-

-
brought to you by .i CORE

View metadata, citation and similar papers at core.ac.uk

provided by University of Liverpool Repository

Multi-DFIG Aggregated Model Based SSR Analysis Considering Wind Spatial

Distribution

Junjie Ma?, Fang Liu®", Lin Jiang?, Min Wu?3, Yong Li*, Weiyu Wang *

1 School of Information Science and Engineering, Central South University, Changsha 410083, China
2 Department of Electrical Engineering and Electronics, University of Liverpool, Liverpool, UK
3School of Automation, China University of Geosciences, Wuhan 430074, China

4 College of Electrical and Information Engineering, Hunan University, Changsha 410082, China

*csuliufang@csu.edu.cn

Abstract: This paper investigates the impact of wind spatial distribution on sub-synchronous resonance (SSR), considering
wind speed difference and wind turbine division. For a doubly-fed induction generator (DFIG) wind farm, two equivalent
aggregated models, i.e., a one-DFIG model and a multi-DFIG model, are established and both simplified to impedance
model for investigation. In one-DFIG model, the SSR mechanism in DFIG wind farm, and the impact of wind speed on SSR
are discussed. The concept of damping is introduced to explain how DFIG SSR current changes under the negative resistance
of wind farm. Then, in multi-DFIG model, DFIGs are divided into different groups based on their wind speed, and the
interaction between DFIG groups is investigated. Simulations are used to validate the proposed analysis, and the results
show that, multi-DFIG model performances a higher accuracy when dealing with DFIG wind spatial distribution problems

compared with one-DFIG model.

1. Introduction

With a low environment impact and technical
development, wind power has been exploited worldwide. In
countries with vast land area, large-scale wind farms are
usually located far from load centres due to the distribution
of wind resources [1]. The utilization of wind energy highly
relies on high-rating and long-distance power transmission.
Series capacitor compensation technology is proved to be an
efficient and economical way to increase transfer capacities
of existing long-distance AC transmission lines. However,
sub-synchronous resonance (SSR), an oscillation at a
frequency below power frequency, is introduced to generator
when it exchanges significant energy with series capacitor
compensated transmission system [2]-[4]. In recent years,
many wind farm SSR accidents have been reported. For
instance, in October 2009, America, the wind farms
connected to the Electric Reliability Council of Texas
(ERCORT) suffered a serious SSR accident due to the
operation of the series capacitor groups [4], [5]. In
December 2012, SSR was observed in wind farms located in
the northern China. This SSR accident was also caused by
series compensated capacitor groups, and occasionally
happened in the next few weeks [6].

Doubly-fed induction generator (DFIG) is widely
installed all over the world due to its high capability, low
investment, and flexible control [7]. As DFIG is especially
vulnerable to SSR instability, many researches on DFIG
SSR have been carried out. DFIG wind farm to series
compensated capacitor systems are usually simplified to
impedance model for SSR analysis [8]-[10]. Impacts of
wind speed, compensation level and control gains on SSR
have been discussed in impedance models [11]-[13]. The
spatial distribution of wind speed is proved to be one of the
key parameters that impacts on wind farm SSR [14]. To
reduce computational complexity, turbines in a wind farm
are often aggregated when modeling [15], [16]. In previous
works, a wind farm is usually presented by a one-machine

aggregated model with the assumption that all wind turbines
are working under a same working condition. However, in a
wind farm, wind turbines is spatially located, and wind
speed is spatially distributed in a wide area [17]. The
performance of the one-machine model is unsatisfactory
when wind turbines have different parameters or work under
different conditions [18]-[20]. Especially the coupling
behaviors and the interactions between wind turbines are
ignored in the one-machine model when analyzing the
impact of wind speed on SSR.

The contribution of this paper is to analyze the
impact of wind spatial distribution on SSR and provide an
analytical method on the interactions between DFIGs when
facing SSR incident. Wind speed distribution is considered
as two aspects, respectively: 1) DFIGs may work under
different wind speeds, and 2) when DFIGs with similar wind
speed are aggregated to one group, turbine number of
different aggregation groups may be different. Two
aggregated DFIG models, one-DFIG model and multi-DFIG
model, are established. In the one-DFIG model, the impact
of wind speed on SSR is investigated, and the concept of
damping is introduced to explain how DFIG SSR current
changes under the DFIG negative resistance. In multi-DFIG
model, the interaction between DFIGs with different
parameter settings is discussed. In the simulation, two
aggregated models are put into comparison to discuss the
impact of wind spatial distribution on SSR.

The rest of the paper is organized as follows. The
study systems of two aggregated models are given in section
2. In Section 3, mechanism of SSR is discussed based on the
proposed impedance models. Simulation studies are
presented in section 4, and the conclusions draw in section 5.

2. Study System

In the study system, a DFIG wind farm has an entire
capacity of 2n MW from aggregation of n DFIGs with
capacity of 2 MW. DFIGs are connected to an aggregation
bus in parallel. The wind farm is connected to load through a
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series compensated transmission line. The configuration of
the power system is shown in Fig. 1. In Fig. 1 (a), the DFIG
wind farm is represented by a one-DFIG aggregated model.
In Fig. 1 (b), DFIGs are divided into N DFIG groups,
orderly, G-1, G-2, ... , G-N, and each group is represented
by a one-DFIG aggregated model. The DFIG wind farm is
equal to an N-DFIG aggregated model. The division of
DFIG group is based on the value of wind speed.
Specifically, when N=2, the wind farm is equal to a two-
DFIG aggregated model.

In Fig. 1, R, and L. are the resistance and the
inductance of the load, respectively; R, and L, are the
resistance and the inductance of the transmission line,
respectively; Rw, Lw are the equivalent resistance and
inductance of the DFIG wind farm, respectively. Cs is the
value of the fixed series compensated capacitor. The
compensation level k (from 0% to 100%) is

k=Cs/C €3]
where C is the value of series capacitor when system is 100%
compensated.
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Fig. 1. Equivalent models of DFIG SSR study system when
using two different aggregated model.
(a) One-DFIG model; (b) Multi-DFIG model.

3. Impedance Model Analysis for DFIG Wind Farm

3.1. One-DFIG Aggregated Model
Assuming all DFIGs have same parameters and work
at same work conditions, the wind farm can be simplified to
a one-DFIG aggregated model. The impedance model of the
study system in Fig. 1 (a) is shown in Fig. 2.
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Fig. 2. Impedance of the one-DFIG aggregated model.

The impedance model consists two impedances:

respectively, the network impedance and the DFIG
impedance. The impedance of the system Zss at frequency f
can be written as

( Zsys(f) = Znet(f) + ZW(f)
1
{Znet(f) = Ryet + jwlpet +]'(U_Cg (2)
Zw(f) = Ry + joLy
where Rne;, Lnet are the resistance and inductance of the
network, respectively, and
Ruet = R+ R
i 3)
The series compensated capacitor and the inductance
of the system forms a LC-loop and introduces LC oscillation
current into the wind farm. The interaction between the LC
current and the output current of the DFIG results an
interference oscillation current I; in the generator at SSR
frequency. The relationship between power frequency fo, LC
oscillation frequency fic, and SSR frequency fssr can be
expressed as

1
Lc = )
27-[\/ CS(Lnet + LW)

When the impedance of the DFIG stator Zgaror, field
branch Zy, and rotor Zor, are take into consideration, the
impedance of the wind farm Zw is comprehensively
considered in [21] as

ZW — ZD;IG — Zstator +5M"Zrotor (5)
where Zpri is the impedance of one DFIG, n is the turbine
number. And we have

Zstator(s) = Rs + sl
Zy(s) = sLy ()
Zrotor(s) = Slip(s)R,r + sLy,

where Rs and L are the resistance and the inductance of the
stator, respectively; Lw is the excitation inductance; R’s and
Ls are the equivalent resistance and the inductance of the
rotor, respectively; and Slip is the slip of the induction
generator.

When control gains of the rotor side convertor (RSC)
inner control loop Kp/Kyr, and cross gain Kpr are considered,
R’r can be written as

! S .
erRr+KPr+mK1r_]KDr (7)

The S-domain format of the slip is
Slip(s) = P 8

where wy is the rotating speed of the generator. w, can be
denote as a function of wind speed W as
wy =F(W) 9
For instance, a typical wind speed to generator
rotating speed curve used in simulation is shown in Fig. 3.
We introduce SSR damping to describe the SSR in
DFIG. The damping of the system on SSR Dsys is [20]
Dy = —os (10)
Sys 2Lsys
Dyys is consist of two parts, namely, the damping of
the network Dy and the damping of DFIG wind farm Dy
Rnet RW (11)
2Lsys 2Lsys
The output current of the DFIG ly is
Iy = Ip + Issg (12)
2

Dsys = Dpet + Dy =



where I is the nominal output current of the wind farm, and
Issr is the interface SSR current caused by the interaction
between LC loop and the DFIG. lo is constant, and Issr is
influenced by the SSR damping.
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Fig. 3. Relationship between DFIG generator rotating

speed and wind speed.

When LC current flows into the DFIG, the response
process of DFIG can be considered as follows.

Firstly, we assuming that virtual current Iy is produce
by DFIG as a reaction to the interference current Ir. With the
SSR damping of the DFIG wind farm considered, Iy can be
written as

Iy = Ipe™Pw/ssrt (13)

Then, Iy is damped by the SSR damping provided by
the network, and results in real SSR current lssr.

I = IVe—Dne:fSSRt (14)

Combining (13) and (14), the relationship between
Issr and Dsys can be given as

I = Ife_(DW"'Dnet)fSSRt (15)

Finally, equation (15) shows how DFIG SSR current
influenced by the damping ratio.

The slip of the induction generator is both influenced
by wind speed and the compensation level. Obviously, when
fssr <fr, Slip <0. The resistance of DFIG, as well as the SSR
damping of the wind farm are negative. By (13), the wind
farm can be considered as a SSR oscillation current source
when Dy <0. By (15), when Rpet + Rw <0, the SSR damping
of the system Dy <0, the amplitude of the SSR current
oscillatory grows. This is the induction generator effect (IGE)
of DFIG.

The resistance of the DFIG is the determinable
parameter on SSR. From analysis, the variation of wind
speed will lead to the change of slip, as well as the change
of the DFIG resistance. Other parameters that influence SSR
are compensation level, control gains of RSC, and resistance
of DFIG stator and rotor, respectively.

Meanwhile, when DFIGs have different resistances
the equivalent resistance of the one-DFIG aggregated model
can be present as

Zy =72, ... 1Zy (16)
where Z1, Z,, ..., Z, are the impedances of DFIG.
3.2. Multi-DFIG Aggregated Model

When wind turbines are spatial located in an area
with non-uniform wind spatial distribution, DFIGs may
work under different wind speeds and may have different
resistances. To study the impact of wind spatial distribution
on SSR, a multi-DFIG aggregated model presented in Fig.1
(b) will be used. The DFIGs under similar wind speeds are
grouped, and a one-DFIG aggregated model represents each
group. DFIG groups are integrated to the aggregation bus in
parallel connection.

When the group number is chosen to be 2 (N=2), the
multi-DFIG model is simplified to a two-DFIG model to
release the complexity while is still eligible for wind spatial
distribution analysis and DFIG interaction analysis. The
wind farm consists two DFIG groups, G-1 and G-2,
respectively. The impedance model of the two-DFIG model
is shown in Fig. 4.

The impedance model is consists 3 impedances:
respectively, the network impedance, the impedance of
DFIG group G-1, and the impedance of DFIG group G-2.
Denote the turbine number of G-1 and G-2 are | and m,
respectively, the impedances of G-1 and G-2 are

{Z1 = Ry +jwly = Zppe/l A7)
Z; = Ry +jwly, = Zppig/m
where R; and L; are the resistance and inductance of G-1
respectively; R, and L, are the resistance and inductance of
G-2 respectively.
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Fig. 4. Impedance of the two-DFIG aggregated model.

Assuming that G-1 works under a high wind speed
and its resistance is positive (R; > 0), and G-2 works under a
low wind speed and its resistance is negative (R2 < 0), the
damping contribution of G-1 and G-2 on SSR can be
expressed as

(D ) >0
U 2Ly
R (18)
D,= —2 <0
|72 2Lgys

The interaction between G-1 and G-2 is described as
follows:

Firstly, denote the interference oscillation current
caused by LC current in G-1 and G-2 are respectively ly; and
Iz, the virtual current output by G-1 and G-2 are

{Im = Ifle_;)ifSSRt (19)
Iyy = Ippe 2fssrt

Then, as the red dot line in Fig. 4 shows, the

interference currents in G-1 and G-2 can be updated as
{I’f1 = I+ 1y,

[’f2 = [fZ + IVl (20)
where I’y and I, are the updated interference current.
The updated interference current in DFIG is consist
of two parts, respectively, the interference current caused by
the LC oscillation, and the interference current provided by
the nearby DFIG group. Therefore, the updated virtual
current in G-1, vy, is
I'yy = I
And the updated virtual current in G-2, Iy, is
I'y, = [fze—szSSRt + [fle_(D1+D2)fSSRt (22)
When D; + D2< 0, (21) is equal to

—Di1fssrt 4 1f2e—(D1+Dz)f55Rf (21)



I'y, =0+ Ifze—(D1+Dz)f55Rf (23)
And when D1 + D2> 0, (22) is equal to
I'y, = IpeP2fssrt (24)
From (24), it can be found that, due to its negative
SSR damping, G-2 can be considered as a SSR current
source that injects SSR current to nearby DFIGs. The SSR
in G-2 is free oscillation when there is no external damping.
The format of (23) is consistent with the forced
oscillation. That is to say, G-1 is forced to oscillate at SSR
frequency by the oscillation source of G-2.
At the aggregation bus of DFIG wind farm, the
virtual current of DFIG is
Iy =TIy +1'y, (25)
Finally, Iv is damped by the network, and results in
real SSR current, which similar to (14)
The output current of two-DFIG aggregated model at
the aggregation bus is
Ly =1 + 1, + Issp (26)
The equivalent impedance of the two-DFIG
aggregated model is
Zy = Uy/ly (27)
where Uy is the voltage of the aggregation bus.

4. Simulation Analysis

The cases are performed in SIMULINK. The wind
speed and turbine numbers are adjustable, while other
parameters are fixed. The system parameters are given in
APPENDIX.

4.1. Impact of Wind Speed on SSR (in One-DFIG
Aggregated Model)

The one-DFIG model in Fig. 1 (a) is used to analyze
the impact of the value of wind speed on SSR. The
relationship between the wind speed and the equivalent
resistance of DFIG wind farm is shown in Fig. 5.
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Fig. 5. Relationship between wind speed and equivalent
resistance of the system.

In Fig.5, both calculation result by (5) and simulation
show that, when wind speed increases, the resistance of the
system increase. In simulation, when the wind speed is
lower than 9.62 m/s, the resistance of the system is negative.
In calculation result, when the wind speed is lower than 8.93
m/s, the resistance of the system is negative. The trend of
the calculation result is consistent with the simulation. The
average error between the calculation and the simulation
result is 4.76 Q. When all DFIGs are working under a same
wind speed, the resistance calculation result by the one-
DFIG impedance model is close to the simulation result.

Considering the dynamic wind speed variation, the
DFIG SSR status when wind speed continuously variation is
shown in Fig. 6. The initial wind speed of DFIG is 13 m/s,

and decreases from 13 m/s to 9 m/s during 0 second to 3
seconds. The SSR is observed from the electromagnetic
torque of DFIG. It can be found that, when wind speed is 13
m/s, the SSR is hardly to be detected in DFIG. Along with
the continuously decreasing of the wind speed, the SSR
becomes more serious. The SSR is undamped during 2.5
seconds to 3 seconds while the corresponding wind speed
decreases from 9.8 m/s.
Further, we select conditions of 3 sampling points as
follows to intuitively observe the SSR status of DFIG:
Point A: W = 7 m/s. This sampling point represents the
work condition of low wind speed;

Point B: W = 10 m/s. This sampling point represents the
work condition of middle wind speed;

Point C: W = 13 m/s. This sampling point represents the
work condition of high wind speed.

The corresponding rotating speed of point A, B and C
are 0.706 p.u., 0.978 p.u. and 1.200 p.u., respectively. The
time-domain simulation of the 3 sampling points are shown
in Fig. 7. When the series capacitor is put into operation at
0.2 seconds, the SSR of point A is quickly mitigated within
0.3 seconds. The SSR of point B is maintained, and the SSR
of point C rapidly diverges. By using mode analysis method,
it can be found that the SSR frequencies of the 3 sampling
points are both 28.2 Hz. When compensation capacitor is
fixed, SSR frequency is determined by the inductance of the
system. The variation of wind speed does not change the
inductance and is independent of SSR frequency.
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Fig. 6. The impact of wind speed variation on DFIG SSR.
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Fig. 7. SSR Status under different wind speeds.

4.2. Impact of Wind Spatial Distribution on SSR (in
Two-DFIG Aggregated Model)

Following aspects are the consequences of wind
spatial distribution: 1) Wind speed difference: DFIGs may
work under different wind speeds; 2) Wind turbine division:
DFIGs with similar wind speed should be divided into a
same group, but the turbine number of different group may
also different. For example, in a wind farm, there may 11
turbines work under 6 m/s, 9 turbines works under 7 m/s, 13
turbines works under 8 m/s, and 7 turbines works under 10
m/s [21]. Following cases are simulated in a two-DFIG

4



model to analyse the impact of wind speed spatial

distribution on SSR.

Case 1: The turbine number in G-1 and G-2 are both 20.
The wind speed of G-2 is fixed to 6 m/s.

Case 2: Wind speed for G-1 and G-2 are 13 m/s and 7m/s,
respectively. The turbine number in G-1 changes
from 5 to 35, and the corresponding turbine number
in G-2 changes from 35 to 5.

The relationship between wind speed difference and
the system equivalent resistance under the condition of case
1 is shown in Fig. 8.

G-1 is given an initial wind speed of 6 m/s. When G-
1 and G-2 are under low wind speed of 6 m/s, the equivalent
resistance of the system is negative. The calculation result
by (16) is -23.66 Q, and the simulation result is -17.42 Q.
When the wind speed of G-1 increases from 6 m/s to 13m/s,
the resistance of the system increases from -23.66 Q to 2.32
Q in the calculation, and increases from -17.42 Q to 20.12 Q
in simulation as a result of an increase of the equivalent
resistance of G-1. The trend of the calculation result of the
one-DFIG model and the simulation of the two-DFIG model
are the same. However, when the wind speed difference
becomes higher, the error of the calculation becomes lager.
The average error between the simulation and the
calculation result is 8.52 Q when the wind speed difference
between G-1 and G-2 is lower than 2 m/s. However, when
the wind speed difference is higher than 4m/s, the average
error is increased to 19.63 Q. The one-DFIG model may
have a large error when dealing with the aggregation of
DFIGs under high wind speed different.
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Fig. 8. Relationship between wind speed difference and

equivalent resistance of the system.

The relationship between the wind turbine division
and the equivalent system resistance under the condition of
Case 2 is shown in Fig. 9. Meanwhile, to intuitively observe
the SSR status, three DFIG divisions as follows are selected.
Moreover, the simulation of these three divisions is shown
in Fig. 10.

Division A: G-1 have 35 DFIGs, while G-2 have 5 DFIGs;
Division B: G-1 have 20 DFIGs, while G-2 have 20 DFIGs;
Division C: G-1 have 5 DFIGs, while G-2 have 35 DFIGs.

In Fig. 9, it can be found that when the turbine
number of G-2 changes from 5 to 35, the resistance of the
system increasing from 3.31 Q to 28.74 Q in the simulation
of the two-DFIG model. However, the resistance of the
system decreases from 10.53 Q to -17.84 Q in the
calculation result of the one-DFIG model. The trend of the
one-DFIG model and two-DFIG model are opposite to each
other.

Time-domain simulation of Fig. 10 proves that DFIG
division A has the worst SSR damping. SSR under the

condition of division A is approximately maintained, which
means the equivalent resistance of the system is close to
zero. On the contrary, SSR under the condition of division C
is quickly mitigated within 0.4 seconds. The SSR trend of
time domain simulation is inconsistent with the calculation
result. The resistance of two DFIG groups is the real part in
(17). The increase of turbine number results in a decrease of
the absolute value of the DFIG group resistance. Therefore,
under the condition of division A, the absolute value of
resistance of G-1 is lower than G-1 consists more DFIGs,
and the damping provided for SSR mitigation is also low.
On the contrary, G-1 under the condition of division C can
provide higher SSR damping than division A and B, since it
consists of fewer DFIGs. Therefore, when dealing with the
impact of DFIG division on SSR, the multi-DFIG model
should be used instead of the one-DFIG model.
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Fig. 9. Relationship between DFIG division and equivalent
resistance of the system.
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Fig. 10. SSR status of G-1 and G-2 under DFIG divisions.
(a) Under Division A; (b) Under Division B; (c) Under
Division C.

4.3. Interaction Between DFIG Groups
The detail of Fig. 10 (a) is shown in Fig. 11. The
capacitor starts to oscillate at 0.2 seconds. At 0.232 seconds,
G-2 meets its first SSR peak. 0.005 seconds later, G-1 meets
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its first peak. Comparing the two SSR curves it can be found
that G-2 always oscillates about 0.005 seconds faster than
G-1. It can be inferred that the time difference At is the time
that SSR current flows from G-2 to G-1. As the resistance of
G-1 cannot provide enough damping to mitigate SSR of G-2,
G-1 is force to oscillate by the SSR current of G-2.
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Fig. 11. Details of SSR status under DFIG division A.

The identified SSR mode of G-1 and G-2 in Case 2
are shown in Table 1. The signal is denoised by empirical
mode decomposition, and then identified by Prony analysis.
In Table 1, the SSR frequencies of G-1 and G-2 are almost
the same. That is to say, the SSR modes of G-1 and G-2 are
strongly coupled with each other. All DFIGs tend to oscillate
coherently with similar oscillation frequencies. The result
also proves that, when the total turbine number is fixed, the
SSR frequency independent from the division of DFIGs.

Table 1 SSR mode of G-1 and G-2 in Case 2.

Turbine number SSR Frequency ~ SSR Frequency

G-1/G-2 of G-1 (Hz) of G-2 (Hz)

5/35 28.18 28.18
10/30 28.18 28.19
15/25 28.19 28.19
20/20 28.19 28.19
25/15 28.19 28.19
30/10 28.19 28.19
35/ 5 28.20 28.20

5. Conclusions

This paper has investigated the impact of the wind
spatial distribution on SSR via proposing aggregated
equivalent models for DFIG wind farms. The impact of
wind speed on SSR is discussed based on the one-DFIG
model where the interaction between DFIGs is discussed
based on multi-DFIG model. The concept of damping is
introduced to explain how the SSR current in DFIG changes
under different situations. Following conclusions can be
drawn:

1) DFIG under a lower wind speed has lower
resistance and face more severe SSR problem. When the
equivalent resistance of a DFIG is positive, it provides
positive damping for SSR. On the other hand, DFIG with
negative resistance reduces the damping for SSR and injects
SSR current to nearby wind turbines. For this reason, a
DFIG with negative resistance can be regarded as a SSR
current source.

2) The calculation method of SSR damping of both
equivalent models are investigated. The SSR status of the
wind farm depends on the SSR damping provided by DFIGs.
When the damping of the overall system is positive, the SSR
in DFIG wind farm is mitigated.

3) SSR modes of DFIGs under different wind speeds
are strongly coupled with each other. DFIGs with different
resistances tend to oscillate at the same SSR frequency when
SSR occurs, but with different types of oscillation. SSR in
DFIG with negative SSR damping is free oscillation without
external damping, while DFIG with positive damping may
be forced to oscillate by nearby DFIGs with negative
damping.

4) The multi-DFIG model is more accurate for wind
farm SSR analysis than the one-DFIG model for dealing
with a large wind speed differences and more suitable for
considering the wind spatial distribution.

Future work could be done in analysing model
performance of multi-machine model in actual wind farm.
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8. Appendices

Table 2 Simulation parameters of the load, the
transmission line, and the DFIG.

Parameter Value Parameter Value
RL 0.864 Q Rs 0.023 p.u.
L 0.0229 H Ls 0.18 p.u.
R 0.136 Q/km R, 0.018 p.u.
L 0.032 H/km L, 0.16 p.u.
C 2.0723<10° F Lm 3.2p.u.

Line Length 400 km Kk 30%




