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Abstract

The increasing penetration of large-scale wind generation in
power systems will challenge the power system inertia due to
the reason that the converter based variable speed wind
turbines have no contribution to the system inertia.
Traditionally, a doubly fed induction generator (DFIG)-based
wind power plant naturally does not provide frequency
response because of the decoupling between the output power
and the frequency. Moreover, DFIGs also lack power reserve
margin because of the maximum power point tracking (MPPT)
operation. In this paper, a virtual inertial control strategy of
the DFIG based wind turbines called supplementary control
loop for inertial response is investigated. When the system
frequency is changing severely, the output power of DFIG
should respond to it rapidly through the virtual inertial
controller at the same time. The rotor speeds of wind turbines
can also be adjusted into this procedure. The inertial control
methods proposed in this paper can supply controllable virtual
inertia of DFIGs to the power system so that the system
frequency stability can be strengthened through inertial
control of wind turbines on the basis of damping torque
analysis.

1 Introduction

As the renewable sources of energy are increasingly promoted
by the electricity industry, the fossil plants are gradually
being retired at the same time. Wind power is one of the
emerging renewable energy technologies with fastest growing
speed and has been widely utilized in power systems. The
kinetic energy of the spinning inertia of the retired turbine-
alternators is no longer there to support the frequency stability
in the event of outage or a sudden large increase in system
demand [1].

Wind turbine generators (WTGs) can be divided into two
basic categories: fixed speed WTGs and variable speed
WTGs. A fixed speed WTG generally uses a squirrel-cage
induction generator to convert the mechanical energy from
the wind turbine into electrical energy. There is a strong

coupling between the squirrel-cage induction generator stator
and the power system, any deviations in system speed will
result in a change in rotational speed [2]. Variable-speed
WTGs can offer an increased efficiency in capturing the
energy from wind over a wide range of wind speed, along
with better power quality and the ability to regulate the power
factor, by either consuming or producing reactive power.
Double fed induction generator (DFIG) is one popular type of
variable speed WTGs. DFIG penetration could reduce system
inertia and affect frequency responses only if when it replaces
conventional synchronous generation. Otherwise, it has
negligible effect on system speed regulation [3]. This is due
to the fact that the DFIG control system decouples the
mechanical and electrical systems, thus preventing the
generator from responding to system frequency deviations [4].

A possible solution to the lack of DFIG wind turbine inertial
response is through the addition of a supplementary control
loop to provide an inertial response which is similar to a
conventional synchronous generator [5]. Similar to
conventional generators, wind turbines have a significant of
kinetic energy stored in the rotating mass of their blades.
Variable speed wind turbines are able to support primary
frequency control and to emulate inertia by applying
additional control loops. The kinetic energy stores in the
“hidden inertia” of the turbine blades [6].

In this paper, a classical virtual inertial control strategy of
DFIG based wind turbines called supplementary control loop
for inertia response is investigated. When the system
frequency is changing severely, the output power of DFIG
should respond to it rapidly through the virtual inertial
controller at the same time. The rotor speed of wind turbines
can also be adjusted into this procedure. The inertial control
methods proposed in this paper can supply controllable virtual
inertia of DFIGs to the power system so that the system
frequency stability can be strengthened through inertial
control of wind turbines on the basis of damping torque
analysis. The proposed approach also shows that while virtual
inertia is not incorporated directly in long-term frequency and
power regulation, it may enhance the system steady-state
behaviour indirectly. A time domain simulation is used to
verify the results of the analytical studies.

2 Modelling of power system



2.1 A simplified model of DFIG-based wind turbine g C
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Figure 1: SMIB power system with DFIG wind turbine
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Fig.3 shows the configuration of rotor side converter control
of DFIG-based wind turbine.
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The four order equations of synchronous generator are: A . |
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Where turbine
P, =Vigly Vi lig = Eqlg + (X =% )1l From fig.3, it can have the three order simplified equations of
Ey=Eq,+E, DFIG-based wind turbine:
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vV, Where X, and X, are two state variables of PI controllers.
< The total output power of DFIG is:
P=V, I, +Vyl,, =V,cos0-1, +V sing-1 .
O8N, Q=V, I, ~V,l,, =V,sin6-1, -V, cosd-1,, ©)
d The active and reactive power of rotor in DFIG are:
Pr =er Irw +VTW Irw
VA (6)
Qr _erqlrwd _erd Irwq
wd The active and reactive power of stator in DFIG are:
Ps :szd Iswd +szq Iswq
Figure 2: Phasor diagram of power system Q. =Vaug Laws —Vana 'oug (7)
V=V, + X, The coordin_ate transformation equations are:
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- - T Iy ==l COSO+1,,sino
V, =V, — X, (I, +1,)

Linearization of Eq.(1) is:

From Eq.(2) and Fig.2, it can have:



AS = wyAw
Aw= %(—APE ~DAw)
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The above equations are simplified as:
AP, = K|AS + K,AE, "+ Kpp AP + Koo AQ
AE, = K,AE, '+ K,AS +Kgp AP + K, AQ (10)

AV, = K;A0 + KAE, '+ K p AP + Kk, AQ
Thus, the linearized model of the synchronous generator is:
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By linearizing Eq.(6) and Eq.(7), it can have:
AP =V _Al__+1_. AV,
S s0 swq swq0 S (12)
AQS :VSOAlswd + IsdeAV
AP, = 1,00AV g + oo AV e +Vo0A g VoAl g ;
1
AQ; =—1140AV i + LiaoAViug T ViugoAl s —VewaoAlg (13)
Where
1 XSS XSS
Alrwd =—X—mAVS - Xm Alswd’ Irwq =_X_mAIsqu
X 2 2
Avad = (er __m)lrquASw - I:QrAIrwd + SwO(er
X2 X X2
AVn/vq = - er)InNdO +—mVso]ASW + Swo (_m_ er)AIrwd
SS er XSS
X
R g 8,0 S AV,
Alg,, = =Ko (S)AR, Al ,, =—K,(5)AQ,
And Eg.(12) and Eq.(13) can be rewritten as:
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The above equations are simplified as:
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Linearization of total output power in DFIG:
|
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| (17)
AQ = KQr SASW +[ sl Qr Vs I(S)]AVS
N sO Q(S) B
By linearizing the first equation of Eq.(4), it can have:
As, = Ti (AR, —D,As,) (18)
J
From Eq.(17) and Eq.(18), it can have:
As, = A,As, + B, (S)AV, (19)
Where
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By substituting Eq.(19) into Eq.(17), it can have:
AP =G, (S)AV, 20
AQ =G, (S)AV, (20)
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From Eq.(11) and Eq.(20), the simplified linearization model
of the power system with DFIG-based wind turbine connected
is:

) AP AP
AX =A-AX +B- AQ AV, =C-4AX +D-

AQ (21)

AP =G, (S)AV,,AQ =G, (S)AV,

2.2 The impact of virtual inertia control for SMIB power
system with grid-connected DFIG-based wind turbines

The principle of classical virtual inertial control is:

df

Psmf = Ps:)Gf - Ky E_ Kpf (f-1 (22)

In the SMIB power system, the power system frequency f is
substituted by the rotor speed of synchronous generator w .
Linearization of Eq.(22) is:

AP =—(sKy + K, )Aw (23)
The reference value of stator active power P™ is not a
constant in Fig.1. Eq.(14) and Eq.(15) will be rewritten as:

I swq0
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Where
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From Eq.(17), it can have the linearization of DFIG total
output power is:

I swqo0
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From Eq.(19) and Eq.(26), it can have:
AS, = AAs, + B, (S)AV, +C,, (S)AP™ (27)
Where
Cu() =t e o)
T,(A-5s,) 1+V,K.(9) -
By substituting Eq.(27) into Eq.(26), it can have:
AP =G, (S)AV, +G, '(s)AP™
p(S)AV, +G; (5)AR, 28)
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Where
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Thus, the linearization model of SMIB power system with
DFIG-based wind turbine incorporated with virtual inertial
control is:

. AP AP
AX =A-AX+B-| " | AV, =C-4X +D-
LQ} { } (29)

AQ
AP =G, ()AV, +G, (S)AP™ ,AQ = G, (S)AV, + G, '(5)AR™

2.3 Damping torque analysis with taking virtual inertia
control for DFIG-based wind turbine into consideration

From Eq.(29), the Phillips-Heffron model of the SMIB power
system with DFIG-based wind turbine connected incorporated
with virtual inertial control is given in Fig.4.

Figure 4: Phillips-Heffron model of SMIB power system with
virtual inertial control for DFIG-based wind turbine

From Fig.4, it can have:
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From Eq.(28), it can have:
AP [Gp(s G, (s
{ }: 'Oy [ %O o
AQ] | Gy(9) G, '(9) (31)

=G(s)-AV, +G'(s)-AP™
From Eq.(30) and Eq.(31), the electric torque contributed
from virtual inertial control loop of DFIG-based wind turbine
to electromechanical oscillation loop of synchronous
generator is:



AP
AT =C,(sl-A,) E, A5 +[C,(sI - A,) "B, + DZ]LQ}

=C,(sl-A,) E,A6 +[C,(sl-A,)'B, + D,]G(s)- AV,
+[C,(s1-A,)"B, + D,]G'(s)- AP
From Eq.(10), it can have:

(32)

AE, =G, (S)AS +G, (s)AP + G, (5)AQ (33)

Where
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From Eq.(31) and Eq.(33), it can have:
_ R/s +ReGi(s) AS
1-[RG, (8) + R |Gr (8) = [ ReGy (5) + R |Gy (5)
. [Re +ReG(9]G, (6) +[ R +ReGy(8) |G, S) .,
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By substituting Eq.(34) into Eq.(32), it can have:
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= F(s)AS+F (s)AP™
Thus, F'(s)AP™ is the damping torque contributed from
virtual inertial control loop of DFIG-based wind turbine to the
electromechanical oscillation loop of the synchronous
generator. From Eq.(23) and Eq.(35), it can have the electric
torque of virtual inertial loop in DFIG:

AT, =—=(sKy + K )F'(S)Aw (36)

When the oscillation angular frequency is o, , the total
damping torque of electromechanical oscillation loop is:
D, =—Re[ (K, +jo.Ky)F (@,)] (37)

3 Case Study

The output active power of synchronous generator is P, =0.6,

and the reference voltage amplitude of synchronous generator
terminal isV, ., =1.05; The output active power of DFIG

tref
R, =0.4, and the power factor cose =0.95.

The voltages of bus are:

V, =1.0513.20°,V, =1.04./11.63°, V, =1.03/8.41°V, =1.0
The line currents are: 1, =0.60/-4.87°, 1, =0.40/-6.57°,
I, =1.00/5.55° . The active power of synchronous generator

and DFIG is 0.6 and 0.4, respectively.
From Eq.(29), it can have:

0  314.1593 0 0
_| 02157 -0.3750 -0.1354 0
| -0.1625 0 -0.6350 0.2 |
-52.9753 0 -839.9212 -100
0 0
0.0320 -0.0003 | C=[-0.0027 0 0.4017 0],
0.0086 0.0578 | D=[-0.0296 0.2243].
14.2114 -23.9430

G, =0.2519+ j0.0125, G, = 0.0828 + j0.0035,

G, '=0.3049— j0.0219, G, ' =0.0000+ j0.0000.

From Eqg.(35), it can have the electric torque:

AT = (-0.0070+ j0.0333)A5 + (-0.0771+ jO.0042)AP™

The damping torque contributed from the virtual inertial
control loop of DFIG-based wind turbine to synchronous
generator  electromechanical  oscillation  loop  is:
(-0.0771+ j0.0042)AP™ .

If Ky =10,K =10, from Eq.(23), the relationship between
AP™ and Aw is: AP™ =—(7.3296+ j82.1398)Aw .

Where s is the eigenvalue of matrix A of DFIG (without the
virtual inertial control): A, =-0.2670+ j8.2140 .

From Eq.(36), it can have the electric torque of the virtual
inertial control loop in DFIG: AT, =(0.9086+ j6.3003)Aw .
From EQ.(37), it can have the total damping torque of
electromechanical oscillation loop: D,, =0.7038.

Thus the oscillation mode (without the virtual inertial control)
of power system is: 4, =-0.2670+ j8.2140 , and the
oscillation mode (with the virtual inertial control) of power
systemis: 4, =-0.3140+ j7.8439.

& degree

Without virtual inertial control

With virtual inertial control

Time /s |
0 1 2 3 4 5 6 7 8 9 10

Figure 5: Simulation results of power system with/without
virtual inertial control
If Ky =0, K, is changed from 1 to 10 with a step of 1.0,

the oscillation modes and the damping torque analysis results
are shown in Table.1.



Kot Oscillation mode | Damping torque
1 -0.2719 +j8.2142 0.0772
2 -0.2767 +j8.2144 0.1544
3 -0.2816 +j8.2146 0.2316
4 -0.2864 +j8.2147 0.3088
5 -0.2913 +j8.2149 0.3861
6 -0.2961 +j8.2151 0.4633
7 -0.3010 + j8.2153 0.5405
8 -0.3058 +j8.2154 0.6177
9 -0.3106 +j8.2156 0.6949
10 -0.3155 +j8.2158 0.7721

Table 1: The oscillation modes and damping torques in power
system with different parameter K .

If K, =0, Ky is changed from 1 to 10, the oscillation

modes and the damping torque analysis results are shown in
Table.2.

K Oscillation mode Damping torque
1 -0.2673 +j8.1744 0.0068
2 -0.2676+ j8.1354 0.0137
3 -0.2679 +j8.0970 0.0205
4 -0.2682 +j8.0591 0.0273
5 -0.2685 +j8.0217 0.0342
6 -0.2688 +j7.9848 0.0410
7 -0.2690 +j7.9484 0.0478
8 -0.2693 +j7.9125 0.0547
9 -0.2695 +j7.8771 0.0615
10 -0.2698 +j7.8422 0.0683

Table 2: The oscillation modes and damping torque in power
system with different parameter K .

From Table.1 and Table.2, it can be seen that the DFIG-based
wind turbine with virtual inertial control can provide positive
damping torque in the SMIB power system.

4 Conclusion

The classical virtual inertial control strategy of DFIG based
wind turbines called supplementary control loop for inertial
response is investigated in this paper. The proposed method
can supply controllable virtual inertia from DFIGs to the
power system so that the system frequency stability can be
strengthened through inertial control of wind turbines on the
basis of damping torque analysis. Simulation results show
that the DFIG-based wind turbine with virtual inertial control

can provide positive damping torque to the power system so
that it may enhance the system steady-state behaviour
indirectly. Thus, the DFIG-based wind turbines are able to
support primary frequency control and to emulate inertia by
applying additional supplementary control loop.
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Appendix

Parameters of example single-machine infinite-bus power
system (in per unit except indicated):

Generator: X, =08, X,=04,X,' =0.05,M =8,D=20,T,, =55,
Transmission line: X, =0.15, X,, =0.15, X, =0.15,
AVR: T, =0.01s,K, =10

DFIG wind turbine: T,=8D=0,5,=01,

R =0.0415, R, =0, X, =0.1225, X, =0.1784, X, =2.4012.



