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ABSTRACT With the increasing penetration of renewable energy generators in power grid, traditional
vector control (VC) strategy for double fed induction generator (DFIG) is unable to provide extra active
power support to grid because DIFG inertia is made decoupled from grid frequency fluctuations. To solve
this problem, Virtual Synchronous Generator (VSG) control strategy as well as Inertial Synchronization
Control (ISynC) strategy are proposed for DFIG rotor side converter (RSC) and grid side converter (GSC)
respectively, so that DFIG rotor speed will experience an acceleration or a deceleration process to release or
absorb the kinetic energy stored in DFIG wind turbines, which can prevent grid frequency from deep drop or
increase. However, VSG-ISynC control strategy has its limitations in that rotor speed may lose its stability
when large load is added into power system, at the same time, the secondary frequency drop is serious if
rotor speed has decreased lower than the admissible minimum value. To address this issue, a modified VSG
(M-VSG) control strategy is proposed by dynamically changing the P-f droop coefficient of conventional
VSG control strategy, aiming to expand the stability boundary of DFIG operation. Additionally, an extra
rotor speed closed loop is added into VSG control strategy, which can significantly reduce serious frequency
secondary drop by controlling rotor speed directly. Simulation and hardware-in-loop (HIL) verification
are both carried out in RTDS & GH Bladed co-simulation research platform to verify the effectiveness of
proposed M-VSG control strategy.

INDEX TERMS Double fed induction generator (DFIG), inertial synchronization control strategy, modi-
fied control strategy, stability boundary, secondary frequency drop, virtual synchronous generator control
strategy.

I. INTRODUCTION

With the rapid development of sustainable clean energy,
the penetration of wind generators in power grid has increased
significantly, which has put forward higher requirements for
wind turbine generators to participate in power system fre-
quency regulation [1]-[4]. At the same time, the percentage
of double fed induction generator (DFIG) wind turbines in
modern wind power system has also increased rapidly for
their unique structure and high efficiency. However, most
DFIG wind turbine generators (WTG) are connected to grid
via electronic converters, inertia is made decoupled from
grid frequency [5], [6], thus it is necessary to add inertia
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emulation control in DFIG WTG to improve the integration
performance of wind turbines.

In order to meet the requirement of DFIG WTG frequency
regulation, many scholars have conducted comprehensive
researches, aiming to control DFIG WTG like traditional
synchronous generators (SG), because SGs are capable of
releasing the generator kinetic energy to grid or absorbing
extra energy from grid during grid disturbances [1], [7]-[15].
One of the inertia emulation control strategies is to add grid
frequency differential signals (i.e., df/dt) and the signal of
frequency deviation beyond nominal value (i.e., Af) into
the power reference of DFIG WTG rotor side converter
(RSC) [7]-[9], so that the fluctuation of grid frequency is able
to influence the output of DFIG active power, forcing DFIG
WTG to produce extra power to support grid frequency at
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the cost of decreasing its rotor speed. However, this inertia
emulation control strategy still has its obvious limitations
in that DFIG WTG still need phase locked loop (PLL) to
synchronize with grid, as power grid becomes weak, its
robustness and tracking accuracy cannot be guaranteed and
the entire control system is likely to be unstable [10], [11].

To conquer the problem of weak grid stability, virtual syn-
chronous generator (VSG) control strategy is proposed in [1],
[12]-[16], where swing equation of traditional SG is utilized
instead of PLL to synchronize with power grid, RSC is
externally embodied as a voltage source, DFIG WTG is able
to actively response to frequency fluctuations. At the same
time, the built-in droop and inertia characteristics of VSG
control strategy can provide better performance in weak grid
condition [1], [12], [13]. There are usually two independent
control loops in VSG control strategy, active power control
loop is responsible for mimicking the rotor motion equation
to regulate active power, while reactive power control loop
is used to regulate DFIG reactive power by controlling the
amplitude of stator voltage [14], [15].

Considering that the stator of DFIG WTG is connected
directly to grid, DFIG rotor is linked to grid via a back-
to-back converter, power can be delivered from DFIG to
grid through both RSC and grid side converter (GSC). VSG
control is only effective in RSC but cannot be applied to
GSC, weak grid operating stability will still be deteriorated
if GSC continues to adopt traditional vector control (VC)
strategy. Based on that, a novel inertial synchronization con-
trol (ISynC) is proposed in [16], where the dynamic equation
of dc link voltage is compared with the rotor motion equation
and analogy control is then carried out according to the prin-
ciple of power system similarity, so that the fluctuations of
grid frequency can be well reflected on DFIG dc link voltage.
Considering that ISynC does not need PLL for coordinate
transformation, GSC is embodied as a voltage source, so the
combination of VSG for RSC and ISynC for GSC can achieve
the best control results in both frequency damping and weak
grid operating stability [17].

There have been many works involving the modeling and
analysis of VSG and ISynC control strategy [13], [16]-[19].
The detailed small signal model of ISynC control strategy is
built in [16], a PLL-less control strategy is then applied to
Type-IV wind turbine with the help of GSC ISynC control
strategy. Four main types of inertia emulation control strate-
gies are compared in [17] in terms of inertia response per-
formance, weak grid operation stability, secondary frequency
drop, and wind tower fatigue load. However, such models
and comparisons are mainly focused on the current inertia
emulation control strategies and cannot settle the problem of
instability in load transient.

Small signal sequence impedance model is built in [18]
to analyze the sequence impedance characteristics between
VSG and traditional VC control strategies. Besides, small
signal models of VSG and droop control strategies are built
in [13] and [19] to compare their differences in frequency
transient responses during a small loading transition. How-
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ever, simulation results can only validate that VSG has a
better stability characteristic in weak grid condition, the sta-
bility issue during large load changes is less studied. The
damping characteristics of VSG and ISynC control strategy
is not infinite, when load disturbances are large enough,
it is likely to lose its stability and get out of control. So it
is of urgent need to propose a new modified VSG control
strategy to expand DFIG stability boundary under large load
changes.

Additionally, another serious problem faced by all iner-
tia emulation control strategies is frequency secondary drop
[20], [21]. The definition is that when DFIG rotor speed
has decreased below the permitted minimum value, the rotor
speed protection block will disable the function of droop con-
trol, which will lead to the increase of rotor speed, although
rotor speed can be protected from continuing drop, the sud-
den change of control topology will cause serious frequency
secondary drop, which will impose adverse impacts on fre-
quency stability.

A possible modification of VSG control strategy to avoid
frequency secondary drop is proposed in [21], four compen-
sational methods are introduced to avoid the instantaneous
decrease of the active power to prevent frequency secondary
drop. Similarly, reference [22] proposes a control strategy to
reduce frequency secondary drop by virtual inertia planning.
However, this control strategy can only reduce the level of
frequency secondary drop, it cannot eventually avoid grid
frequency from secondary drop because the rotor speed is
totally out of control during the whole process of inertia
response, the best way to avoid frequency secondary drop is to
control rotor speed directly instead of just reducing frequency
drop level.

In this paper, we mainly focus on the possible modification
of conventional VSG-ISynC control strategy. Basic stabil-
ity analysis is firstly conducted based on VSG-ISynC con-
trol strategy, revealing the mathematical mechanism behind
stability analysis and then pointing out the stability crite-
rion for VSG-ISynC control strategy. In order to overcome
the problem of limited stability boundary and frequency
secondary drop, a modified VSG-ISynC control strategy
(M-VSQG) is proposed in this paper, which can improve the
stability boundary by dynamically changing the value of
droop coefficient. Moreover, a specific rotor speed control
loop is added into the VSG synchronization control loop,
so that the frequency secondary drop can be prevented by
directly controlling DFIG rotor speed. A systematic control
strategy from low wind speed to high wind speed is finally
proposed based on the two modifications of VSG-ISynC con-
trol strategy. Afterwards, the quantitative analysis and state
space equation is built for M-VSG control strategy, impacts
of droop coefficient on system stability is investigated by
the eigenvalue loci analysis. Finally, the effectiveness of pro-
posed M-VSG control strategy in terms of expanding system
stability boundary and avoiding frequency secondary drop
is verified on RTDS and GH Bladed co-simulation research
platform.
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FIGURE 1. Diagram of VSG control for RSC and ISynC control for GSC.

The rest of this paper is organized as followed: Section II
explains the detailed control strategy of VSG-ISynC control
strategy. Section III includes a detailed stability analysis
of VSG-ISynC control strategy on its damping character-
istics and system stability boundary, revealing the mathe-
matical mechanism of stability and then pointing out the
major limitations of conventional VSG-ISynC control strat-
egy. A modified VSG control strategy (M-VSG) is proposed
in Section I'V. Section V includes the quantitative analysis and
state space modeling of M-VSG control strategy. Section VI
builds a co-simulation research platform based on real-time
digital simulator (RTDS) and GH Bladed simulation soft-
ware, simulation and RTDS hardware-in-loop (HIL) verifi-
cations are carried out in Section VII. Section VIII briefly
draws several conclusions.

Il. BASIC THEORY OF VSG-I1SynC CONTROL STRATEGY
Among all the inertia emulation control strategies, the com-
bined control strategy of VSG-ISynC is widely accepted [16],
detailed control diagram of VSG-ISynC strategy is shown
in Fig.1, where DFIG RSC adopts VSG strategy and GSC
is controlled under ISynC strategy. Ps and Qs are the stator
active power and reactive power, P, and Q; are the rotor active
power and reactive power. The advantage of VSG-ISynC
coordinated control strategy is that neither of them need PLL
to synchronize with gird, VSG-ISynC has a better weak grid
stability performance than other traditional strategies.

The core of ISynC is to compare the dynamic equation of
dc link capacitance with the rotor motion equation, so that the
variation tendency of dc link voltage is strictly synchronized
with that of grid frequency, analogy control is carried out
according to the principle of power system similarity, consid-
ering that power loss in GSC can be neglected, then dc link
voltage Uge and GSC active power P, can be expressed as:

dUy
2%wmm%=a—& (1
U Ugc U
Py =~ ins )
Xg

where P; and P are active power of RSC and GSC, Hc is
the capacitance inertia time constant, U; is GSC modulation
voltage, Uyc is dc link voltage, Uy is grid voltage, xg is the
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FIGURE 3. Control diagram of ISynC control strategy for DFIG GSC.

equivalent reactance between GSC and grid, § stands for the
angle that GSC voltage leads grid voltage.

On the other hand, SG rotor swing equation and active
power are described as:

doy s
2Hjy wr_ng = PM — Pem 3)
U,
o, = Yl g B 4)
Xsg

where Py and P, are SG input mechanical power and active
power, w_sg is SG rotor speed, Hy is SG rotor inertia time
constant, ¥ is SG rotor flux linkage, xs¢ and dsg are SG
equivalent reactance and power angle.

When we put (1) to (4) together we can find that the
expression of dc link voltage in (1) is similar to the equation
of rotor speed in (3). Furthermore, GSC modulation voltage
U, in (2) can be analogous to rotor flux linkage 1 in (4) while
capacitance inertia time constant Hc in (1) can be analogous
to SG rotor inertia time constant Hy in (3). The relationship
among the above variables and control diagram of ISynC
are shown in Fig.2-3. Phase angle of GSC output voltage
Jg is obtained through integrator, while dynamic adjustment
of the GSC reactive power is realized by controlling GSC
modulation voltage U;, Uy, is the rated GSC modulation
voltage, Ly and R, are the grid inductance and resistance.

Detailed control strategy of RSC VSG control strategy is
shown in Fig.4, where the main control concept is to mimic
the behavior of traditional synchronous generator, which can
provide extra power support when grid frequency experiences
fluctuations. The definition of DFIG equivalent electromotive
force Ey! and equivalent power angle Jdeq are given in [17],
which means that the expression of DFIG stator voltage is
similar to the stator voltage of traditional SG, DFIG active
power can be regulated through the control of equivalent
power angle 8q, while the adjustment of the amplitude of E!
is equal to the control of DFIG reactive power.
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FIGURE 4. Control diagram of VSG for DFIG RSC.

In VSG synchronization control loop, w; is DFIG rotor
speed, AP is the output of droop control, P} is calculated in
MPPT module and k;, v is defined as P-f droop coefficient.
Since GSC is controlled under ISynC strategy, so we can
easily get the signal of grid frequency fluctuations through
dc link voltage. The unbalanced power between active power
reference and DFIG active power P. causes the transient
of VSG rotor speed wysg. Hysg and Dygg are virtual rotor
inertia time constant and virtual damping factor for RSC VSG
control strategy, the slip angle 6y;, is the difference between
VSG equivalent power angle deq and DFIG rotor angle 6;.
VSG rotor rotating reference frame is ultimately determined
by wysg and Seq.

In VSG excitation control loop, DFIG rotor flux link-
age Y, is oriented at VSG rotor rotating reference frame,
the component of ¥, in g-axis v is kept to zero while d-axis
component Y4 is regulated to meet the requirement of DFIG
reactive power. Pre-Syn Control is only enabled for DFIG
wind turbine to synchronize with grid before integration.

Ill. STABILITY ANALYSIS OF VSG-ISynC

CONTROL STRATEGY

A. DAMPING CHARACTERISTISCS OF

VSG-ISynC CONTROL STRATEGY

Based on the theory proposed in the previous chapter, DFIG
equivalent electromotive force Ep} and equivalent power
angle J8eq have similar characteristics as traditional syn-
chronous generator. In VSG synchronization control loop,
the differential equation of d¢q is given as:

Pref — Pe

$8eq = —— %
7 2Hyggs + Dysg

+ wp — wg (@)

where w, is the angular frequency of the grid, o is the rated
grid angular frequency, Prr is calculated according to the
MPPT curve and droop control, because dc link voltage is
strictly synchronized with grid frequency, so we can easily
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get the function of Pr.r and P, as

Prer = kopta)? + kp_vsgkdc(wo - wg)

E U (6)

P. = Sin deq = Po sin deq

eq

where kqp is defined as power coefficient, kqc is the propor-
tional coefficient between grid frequency and dc link voltage,
Us is DFIG stator voltage and X.q refers to the equivalent
reactance between DFIG and power grid. It is worth men-
tioning that a special droop control loop is added in the
calculation of power reference Pyt to emulate the P-f droop
control. Meanwhile, when DFIG is operating at steady state,
the Pre-Syn control is not included in 8¢q differential equation
and deq remains at a constant value, so we get the function of
DFIG active power Py sin d¢q in steady state as

Py sin 5eq = koptwf + kpfvsgkdc(w() - a)g)
+ (w0 — wg)(ZHvsgs + Dvsg) (7
DFIG rotor swing equation function is given as

dor  Pm  Posindeq

Dprigwr ()

2HpriG =
dt wr Wy

where Pyp is the mechanical power from DFIG wind turbine,
Hprig and Dpgrg are DFIG rotor inertia time constant and its
damping factor, @, experiences no variation in steady state,
that means dw,/dt = 0, so we get another equation to express
DFIG output power

Pgsindeq = Pm — DDFIG(UE O]

Meanwhile, the expression of Py in (8) and (9) satisfies
the following equation of output mechanical power
1 C
Pyvi=3 A—?nsts (10)
where p is air density, C, is wind turbine power coeffi-
cient, R is the blade radius, A is tip-speed ratio. When DFIG
WTG is controlled under MPPT power curve, the relationship
between the optimal tip-speed ratio Aqpc and optimal turbine
angular velocity wi,f "is
opt
oy R
. (1D
Vw
In (11), vy, is the wind speed of DFIG WTG, so we can get
the function of Py by substituting optimal tip-speed ratio Aopt
and optimal wind turbine power coefficient Cf,)pt into (10),
as is shown in (12)

)\opt =

1 Copt

Py=-p—
M 2'0)\2’1"

TR} = kv (12)
Substituting (12) into (9) yields another equivalent func-

tion of DFIG output power as
Py sindeq = kmw; — Dprigw? (13)

Note that (7) and (13) are equivalent expression of DFIG
output power, so the relationships between DFIG rotor speed
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FIGURE 6. Schematic diagram of equilibrium operating point under
frequency deviations.

oy and grid frequency w, can be drawn easily when we put (7)
and (13) in one single plot, where rotor speed w; is selected as
x-axis and y-axis represents DFIG active power, as is shown
in Fig.5. The black solid line stands for the expression of
active power in (13) while the red dashed line stands for
the expression of active power in (7), the intersection point
between the black solid line and the red dashed line is the
equilibrium operating point for DFIG WTG.

For VSG-ISynC control strategy, the most important
advantage is its damping characteristics, which is similar to
traditional synchronous generator. When extra load is added
into DFIG power system, then grid frequency is expected
to decrease, if DFIG WTG is controlled under traditional
vector control for both RSC and GSC, no extra power can
be extracted to support power grid. However, if DFIG is
controlled under VSG-ISynC strategy, the process of iner-
tia response can be reflected in Fig.6. (i.e. dashed line of
wo— Awp). The equilibrium operating point will experience
an up-down transient process and move form original point A
to point B, which indicates that DFIG generator will lower its
speed value to release kinetic energy to power grid. However,
if grid frequency has decreased over a permitted range, then
the kinetic energy stored in DFIG WTG will not be enough
to provide frequency support. As is shown in Fig.6, when
frequency drop is Aws, then there will be no intersection
point between the solid line and the dashed line, in which
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case rotor speed will continually decrease until totally out of
control. It can be deduced that for a given wind speed, there
exists a critical operating point wy., @y i the operating point
where the solid line is tangent to the dashed line. If rotor
speed has decreased lower than wy., then VSG-ISynC control
strategy will lose its stability.

Similarly, if grid frequency rises, the equilibrium point will
move to the opposite direction compared with frequency drop
until reaching a new equilibrium point, where rotor speed
wy 1s obviously increased to absorb active power, once rotor
speed has increased over 1.2pu, DFIG WTG pitch angle con-
troller will be activated to keep rotor speed constant at 1.2pu.
As is shown in Fig.6, once grid frequency rises, operating
point will move from A to C, but rotor speed has exceeded
1.2pu in point C, so pitch angle will increase accordingly
to lower rotor speed around 1.2pu, DFIG WTG will finally
operate at C’ instead of C. Different from frequency drop sit-
uation, no matter how serious the frequency rise is, DFIG can
always find its new equilibrium operating point in frequency
rise situation.

B. MATHEMATICAL MECHANISM ANALYSIS OF
VSG-ISynC STABILITY
The principle of VSG-ISynC stability analysis is introduced
in the previous section based on a Py sin deq — w; plot, this
analysis method is visualized and very easy to understand,
operation stability can be well judged by the number of inter-
section points in Py sin deq — w; plot, mathematical analysis
is necessary in order to perfect this stability analysis theory.
The output active power of DFIG WTG can be described
in two independent equations, equation (7) is derived from
DFIG VSG control strategy, while equation (13) is derived
from DFIG rotor swing equation function, when we put the
two equations together, the intersection point is equilibrium
operating point, which is exactly the solution of the following
equation

kaf - DDFler2 = kopta)r3 + kpfvsgkdc(wo - wg)
+ (wo — wg)(szsgS + Dvsg) (14)
Simplifying (14) yields:

(kopt - kM)a)r3 + DDFIGCUr2 + (kp_vsgkdc + Dvsg)(wO - a)g)

L oH (dwo dw,
VL dr dr

In steady state, there is dwo/dt = dwg/dt = 0, so (15) can
be furtherly simplified to

Dprig 2 (kpfvsgkdc + Dvsg)
T
kopt — km

y=0 (15)

3
w: + (wyg —we) =0
' kopt_kM £

(16)

Equation (16) is named stability equation in this paper,
the stability analysis of DFIG WTG in Py sin de¢q — o
plot can be ascribed to this stability equation, which will
be analyzed in detail in the next section, this is the mathe-
matical foundation and mechanism of DFIG WTG stability
analysis [22].
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C. STABILITY PROBLEMS OF VSG-ISynC STRATEGY
1) LIMITED STABILITY BOUNDARY OF VSG-ISynC STRATEGY
Traditional VSG-ISynC control strategy has many disadvan-
tages, the first problem is the limited stability boundary of
VSG-ISynC control strategy, especially for frequency drop
situation. Given a specific wind speed vy, if frequency drop
is serious enough, then no intersection point can be observed
in the Pysindeq — w; plot, rotor speed will continue to drop
until the entire DFIG WTG system is completely out of
control, this is one of the main stability problems for all inertia
emulation control strategies including VSG-ISynC strategy.
The stability of VSG-ISynC control strategy can be ana-
lyzed through stability equation, the discriminant function A
of stability function is:

:|3 [(kp_vsgkdc + Dysg)(wo — a)g)}2
2(kopt - kM)

D
A= |: DFIG
3(kopt - kM)

7

The root judgement theory of discriminant function is:

1) A > 0, stability function has one real root and a pair of

conjugate roots;

2) A = 0, stability function has three roots, two of them

are identical;

3) A < 0, stability function has three different roots.

It is worth mentioning that only the right half of
Posindeq—w; plotis shown in this paper, in fact, stability func-
tion has its solution which is negative, but the negative solu-
tion makes no sense for stability analysis since rotor speed
is impossible to be negative. Comparing the root judgement
theory to the number of intersections in Pgsindeq — w; plot,
itis easy to find out that the stable situation (two intersections
in Ppsindeq — w; plot) represents the root judgement theory
A < 0, two roots lie in the right half plan of x-axis, one
negative root lies in the left half plan of x-axis, in which
case DFIG WTG is able to remain stable after frequency
fluctuations. Root judgement theory A = 0 represents the
situation where the solid line is tangent to the dashed line,
two positive roots become identical in this situation, this is
also the maximum stability boundary for DFIG WTG, any
deeper frequency drop will result in instability. The instability
situation refers to A > 0 in root judgement theory, one
negative real root and a pair of conjugate roots.

2) FREQUENCY SECONDARY DROP OF VSG-ISynC STRATEGY
Speed protection block is usually added into the synchroniza-
tion loop of VSG- ISynC strategy in order to prevent rotor
speed from deep drop. Once rotor speed reaches its minimum
limit (0.75pu in this paper), then the function of P — f droop
will be immediately disabled, which results in the increase of
DFIG rotor speed, it is worth mentioning that the minimum
speed limit 0.75 pu is not the critical operating point wy,
the value of wy. is unique for a specific wind speed and wyc
is closely related to the DFIG power curve, but the 0.75 pu is
the constant minimum value of rotor speed which is allowed
to operate for DFIG WTG.
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FIGURE 7. Secondary frequency drop for DFIG WTG.

Once the function of P—f droop is disabled, the sudden exit
of inertia control will lead to frequency secondary drop due to
the serious power unbalance. As is shown in Fig.7, after the
initial frequency drop, rotor speed has reached its minimum
limit within a short time period, after that, the sudden exit of
P — f droop control can significantly lift rotor speed, but will
cause serious frequency secondary drop at the same time.

Frequency secondary drop is caused by the change of
control topology, but the fundamental reason is that for all
inertia emulation control strategies including VSG-ISynC,
rotor speed is not considered as a direct control target. If we
can add rotor speed control into the regulation of DFIG active
power, then VSG-ISynC strategy can achieve the purpose of
power regulation and rotor speed regulation at the same time,
so that we can prevent rotor speed from decreasing below
minimum limit by directly controlling rotor speed.

IV. M-VSG CONTROL STRATEGY FOR DFIG WTG
A. EXPANDED STABILITY BOUNDARY FOR M-VSG
CONTROL STRATEGY
The existing VSG-ISynC strategy proposes a serious sta-
bility problem for its limited stability boundary, especially
for frequency drop situation, rotor speed is likely to be out
of control. To address this issue, a modified VSG-ISynC
control strategy (M-VSG) is proposed based on the existing
VSG-ISynC control strategy, as is shown in Fig.8, M-VSG
control strategy modifies the original VSG control strategy by
dynamically changing P-f droop coefficient kp_ysg according
to the change of dc-link voltage, because the dc-link voltage
can well reflect the fluctuations of grid frequency under GSC
ISynC control strategy.

The equation of droop coefficient k;,_ysg can be derived
from Fig.8, as is shown below:

kp_vsg = kp_vng - kp_gain (U:jkc - Udc) (18)

VOLUME 7, 2019



H. Shao et al.: Stability Enhancement and Direct Speed Control of DFIG Inertia Emulation Control Strategy

IEEE Access

Vg —

Excitation l//rq’

Dynamical ky vy Ug "
Adjustment

} |Pre-Syn!

@ —{MPP p:— -0 0O
Synchronization ‘ N
; b D ‘
Control Loop o
11 Control|

0.8 7
o7 b ky_ysg CONStant YR, /
0.6 - ko_vsy dynamically modif @’ , ,,, 2 ,,,,,,,,,,,,, i
0.5 e / ——
: pd g 7D A
P() sinéeq 0.4 g /
,,,,,,,,, T S S
031 _ /( A 4
- L
02 - Am oy ke (@ @)
01 — / +w, - @,)2H s +D,, )
0 (O /
0 0.2 0.4 0.6 0.8 1 12 14
Wy

FIGURE 9. Schematic diagram of equilibrium operating point under
M-VSG control strategy.

kp_vseo Tefers to the value of kp_yse for traditional VSG con-
trol strategy, while k;,_gain is the modification coefficient for
kp_vsg» s0 the output of droop control AP can be calculated
as:

AP = [kp,vng — kp_gain (U:ikc - UdC)] (U&kc - UdC)
= kp_vng (U&kc - Udc) - kp_gain (Uékc - Udc)2 (19)

For traditional VSG control strategy, P-f droop coeffi-
cient kp_vsg is considered as a constant value, but in M-VSG
control strategy, kp_vsg is an important control subject, which
can change its value according to the dc link voltage and
improve system stability. During the process of frequency
drop, Uqc is supposed to be less than Uj,, which leads to
the decrease of k, ysg as well as AP, less extra power is
extracted to support power grid, protecting DFIG rotor speed
from continuing drop.

The benefit of M-VSG control strategy in frequency drop
situation can be seen clearly in the Pysindeq — w; plot. As is
shown in Fig.9, during the process of serious frequency drop,
if kp_vsg Temains constant, then there will be no intersection
point for DFIG WTG to operate after frequency drop. How-
ever, if kp_ysg 18 dynamically modified during the process
according to the trend of grid frequency, then the dashed line
in Fig.9 will decrease its value and intersect with the black
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solid line, as a result, DFIG WTG can still operate under the
same level of load increase.

At the same time, for frequency rise situation, as is ana-
lyzed in the previous chapter, there will always be the inter-
section point in Pgsindeq — w; plot. Moreover, if rotor speed is
over 1.2pu, then pitch angle regulator will be activated to con-
trol rotor speed around 1.2pu, so that both VSG and M-VSG
will not become out of control in frequency rise situation.
There are still some advantages for M-VSG control strategy
in frequency rise situation. Uy, is supposed to be greater than
U}, when frequency rises, so the signal of kp,_vse0(Uj.- Uqc)
in (19) is negative, consequently, the absolute value of AP is
greater than traditional VSG control strategy with only & vsg0
v g‘c- Ugc) in its droop control loop, which means that, there
exists a greater power unbalance for M-VSG control strategy
in its synchronization control loop, it is beneficial to make
the rotor speed increase faster to absorb the active power
more quickly, so that the degree of frequency rise can be well
damped with M-VSG control strategy. It is worth mentioning
that, although M-VSG control strategy is beneficial for fre-
quency rise situation, considering the fact that no matter how
serious the frequency rise is, DFIG will not oscillate in this
situation and the advantage of frequency damping ability is
not so obvious and necessary, so this paper is mainly focused
on the stability analysis under frequency drop situation.

The reason why the signal of dc-link voltage, which
reflects the change of grid frequency, is chosen to modify
kp_vsg is that during the initial time period when frequency
changes, the deviation of equilibrium operating point is the
most serious, kp_vsg need to change quickly enough so as
to avoid losing synchronization, while the change of grid
frequency is also the most obvious during the same time
period, so that the signal of grid frequency can meet the
requirement of &, ys, modification. Additionally, since GSC
ISynC control strategy can transfer the change of grid fre-
quency to the change of dc-link voltage, the measurement
of dc-link voltage is more economical than the complicated
frequency detection devices. Based on the analysis above,
the signal of dc-link voltage is finally selected to dynamically
change P-f droop coefficient kp,_ysg.

When it comes to the droop coefficient kp_ysg, the modi-
fication of kp,_ysg should satisfy the minimum requirement of
stability. According to the stability analysis in the resubmitted
manuscript, the stable operation of DFIG WTG means the
discriminant function A < 0:

|: Dprig i|3 + |:(kpvsgkdc + Dvsg)(a)O - wg)i|2 <0
3(kopt —km) 2(kopt —km)

(20)

So that we can get the function between droop coef-
ficient kp_ysg and the frequency deviation wyo — wg by
simplifying (20):

3 3
_3 3
2x372 X Dprig

vV kM - kopt

(kpfvsgkdc + Dvsg)(wO - a)g) < 21
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FIGURE 10. Rotor speed regulation of M-VSG control strategy.

For frequency drop situation, (wp — wg) > 0, so the droop
coefficient k, _vsg should satisfy the following equation:

3

, 3
2x372 D3 D
0<k < x DFIG _ _ Z%™8 (22
P (w0 — wpdkae kv — kot Kac

For frequency rise situation, (wg — wg) < 0, the modifica-
tion of kp_yse Will always satisfy (21), this is consistent with
the conclusion that there will always be the intersection point
in Pysindeq — w; plot for frequency rise situation, both VSG
and M-VSG will not become oscillating and out of control.

B. ROTOR SPEED CONTROL FOR M-VSG

CONTROL STRATEGY

Frequency secondary drop is caused by the sudden exit of
P — f droop control, but the fundamental reason is that DFIG
rotor speed is not under control during the process of inertia
response. If we can control rotor speed to keep it constant at
the minimum value once reaching this lowest limit, then the
serious frequency secondary drop can be avoided. In order to
realize rotor speed control for DFIG WTG while preserving
the function of inertia response and frequency regulation,
an additional rotor speed control loop is added in the existing
VSG synchronization control loop, rotor speed control loop
can only be activated when rotor speed has decreased below
minimum speed. Detailed control diagram of M-VSG con-
trol strategy to avoid frequency secondary drop is illustrated
in Fig.10, it is worth mentioning that rotor speed control loop
is added based on the M-VSG control strategy which can
dynamically change the value of kp_ysg.

For VSG-ISynC control strategy, the control of DFIG
active power is accomplished through the regulation of equiv-
alent power angle 8q. Similarly, DFIG rotor speed control is
also achieved through the control of §.q. Once rotor speed
has decreased below the permitted minimum speed, then the
control block of rotor speed judge will be activated to enable
rotor speed PI regulator, the regulation of DFIG rotor speed
will generate an additional power output APy, then AP,
is able to change the value of equivalent power angle Jeq
in synchronization control loop, which results in the power
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FIGURE 12. Systematic M-VSG control strategy from low wind speed to
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unbalance for DFIG wind turbine. Finally, the power unbal-
ance will change DFIG rotor speed, since a PI regulator is
used in the rotor speed control loop, the rotor speed dynamic
process will not stop until the feedback of rotor speed equals
the input rotor speed reference. The control flow chart is
illustrated in Fig.11, which includes a closed loop from rotor
speed reference, to equivalent power angle Jeq and finally
return to rotor speed feedback.

C. SYSTEMATIC CONTROL STRATEGY OF M-VSG

FOR DFIG WTG

According to the two modifications proposed above, a sys-
tematic control strategy for DFIG WTG is shown in Fig.12.
M-VSG control strategy will replace the original VSG control
strategy to expand stability boundary from low wind speed to
high wind speed. Moreover, when rotor speed is expected to
decrease lower than permitted minimum limit in low wind
speed situation, then an additional rotor speed control loop
will be activated to prevent rotor speed from continuing drop.
At the same time, when rotor speed is going to increase
over upper limit, the pitch angle controller will be enabled to
decrease rotor speed. Compared with the conventional VSG
control strategy, the proposed M-VSG control strategy has its
obvious advantage in expanding stability boundary as well as
in avoiding undesired frequency secondary drop.

V. STABILITY ANALYSIS OF M-VSG CONTROL STRATEGY
A. QUANTITATIVE ANALYSIS OF STABILTY MARGIN AND
COEFFICIENT KP_VSG

The mathematical foundation of Pgsindeq — w; plot is a
cubic function with w; as the only variable, the most extreme
situation that DFIG WTG can still remain stable operation
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FIGURE 13. Description of stability margin for VSG-1SynC strategy.
is when discriminant function A equals to zero, which means

the power curve of (7) and (13) are tangent to each other, as is
shown below
. 2
wg) :| _0

(23)

D
Ao [ DFIG
3(k0pt - kM)

:|3 |:(kp_vsgkdc + Dvsg)(wo
2(kopt - kM)

Equation (23) shows the direct relation between the grid
frequency drop wy — wg and important control parameters
in VSG-ISynC control strategy under the most extreme con-
dition, the maximum grid frequency drop Awgmax can be
calculated from (23) as

4D§)FIG (kopt - kM)2

A =wy —wg =
Wgmax = W0 — Wy \/27(kM - kopt)3 (kp_vsgkdc +D vsg )2
(24)

The direct relation between Awgmax and P-f droop coeffi-
cient kp_ysg is described in (24), for traditional VSG-ISynC
control strategy, kp_vsg is considered as a constant value,
s0 the Awgmax is constant given with a specific wind speed
and other important control parameters. However, in M-VSG
control strategy, the kp_vsg is dynamically modified according
to the fluctuation of dc link voltage, because dc link voltage
is strictly synchronized with grid frequency fluctuation under
GSC ISynC control strategy, in which case when grid fre-
quency drops, kp_vsg Will also lower its value, this is decisive
in increasing the maximum grid frequency drop that DFIG
WTG can tolerate.

Moreover, we use the definition of stability margin, which
is introduced in [22], to help us better understand the influ-
ence of kp vsg in expanding Awgmax in a more direct and
visualized way. In Fig.5, the black solid line and the red
dashed line stand for the equation of (13) and (7) respectively,
the overlapping area between (13) and (7) is defined as the
stability margin, as is shown in Fig.13, the area which is filled
with blue dashed line is stability margin.

Since the stability margin is the overlapping area between
(7) and (13), the larger the stability margin is, the deeper
frequency drop DFIG WTG can tolerate, if stability margin
becomes zero due to frequency drop, then the DFIG WTG
will run at the critical operation point. The mathematical
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expression of stability margin Sy, is obtained as

wr2 )
Ssm = / [(kM - kopt)wr3 - DDFIGwr
rl

o
- (kp vsgkdc + Dvsg)(a)O - wg)]dwr
wr2
dwg
2I'Ivsg‘/ (7 - —g)dwr (25)

wr] and wp refer to the two intersection points between
power curves of (7) and (13), during the dynamic process
of frequency drop, dwq /dt = 0, so the final expression of
stability boundary is obtained as

Ssm
km — kopt . 4 4. DprG, 3 3
= T(wrZ — ) — 3 (0 — ;)
|:(kp vsgkdc +Dvsg)(w0 - wg) + 2Hvsg dr :| (wr2 —wr1)
(26)

The advantage of M-VSG control strategy to dynamically
modify kp_vsg can be seen obviously in expanding the sta-
bility margin, the area of stability margin will increase if
kp_vsg decreases its value according to dc link voltage, which
denotes that DFIG WTG can still operate stably under a
deeper level frequency drop where traditional VSG-ISynC
control strategy cannot tolerate.

B. STATE SPACE MODELING AND STABILITY ANALYSIS
OF M-VSG CONTROL STRATEGY
With the introduction of dynamically modified kp_vsz during
the process of inertia response, DFIG WTG is able to increase
its stability margin, the mechanism and quantitative analysis
is explained in the previous section. In this section, further
analysis is conducted based on the state space modelling of
M-VSG control strategy.

The output active power of DFIG WTG is shown as
followed

ESU

Xeq

P. =

Sindeq = P sin deq 27

where E;? is DFIG equivalent electromotive force, Uy is
DFIG stator voltage, Xeq refers to the equivalent reactance
between DFIG and power grid.

linearizing (27) around its steady state operation point
yields:

E.y sin8eqo

Egy Uso
AP. = €08 8eq0 Adeq + AU

€q Xeq

Uso sin deqo AES

eq
= kps Adeq + kpuAUs + kpp AE; " (28)

Ereé', Jeqo0 and Uy are the steady state value of EN, Jeq and Us
respectively. During the process of frequency fluctuation and
inertia response, the variation of DFIG stator voltage AUg
and equivalent electromotive force AE;' can be neglected,
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FIGURE 14. Small-signal diagram of VSG active power control loop.

s0 AP, is only proportional to Adeq in this situation. Neglect-
ing the variation of rotor speed, then the small-signal control
diagram of active power control loop of VSG control strategy
is shown in Fig.14, all variables have all been transformed
into per-unit values.

In Fig.14, the input variable Aep, can be calculated accord-
ing to the following equation:

Aep = —kp vsgAUde — DysgAxp — kps ASeq  (29)

Besides, the relation between the input Ae;, and the output
Axp is given by:

(30)

Subsuming (29) into (30) yields the state equation about
the output variable Ax:

dA —k D k
_ —PYENAUge — &Axp _ L‘SAgeq (31)
dt 2Hvsg 2HVSg ZHVSg

Similarly, the state equation about the output variable Adeq
is

= woAxp 32)

For GSC ISynC control strategy, the space state model is
obtained by linearizing it around the steady operation point,
as is introduced in reference [16]. Because the phase angle
of GSC output voltage 8, is the output of integrator, so the
output voltage of GSC in d-axis and g-axis are:

Ugd = U{EUdc (33)
Ugq = Ui Usge (34)

where Ug and Uy are the GSC modulation voltage Uy in
d-axis and g-axis in per-unit value. So the linearization of (33)
and (34) are obtained as

AUgq = Uge0AUG + Ui AUdc (35)
AUgq = Uac0AU;q + UpgoAUgc (36)

Udco, Ugyy and Utth are the steady state value of Ugc, Uy and
Uy, Because the modulation voltage is oriented at d-axis, and
the phase angle of GSC output voltage §; is relatively small,
then the relation among Uy, A Ut’g and A Utf] can be described
by the following equations:

:30 = U (37)
:ao =0 (38)
A {'& =0 (39)
AU{E = U, sin(Adg) ~ UgAdg (40)
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Substituting (37)-(40) to (35) and (36), we get:

AUgd = UgAUdc (41)
AUgq = UgeoUg A5, (42)

The linearization of GSC active power is:
APy = UggAlgqg + UgqAlyq + 154 AUgq + IoqAUgq  (43)

where Ugg and Ugq are the GSC output voltage in d-axis and
g-axis, Iyq and Iyq are the output current in d-axis and g-axis
respectively.
The linearization of dc link voltage differential equation
for DFIG WTG is derived from (1), as is shown below.
dAUgc Sslip

2H, =
¢ dt sslip — 1

AP, — AP, (44)

where sgjip is the slip angular velocity of DFIG WTG, consid-
ering that GSC output voltage Uy is oriented at d-axis, s0 Ugq
is zero, then the space state equation of AUy, is obtained by

substituting (28) (41) (42) (43) into (44), which is:
dAUgc _ _IgdUgAUdC _ UdeolgqUg AS,
dt 2Hc 2Hc
_ Ugd Algd Sslipkp(S
2H¢ 2Hc (Sslip — 1)
At the same time, the space state equation about the small
signal Ad, satisfies the following equation:
dAS,
dt

The differential equation of GSC output current in d-axis
and g-axis are given by:

Adeq  (45)

= woAUqc (46)

dAlgq woUg woRy
= AUje — Al Al 47
dr Lg dc Lg ad + wo 2q 47
d Al woUg woRg
— = Ady — woAlyg — ——= Al 48
dr Lg g — WOAlgd Lg eq (48)

L, and R, are the grid inductance and resistance, wp is
the rated grid angular frequency. The state space model for
M-VSG control strategy is built on the following state space
variables:

Ax = [Axp Adeq AUge A8y Algg Alggl”  (49)

The eigen equation for M-VSG control strategy is finally
obtained based on (31), (32), (45), (46), (47), (48):

=AA 50
I x (50)

A is the 6-order eigen matrix of M-VSG control strategy.
The eigenvalues of M-VSG control strategy can be calculated
through the following equation:

det(] —A) =0 (51)

I represents the 6 x 6 identity matrix. The stability analysis
is carried out based on 2MW DFIG WTG, all important elec-
trical parameters, aerodynamic parameters as well as control
parameters are listed in Table 1.
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TABLE 1. Main parameters of 2MW DFIG WTG.

Main Electrical Parameters

Symbol Parameter Value
Us Rated Stator Voltage L-L /kV 0.69
U, Grid Voltage/kV 0.69
TR Turn Ratio /pu 0.333
Sp Rated Power / MWA 2
N Rated Frequency /Hz 50
wo Base value of grid angular frequency/rad/s 314
C Dc Link Capacitance/mF 3.6
R Stator Resistance/pu 0.0344
Lis Stator Leakage Reactance/pu 0.2748
L Magnetizing Reactance/pu 12.97
R, Rotor Resistance/pu 0.0273
Ly Rotor Leakage Reactance /pu 0.3979
Hc Capacitance Inertia Time Constant/ms 3.8
L, Grid Inductance/pu 0.1
Ry Grid Resistance/pu 0.005

Main Aerodynamic Parameters
Symbol Parameter Value
Sturbine Rated Turbine Power/MW 2.18
Vw_cut-in Cut-in Wind Speed/m/s 3
Vw_rated Rated Wind Speed/m/s 11.8
Vw_cut-out Cut-out Wind Speed/m/s 25
D Turbine Diameter /m 90.76
Aopt Optimal Tip-speed Ratio 8.370¢g
Copmax Optimal Power Coefficient 0.483
Main control parameters of M-VSG control strategy
Symbol Parameter Value
Dy VSG Damping factor 200
Hysg VSG rotor Inertia Time Constant/s 15
- Proportional Gain of y, Controller 2
Kiye Integral Gain of y, Controller 0.032

P-fdroop coefficient kp,_ysg is a decisive parameter in deter-
mining the stability of DFIG WTG under M-VSG control
strategy, Fig.15 shows the loci of system eigenvalues as the
function of kp_ysg, with the increase of kp,_ysg from 1 to 50,
pole No.l move away from the real axis to imaginary
axis until moving into the right half plane, which directly
decreases the system damping ratio and leads to system insta-
bility, pole No.2 shows the similar trend of moving from left
half plane to the right half plane. Other poles are all located
far away from imaginary axis in the left half plane, which
will not have adverse impact on system stability. For M-VSG
control strategy, because it is able to change the value of k},_vsg
according to dc link voltage and grid frequency, so M-VSG
control strategy is able to drag back system poles back within
the stable left half plane even under severe frequency drop
situations.

In this chapter, detailed stability analysis is conducted for
M-VSG control strategy, quantitative indexes of maximum

VOLUME 7, 2019

4
2
(g RHDMIOOOOOKN X XX
2
4

Imaginary Axis

Imaginary Axis
b\
Imaginary Axis

52

of
G129 <128 o127 -126 125 -124 257 2565 256 2555 255 -2545
Real Axis Real Axi

Pa— %6

2ol

Z
\ g 7241

&k

&

E b

257 2565 256 2555 255 2545

Real Axis

129 128 _-127 126 -125 -124
Real Axis

FIGURE 15. Loci of system eigenvalues as the function of kp_vsg.

grid frequency drop Awgmax and stability margin is derived
as the function of P-f droop coefficient kp_ysg, afterwards,
the state space equation of M-VSG control strategy is built to
get the loci of system eigenvalues as a function of kp_ysg, both
the quantitative stability analysis and space state equation
demonstrate that M-VSG control strategy, which can dynam-
ically change the value of kp_ysg, is able to increase system
stability boundary. Experiment verification will be conducted
in the next two chapters to show the control performance of
M-VSG control strategy in time-domain situation.

VI. RESEARCH PLATFORM FOR DFIG INERTIA
EMULATION CONTROL

In order to verify the effectiveness of proposed M-VSG con-
trol strategy, both simulations and hardware-in-loop (HIL)
experiments are conducted in co-simulation research plat-
form. As is shown in Fig 13, co-simulation research platform
needs 4 upper computers working together to guarantee real-
time simulation. All electrical parts are built in Real-Time
Digital Simulator (RTDS) in upper computer #1, including
DFIG model, back-to-back converter model and power grid
model. All aerodynamics model of DFIG WTG is built in
GH Bladed in upper computer #3, such as 3D wind model,
structural dynamics model and pitch actuators model. Upper
computer #2 is in charge of loading controlling file to DSP
controller and monitoring its operation condition, while upper
computer #4 is used as the interface of main control pro-
grammable logic controller (PLC).

As is shown in Fig.16, co-simulation research platform
includes a real-time communication system between RTDS
and GH Bladed, and a HIL communication system between
RTDS and hardware DSP controller. The key issue of co-
simulation platform is the interface communication because
simulation time step for GH Bladed is around 10ms while
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FIGURE 17. Co-simulation research platform.

that for RTDS are 50us for power system model and 2us
for power electronics model. To solve this problem, a PLC
is used as the communication interface, at the same time,
a special module called Hardware Test is inserted into GH
Bladed to guarantee real-time two-way communication. As is
shown in Fig.16 and Fig.18, DFIG electromagnetic torque
signal T is firstly transmitted from RTDS to communication
PLC via RTDS Gigabit Transceiver Analogue Output Card
(GTAO Card), and is then delivered to GH Bladed software
through network switch. GH Bladed software then calculates
DFIG rotor speed reference w; based on the received T¢
signal. Similar to the transmit route of T¢, w] is transmitted to
communication PLC through network switch and is then fed
back to RTDS by Gigabit Transceiver Analogue Input Card
(GTAI Card), so that a communication signal closed loop is
completed with T as RTDS output and ; as input.

Moreover, main control PLC is responsible for MPPT con-
trol, pitch control as well as grid integration, it collects DFIG
WTG information from GH Bladed and generates power
reference P for DFIG WTG, P is sent to RTDS together
with @] via communication PLC and GTAL
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FIGURE 19. Experiment topology for M-VSG control strategy.

RTDS HIL is able to conduct complex power system exper-
iments to verify the feasibility of different control strategies
in real DSP controller. In this paper, hardware DSP con-
troller adopts OMAP-L137 as its processor, FPGA and CPLD
are also used as auxiliary processor resources. All electrical
parts of DFIG WTG are built in RTDS while DFIG M-VSG
converter control strategy is embedded in DSP controller.
Necessary electrical signals are transmitted to DSP controller
for calculation through GTAO Card, then DSP controller will
send DFIG converter trigger pulse signals back to RTDS
through Gigabit Transceiver Digital Input Card (GTDI Card),
so that a HIL signal closed loop is completed with electrical
signals as RTDS output and converter trigger pulse signals as
input.

In this paper, the experiment topology is developed based
on one machine system, as is shown in Fig.19, a 2MW DFIG
wind turbine is connected to power grid which is emulated
by a 1I0MW SG. A load change is realized by adding tem-
porary load so that it provokes fluctuations in power grid
frequency. Detailed electrical and aerodynamic parameter is
listed in Table 1.

VII. EXPERIMENT VERIFICAITON OF M-VSG

CONTROL STRATEGY

A. SIMULATION AND COMPARISON RESULTS OF

DFIG INERTIA RESPONSE

As is analyzed in Chapter V, M-VSG has its obvious advan-
tages in expanding stability boundary. In order to verify the
control performance of M-VSG control strategy, a relatively
larger temporary load (2.5MW) is added into power system
at t = 2s, which will cause a more severe power fluctuation.
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FIGURE 20. DFIG inertia response in frequency drop situation.

Simulation results are shown in Fig.20, for traditional VSG
control strategy, after a short-time active power rise to support
power gird, DFIG WTG cannot remain stable, an obvious
power oscillation is observed especially after ¢+ = 6s, which
means that DFIG WTG cannot find its new equilibrium oper-
ating point after load change. However, if VSG is replaced by
M-VSG control strategy, then it is easy to find out that DFIG
active power can still keep stable, because the signal of dc link
voltage is used to dynamically change VSG droop coefficient
kp_vsg» which controls the equilibrium operating point within
an acceptable range.

Similar control results can also be found in the plot of grid
frequency as well as dc link voltage. Since DFIG active power
is eventually unstable after the load change of 2.5MW, all
related electrical signals are affected by the oscillations of
active power.

For M-VSG control strategy, as is shown in Fig.20,
the droop coefficient kp_ysg is less than that of traditional
VSG control strategy during the same process of transient
inertia response, especially for the initial several seconds
after frequency drop, the decrease of &, ysg is more signif-
icant to force DFIG WTG to return back to stable region.
The additional power support of M-VSG is also less than
traditional VSG control strategy, which results in the fact
that the minimum grid frequency of M-VSG control strategy
is obviously lower than traditional VSG control strategy.
It seems that the grid frequency damping performance of
VSG control strategy is better than M-VSG control strategy,
but VSG cannot remain stable after severe load change. So a
better frequency damping performance and a wider DFIG
stability boundary are two contradictory issues and we cannot
achieve both of them at the same time. To some extent, M-
VSG control strategy is able to expand the stability boundary
at the sacrifice of losing its grid frequency damping abil-
ity, but this sacrifice is necessary because the consequences
of power oscillation is more severe than deeper frequency
drop.

On the other hand, if 2.5MW load is thrown off from power
grid, it will cause a serious frequency rise, however, because
there will always be intersection point in Pgsindeq — wy plot,
so DFIG WTG will not become out of control like frequency
drop situation. As is shown in Fig.21, during the process of
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FIGURE 21. DFIG inertia response in frequency rise situation.

frequency rise, the absolute value of AP for M-VSG control
strategy is obviously greater than traditional VSG control
strategy, so the DFIG rotor speed will increase faster to absorb
more active power, the degree of frequency rise can be well
damped, which is beneficial to the stable operation of the
entire power grid.

B. SIMULATION AND COMPARISON RESULTS OF GRID
FREQUENCY SECONDARY DROP

Another obvious advantage of M-VSG control strategy is
its direct control of DFIG rotor speed when rotor speed has
decreased lower than the permitted minimum value. This
function is verified through the co-simulation research plat-
form, detailed comparison between traditional VSG control
strategy and M-VSG control strategy in terms of frequency
secondary drop is shown in Fig.22. Grid frequency remains
stable at 50Hz before extra load is added into power system
and rotor speed is around 0.92pu. The first transient of pri-
mary frequency drop for both traditional VSG and M-VSG
strategy is similar to each other, they all experience the same
level of frequency drop as well as the decrease of DFIG rotor
speed.

Major difference lies in the response when rotor speed
has reached the minimum rotor speed. For traditional VSG
control strategy, once rotor has reached the minimum value,
then the function of rotor speed protection will be activated
by disabling the P-f droop control, so the sudden power
unbalance will lead to the rise of DFIG rotor speed and an
obvious frequency secondary drop, which will impose an
adverse impact on power grid stability.

However, for M-VSG control strategy proposed in this
paper, the regulation of DFIG rotor speed will be enabled
instead of the sudden exit of P-f droop control upon reaching
the minimum rotor speed. As a result, it can be seen from
Fig.22 that the additional power output AP, will increase,
which has a decisive effect on the equivalent power angle eq
through the rotor swing equation, so DFIG rotor speed can
quickly return back and remain stable around the speed ref-
erence. At the same time, the undesired frequency secondary
drop can also be avoided due to the direct control of DFIG
rotor speed, which is beneficial to the stable operation of
DFIG WTG.
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FIGURE 22. Rotor speed control of M-VSG control strategy.

C. SIMULATION RESULTS IN HIGH WIND SPEED

A systematic control strategy for DFIG WTG is proposed
in this paper, simulation results of dynamic response in
low wind speed and medium wind speed have already been
shown in the previous two sections. In this section, simu-
lation results will be shown in terms of high wind speed
situation.

When DFIG WTG is operating in high wind speed situa-
tion, then the pitch angle regulation will be enabled once rotor
speed has exceeded the permitted highest speed to protect
wind turbine. Fig.23 shows the dynamic response of DFIG
WTG in a turbulent wind speed situation, this aerodynamic
simulation is completed in GH Bladed software, where the
mean wind speed is 11m/s, and the longitudinal, lateral and
vertical percentage of turbulence intensity are 14.3038%,
11.2646% and 8.0872% respectively.

From Fig.23 it can be observed that the pitch angle reg-
ulator will function timely and quickly to change the wind
turbine pitch angle according to DFIG rotor speed, aiming
to stabilize the rotor speed within a relatively small margin
around 1.2 pu. It is one of the main function of pitch angle
regulator, another important function is that when a part of
system load is going to be thrown off from power gird,
the power unbalance will cause the rise of rotor speed until
reaching a new steady state. In high wind speed situation,
rotor speed is likely to increase over 1.2pu, where pitch angle
regulator will then be activated to prevent over-speed. As is
shown in Fig.24, IMW load is thrown off from power system
att = Ss, rotor speed will increase to nearly 1.25pu if pitch
angle regulation is disabled, however, if pitch angle regulation
is enabled, then pitch angle will increase accordingly to keep
rotor speed stable at 1.2 pu.
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D. EXPERIMENT RESULTS OF RTDS HIL VERIFICATION
Co-simulation research platform is able to conduct HIL
experiments to test the feasibility of proposed M-VSG control
strategy in hardware DSP controller. Among all important
electrical signals transmitted between RTDS and GH Bladed,
rotor current and PCC voltage/current are selected to com-
pare the control performance of different control strategies,
detailed waveforms are plotted in oscilloscope, as is shown
from Fig.25 to Fig.29.

DFIG rotor current comparison is shown in Fig.25, under
traditional VSG control strategy, when 2.5MW temporary
load is added into power system, rotor current experiences a
short period of rise-and-fall process, after that, for traditional
VSG control strategy, rotor current gradually becomes oscil-
lating, indicating that DFIG WTG cannot return back to its
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FIGURE 29. PCC current of DFIG WTG under M-VSG control strategy.

original stable region, but M-VSG control strategy can keep
stable in the same scenario.

PCC voltage and PCC current are another two impor-
tant electrical signals to show the stability of different
control strategies. Considering that the entire transient inertia
response will last for almost 20 seconds and it is not con-
venient to plot the whole process in oscilloscope for detailed
comparison, so we select and amplify the waveform of a short
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FIGURE 32. DFIG rotor speed comparison in load-off situation.

time period before 2.5MW load change and after 2.5MW
load change, as is shown from Fig.26-Fig.29. Experiment
results of PCC voltage and current are similar to that of
DFIG rotor current. For traditional VSG control strategy, both
PCC voltage and current are stable before load change, but
eventually turn out to be unstable and become oscillating,
but M-VSG control strategy can still remain stable during the
whole transient process.

HIL experiment results of DFIG rotor speed control and
pitch angle regulation are shown from Fig.30 to Fig.32. When
DFIG WTG is operating in low wind speed situation, for
traditional VSG control strategy, rotor speed is not a direct
control subject, so the rotor speed drop is serious, but M-
VSG control strategy is able to control rotor speed around
the reference value (0.75pu), so that the serious frequency
secondary drop can be avoided.

When extra load is cut off from power grid, rotor speed will
increase rapidly, which will activate pitch angle regulator,
as is shown in Fig.31-32, DFIG pitch angle will increase
accordingly, aiming to keep rotor speed constant around
1.2 pu. The above analysis demonstrates that RTDS HIL
experiment results can well match the simulation results in
the previous section.

VIil. CONCLUSION
In this paper, basic theory of conventional VSG-ISynC con-
trol strategy is firstly introduced, then the stability analysis of
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VSG-ISynC control strategy is carried out to show that there
exists a limited stability boundary for a specific wind speed,
active power of DFIG WTG is likely to oscillate and becomes
out of control if large load disturbance is added into power
system, also the frequency secondary drop is another serious
problem, which is harmful to the stable operation of power
grid. To solve this problem, a modified VSG-ISynC control
strategy is proposed in this paper by dynamically changing
the P-f droop coefficient of conventional VSG control strat-
egy, aiming to expand the stability boundary of DFIG WTG.
Additionally, an extra rotor speed closed loop is added into
VSG control strategy, which can significantly reduce serious
frequency secondary drop by controlling rotor speed directly.
Afterwards, the quantitative analysis and state space equation
is built for M-VSG control strategy, impacts of droop coef-
ficient on system stability is investigated by the eigenvalue
loci analysis. Finally, a co-simulation and RTDS hardware-
in-loop verification are carried out to verify the effectiveness
and feasibility of proposed M-VSG control strategy, detailed
conclusions are listed as followed:

1) Compared with traditional vector control strategy,
VSG-ISynC control strategy is able to provide extra
power support to grid, preventing grid frequency from
deep drop or increase. This frequency damping ability
is similar to that of traditional synchronous generator.

2) For a given wind speed, there exists a minimum rotor
speed and a stability boundary, once rotor speed has
decreased lower than this value, DFIG WTG will enter
the unstable region and become out of control.

3) The proposed M-VSG control strategy is effective in
preventing DFIG WTG from entering the unstable
region by dynamically changing P-f droop coefficient
according to the fluctuation of dc link voltage.

4) M-VSG control strategy is also effective in avoiding
frequency secondary drop by directly controlling rotor
speed. In low wind speed situation, rotor speed con-
trol will be activated once it has decreased below the
permitted minimum speed. In medium and high wind
speed situation, pitch angle regulator will work together
with M-VSG control strategy to keep rotor speed oper-
ating within a reasonable speed range.
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