the DC

capacitor electrostatic energy

A. Superscripts
∗ Reference value

ref Reference value

B. Subscripts
d , q d-axis and q-axis value

0 Nominal value

I. INTRODUCTION

In recent years, wind energy has developed rapidly due to

climate change and energy crises. Wind energy is a clean

energy source, but high proportion of which will bring new

challenges to the frequency regulation of power system. This

is because the output power of variable speed wind tur-

bines (VSWTs) is usually controlled by the maximum power

point tracking (MPPT) algorithm to maximize harvesting

wind power, and the VSWTs are connected to the power grid

through the power electronic converter, which decouple the

rotation speed of VSWTs and the system frequency [1], [2].

So the inherent characteristics of the VSWT make it not par-

ticipate in system frequency regulation. With the increasing

proportion of wind energy in the power system, the system

inertia will continue to decline, leading to greater challenges

to frequency stability [3]–[5].

So far, in order to address this problem, various control

strategies have been proposed to make use of the adjustment

ability of the VSWT for frequency regulation, which can be

categorized into three types. The first class is to utilize the

pitch angle control to adjust the harvested energy [6]–[8].

However, it should be noted that the curtailed power is

directly discarded and its response speed is relatively slow.

In addition, frequent adjustment of the pitch angle may

increase the mechanical stress and fatigue of the WT [9].

Another widely adopted strategy is to use the rotating

kinetic energy stored in the WT’s rotor to provide fre-

quency regulation services, the advantages of which are

as below: the response speed is faster than that of pitch

angle control and a portion of the discarded power can be

stored in the WT’s rotor as rotational kinetic energy [9].

This frequency regulation scheme involves three types of

implementation methods, including power-frequency droop

control [2], [3], [10]–[13] based on system frequency devi-

ation, derivation control [10]–[14] by using the rate of

change of frequency (ROCOF) as input signal, and de-

loading control [15]–[18] by shifting the MPPT curve to the

right sub-optimal curve. The power-frequency droop control

simulates the primary control of the synchronous genera-

tor (SG), which aims to provide continuous active power sup-

port that responds to the frequency deviation and to improve

the frequency nadir. Derivation control emulates the inertial

response of SG, the purpose of which is to provide virtual

inertia support during the initial stage of the disturbance.

But it may cause system instability because the signal it

inputs is the derivative of system frequency, which may lead

to measurement noise [3]. In addition, Derivation control

may affect the system dynamic process, and the WT does

not provide frequency support when the system frequency

reaches the maximum or minimum, so derivation control

cannot be utilized alone for system frequency regulation [2].

The VSWTs can obtain power reserve under the de-loading

control, but the captured wind energy will inevitably be lost

because the harvested wind energy is not maximized [3], [15].

The last scheme is to utilize the electrostatic energy stored

in the DC capacitor of VSWT to provide virtual inertia

support [3], [9], [19], [20]. Compared with the above two

approaches, the DC-link voltage control is the most pre-

ferred choice because it never affects MPPT control, while

the available DC capacitor energy is relatively small. Lit-

eratures [3], [19], and [20] introduce DC voltage-frequency

droop control in converter control, which can adjust the DC

voltage reference following the AC frequency fluctuations to

release or absorb the electrostatic energy in the DC capacitor.

Literatures [9] and [21] use the energy stored in the DC

capacitor to smooth the fluctuating output power, essentially

by changing the DC voltage reference. Although the studies
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above indicate that the electrostatic energy stored in a DC

capacitor can provide virtual inertia support, but it has not

been discussed how to set the droop coefficient and the key

factors affecting the virtual inertia support provided by DC

capacitor.

Focusing on providing virtual inertia support and pri-

mary control from permanent magnet synchronous generator

(PMSG)-based WT, this paper proposes a comprehensive

coordinated control strategy that makes full use of the WT’s

own potential to participate in frequency regulation. Firstly,

a DC-link inertia control is proposed by establishing the

coupling relationship between DC voltage and AC frequency.

Then it is discussed in detail how to choose the key factors,

which affect virtual inertia and droop coefficient. The results

show that even by increasing the DC capacitance and the

allowed DC voltage deviation, the virtual inertia provided by

this control method is still small. To overcome this problem,

a virtual capacitor control (VCC) strategy is proposed, which

can provide a virtual capacitor to support more virtual inertia

support. In order to provide primary control service, a power-

frequency droop control is adopted in WT system. With the

proposed coordinated control strategy, the PMSG-based WT

system is able to provide inertial response and participate

in primary frequency regulation, by utilizing DC capacitor

energy and WT’s rotor kinetic energy simultaneously, in a

similar way with the SG. Furthermore, the virtual inertia

constant of the proposed strategy is analytically derived, and

the influence of each control method on virtual inertia support

is discussed.

The paper is organized as follows: Section II introduces the

PMSG-based WT system model in this study and principle

of power system regulation. The DC-link inertia control is

proposed in Section III. Section IV presents the virtual capac-

itor control and power-frequency control. Section V derives

the virtual inertia time constant of this coordinated control

strategy. Simulation results are given to validate the proposed

coordinated control strategy in section VI. Conclusions are

summarized in section VII.

II. PMSG-BASED WT MODLE AND POWER

SYSTEM FREQUENCY REGULATION

A. PMSG-BASED WT MODLE

The schematic diagram of PMSG-based wind turbine (WT)

system is shown in Fig. 1. The PMSG-basedWT is connected

to power system through a full-scale back-to-back converter,

where the rotor-side converter (RSC) controls the generated

active power and the grid-side convertor (GSC) is used to con-

trol DC-link voltage [22], [23]. In normal operation, the active

power generated by the WT is achieved by maximum power

point tracking (MPPT) algorithm and pitch angle control [3].

The mathematical expression of the mechanical power

Pwind extracted from the wind is described as follows [24],

Pwind =
1
2
πρR2v3wCP(λ, β) (1)

λ =
ωrR

vw
(2)

FIGURE 1. Schematic diagram of PMSG-based WT system.

where ρ is air density, R is the rotor blade radius,vw is the

wind speed, λ is the tip-speed ratio, β is the pitch angle,

Cp is the wind power utilization coefficient, ωr is the wind

turbine rotor speed, Normally, when ωr is below the upper

limit of rotor speed ωmax
r , the pitch angle is zero, then Cp is

a function only related to λ, and it will reach the maximum

value Cmax
p [17], [25].

Bring (2) into (1), yields,

Pref =
πρR5Cmax

p

2λ3
ω3
r = koptω

3
r (3)

where Pref is active power reference value determined by

MPPT algorithm, kopt is the MPPT curve coefficient.

B. POWER SYSTEM FREQUENCY REGULATION

The power imbalance between load and power generation

will cause frequency fluctuations in an AC grid. When this

phenomenon occurs, the conventional SG would thus adjust

its power transmitted to the AC grid to offer frequency sup-

port. The kinetic energy stored in the rotor of the SG will

quickly change following the variation of frequency, where

the released or absorbed kinetic energy will result in the

increase or decrease of the output electromagnetic power. The

part of the electromagnetic power generated by the inertial

response of the SG is proportional to the rate of change of

frequency (ROCOF) [26]. It is noted that the inertial response

plays a major role in hindering the ROCOF during the first

few seconds after a disturbance occurs. After a few seconds,

the primary control starts working and the frequency ends

up in reaching a new equilibrium point. A few minutes later,

the secondary control will be activated to adjust the frequency

to the normal value [26], [27].

The electromagnetic power output 1PH by SG inertial

response and 1PP by primary control can be calculated as

in (4) and (5), respectively.

1PH = −
2HgSg

f 20
f
df

dt
≈ −

2HgSg

f0

df

dt
(4)

1PP = −
1

RP
(f − f0) = −

1

RP
1f (5)

where, Hg is the inertia constant of SG, Sg is the rated

apparent power of SG, f0 is the nominal frequency of the grid,
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f is the measured instantaneous frequency of AC grid, 1f is

the frequency difference, RP is the droop coefficient of SG.

The function of inertia response is to hinder the ROCOF,

prevent the system frequency from falling rapidly, and gain

time for primary control. The primary control aims at sup-

plying continuous active power support that responds to the

frequency deviation, so as to prevent the continuous drop of

the system frequency and allow frequency to achieve a new

balance.

III. DC-LINK INERTIAL CONTROL

The WT output power is usually controlled by the MPPT

algorithm and insensitive to the grid frequency changes

because of the full-scale back-to-back converter. In addition,

the DC voltage controlled by the GSC is a constant and

decoupled from AC frequency, so the kinetic energy stored

in the WT’s rotor and the electrostatic energy stored in the

DC capacitor will not participate in the frequency regulation.

To address this problem, this section proposes a DC-link

inertia control by coupling AC frequency to the DC-link

voltage of converter in WT system, allowing the electrostatic

power stored in the DC capacitor to provide inertial support

for the power system.

For the AC system, the typical rotor motion equation of

the SG can reflect the dynamic response of frequency as

described in

2Hg

f0
·
df

dt
= PM∗ − PE∗ = 1P1(pu) (6)

wherePM∗ is themechanical power input by the primemover,

PE∗ is the electromagnetic power output by the SG, 1P1 is

the rotational kinetic energy absorbed or released from the

inertial response of SG during the speed change.

For the back-to-back converter, the DC voltage variations

can reflect the power imbalance, similar to frequency in an

AC system. Ignoring the power loss, the dynamic equation of

DC capacitor, similar to (6), is shown in (7).

CdcVdc

SWT
·
dVdc

dt
= Pin∗ − Pout∗ = 1P2(pu) (7)

where Cdc is the DC capacitance of WT system, Vdc is the

measured DC voltage, SWT is the rated apparent power of

the WT, Pin∗ is the power flowing from RSC to DC capacitor

in pu,Pout∗ is the power flowing fromDC capacitor to GSC in

pu, 1P2 is the dynamic electrostatic power stored or released

by DC capacitor.

A relationship between DC voltage and AC frequency is

established by making (6) and (7) equal, thus the electrostatic

power stored in the DC capacitor can provide inertial support

for the power system [28]. And then integrating both sides

with respect to time yields

∫ f

f0

2Hdc

f0
df =

∫ Vdc

Vdc0

CdcVdc

SWT
dVdc (8)

2Hdc (f − f0)

f0
=

Cdc(V
2
dc − V 2

dc0)

2SWT
(9)

FIGURE 2. Relationship among virtual inertia constant Hdc , maximum
allowed frequency and voltage deviation (1fmax, 1Vmax), DC capacitance
Cdc . (Using the WT’s parameters in Appendix Table 3).

where Hdc is the virtual inertia constant provided by DC

capacitor, Vdc0 is the nominal DC voltage.

The virtual inertia constant Hdc and the DC voltage refer-

ence V
∗

dc in GSC constant DC voltage control can be obtained

from (9). The relationship among Hdc, maximum allowed

frequency and voltage deviation (1fmax, 1Vmax), DC capac-

itance Cdc is depicted in Fig. 2.

Hdc =
Cdcf0V

2
dc0

4SWT1fmax

[

(

1Vmax

Vdc0
+ 1

)2

− 1

]

(10)

V
∗

dc =

√

4HdcSWT (f − f0)

f0Cdc
+ V 2

dc0 (11)

where1Vmax is the maximum allowed DC voltage deviation,

and 1fmax is the maximum allowed frequency deviation.

Since the frequency varies within a small range (restricted

within ±0.05pu), (11) may be linearized around its equi-

librium point by Taylor Expansion. Therefore, V
∗

dc can be

expressed as (12) after ignoring the higher order items. The

relationship among voltage variation 1Vdc, virtual inertia

constant Hdc, frequency variation 1f ,and DC capacitance

Cdc is shown in Fig. 3. The block diagram of the DC inertia

control is shown in Fig. 4.

V
∗

dc=Vdc0 +
2HdcSWT

Vdc0f0Cdc
(f − f0)=Vdc0 + Kdc (f − f0) (12)

Substituting Hdc in (10) into (12), yields,

Kdc =
2HdcSWT

Vdc0f0Cdc
=

Vdc0

21fmax

[

(

1Vmax

Vdc0
+ 1

)2

− 1

]

(13)

Equation (12) indicates that after linearization of (11),

DC-link inertia control is essentially a droop control, and the

droop coefficient can be determined by (13).
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FIGURE 3. Relationship among voltage variation 1Vdc , virtual inertia
constant Hdc , frequency variation 1f , and DC capacitance Cdc . (Using the
WT’s parameters in Appendix Table 3).

FIGURE 4. Control diagram of the proposed coordinated control strategy.

It can be clearly seen from (10) and Fig. 2(a) that increas-

ing Cdc, 1Vmax, or reducing 1fmax seems to enhance Hdc.

However, it should be noted that 1fmax is determined by the

power equipment such as generators, transmission networks,

loads and so on, and is not controlled by the WT system.

So only by increasing Cdc and 1Vmax can improve Hdc.

This paper considers that WT is connected to a relatively

weak power grid, so 1fmax is selected as 2Hz. Moreover,

as shown in (13), the promotion of 1Vmax is equivalent to

the enhancement of Kdc. With the same frequency deviation,

more DC capacitor energy can be released or absorbed.

In addition, from Fig. 3, for a specific 1f and a fixed Cdc,

the increase of Hdc will result in a larger 1V . This is because

Cdc is a fixed value, the improvement of Hdc can only be

achieved by increasing 1Vmax. It can be concluded from (10)

and (13) that for a specific 1f , increasing Cdc can provide a

suitable virtual inertia constant Hdc without improving 1V ,

because Kdc is a function unrelated to Cdc, but it will increase

the cost and converter volume. What’s more, the increase of

1Vmax may lead to insulation and modulation issues. From

Fig. 2(b), even if theCdc is increased to 400mF (Cdc is usually

around 100mF) and 1Vmax = 0.4kV (0.2pu), the virtual

inertia constant produced by the DC-link capacitor is still

FIGURE 5. Analysis diagram of back-to-back converter virtual capacitor.

less than 1s, which is smaller than that provided by the SG

(Hg normally ranges from 2s to 10s [29], [30]). Therefore,

it is obviously uneconomical and unnecessary to provide

the required virtual inertia constant by increasing the DC

capacitance.

IV. WT ROTOR FREQUENCY CONTROL

As analyzed in the previous section, the inertia provided by

the normal DC capacitor is very limited, and it may cause

excessive DC voltage deviation. Therefore, to provide the

required virtual inertia constant and keep the DC voltage

within a safe range, larger capacitance is needed for the WT

system, but it will increase the cost and converter volume.

The WT’s rotor kinetic energy is much greater than the

electrostatic energy stored in DC capacitor. However, the out-

put power of WT is controlled by MPPT algorithm, and

there is no direct relationship between the rotor speed ωr of

WT and AC frequency f because of the full-scale back-to-

back converter, which causes the rotational kinetic energy

to be hidden and contributes little to frequency regulation

services for power grid. To solve this problem, a novel VCC

strategy is proposed in this section to provide a reasonable

virtual capacitance and improve the power system inertia. In

addition, in order to provide primary control service, a power-

frequency droop control is adopted in WT.

A. VIRTUAL CAPACITOR CONTROL

Fig.5 shows the diagram of system power balance with DC

capacitor. Multiplying both sides of equation (7) by the rated

apparent power SWT , the relationship between the DC volt-

age and the DC power can be obtained as (14) during a

disturbance.

CdcVdc
dVdc

dt
= Pin − Pout (14)

where Pin is the power flowing from RSC to DC capacitor

in MW, Pout is the power flowing from DC capacitor to GSC

in MW.

It can be seen from (14) that when the WT operates in a

steady state, the DC voltage is maintained at a constant value.

During a disturbance, the larger DC capacitance, the smaller

voltage change rate dVdc/dt and the greater virtual inertia

support provided by the DC capacitor. However, limited by

the actual DC capacitor capacity, this virtual inertia is small.

Fortunately, a VCC strategy as shown in (15) is adopted

in RSC to quickly adjust the input power at the moment

of voltage fluctuation, so that the converter can quickly

absorb or release the additional power 1Pvir , as shown
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in (16). The control diagram is shown in Fig. 4.

Pref _VCC = Pref − 1Pvir = Pref − CvirVdc
dVdc

dt
(15)

1Pvir = CvirVdc
dVdc

dt
(16)

where, Pref _VCC is the new active power reference value

consideringVCC strategy,Cvir is defined as the virtual capac-

itance because it is realized by the proposed VCC strategy

in RSC.

Taking the 1Pvir into account, the new input power flow-

ing P′
in from RSC to DC capacitor is expressed as

P′
in = Pin − 1Pvir = Pin − CvirVdc

dVdc

dt
(17)

Substituting P′
in in (17) to Pin in (14) can obtain

(Cdc + Cvir )Vdc
dVdc

dt
= Pin − Pout (18)

Equation (18) indicates that adopting the proposed VCC

strategy can be considered as adding a virtual capacitor Cvir
in parallel with Cdc, as shown by the red dashed line in Fig. 5.

And the capacity of virtual capacitor Cvir can be adjusted

according to the required virtual inertia constant. Increasing

the virtual capacitance Cvir can reduce the actual DC capac-

itance Cdc requirement, which can save cost and reduce the

converter volume.

Derivation on both sides of (12) yields (19) below.

dVdc

dt
=

2HdcSWT

Vdc0f0Cdc
·
df

dt
(19)

The relationship between the additional power output

1P′
vir of WT and AC frequency can be obtained from (18),

and (19), as shown in (20).

1P′
vir = −1Pvir = −

2CvirVdcHdcSWT

Vdc0f0Cdc
·
df

dt
(20)

In practice, the DC voltage deviation is quite small (within

±0.1pu in this paper), so the DC voltage Vdc is approximated

to normal DC voltage Vdc0 (Vdc ≈ Vdc0). Equation (20) can

be rewritten as (21).

1P′
vir ≈ −

2CvirHdcSWT

f0Cdc
·
df

dt
= −

2HvirSWT

f0
·
df

dt
(21)

where Hvir is the virtual inertia constant provided by WT

rotor due to VCC strategy, as shown in (22).

Hvir =
CvirHdc

Cdc
(22)

Bring (10) into (22) yields

Hvir =
Cvir f0V

2
dc0

4SWT1fmax

[

(

1Vmax

Vdc0
+ 1

)2

− 1

]

(23)

B. POWER-FREQUENCY DROOP CONRTOL

It can be derived from equation (21) that with VCC strategy,

the extra power support provided by theWT is proportional to

the ROCOF. So theWT can provide the virtual inertia support

at the initial stage of the disturbance, but when the frequency

deviation reaches the maximum, the ROCOF is zero, thus the

inertia support provided by the WT is zero. What is worse is

that during the frequency recovery process, the extra power

support provided by the WT is opposite to that required by

the power system.

To solve this problem, a power-frequency droop control

shown in (24) is introduced into the WT system [2], [3],

and [10]–[13]. The additional power 1PR provided by droop

control is given in (25) and the control diagram is shown

in Fig. 4.

P
∗

ref = Pref _VCC + 1PR=Pref − CvirVdc
dVdc

dt
−KR (f − f0)

(24)

1PR = −KR (f − f0) (25)

where P∗
ref is the new active power reference value of WT

considering the power-frequency droop control and VCC

strategy, KR is the droop coefficient.

V. VIRTUAL INERTIA CONSTANT OF PROPOSED

COORDINATED CONTROL

The dynamic characteristics of the WT’s rotor can be

described by the rotor motion equation, as shown in (26).

2HSωrSWT
dωr

dt
= Pwind − Pref (26)

where, HS is the inertia constant of WT, including the rotor

constant and generator constant.

The core idea of the VCC strategy and the power-frequency

droop control is to provide virtual inertia support by using

WT’s rotor kinetic energy. The active reference value Pref of

the WT will be replaced by a new one P
∗

ref during a distur-

bance. Equation (26) can be rewritten as

2HSωrSWT
dωr

dt
= Pwind − P

∗

ref (27)

With the similar form in (6), (27) can be revised as follows,

2HrSWT

f0
·
df

dt
=PWT0−P

∗

ref =PWT0−(Pref +1P′
vir+1PR)

(28)

whereHr is the virtual inertia constant provide byWT’s rotor

kinetic energy (considering the VCC strategy and power-

frequency droop control), PWT0 is the WT output active

power before the disturbance.

Integrating both sides of (28) with respect to time yields,

∫ f

f0

2HrSWT

f0
·
df

dt
=

∫ t

t0

(PWT0 − Pref )dt

−

∫ t

t0

1P′
virdt −

∫ t

t0

1PRdt (29)
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Bring (21) and (25) into (29), the virtual inertia constant

Hr can be expressed as

Hr =
f0

∫ t
t0
(PWT0 − Pref )dt

2SWT1f
+ Hvir +

f0
∫ t
t0
KR1fdt

2SWT1f

= H1 + H2 + H3 (30)

It can be seen from (30) that the virtual inertia constant

Hr consists of three parts (H1, H2 and H3). H1 represents

the influence of the MPPT curve on Hr . If the frequency

drops (1f < 0), VCC strategy and droop control will trigger

a declining rotor speed to release kinetic energy. It can be seen

from (3) that if the rotor speed decreases, the power reference

Pref will decrease, so the numerator of H1 is positive and

H1 is negative [3], [25]. Obviously, H2 is a constant, which

reflects the effect of VCC strategy on Hr . H3 indicates the

effect of power-frequency droop control on Hr . Considering

the small variation of frequency and rotor speed during the

first few seconds after a disturbance occurs, H1 and H3 is

approximately equal to zero. This means that the virtual

inertia during this period is mainly provided by VCC. With

the increase of 1f , the inertia H3 provided by droop control

is improving.

Combined with (10), (23) and (30), the total virtual inertia

constant HWT provided by the WT’s rotor kinetic energy and

the DC capacitor electrostatic energy is as follows,

HWT = Hr + Hdc =
f0

∫ t
t0
(PWT0 − Pref )dt

2SWT1f
+
f0

∫ t
t0
KR1fdt

2SWT1f

+
(Cvir + Cdc)f0V

2
dc0

4SWT1fmax

[

(

1Vmax

Vdc0
+ 1

)2

− 1

]

(31)

Obviously, the proposed coordinated control can provide

greater virtual inertia support. The purpose of DC-link inertia

control and VCC is to simulate the inertial response of SG,

providing virtual inertia support during the initial stage of

the disturbance, hindering the ROCOF and preventing the AC

frequency from falling rapidly. The goal of power-frequency

droop control is to simulate the primary control of SG,

providing continuous active power support, preventing the

continuous drop of AC frequency, improving the frequency

nadir, and allowing frequency to achieve a new balance.

Fig. 4 shows the entire control diagram of the proposed

coordinated control strategy. Taking the AC frequency reduc-

tion as an example, the DC-link inertial control of GSC

firstly lowers its DC voltage reference value to release the

electrostatic energy stored in the DC capacitor. At the same

time, the reduction of DC voltage enables the VCC strategy

of RSC to increase its active power output by releasing the

WT’s rotor kinetic energy. Meanwhile, with the increase of

frequency deviation, the power-frequency droop control also

increases WT’s active power output by releasing the WTs’

rotor kinetic energy. Through a series of actions of the above

control, the WT can provide inertial response and primary

control services, which can reduce the ROCOF and improve

frequency nadir, thus enhance the overall system stability.

FIGURE 6. Single-line diagram of the simulation test system.

TABLE 1. Parameters and simulation results of different study case.

What’s more, the proposed coordinated control strategy does

not require additional energy storage facilities.

VI. SIMULATION AND RESULTS

In order to verify the effectiveness of the proposed coor-

dinated control, a simulation test system comprising of

a PMSG-based WT, a SG, a fixed load and a switch-

able load is built in PSCAD/EMTDC, as shown in Fig. 6.

The parameters of PMSG-based WT and SG are listed in

Appendix Table 3 and Table 4, respectively. The fixed load

is specified as 6MW + 0.6MVar, and the switchable load

is chosen as 0.6MW + 0.06MVar, representing 10% fixed

load. Wind speed is set as 10.1m/s and the switchable load

is applied to power system at 10s to create the frequency

dynamics.

A. DC-LINK INERTIA CONTROL WITH

DIFFERENT PARAMETERS

In order to verify the effectiveness of DC-link inertia control

with different parameters, a simulation example with six

cases listed in Table 1 is designed. Cases 1, 2, and 3 show the

influence of DC capacitance Cdc on virtual inertia constant

Hdc. Cases 1, 4, and 5 illustrate the influence of maximum

allowed DC voltage deviation 1Vmax on Hdc. Case 6 repre-

sents without dc-link inertia control. The simulation results

of the system responses with different parameters are shown

in Fig. 7 and Table 1.

It can be observed from cases 1, 2, and 3 that a larger

DC capacitance can provide more virtual inertia support

without increasing DC voltage deviation, and can bring more

improvements to ROCOF. Comparing Cases 1, 4, and 5,

it can be known that by increasing the maximum allowed DC

voltage deviation 1Vmax, DC capacitor would also provide

more virtual inertia support and reduce ROCOF, but this

will lead to DC voltage deviation increasing. The simulation

results verify the influence analysis of Cdc and 1Vmax on

63950 VOLUME 7, 2019
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FIGURE 7. Simulation results for sudden load increase under DC-link
inertia control. (a) System frequency. (b) ROCOF. (c) GSC active power.
(d) DC voltage.

Hdc in section III. However, even if the Cdc is increased to

4 times the normal value or 1Vmax is increased to 0.3pu,

the virtual inertia provided by the DC capacitor is still very

small, which brings very small improvements to the ROCOF

and frequency nadir, as observed form Fig. 7(a) and Fig. 7 (b).

B. SUDDEN LOAD INCREASE UNDER

DIFFERENT CONTROL METHODS

Five different control methods are listed in Table 2 and sim-

ulation results are compared in Fig. 8 and Table 2.

From the Fig. 8 and Table 2, it can be observed that

DC capacitor and WT rotor cannot provide inertia support

if without additional control, where DC voltage and rotor

speed do not change during system transients. With DC-link

inertia control, GSC can increase the injected active power

by releasing the energy stored in the DC capacitor. However,

as previously analyzed, the active power is limited because

the normal DC capacitance is relatively small. It can only

bring a little improvement in the ROCOF and frequency

nadir, as shown in Fig. 8(a), Fig. 8(b) and Table 2. Compared

FIGURE 8. Simulation results for sudden load increase under different
control methods. (a) System frequency. (b) ROCOF. (c) GSC active power.
(d) RSC active power. (e) DC voltage. (f) Rotor speed.

with case 2 and case 3, using the proposed VCC strategy,

the system frequency is dropping slower significantly, but

the frequency nadir only improved a little. Moreover, it is

noticed that in the process of system frequency recovery,

theWT rotor absorbs the same amount of power to restore the

rotor speed. This is because the extra power provided by

the VCC strategy is proportional to ROCOF, as shown in

(21). The WT absorbs some power for the speed recovery

during the frequency recovery process. So the VCC is aimed

to emulate the inertial response of SG, providing virtual
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TABLE 2. Parameters
∗

and simulation results of different study case.

TABLE 3. Parameters of PMSG-based WT.

TABLE 4. Parameters of the SG.

inertia support during the initial stage of the disturbance,

hindering the ROCOF and preventing the AC frequency from

falling rapidly. From Fig. 8(a) and Fig. 8(b), it is noted

that with the power- frequency droop control, the frequency

nadir is lifted higher, but the improvement of ROCOF is not

obvious at the first few seconds of sudden load increase.

Additionally, the extra power provided by power-frequency

droop control is proportional to the frequency deviation as

shown in Fig. 8(c). So the goal of power-frequency droop

control is to simulate the primary control of SG, providing

continuous active power support, preventing the continuous

drop of AC frequency, improving the frequency nadir, and

allowing frequency to achieve a new balance. It can be seen

from Fig. 8 and Table 2 that the proposed coordinated control

(case 5) combines the advantages of VCC strategy and power-

frequency droop control, which can effectively limit ROCOF

and improve the frequency nadir. It can be concluded that

the proposed coordinated control enables the PMSG-based

WT to provide inertial response and primary control services,

which is very meaningful and useful for power systems with

high proportions of wind power.

VII. CONCLUSION

This paper has proposed a comprehensive coordinated control

strategy for PMSG-based WT system to provide frequency

services, including the DC-link inertia control, the VCC

strategy and power-frequency droop control. The DC-link

inertia control utilizes the electrostatic energy stored in the

DC capacitor to provide virtual inertia support. However,

the available energy is relatively small, so a larger size capaci-

tor might be needed for a required virtual inertia. Fortunately,

the VCC strategy can provide a virtual capacitance much

larger than the actual DC capacitance by using the WT’s

rotor kinetic energy, and is aimed to simulate the inertial

response of SG, providing virtual inertia support and hinder-

ing the ROCOF during the initial stage of the disturbance.

The power-frequency droop control can achieve the following

goals by simulating the primary control of SG: providing

continuous active power support, preventing the continuous

drop of AC frequency and improving the frequency nadir.

The simulation results indicate that the ROCOF is mitigated

and frequency nadir is improved by adopting the proposed

coordinated control strategy. The strategy can improve the

overall performance of power system with high proportion

of wind energy and promote the development of wind energy

utilization.

APPENDIX

See Tables 3 and 4.
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