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ABSTRACT This paper aims to reasonably demonstrate the role of the rotor-side converter (RSC) in
subsynchronous oscillation (SSO) and investigates the influence and relationships of all control parameters.
Thus, the equivalent circuit of a doubly fed induction generator (DFIG) that considers the RSC is imperative.
First, the pertinent equivalent model of a DFIG with RSC control is established. Compared with previous
works, this paper innovatively merges the RSC and induction generator with flux and voltage, obtains a
complete analytical expression for the equivalent power supply and impedance containing all parameters of
both the inner and outer loops of the RSC and then constructs a reasonable equivalent model. The action of
the RSC is successfully demonstrated and reflects how the control loops and parameters of the RSC affect the
circuit structures and properties of the equivalent model. Then, based on this proposed model, the influence
mechanism of the RSC on the SSO of the grid-connected system is carefully analyzed.

INDEX TERMS Doubly fed induction generator, mechanism analysis, rotor-side converter, subsynchronous

oscillation.
NOMENCLATURE
RSC Rotor-side Ss50 Slip of the rotor to stator currents at the
converter. subsynchronous resonant frequency.
SSO Subsynchronous oscillation. ws Synchronous angular frequency.
DFIG Doubly fed induction generator. Wsso Subsynchronous angular frequency.
VSC-HVDC  Voltage source converter-based Kpi(G=1,2,3,4)  Proportional gains.
high-voltage direct current. Kij =1,2,3,4) Integral gains.
U, Ur Stator and rotor voltage. fo Synchronous frequency.
ig, Ip Stator and rotor current. Ssso Subsynchronous frequency.
Vs, Yy Stator and rotor flux linkage. Jer Subsynchronous resonance frequency.
Py, Oy Stator active and reactive power. Ir Rotor frequency.
R, R; Stator and rotor resistance.
Ly, L, Stator and rotor inductance. Subscripts
L Leakage inductance. s,r  Stator and rotor components.
Ly Mutual inductance between the stator and d,q Direct and quadrature axis components.
rotor. ref  Reference value.
p Differential operator.
Sslip Slip of the rotor to stator currents.

I. INTRODUCTION
The associate editor coordinating the review of this manuscript and The past few decades have witnessed the rapid growth of
approving it for publication was Yang Li . wind generation around the world. The DFIG is one of the
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most popular wind turbines. DFIGs are usually connected
to the grid through a series capacitor-compensated line or
a VSC-HVDC link. In such systems, SSO phenomena have
recently been frequently reported, for example, in Texas,
USA, in 2009 and Hebei, China, in 2012 [1]-[3]. These SSO
phenomena have threatened the stability and performance
of power systems and are attracting increasing attention to
study areas ranging from modeling and mechanism analysis
to mitigation actions.

Since these incidents, research communities have devoted
significant effort to determining the origin and influencing
factors of SSO [4]-[12] by investigating the impacts of con-
verters, the compensation level, and other factors, and the
general conclusion is that the RSC is closely related to SSO.
For example, [4] shows that the fast and direct properties
of the RSC current inner loop are the primary causes of
SSO. Reference [5] notes that SSO is susceptible to negative
damping at the subsynchronous frequency, and RSC con-
troller parameters have significant impacts on the damping
characteristics.

However, the effect of the RSC on SSO, especially
considering the RSC controller parameters, is still unclear.
In addition, previous studies focused on individual loops or
parameters and provided different explanations, and some
studies even drew contradictory conclusions. For instance,
based on an impedance model, [9] investigates the influence
of the RSC controller in series-compensated DFIG-based
wind farms on SSO. However, it does not model the outer
loop of the RSC controller. Reference [10] explores only the
RSC inner control loop and does not consider the impact of
its outer control loop. Compared with [9], [10], reference [11]
takes the outer control loop into account and suggests not
ignoring its influence. However, the authors of [12] do not
support this view.

Additionally, the interactive effects of the control loops of
the RSC can trigger unfavorable SSO. Recent research shows
that parts of the inner and outer control loops of the RSC
have an interactive effect on SSO [13], [14]. These papers
explain the interactive effects on SSO between the inner-loop
proportional gain and the outer-loop proportional gain well.
However, they only provide insights into parts of the control
loops and controller parameters in the RSC. Undoubtedly,
a rigorous research study is required to determine the SSO
mechanism caused by the RSC in a DFIG wind farm with
series compensation.

Moreover, most researchers adopt various effective meth-
ods for investigating SSO, such as the impedance-based
method [15], [16], the modal analysis method [17], [18], and
the equivalent RLC circuit method [19], [20]; the equivalent
RLC circuit method is a simpler and more straightforward
approach compared to the other methods. We can easily take
all control loops and parameters of the RSC into account
when adopting this method. Their roles will be demonstrated
using fundamental elements in the equivalent RLC circuit.
According to the natural properties of the equivalent circuit,
we can analyze and assess the impact of each RSC parameter
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on SSO and then reveal possible interactive effects under
various circumstances.

This paper aims to intuitively identify the influence of
the RSC controller on SSO and carry out a thorough and
comprehensive review. Considering the RSC, an equivalent
RLC model of a series-compensated DFIG-based wind farm
is first derived. In this model, the RSC, which acts as a
combination of an equivalent source and an RLC circuit,
is integrated into the electrical circuit. Thus, the mechanism
of how the RSC affects the system dynamics, i.e., SSO, can be
thoroughly studied. Not only are the direct and indirect effects
of the RSC on SSO both revealed, but the interactive effects
between the inner and outer control loops of the RSC on
SSO are also entirely identified. Finally, Prony analysis [21]
and time-domain simulations verify the proposed model and
mechanism.

Compared to existing surveys, this paper provides the fol-
lowing contributions.

a) An improved equivalent RLC model of DFIG is pre-
sented. The RSC, including all parameters and control
loops, is modeled and derived as an equivalent source
with RLC components. We can utilize the relationships
between the elements and the natural properties of the
equivalent model to intuitively indicate the damping
characteristics of the SSO, thereby assessing system
stability.

b) How the RSC controller of DFIG affects SSO is fully
clarified in this paper. Based on the proposed model,
analytical expressions provide insights into the direct
and indirect influences. By varying the RSC parameters,
the impact of the RSC controller on the equivalent circuit
is identified. We can explain why each parameter affects
SSO in markedly different ways and efficiently assess
their influences.

¢) Interactive effects on SSO that involve both the inner
and outer loops and even all parameters of the RSC
controller are also highlighted. They should be care-
fully taken into account when optimizing the controller
parameters.

The rest of this paper is organized as follows. Section II
builds an equivalent DFIG model considering the RSC con-
troller. Section III highlights and explores the mechanism of
how the RSC controller influences SSO. In Section IV, Prony
analysis and time-domain simulations in PSCAD/EMTDC
are performed to verify the proposed model and mechanism.
Section V concludes the paper.

Il. SYSTEM MODELING
Fig. 1 shows a typical integration of DFIG-based wind farms
into a series-compensated transmission system. A single
DFIG model representing a DFIG wind farm is built based
on the 2-MW generic DFIG model seen in [22].

In this section, we construct a reasonable equivalent model
of a DFIG with the RSC controller. Compared with previous
works, this paper innovatively merges the RSC and induction
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FIGURE 1. Typical wind farm generation model.

FIGURE 2. Induction generator model.

generator into one circuit using the rotor voltage. According
to the Park transformation, transfer functions of the RSC
controller and voltage and flux linkage equations of the induc-
tion generator can be derived in the rotating d-q reference
frame, which act as two individual subsystems: a control
subsystem and an electrical subsystem. By moving terms
related to the RSC controller and applying the Thevenin the-
orem, we obtain the rotor voltage equations considering the
RSC controller. As an intermediate variable, the rotor voltage
bridges these two subsystems. We obtain complete analytical
expressions for the equivalent source and impedance contain-
ing all parameters of both the inner and outer loops of the
RSC. This reasonable equivalent model will play an essential
role in the following work.

A. MODELING THE INDUCTION GENERATOR
CONSIDERING THE RSC CONTROLLER

The stator and rotor voltage equations and flux linkage equa-
tions of the induction generator are given in equations (1)—(4),
and Fig. 2 shows the induction generator model.

usg = Rgisq + p¥sa — ws¥sq )
usqg = Rsisq + p¥sq + ws¥sa
urd = Rrirg + pYrd — Sslip®sYiq )

Urg = Riivg + p¥ig + Sslip®sPra
wsd = Lsisd + Lmlrd
Veg = Liisg + Limirg

Wrd = Liisq + Lyirg (4)
qu = Lmisq + Lrirq

€)

Here, the inductances of the stator and rotor are calculated
as Lg=Lis+Ly and Ly=Li+Ly,, respectively.
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FIGURE 3. RSC controller block diagram.

Based on the RSC controller block diagram shown
in Fig. 3, the output voltages of the converter can be expressed
as follows.

Kip K .
Urd = Kp2+T Kpl+T (Ps— Pgref) —ird

)
Kis Ki3 .
Urg = Kp4 + T KpS + T (Os — Osref) — Irg
The stator active and reactive powers are
UsL
Py=——"iy
- ©)
0 U Udnm,
¢ = — —_ 2
’ wsLs Ls "

By substituting (5) into (2), we obtain equation (7), as
shown at the bottom of the next page.

To demonstrate the role of the RSC controller, we move
terms involving the RSC together and then obtain
equation (8), as shown at the bottom of the next page.

From (8), the left-hand sides of the equations consist of two
terms. The first terms, -(Kp2 + Ki2/p)(Kp1 + Ki1/p)Psrer and -
(Kpa + Kia/p)(Kp3 + Ki3/p)Osret, are the reference voltages
generated by the inner and outer loops for the reference
powers, and the second terms can be rewritten as Ki1 Ko Py/w?
and Ki3Ki4Qs/a)2 in the frequency domain, which are both
proportional to 1/w?. Because w? is high at the synchronous
frequency, it can be approximately assumed to be a constant.
Thus, the left-hand side of equation (8) can be seen as a
controlled voltage source controlled by the converter. There-
fore, the rotor voltage considering the RSC controller can be
redefined as follows.

N K; Ki K1 Kip
Uy = — Kp2+7 Kpl‘i‘? Psref+p—2Ps

. _ K_1>< &) - KuKis
Uy (Kp4 + » Kp3 + D Osret+ P2 Os
By substituting (9) into (8), we can obtain equation (10),
as shown at the bottom of the next page.
Although equation (10) is intricate, it represents the equiv-
alent resistance, capacitance, and voltage source based on the
Thevenin equivalent.

&)
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FIGURE 4. Equivalent circuit of the DFIG considering the RSC controller.

Let Réqc = Kp2Kpi UsLm/Ls + Kpo, Riyge = KpaKp3Us
Lu/Ls + Kpa, 1(Ciisep) = Kiolp + (KpaKin/p + KioKp1/p)
UsLw/Ls, /(Crgcp) = Kialp+(KpaKiz/p+KiaKp3/p)UsLin/Ls,
upg =0, and upy = (KpaKp3+KpaKiz/p+Kia Kp3/p) Usz/(wsLs)-

Based on equations (1) and (10), an equivalent circuit of a
DFIG considering the RSC controller is modeled in the d-q

reference frame, as shown in Fig. 4.

B. EQUIVALENT SYSTEM MODEL AT THE
SUBSYNCHRONOUS FREQUENCY

and g-axis rotor currents, respectively. It usually employs
proportional-integral controllers in the inner and outer loops.
For convenience, we assume that the proportional-integral
coefficients of the inner and outer loops in the RSC are
identical, meaning that K,; = K3, Kit = Ki3, Kpp = Kps,
and Kj» = Kij4, as in [23], [24].

On this basis, we combine the d-axis and g-axis com-
ponents of equation (10) and obtain the following complex
vector.

By applying stator voltage-oriented control, the RSC can U =il kuk KpaKiz  KiuKp3 US2 12
control the active power and reactive power through the d-axis p =/ | Kpallps + + p wsLg 12)
Ki» Kij
Kp2 + — Kpl + — ) (Ps — Psref) — Ira Ryivg + p¥nd — Ssl]pwsqu
p p %)
Kia Ki3 . .
Kpa + 7 Kpz + — ) (Qs — Osret) — irg | = Rrlrg + p¥ig + Sstip@s¥ra
K; K; K1 K;
- (sz + 712) <Kp1 + 711) Piref + 112 2p,
. K2 Kiy KipKp1 i Kip
= Ryirg + p¥ia — Sslipwsl//rq - KpZKpIPs - Py — lp P Py + szlrd + jlrd
Kia Kuks ®
p4 + 7 p3 + — | Osref + —5—0s
KpaKi3 KisKp3 . Kis
= errq +p1!/rq + Sshpwsllfrd p4Kp3Qs = 0Os — i Os + Kp4qu + jqu
UsLy, K; Ky K; KK, UsLy | .
rd — Ry + (KpZKpl +Kp2) id + [ i2 + ( p2Ail + i Pl) s mi| i
p p p Ly
+ Lmpisq + Lepia — Sshpws Vg
) UsLi Kis KpaKiz  KigKp3 '\ UsLm | . (10
KKz KuKp\ U2
+ Lnpisg + Lipivg + Sslip@s¥ra + ( KpaKp3 + L + Al 4 :
pP wsLg
1 .
Ur* = (Rr + Rrsc + @ + Llrp> Ii + Linp (It + Is) + jsslipws ¥y + Up (11
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FIGURE 5. Equivalent circuit of the DFIG at the subsynchronous
frequency.

At the subsynchronous frequency, the rotor voltage
becomes Uj/sqs0, and the equivalent resistance of the DFIG
becomes Ri/ssso + Rrsc/ssso + Rs. In addition, s =
(fer-fo)lfer 1s the slip of the rotor to the stator current at the
subsynchronous resonant frequency for = fo(Xc/Y_ X), and
the subsynchronous frequency is calculated as fis0=f0-fer-
At the subsynchronous frequency, the equivalent circuit of the
DFIG is as shown in Fig. 5, where U} =U-Uy,.

Thus, the equivalent resistance and capacitance of the
RSC are

LU,
R Kp1 Kpp == + K
Rsc _ Bptfp277 p (13)
Ssso Ssso
1
Crsc = . (14)

%+ K

S

(Kp2Kiy + Kp1Ki2) =5

C. DISCUSSIONS OF THE MODEL
We provide the following discussions regarding the proposed
model.

1) The core idea is to retain both control loops and all
parameters of the RSC and then demonstrate their roles
in the proposed model. With the intermediate vari-
able of the rotor voltage U;, we successfully fill the
gap between the control and electrical subsystems to
derive the equivalent circuit. In this circuit, the equiv-
alent source and the frequency-dependent equivalent
impedance reflected by the induction generator with
the RSC can help in analyzing the mechanism and
characteristics of SSO.

2) The equation of the rotor voltage U, has an additional
inner potential term Up. From equation (12), we find
that the variations in the controller parameters of the
inner and outer loops of the RSC will directly influence
the inner potential source and alter the value of the rotor
voltage, which reflects the effect of the RSC. However,
this voltage cannot change from positive to negative.

3) The frequency-dependent equivalent impedance
involves RLC components. Some of it comes directly
from the RSC, corresponding to Rrsc and Crsc.
According to (13), the equivalent resistance Rrsc has
two terms. The first term is proportional to the product
of the inner-loop proportional gain and outer-loop
proportional gain Kp1Kp2, and the second term is
proportional to the inner-loop proportional gain K.
According to (14), the equivalent capacitance Crsc
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is related to all proportional and integral coefficients.
Varying the RSC controller parameters will change
Rgrsc and Crsc, which manifests the impact of the RSC
controller on the equivalent circuit.

D. THE ADVANTAGES OF THE PROPOSED METHOD OVER
EXISTING METHODS

Compared with existing methods, the proposed approach has
the following advantages.

a) Unlike modal analysis and impedance-based methods,
which require detailed information on each element and
significant computational effort, the derived RLC model
is simple and easy to establish with little computational
effort.

b) The equivalent DFIG model intuitively provides an
explicit physical meaning of the oscillation phenomenon
based on the equivalent resistance and reactance, thereby
directly assessing the system stability and stability
margin.

¢) Based on the RLC model, the mechanisms of impact of
various factors influencing SSO can be clarified, espe-
cially the interactive effects between various parameters,
while existing methods fail to identify these attributes.

Ill. THE MECHANISM OF THE IMPACT OF THE RSC

ON SSO IN A SERIES-COMPENSATED DFIG-BASED

WIND FARM

According to the operating principles of a DFIG, the RSC
generates the rotor voltage through the instantaneous power
and current and then reacts to the rotor current in the cir-
cuit, thereby inducing an additional component in the stator
current via magnetic flux. Therefore, when the stator current
consists of an oscillating component at the subsynchronous
frequency, the instantaneous power of the RSC would be
accordingly altered. Next, the converter output voltage, which
is disturbed by the RSC controller, causes rotor voltage
variation of the DFIG. Then, the rotor voltage affects the
rotor current in the circuit and induces an additional sub-
synchronous component in the stator current. In the above
process, the circuit structure and properties have an immense
influence on the oscillation component. If the equivalent
resistance Req is >0, then the SSO is positively damped,
which means that the SSO will decay. In contrast, if Req is
<0, then negative damping will aggravate the SSO. However,
if Req is A0, then the SSO amplitude will remain constant.
Therefore, the RSC influences the structure and properties of
the equivalent DFIG circuit and contributes to determining
the oscillation properties.

A. MECHANISM STUDY
The equivalent model of the DFIG considering the RSC con-
troller is connected to the grid through a series-compensated
line, as shown in Fig. 6.

As fer < fr, Ssso 18 less than zero at the subsynchronous
resonance frequency. In addition, Ly, is negligible, given that
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FIGURE 6. Equivalent DFIG circuit of a series-compensated DFIG-based wind farm at the

subsynchronous frequency.

Ki,Kip !

JerfoJIXel(Xeg-Xe) Ssso=(fer D) fer
Xeql : férT > Ssso0 TA (Rr+RRSC)/Ssso l» Req l >
%

Aggravate
SSO

Kpprﬂ

FIGURE 7. Relationship between the RSC and SSO.

Ly is much larger than Ly and Lj.. Thus, the equivalent
resistance and reactance of the system at the subsynchronous
frequency can be expressed as follows.

Rr + Klep2 LmL:]s + KPZ

+R+R (15

Req [$ssol

The equivalent resistance and reactance, whose
expressions contain the control-related terms that reflect
the influence of the RSC controller on the circuit structure
and properties of the system, can represent the RSC. From
equation (15), proportional gains Kj,; and Ky, directly affect
the equivalent resistance. Tuning the proportional gains in the
RSC may enable the positive resistance to become negative,
fundamentally changing the circuit structure and properties
of the system. Meanwhile, the slip sg, Which is mainly
determined by the equivalent reactance, also has a powerful
influence on Req. According to (16), the equivalent reactance
Xeq is sensitive to the RSC controller parameters. Modifying
the controller parameters can reduce the equivalent reactance
Xeq Of the system, thereby increasing the resonant frequency
Jer and, finally, increasing the corresponding slip ss50. How-
ever, an increase in sg Will reduce the equivalent resistance,
thereby aggravating the SSO, and vice versa. The above
analysis illustrates the close link between the RSC and SSO
in the series-compensated DFIG-based wind farm, as shown
in Fig. 7.

According to Fig. 6, when the grid is connected to a line
capacitor, the line capacitor and the inductive system form a
series resonant circuit. Without a series capacitor, since there
is no resonant circuit, SSO is unlikely to occur. That is, the
line capacitor plays an important role in SSO. Based on Fig. 7,
reducing the line capacitor C, i.e., reducing the capacitive
reactance Xc, will increase the resonance frequency f.r and
its corresponding slip sg5o and further reduce the equivalent
resistance Req, aggravating oscillation. Similarly, changing
the wind speed can alter the rotor speed, thereby affecting
the corresponding slip and the equivalent resistance succes-
sively. The above discussion coincides with the conclusions
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in [5], [20]. Due to space limitations, this paper will not
further explore the impact of the line capacitor and wind
speed on SSO.

In summary, the RSC has an enormous impact on SSO,
which is in accordance with existing research [15]. Further-
more, this paper provides the following new insights into the
mechanism and characteristics of the studied impact.

1) Both the direct and indirect mechanisms of how the
RSC controller affects SSO are revealed.

The critical point is that the equivalent source and
impedance reflected by the RSC controller can be used to
identify SSO properties. According to equation (15), the term
involving proportional gains shows the direct impact of the
RSC on the SSO. In other words, increasing the outer-loop
proportional gain K and the inner-loop proportional gain
Kp» can directly reduce the equivalent resistance. Thus,
the resistance may change from positive to negative, gradu-
ally diminishing the damping of the SSO. From equation (16),
the control-related term in the equivalent reactance exerts
an indirect effect of the RSC on the SSO. That is, increas-
ing any of the inner-loop and outer-loop proportional and
integral coefficients will reduce the equivalent reactance Xeq
and further increase the resonant frequency f.; and the cor-
responding slip sg0. As a result, the equivalent resistance
indirectly decreases. This indirect impact can also change the
properties of the equivalent resistance and finally threaten
the stability of SSO. The above analysis explicitly explains
why the effects of various controller parameters on SSO are
markedly different.

Xeq = Xir + Xis + Xj + X1 + Xrsc + Xc
= wsso(Lir + Lis + Ly + Lt)
(KK + Kp1Kio) ™% + Kip 1 6
@SSO wssoC

2) The interactive effects on SSO, which involve both
the inner and outer loops and all parameters of the
RSC controller, are highlighted.
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According to equation (15), the expression of the equiv-
alent resistance contains both an independent term K, and
a coupling term K;1K}». The coupling term indicates that
we cannot solely examine the effect of a single parameter
on the SSO. Thus, the interactive effect between Kp; and
Kp> should be seriously considered when tuning the controller
parameters. Furthermore, coupling terms also exist for the
proportional and integral coefficients between the inner and
outer loops in the equivalent reactance. The coupling terms
K Kiy and Kp,1 K> contain all parameters of the RSC con-
troller, denoting the interactive effect between the propor-
tional and integral coefficients in the different control loops
on the SSO. A comprehensive investigation of the impact of
controller parameters and an exploration of the interactive
effects of inner-loop and outer-loop controller parameters on
SSO are urgently needed.

B. ANALYSIS AND ASSESSMENT OF INFLUENCING
FACTORS

According to (15) and (16), the trends of the effects of all the
RSC controller parameters on the equivalent resistance Req
are identical. That is, when the compensation level remains
constant, increasing the controller parameters may change the
positive resistance to a negative resistance, thereby impairing
the oscillation stability.

Under the distinct modes of action of the controller param-
eters, the controller parameters have notably different levels
of influence on the equivalent resistance. While adjusting the
proportional gains K1 and K; can directly change the equiv-
alent resistance, i.e., the equivalent resistance is sensitive to
the proportional gains. Conversely, the integral coefficients
can only indirectly affect the equivalent resistance through a
slight variation in the slip sgso. Thus, the integral coefficients
have insignificant effects on the equivalent resistance. We can
conclude that the proportional gains influence the SSO more
than do the integral coefficients in the same RSC controller.

For the equivalent resistance, the coupling term Kp1 K2
reflects the constraint between the outer-loop proportional
gain and the inner-loop proportional gain. The impact of
the single factor K;,; on the equivalent resistance will vary
with Kj,». When tuning K,; within a specific range, increas-
ing K> will enlarge the equivalent resistance variation, and
vice versa. Moreover, the equivalent resistance includes an
individual term Kpy, which weakens the interactive effect
between Kp1 and K,». That is, K,» has a considerable impact
on the equivalent resistance, even for a small value of K.
In general, the inner-loop proportional gain Ky, of the RSC
contributes more to the SSO than does the outer-loop propor-
tional gain Kp;.

For the equivalent reactance, we can provide a simi-
lar discussion involving all the RSC controller parameters.
The coupling terms KKj; and KK demonstrate the
constraint between the inner-loop proportional gain Kp
(inner-loop integral coefficient Kjp) and outer-loop integral
coefficient Kj; (outer-loop proportional gain K,1). The larger
the value of K (Kp1), the higher the impact of Kj; (Ki2)
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FIGURE 8. A grid-connected DFIG-based wind energy system.

TABLE 1. Controller parameters corresponding to different equivalent
resistances.

NUMBER Kp1 sz Kn K[z REQ (pu)
1 0.5 038 10 20 0.035
2 0.5 1.03 10 20 0.002
3 0.5 1.2 10 20 -0.025

on the equivalent reactance. The independent term Kj» of
the equivalent reactance reduces the restriction between K,
and Kj;. The above analysis indicates that Kj, has a higher
impact on the equivalent reactance than does Kj; when
Kit KppLinUs/Ls < KipKp1 LimUs/Ls + Kip.

In conclusion, compared with the outer loop, the inner
loop in the RSC exerts a tremendous influence on the SSO.
According to the levels of influence on the SSO, we sort all
inner and outer controller parameters of the RSC as follows:
Ky > Kp1 > Kip > Kj;. In the next section, we will verify
our studies by Prony analysis and time-domain simulations in
PSCAD/EMTDC.

IV. CASE STUDIES

In this section, the impact of the RSC controller on SSO is
explored by varying the controller parameters to observe the
trajectory of the SSO mode. To verify the proposed stud-
ies, we adopt a DFIG wind farm that has a total capacity
of 100 MW and is connected to a series-compensated sys-
tem. The wind farm terminal voltage is successively boosted
to 500 kV through transformers T1 (0.69/35 kV) and T2
(35/500 kV). The compensation level in the equivalent sys-
tem, as viewed from the wind farm, is 50%. The single equiv-
alent model for the DFIG-based wind farm is shown in Fig. 8.
In Fig. 8, R and Xj represent the line resistance and reactance,
respectively, and Xc denotes the series capacitive reactance.
All parameters are listed in the Appendix. For the following
cases, we assume that the wind speed and compensation level
remain constant at 11 m/s and 50%, respectively.

A. CASEA
We choose three groups of RSC controller parame-
ters to exhibit various oscillation properties, as shown
in Table 1.

According to equation (15), we can obtain the equivalent
resistances corresponding to the three groups of parameters,
which are Req1 =0.035 pu, Reqz =0.002 pu, and Req3 =
—0.025 pu. The time-domain simulation results for the vari-
ous parameter settings are displayed in Fig. 9.

From the wind farm output power, we can find various
SSO phenomena. For an Req; of 0.035 pu, positive damping
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FIGURE 9. Wind farm power curves for different controller parameters.

is provided for the SSO, such that the active power quickly
settles to a steady-state value. For an Req> approximately
equal to zero, the oscillation damping is nearly zero. Thus,
the active power oscillates with an almost constant amplitude.
For the negative Req3 of —0.025 pu, negative damping is
provided for the SSO, such that the active power gradually
diverges over time. The simulation results are consistent with
the mechanism.

B. CASEB

We set the initial controller parameters as K1 =0.5, K2 =1,
Ki1 =10, and Kj, =20. First, the variations in the SSO in
the test system are examined when the proportional gains of
the rotor-side inner-loop and outer-loop controllers indepen-
dently vary within the range [—60%, 60%] of their initial
values. Prony analysis is applied to the output power data
for identification of the oscillation frequency and damping
ratio with the above parameter settings, reflecting the effect
of parameter variations on the SSO. The trajectories of the
SSO mode are shown in Fig. 10.

The results indicate that the trends are similar when we
modify the proportional gains in the RSC controller. If we
increase the proportional gains of the inner and outer loops,
the damping ratio of the SSO mode will be reduced. In some
scenarios, the damping ratio can change from positive to
negative, resulting in system instability. In addition, within
the same range of parameters, oscillation damping is more
sensitive to Ky, than to Kp;.

Similarly, when the inner-loop and outer-loop integral
coefficients independently change from —60% to 60% of
their initial values, the trajectory of the SSO mode is as
presented in Fig. 11. This figure illustrates that the higher
the integral coefficients of the RSC controller, the lower the
damping of the SSO mode, which is analogous to the effect of
the proportional gains. Additionally, within the same range of
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FIGURE 11. Impacts of the integral coefficients of the RSC inner and outer
loops on the SSO mode.

integral coefficients, Kj, has a larger impact on the damping
ratio than does Kji. In contrast to the proportional gains,
the integral coefficients cannot be modified to change the
damping ratio from positive to negative, denoting notably
different effects on the SSO.

In summary, when the other parameters, such as the wind
speed and compensation level, remain constant, increasing
the RSC controller parameters will lower the equivalent resis-
tance, which will reduce oscillation damping and can even
lead to the positive damping changing to negative damping.
Concerning the RSC control loops, SSO is more sensitive
to the inner loop than to the outer loop. Regarding the RSC
controller parameters, the proportional gains exert a stronger
influence on SSO than do the integral coefficients. The sim-
ulation results are consistent with the analyzed mechanism
in section III and confirm the given order of the controller
parameters, which is Kpy > K1 > Kijp > Kj.
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TABLE 2. A comparison between the equivalent resistances and damping
ratios of the SSO mode for scenario 1 and scenario 2.

Ko SCENARIO 1 SCENARIO 2
Kpy  Rio(pw) o Kpy  Reo(pw) a
0.2 1.245 0.0043 0.0012 2.5 -0.0175  -0.0147
0.3 1.151 0.0041 0.0012 1.667 -0.0084 -0.0126
0.4 1.07 0.0037  0.0012 1.25 -0.0024  -0.0061
0.5 1 0.0034  0.0012 1 0.0034 0.0012
0.6 0938 0.0032 0.0012 0.833 0.0091 0.008
0.7 0.883 0.003 0.0011 0.714  0.0143 0.0139
0.8 0.835 0.0029  0.0011 0.625 0.019 0.0187
C. CASEC

To demonstrate the interactive effects among the distinct
parameters and control loops in the RSC, we design the
following three scenarios.

1) SCENARIO 1: KP1 AND KP2 ARE SIMULTANEOUSLY
ALTERED, WHILE KP1KP2LMUS/LS+KP2 REMAINS
UNCHANGED

The variations in the SSO mode and wind power curves
in the DFIG-based wind power system are displayed
in Fig. 12 and Fig. 13, respectively. The comparison between
the equivalent resistances and damping ratios for Scenario 1
and Scenario 2 are shown in Table 2.

In this case, Req is affected only by the variation in sgso.
Therefore, modifying Kp; and Kp,; can only change Xeq to
indirectly alter ssso. Due to the slight variation in sgs0, Req 1S
approximated as a constant; thus, the damping variation of
the SSO mode is negligible. These simulation results validate
the analysis in section III.

2) SCENARIO 2: KP1 AND KP2 ARE SIMULTANEOUSLY
ALTERED, WHILE KP1KP2 REMAINS CONSTANT

The trajectory of the SSO mode and the output power of the
wind farm in Scenario 2 are shown in Fig. 11 and Fig. 14,
respectively.

VOLUME 8, 2020

Kp1=0.2,Kp2=1.245

102
oo | MMM
9833 4 45 5

Ky i=0.5.K =1
102 ! £

Z voor— A

100

[a®)

B33 4 i3 5
Kp1:0‘8,Kp2:0.835
102 : :
100~
835 4 45 5
t/s

FIGURE 13. Wind farm power curves for Scenario 1.

Kp1:0.4,Kp2:1 25

110
100 WA
077375 4 45 5
102 ‘Kp1=0.5,Kp2=1

Z toa—{ R

=

Q-‘ 98 I I I

35 4 45 5
10 Ky =0.8.K,,=0.0625
100—_VWVWWWWWWWNWWWWWWWW
B33 4 45 5
t/s

FIGURE 14. Wind farm power curves for Scenario 2.

The results obtained in this scenario demonstrate the inter-
active effect between Kp; and Kp>. When the coupling term
K;1Kp2 in Req remains constant, the higher the value of Kpy,
the lower the value of Kj,;. According to equation (15), as the
independent term K, decreases, the equivalent resistance
increases, thereby improving the damping ratio of the SSO,
which validates the mechanism presented in section III.

3) SCENARIO 3: THREE GROUPS OF KP1 AND KP2 ARE SET,
AND THEN, KIT AND KI2 ARE INDEPENDENTLY TUNED
WHILE KP1KP2LMUS/LS+KP2 IS KEPT CONSTANT

This scenario aims to validate the interactive effects among
all controller parameters in the RSC. Three sets of K
and Ky are taken as follows: (1) K1 =1 and Kpy =0.8,
(2) Kp1 =129 and Kz =0.7, and (3) Kp; =1.67 and
K> =0.6. We set the initial values of Kj; and Kj as 20 and 40,
respectively, and independently tune them within the range
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FIGURE 15. Impacts of the integral coefficients of the RSC inner and outer
loops on the SSO mode in Scenario 3.

from —60% to 60% of their initial values. The trajectories of
the SSO modes are shown in Fig. 15.

In this case, based on the investigated mechanism, all con-
troller parameters can only affect the equivalent reactance and
then alter g0 to indirectly modify Req for the distinct groups
of proportional gains. Given the coupling term in equation
(16), we ensure that the equivalent reactance is only affected
by the parameters to be adjusted. Thus, based on this premise,
we set various Kp2(Kp1) but keep Kp1KpoLmUs/Ls + Ky
unchanged, and the impact of Kj; (Kj») on the variation in the
SSO mode can be examined.

The simulation results demonstrate that, with a constant
K2(Kp1), an increase in Kjj(Kjz) will lower the damping
ratio of the SSO mode, and Kj; has an enormous impact on
the SSO compared to Kj;. The discrepancy arises from the
levels of influence of Kj; and Kjp on the SSO. The higher the
value of K>, the more susceptible the damping ratio is to Kjj.
Likewise, upon increasing K1, the results for Kj, are similar
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TABLE 3. Parameters of a doubly fed induction generator.

Parameter Value
nominal power 2MW
nominal frequency 50Hz
nominal voltage 690V
stator resistance 0.0054p.u.
stator leakage inductance 0.1p.u.
rotor resistance 0.00607p.u.
rotor leakage inductance 0.11p.u.
magnetizing inductance 4.5p.u.
DC link rated voltage 1.15kV

TABLE 4. Control parameters of a doubly fed induction generator.

Controller Parameter Value Bandwidth
outer proportional gain, K, 0.5
11Hz
outer integral gain, K 10
RSC
inner proportional gain, K, 1
185Hz
inner integral gain, K, 20
outer proportional gain, K 0.2
30Hz
outer integral gain, Ki; 10
GSC
inner proportional gain, K4 1
240Hz
inner integral gain, K4 80
proportional gain, K, pr.r 60
PLL 80Hz
integral gain, K; prL 1200

to those described above. The above discussion intuitively
explains the interactive effect between K (Kp1) and K1 (Ki2),
as well as the influence of the individual term Kj;.

As the proportional coefficients have both direct and
indirect impacts on the SSO, it is hard to investigate how
the integral coefficients affect the interactive effect of the
gain coefficients. However, scenario 3 can help to validate
the interactive effects among all controller parameters in
the RSC.

V. CONCLUSION

This paper establishes an improved RLC model, which
includes all parameters and control loops of the RSC,
to assess and investigate the mechanism of the RSC controller
on SSO. Based on the model, the role of the RSC in SSO can
be represented as a combination of an equivalent source and
an equivalent impedance. Then, we can conclude that vari-
ations in the RSC controller parameters have large impacts
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TABLE 5. Parameters of the transformer and line.

Parameter Value
line resistance, R, 0.02 p.u.
line reactance, X 0.50 p.u.
transformer reactance, Xt 0.14 p.u.

on the structures and properties of the equivalent circuit,
affecting the properties of the SSO. The studied mechanism
provides an explicit explanation of the RSC controller effect
on SSO and can be further extended to assess the factors
of SSO.

Additionally, this paper provides new insights. The RSC
can directly and indirectly affect the SSO through the equiv-
alent resistance and reactance, respectively. In addition,
the expression of the equivalent reactance reveals the inter-
active effects between the inner and outer control loops and
all the parameters of the RSC controller on SSO. These inter-
active effects should be carefully considered when designing
a controller. Finally, three cases are designed to validate the
proposed studies.

APPENDIX
See Table 3-5.
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