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Abstract: The subsynchronous resonance (SSR) of a double-fed induction generator (DFIG) and its
suppression method are studied in this paper. The SSR may be aroused by the interaction between the
double-fed induction generator and the series-compensated transmission lines. This paper proposes
an expression of the electrical damping for assessing the SSR stability based on the complex torque
method. The expression is derived by linearizing the DFIG model at the operating point. When
the mechanical damping is neglected, the expression can be used to calculate whether the electrical
damping is positive or negative to judge the SSR stability. The expression can quantitatively analyze
the impact of the wind speed, the compensation degree, and the parameters of the rotor speed
controller and the rotor-side converter controller on the SSR stability. Furthermore, a subsynchronous
damping control (SDC) strategy is designed to suppress the SSR. The parameters of the SDC are
optimized by particle swarm optimization (PSO) based on the electrical damping. Finally, the above
research is verified by the PSCAD/EMTDC time-domain simulations. The results show that the
stability of SSR decreases with the decrease of wind speed, the increase of series compensation
degree, the increase of proportional coefficient, and the decrease of integral coefficient in rotor speed
controller and rotor-side converter. The designed subsynchronous oscillation controller can suppress
the SSR of a DFIG.

Keywords: doubly fed induction generator (DFIG); complex torque method; electrical damping;
subsynchronous resonance (SSR); subsynchronous damping control (SDC)

1. Introduction

In the past decades, the variable-speed wind generators have been making a significant
development, and the wind power farm has grown tremendously in installed capacity.
The active power of large-capacity wind farms is usually transmitted into the power
system through series-compensated ac lines to supply power to the load, because the
series compensation can improve the transfer capability and transient stability of power
systems with good transmission economy [1]. However, the interaction between the series-
compensated network and the double-fed inductive generator (DFIG) may induce the
subsynchronous resonance (SSR) at subsynchronous frequencies, which has resulted in
damage to wind turbine generators and crowbar circuits in practical events [2—4].

Many studies on the mechanism analysis of SSR are conducted by eigenvalue analysis
and time-domain simulations, which indicate that the induction generator effect (IGE) of
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the interaction between the wind turbine generator and the series-compensated lines is the
main reason [5-8]. However, a wind farm event in Texas in the United States shows that the
SSR can occur by the subsynchronous control interaction (SSCI) due to the interaction be-
tween DFIG wind turbine controllers and the series-compensated network [2,9]. In [10-14],
the impedance model analysis is proposed to evaluate the system stability based on the
Nyquist stability criterion. Nevertheless, it cannot provide the information of the stability
margin of SSR and the sensitivity of impact parameters on SSR. Meanwhile, the eigenvalue
and modal analysis need to establish the detailed state-space mathematical model of both
the mechanical and electrical systems. Establishing the detailed model and identifying
the model parameters of a mechanical drive train are tough and complex, so the electrical
damping analysis methods are proposed to intuitively evaluate the SSR stability of the
wind power systems [15,16].

The aforementioned studies indicate that SSR is mainly due to the impact of wind
speed, series compensation degrees, and the rotor-side converter (RSC) inner loop pro-
portional coefficient. However, the unsuitable outer proportional coefficients of RSC are
also adverse to the SSR stability of DFIG wind farms connected to a series-compensated
system [17]. In addition, as the active power reference input for RSC, the impact on SSR
stability from the dynamic characteristic of the rotor speed control is seldom discussed.
The quantitative expression analysis and parameters sensitivity of SSR damping also lack
deep investigation. Therefore, it is necessary to study the influence of RSC controller
parameters and rotor speed controller parameters on SSR stability in an intuitive and
quantitative method.

Meanwhile, the SSR suppression methods for grid-connected DFIG have received
more attention in the existing research. The SSR suppression methods for doubly-fed
wind turbines can be generally classified into the following four categories: firstly, the RSC
control of doubly-fed wind turbines is directly modified. For example, in [18,19], the RSC
control structure is directly modified. In [20], the excitation control is introduced for the
active and reactive power of DFIG. In [21], the PI control parameters of RSC are improved
by analyzing the best operation mode. The second is the filtering of the oscillation frequency
signal by adding a suppression filter, which is used in [22,23]. The third is by additional
damping control by increasing the damping at the oscillation point [24-26]. Finally, the SSR
is suppressed by means of the damping effect of external devices. In [27,28], STATCOM is
used for SSR suppression.

This paper proposes a quantitative expression analysis method of SSR electrical damp-
ing based on the complex torque coefficient method. The electrical damping expression
derived from DFIG wind farms connected to a series-compensated system can depict
the response characteristic of SSR electrical damping in the whole subsynchronous fre-
quencies without the detailed model of the mechanical drive train, which is necessary for
eigenvalue analysis. Meanwhile, the sensitivity of controller parameters on SSR electrical
damping can be depicted intuitively in the range of the whole subsynchronous frequencies.
Furthermore, to mitigate the SSR, this paper designs a linear subsynchronous damping
control (SDC) strategy rather than installed flexible alternating current (AC) transmis-
sion devices that need the cost of the investment and maintenance and have a nonlinear
structure [26,29-34]. The damping performance of the supplementary damping controller
is analyzed by the SSR electrical damping expression and time-domain simulation under
various operating conditions.

The rest of the paper is organized as follows. Section 2 establishes the equivalent
model of a DFIG wind farm and elaborates the derivation of system transfer function.
In Section 3, the SSR electrical damping expression is proposed based on the complex
torque coefficient method. This section also proposes the SDC to mitigate SSR and optimize
the parameters of the SDC by particle swarm optimization (PSO). Section 4 analyzes the
impact of various parameters and its sensitivity on SSR stability through the electrical
damping expression. Then, the effectiveness of the previous theoretical results is verified
by time-domain simulation. The conclusion is drawn in Section 5.
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2. Materials and Methods
2.1. Model Assumptions

In this study, the following assumptions and premises are made in this paper. Firstly,
the grid-connected system of a doubly-fed wind turbine is a complex nonlinear system,
which is linearized at a defined operating point to derive the electrical damping equation.
Secondly, since the electrical damping of the grid-connected system of doubly-fed wind
turbines is much larger than the mechanical damping, this paper assumes that only the
effect of electrical damping on SSR is considered and the mechanical part does not affect
the considerations. Thirdly, this paper assumes that the wind turbine wing is directly
connected to the alternator shaft.

2.2. System Model and Equations

The equivalent model of a DFIG-based wind farm connected to a system with a
series-compensated network is shown in Figure 1. The wind farm consists of 100 wind
turbine units, where each unit has a power rating of 2 MW and connects to a common bus
through a step-up transformer with a voltage transformation ratio of 0.69 kV /35 kV. The
wind power is transmitted into the infinite grid via a step-up transformer with a voltage
transformation ratio of 35 kV/220 kV and a series-compensated AC transmission line. The
parameters and operating conditions of all the DFIGs in the wind farm are the same, so
the whole wind farm can be equivalent to a wind turbine of equal capacity [35,36]. In
Figure 1, Us and Ps represent the stator terminal voltage and active power, respectively;
Ry, X1, and X¢ represent the resistance, reactance, and series-compensated capacitor of
the transmission line. The parameters of the equivalent DFIG wind generator in per unit
values are shown in Table A1 in Appendix A.

Ty

DFIG 0.69kV/35kV
Us
T,
35kV/220kV
Us . RL XL Xc

rsc| T |GgscH Ps

Figure 1. Double-fed inductive generator (DFIG) wind farm grid-connected system.

In the dg-axis synchronous rotating coordinate system, the voltage and flux linkage
equations of the stator and rotor can be expressed as follows:

Usq = *Rsisq - plpsq + w1tPsq

Usq = —Rsisq — piPsd — w1Psq 1)
Uurq = Ryirg + pPrq + (W1 — wr)hrg

Urg = Rl”ird + P’,’er - ((U] - wr)¢rq

Urqg = Rrirq + Lo‘pirq + LU(CU1 - wr)ird + (wl - CUr)Lmlps/Ls
Ued = Rrird + LUPird - LG(wl - wf)irq (2)
Lo =Ly — L2, /Ls

where usq, Usd, sq, Isd, Urq, Urd, irq, and irq are the voltages and currents of the stator and
rotor q,d-axis component, respectively; ¥sq, Psq, Prq, and Prq are the flux linkages of the
stator and rotor q,d-axis component, respectively; Rs and R; are the resistance of the stator
and rotor, respectively; w; and w; are the synchronous rotating angular velocity and rotor
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rotating angular velocity, respectively; Ls, Ly, and Ly, are the self-inductance and mutual
inductance of the stator and rotor; p is the differential operator.

Substituting Equation (2) into Equation (1) can obtain the rotor voltage equations with
respect to rotor currents:

Usq = —Rsisq — psq + w1¢Psa

Usq = _Rsisd — PPsd — wllpsq )
Uurq = Ryirg + piPrq + (W01 — wr)¥rg

Urg = Rrird + P%d - (wl - wr)lprq

2.3. Transfer Function of RSC Control

The cascaded control strategy of the outer power control loop and inner current
control loop is adopted in RSC to realize the decoupling control of stator active and reactive
power; the control diagram is shown in Figure 2. In Figure 2, P; and Qs represent the stator
active and reactive power; Py ¢ and s represent the stator active power reference value
and flux linkage, respectively; kp2, kiz, kp3, and kiz represent the proportional and integral
coefficients of the RSC outer and inner controller, respectively. In the following equations
and pictures, the parameters with -ref subscript indicate reference values, those with 0 are
steady-state values, and those with A are micro variables.

1T Y subsynchronous
@~ BPF] [l+sT] > damping control

Figure 2. Control diagram of rotor-side converter (RSC).

According to the control diagram in Figure 2, the rotor voltage can be obtained as follows:

. . . . sLm
{ trg = (irgret — irq) (kp3 + ) + (ira Lo + ) (w1 — wr) @

) ) k )
Urd = (irdoref — Zrd)(kpBa + ?3) - quLO'(w] — wr)

Combining Equations (3) and (4), the rotor currents can be expressed in terms of the
rotor currents reference value located in the RSC inner controller:

irq skpat+kiz

—1 = — S

Irq-ref 52L0+S(Rr+kp3)+ki3 GI( ) (5)
id skps+kiz — Gi(s) :

Ird-ref 52Lo—+S(Rr+kP3)+ki3 I

When the generator adopts the d-axis orientation of the stator flux linkage and ignores
the stator resistance, the stator linkage equations and voltage equations at the stable state
can be described by

Psq = Lsisq — Lmirg= 0
Psd = Lsisd — Lmird = s
usq = Us )
Ugq = 0

(6)
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Linearizing Equation (6) and combining Equation (5), the stator active power incre-
ment can be obtained as follows:

, . UsLy ..  UsLGy ..
AP; = Aiggitsg + Aisquisqg = — Dirg = %Imrq_ref. @)
S S

Based on Figure 2, substituting the RSC inner loop control by Equation (7), the control
diagram of the DFIG stator active power can be obtained as shown in Figure 3.

T supplement
@, — BPF (1+5T:j % damping control
AP k Airq-ref p Us Lm GI AP

s-ref i2 s
+ kpZ +— + L

AP «

s <

v

Figure 3. Control diagram of DFIG stator active power.

2.4. Transfer Function of Rotor Speed Control

When DFIG is in maximum power point tracking (MPPT) operation mode, each
determined wind speed corresponds to a determined rotor speed so that the wind turbine
outputs the maximum active power. The curve between the maximum active power and
reference rotor speed value can be fitted through the least squares algorithm:

Wrmin;/ Ps < Psl
Wr_ref = aP52+st+CrP51§Ps§P52 (8)
Wrmax, Ps > P

where Wimin, Wrmax, Ps1, and P represent the minimum and maximum value of the rotor
speed and stator active power under the MPPT operating area, respectively; a, b, and c are
the quadratic term fitting coefficients.

The control diagram of the DFIG rotor speed control is shown in Figure 4. The rotor
speed control can control the stator active power reference command value in real time
to track the maximum active power at the current wind speed. In Figure 4, kp; and ki
represent the proportional and integral coefficients of the rotor speed controller. The active
power reference command value can be described by Figure 4:

P ref = wr<wr - c‘)r-ref><kpl + ki /S) )
F: a)ref wmax a)r-ref - k'l
— p M 4’(%)—’ kpl +T
+

Figure 4. Control diagram of DFIG rotor speed control.

Linearizing Equations (8) and (9) at the stable operation point, the stator active power
command value increment can be expressed as follows:
{ Awyref = (2aPso + b) AP . (10)

APg e = [(Zwro - wr-refO)Awr - erAwr-ref] (kpl + ki1 /S)

Adding Equation (10) into Figure 3 to replace the input signal of the controller, the
control diagram of DFIG stator active power with respect to the rotor speed can be obtained
as follows.
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As shown in Figure 5, when the subsynchronous damping control strategy is not
considered, the transfer function of stator active power varying with rotor speed can be
obtained according to the Mason formula:

APs _ UsLm Gy (Z(Uro - wr-refO) (Skpl + kil) (Skpz + kiZ)
Awy s2Lg 4+ UsLi Gy (Skpz + kiz) [S + Wwro (2&1350 + b)(Skp1 + kﬂ)] '

BPF [HXT'] {:>
+ i S-1
5 2P0 = P 5D

Figure 5. Control diagram of DFIG stator active power varying with rotor speed.

(11)

subynchronous
damping control

UL.G| AR

When DFIG is not in the MPPT operating area, that is, the stator active power P < Py
or Ps > Pgy, the rotor speed reference value is constant and has nothing to do with the stator
active power, which leads to the disappearance of the feedback branch in Figure 5. At
this moment, Equation (11) is not applicable. At the subsynchronous frequency, the slip
of the generator is negative, which causes the rotor equivalent resistance to be negative.
When Ps < Pg, the rotor speed is small in a low wind speed, which makes the slip become
small and the rotor equivalent resistance become large. When the rotor equivalent negative
resistance is larger than the sum of the stator resistance and the resistance in transmission
lines at the resonance frequency, SSR will occur [5]. When Ps > Py, the rotor speed is the
maximum value because of the high wind speed. The slip is a large negative value, so the
rotor equivalent resistance becomes a small negative value. The total resistance of the DFIG
system is positive, and the system can maintain stability when the perturbation occurs.

3. Results
3.1. Electrical Damping Expression

The complex torque coefficient method is used to determine whether SSR will occur at
the subsynchronous frequency based on the sum of the mechanical and electrical damping
coefficients of the generator [16,37]. Assuming that there is a small perturbation A in the
rotor rotating angular velocity, then the electromagnetic torque increment of the generator
can be expressed as follows:

{ ATe = Ke(A)AS + De(A)Aw (12)
Aw = jANS

where K¢(A)AJ is the synchronous torque component related to the angular displacement
and the transfer function Ke¢(A) is the electrical synchronous torque coefficient; De(A)Aw is
the damping torque component related to the angular velocity; and the transfer function
De(A) is the electrical damping torque coefficient.

At subsynchronous frequency, if the sum of the electrical damping torque coefficient
(De) and the mechanical damping torque coefficient (Dy,) is less than zero, the system SSR
will occur [38]. In general, the mechanical damping coefficient value of DFIG is much
smaller than the electrical damping coefficient, so the mechanical damping effect of the
wind turbine is ignored, and the SSR stability of the DFIG wind farm grid-connected
system is evaluated based on the electrical damping coefficient [15].

There is an approximate relationship between the stator active power and electromag-
netic torque as follows [37]:

Te ~ npPs/wy (13)
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where 7y, is the number of pole pairs of the generator.
Substituting Equation (13) into Equation (11), the electrical damping coefficient can be
described as follows:

AT  _ 1pUsLm G (2010 —Wrrefo ) (Skp1 ki1 ) (skpa +ki2)
Awr w182 Ls+w1Us Lim Gy (skpa ki) [s-&-wro (2aPso+b) (skp1 +ki1 )] (14)

= Gre(s) = Re[Gre(s)] + jIm[Gre(s)]

When the subsynchronous component of the angular frequency appears on the rota-
tion speed of the DFIG grid-connected system, the electrical damping coefficient is the real
part of the subsynchronous component from the electromagnetic torque gain according to
Equations (12) and (14); that is, Re[G1e(jwer)]. According to the principle of the complex
torque coefficient method, when the real part of the transfer function from electromagnetic
torque is larger than zero, that is, Re[Gre(jwer)] > 0 or | ZGre(jwer) | < 90°, the system
electrical damping is positive, and the system can become stable after suffering a perturba-
tion. On the contrary, when Re[Gre(jwer)] < 0 or | ZGre(jwer) | > 90°, the system electrical
damping become negative and the system will have risks of SSR. When the real part of the
gain transfer function is equal to zero, that is Re[GTe(jwer)] = 0 or | ZG1e(jwer) | = 90°, the
system electrical damping is equal to zero, and the electromagnetic torque of DFIG will pro-
duce the constant amplitude oscillation. At this moment, the angular frequency from the
rotational speed is called the critical stable angular frequency. The DFIG system connected
to a series complementary line can be equated to a second-order oscillation circuit, and the
oscillation frequency of the system can be calculated. When this oscillation frequency is
greater than the critical stability frequency, the electrical damping corresponding to the
oscillation frequency is negative, which leads to the instability of the system.

When the DFIG operation conditions are determined, the electrical damping of the
wind power system can be calculated according to the operating parameters of the wind
turbine and subsynchronous resonance frequency of the series-compensated transmission
lines. The advantage of the method is that it avoids the detailed mathematical modeling of
the mechanical drive train which is necessary for eigenvalue analysis. At the same time, the
proposed method can also realize the quantitative impact analysis of the wind speed, series
compensation degrees, and controller parameters on the electrical damping characteristics
of the wind power system. The analysis results can more accurately reflect the parameters
sensitivity of SSR electrical damping.

3.2. Design of Proposed Damping Controller

In order to supress the SSR of the DFIG-based wind farm grid-connected system, the
most economical and feasible control strategy is to add a control loop in the converter
controller. This method does not change the original control structure of the system, and
the designed subsynchronous damping controller (SDC) will supress the subsynchronous
oscillation only when the SSR occurs. The installed position of the SDC is shown in Figure 2.
Since the proportional and integral coefficients of the RSC inner loop control have the high-
est sensitivity, so the SDC will have the best damping suppression when placed in the RSC
inner loop control. What is more, considering that the frequency response characteristics of
the electrical damping describes the dynamic relation between the electromagnetic torque
and the rotor speed, so selecting the rotor speed as the input signal can more directly act
on the electromagnetic and damp the subsynchronous oscillation.

As shown in Figure 2, the structure of the SDC consists of three parts: the band
pass filter, the phase compensation, and the gain. The band pass filter is to extract the
subsynchronous component signal appearing in the rotor speed. The phase compensa-
tion can compensate the phase of the input of the SDC. In general, the first-order phase
compensation can meet the need of SDC [30].

After the SDC is added to the RSC inner-loop control shown in Figure 2, the transfer
function of the stator active power with respect to the rotor speed can be obtained in
Figure 5 through the deformation and derivation. According to the control diagram in
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Figure 5 and combining it with Formula (13), the transfer function with SDC between
the electromagnetic torque and the rotor speed can be obtained as follows based on the
Mason formula:
AT 1pUsLmGi[(2wr0—wrreio) (skp1 +ki1 ) (skpa+kiz) +5>Gspc]
Awr T w182 Ls+wi UsLim Gy (skpa+kip) [s+wro (2aPsg+b) (skp1 +ki1) | (15)
= Grespc(s) = Re[Grespc (s)] + /Im[Gre-spc(s)]

where Ggpc represents the transfer function of SDC and Grespc represents the transfer
function between the electromagnetic torque and the rotor speed with SDC.

It is important to obtain the optimal parameters of the subsynchronous damping
controller, so that the subsynchronous damping controller has the best subsynchronous
oscillation suppression effect in a large subsynchronous frequency range. Thus, it is nec-
essary to optimize the parameters of the subsynchronous damping controller according
to Equation (15). Normally, when the system parameters vary, the range of the system
subsynchronous frequency changes is not very large. The calculation results of the eigen-
values in the literature [17] indicate that even if the series compensation degree varies
from 40% to 60%, the varying range of the subsynchronous resonance frequency is about
6 Hz. At the same time, the subsynchronous oscillation frequency of the DFIG-based wind
farm grid-connected system model established in this paper is around 35 Hz, so the cut-off
frequency of the band pass filter is selected to be 35 Hz. The bandwidth does not exceed
6 Hz, which is enough to cover the subsynchronous resonance frequency change range
brought by parameter changes under large operating conditions.

After determining the cut-off frequency of the band pass filter, the wind speed, the
series compensation degree, and controller parameters of the system can be obtained by
setting an operation scene of the DFIG-based wind farm. The optimal controller parameters
of the subsynchronous damping controller can be obtained by solving the mathematical
optimization model shown in Equation (16). The objective function of Equation (16) is to
make the system have the largest electrical damping in this scenario and have the best
subsynchronous oscillation suppression effect.

max Re[GTe_SDC (jwer/ 5/ Ty, Ty, K)}

Cwe = B

0<B<6 (16)
T, T, >0

K>0

s.t.

where w, and B represent the cut-off frequency and the bandwidth; T; and T, represent
the leading and lagging phase compensation parameters; and K represents the parameter
of the gain link.

In order to obtain the optimal solution of the parameters of the mathematical opti-
mization model shown in Equation (16), particle swarm optimization is used to solve the
mathematical optimization model. By setting the appropriate particle population number,
initial weight, and the learning factor parameters, the optimal parameters in this scenario
can be obtained after multiple iterations. In order to make the optimal parameters of the
subsynchronous damping controller more robust, a number of different DFIG-based wind
farm operating scenarios are set. An optimal set of parameters can be obtained in each
DFIG-based wind farm operating scenario. By comparing the changes in system electrical
damping brought by the optimal parameters in each scenario, the optimal parameters of
the subsynchronous damping controller in all operating scenarios are selected.

The initial operating conditions of the system are set as follows: the wind speed is
8 m/s; the series compensation degree is 20%; kp1, kp2, and kp3 are 1.3,1.6, and 0.47 p.u.,
respectively; ki, kip, and ki3 are 20, 40, and 10 p.u., respectively. The cut-off frequency of
the band pass filter is set to 35 Hz. The number of the particle population n is 100. The
maximum number of the iterations tmax is 200. The initial inertial weight w is 0.6. The
learning factors c; and c; are both 0.5. The upper and lower speed limits are 20 and —20,
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respectively. After iterative calculation based on changing the system operating conditions
many times, the optimal parameters of the subsynchronous damping controller are finally
obtained as follows: ¢ = 0.07142, T; = 0.01, T, =0.001, K = 17.

Figure 6 shows the frequency response characteristics of SSR electrical damping with
and without SDC. It is obvious that the system critical stable angular frequency shifts to the
right when the SDC is added to the RSC controller. Compared to the system without SDC,
the system electrical damping with SDC is positive at the range of 69 to 80 rad/s, which
indicates that the system is stable with SDC. Meanwhile, when the angular frequency is
lower than 69 rad/s, the system with SDC has higher electrical damping than that without
SDC. Therefore, the designed SDC can improve the electrical damping and the system
stability of the DFIG-based wind farm grid-connected system.

=}
T

Without SDC
-~ ~WithSDC |1

)
T

=
T

o3
T

RG]

0 T i
0 50 6980 100 150 200
@, /rad/ s

Figure 6. Comparison of subsynchronous damping controller effects.

4. Discussion
4.1. Description of Analysis and Simulation Parameters Setting

The general conclusion in the existing studies is that conditions of higher string
complementarity lead to SSR production. Generally, under normal operating conditions of
wind farms, the line string complementarity does not reach the degree so that SSR occurs
less in actual wind farms. In order to study the influence of relevant parameters on SSR,
the numerical design of parameters is close to the critical value in the following analysis
and simulation. In this case, SSR is easier to generate than the actual wind farm.

4.2. Impact Parameters and Sensitivity Analysis

According to the Equation (14), the frequency response characteristic of the DFIG
system electrical damping in all subsynchronous frequency ranges can be calculated, and
the effects of the wind speed, series compensation, and various controller parameters
on SSR electrical can be further quantified and analyzed. The parameters adopted in the
following analysis are shown in Tables A1 and A2 in Appendix A. When any one parameter
is changed, we keep the other operating parameters constant.

4.2.1. Impact of Wind Speed on SSR Electrical Damping

Under different wind speeds, the real part and phase of the transfer function from the
electromagnetic torque with respect to the rotation speed perturbation subsynchronous
components are shown in Figure 7. In Figure 7, with the increase of the angular frequency,
the phase of the transfer function gradually falls from zero to below negative ninety, and
the real part of the gain gradually decreases from positive to below zero. This result shows
that as the subsynchronous angular frequency increases (wer), the system stable phase
margin and electrical damping decrease, and the SSR stability of the system gradually
deteriorates. On the other hand, under the same angular frequency, the higher the wind
speed, the larger the phase and the real part of the transfer function, indicating that the
greater the stable phase margin and the electrical damping, the better the system SSR
stability. In addition, the critical stable angular frequency (wer) of the system electrical
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damping increases with the increase of the wind speed. This result shows that at high wind
speed, only when a higher series compensation capacitor is connected to the transmission

line can SSR be induced, which verifies the result that higher the wind speed, the better the
system SSR stability.

=N

©
3

LG (j@,)!°

50

100 150 2‘00
o, /rad/s

250

Re[ 4G (jay.)]

\ ---v=7 ---v=7
N V=8 V=38
-30) S S e S V=09 OI' ----- V=9

=3

50 100 150 200

@, /rad/s

250 300

(a) (b)

Figure 7. Frequency response of the gain of ATe under different wind speeds: (a) phase vary with wer;
(b) real part vary with wer.

4.2.2. Impact of Controller Parameters on SSR Electrical Damping

Figure 8 shows the impact of the proportional coefficient (kp3) and integral coefficient
(kiz) from the RSC inner loop controller on SSR electrical damping. In Figure 8a, when
the angular frequency is lower than 54.5 rad/s, the phase of the electromagnetic torque
does not change much with k3 increasing; when the angular frequency is higher than
54.5 rad/s, the larger the kp,3, the smaller the phase. These results indicate that the system
stable phase margin decreases with the increase of kp3. In Figure 8b, when the angular
frequency is at the range of the 24 to 59 rad/s, the real part of the electromagnetic torque
increases with the increase of k3, but the system electrical damping is all positive, and the
system is stable. When the angular frequency is higher than 59 rad/s, as k3 increases, the
real part of the electromagnetic torque and the critical stable angular frequency are smaller.

These results show that the larger the k3, the smaller the system electrical damping and
the worse the system SSR stability.
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Figure 8. Frequency response of the gain of AT, under different control parameters of RSC current control loop: (a) phase
vary with wer under kp3; (b) real part vary with wer under kps; (c) phase vary with wer under ki3; (d) real part vary with wer

under kj3.

As shown in Figure 8c,d, when the angular frequency is less than 70 rad/s, the larger
the ki3, the larger the system stable phase margin and electrical damping. When the angular
frequency is higher than 70 rad/s, the phase and the real part of the electromagnetic torque
decreases with the increase of kj3. However, the system electrical damping is negative at
this moment, and increasing k;3 will only make the system SSR stability worse.

The effects of rotor speed controller and RSC outer loop controller parameters on SSR
electrical damping are similar to the RSC inner loop controller parameters. The smaller the
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proportional coefficients of the controller and the larger the integral coefficients, the larger
the system electrical damping and the better the system SSR stability.

4.2.3. The Sensitivity of the Controller Parameters

Although the proportional parameters of rotor speed control and RSC control have
similar trends in the impact of SSR electrical damping and the integral parameters also
have similar trends in the impact of SSR electrical damping, the sensitivity of different
parameters to SSR electrical damping differs. In order to quantify the degree of the
influence of the controller parameters on SSR electrical damping, the sensitivity index of
the controller parameters to the SSR electrical damping is defined as follows:

dDe _ Re[GTe(S/X + AX)] — Re[GTE(S/ X)]
ax AX

(17)

where X represents the controller parameters in rotor speed control and RSC. AX represents
the represents the small change amount of the controller parameters, and Re[Gt.(s,X)]
represents the system electrical damping.

According to Formula (17), the sensitivity of different controller parameters on SSR
electrical damping can be quantified. The parameters of the selected point for the sensitivity
analysis are shown in Table A2 in Appendix A. Taking AX as equal to 0.01, the sensitivity
of the controller parameters of the rotor speed control, RSC outer loop control, and the
RSC inner loop control in all subsynchronous frequency ranges is shown in Figure 9. It can
be seen from Figure 9 that the sensitivity of the proportional coefficient of the RSC inner
loop control is highest, which is significantly higher than other proportional and integral
coefficients. The sensitivity of the proportional coefficients of the RSC outer loop and rotor
speed control is not much different. The sensitivity of the proportional coefficients of all
controllers has a maximum value near the critical stable angular frequency. The sensitivity
of the rotor speed control proportional coefficient is negative, which indicates that the SSR
electrical damping decreases with the increase of the k,1. The sensitivities of ky> and k3 are
positive in the range of 24 to 59 rad/s. In this range, the system electrical damping itself is
positive, indicating that increasing the proportional coefficient at this range can increase
the system stability. When the angular frequency is higher than 59 rad/s, the sensitivities
of ky» and ky3 are negative, which indicate that increasing the proportional coefficients at
this range will decrease the SSR electrical damping and make the system unstable.

10
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Figure 9. Electrical damping sensitivity of system under different proportional and integral parame-
ters: (a) proportional coefficients; (b) integral coefficients.

Figure 9b shows the sensitivity of the integral coefficients of the speed control, RSC
outer loop control, and inner loop control in different subsynchronous frequency ranges.
It can be seen that the integral coefficient of the RSC inner loop control has the highest
sensitivity. The integral coefficient sensitivity of each controller has a maximum value near
the critical stable angular frequency. In the range of 44 to 70 rad/s, the sensitivities of the
integral coefficients are positive, which indicate that the larger the integral coefficients, the
larger the SSR electrical damping. When the angular frequency is higher than 70 rad/s, the
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sensitivities of the integral coefficients become negative, which indicate that increasing the
integral coefficients will decrease the SSR electrical damping.

4.2.4. Comparison with Other Literature Results

Studies analyzing SSR-related factors in different ways also exist in the past research
work. In [39], the SSR of DFIG is related to wind speed, series compensation degree,
and RSC parameters by the complex vector method with impedance analysis. In [19],
the participation factors of SSR-related modalities were analyzed using the eigenvalue
method. The analysis shows that the SSR is most dependent on the rotor current, and the
control parameters of the rotor-side current loop have a great influence on the SSR mode.
The results in this paper show that the stability of SSR decreases with decreasing wind
speed, increasing the series compensation degree, increasing the proportionality factor,
and decreasing the integration factor in the rotor speed controller and rotor-side converter.
The results of the sensitivity analysis show that the current inner loop parameter has the
greatest influence. These results are consistent with existing studies.

4.3. Time-Domain Simulation Verification

In order to verify the correctness of the SSR electrical damping characteristic anal-
ysis and the effectiveness of the designed SDC, a simulation model of the DFIG-based
wind farm grid-connected system with a series-compensated transmission line is built in
PSCAD/EMTDC. The parameters adopted in the simulation are shown in Tables A1 and A2
in Appendix A. The initial compensation degree is 15%. In the simulation, the fixed se-
ries compensation capacitor is set to change from the initial bypass operation to online
operation at 15 s. When any one parameter is changed, the other operating parameters are
kept constant.

When the wind speed and the compensation degree vary, the response curves of the
electromagnetic torque are shown in Figure 10. In Figure 10a, when the wind speed is
7 m/s, the electromagnetic torque will diverge rapidly after a small perturbation. When the
wind speed rises to 8 m/s, the electromagnetic torque will produce a constant amplitude
after a small perturbation. When the wind speed is 9 m/s, the electromagnetic torque will
converge gradually to a stable state. However, in Figure 10b, the higher the compensation
degree, the more unstable the electromagnetic torque. Therefore, the higher the wind speed
and the lower the compensation degree, the better the stability of the DFIG-based wind
farm grid-connected system, which result is consistent with the previous analysis of the
system electrical damping.
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Figure 10. Electromagnetic torque at different wind speeds and compensation degrees: (a) different wind speed; (b) different

compensation degree.

Figure 11 shows the response curves of electromagnetic torque when the RSC inner-
loop proportional and integral coefficients vary. It can be seen from the figure that the
smaller the proportional coefficient and the larger the integral coefficient, the easier it is for
the electromagnetic torque to converge to a stable state. Meanwhile, the change range of
the proportional coefficient is smaller than that of the integral coefficient, but it is easier
to change from the divergent state to the stable state, which is a result that indicates that
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the sensitivity of the proportional coefficient is higher than the integral coefficient. The
above analysis results are consistent with the previous analysis results of the system’s

electrical damping.
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Figure 11. Electromagnetic torque in different RSC inner-loop proportional and integral coefficients: (a) different kp3; (b)

different k;3.

Figure 12 shows the dynamic response curves of the electromagnetic torque with and
without the SDC under different operating conditions. The wind speed is 8 m/s for all
operating conditions. In Figure 12a, when the compensation degree is 20%, the system
electrical damping is too low, causing the electromagnetic torque to rapidly diverge after a
small perturbation without SDC. However, the electromagnetic torque quickly converges
to a stable state with the SDC added in the RSC controller. Figure 12b,c show that the
large proportional coefficient and the small integral coefficient will deteriorate the system’s
stability. At the same time, the electromagnetic torque will rapidly diverge without the SDC.
However, when the SDC is included, the electromagnetic torque will quickly converge,
and the SSR is effectively suppressed. When the proportional coefficient of the rotor speed
controller is 1.3, it can be seen in Figure 12d that the electromagnetic torque can gradually
converge to stable with the SDC. However, after the SDC is installed in the RSC inner-loop
controller, the electromagnetic torque can converge to a stable state faster than that without

the SDC.
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Figure 12. Effect comparison of the system with and without SDC under different operating conditions: (a) compensation
degree of 20%; (b) kp3 = 0.52; (c) ki3 = 1; (d) kp1 = 1.3.



Electronics 2021, 10, 1640

14 of 16

From the above analysis, it can be seen that the SDC proposed in this paper can
effectively suppress the SSR caused by the DFIG-based wind farm grid-connected system
with series-compensated transmission lines under different operating conditions.

5. Conclusions

This paper proposes the expression of the electrical damping, which is used for
analyzing the SSR of the series-compensated DFIG-based wind farm grid-connected system
based on the complex torque coefficient method. Based on this expression, the effects of
the wind speed, compensation degree, and the controller parameters on the stability of the
system SSR are quantitatively analyzed. Meanwhile, the SDC strategy is proposed and
optimized by the PSO algorithm. The damping effect of optimal SDC is analyzed through
the expression of the SSR electrical damping characteristics. Finally, the correctness of
the electrical damping analysis and the effectiveness of the SDC strategy are verified by
PSCAD/EMTDC time-domain simulation. The analysis results show that the higher the
wind speed, the lower the compensation degree, the smaller the proportional coefficient
of the controller, and the larger the integral coefficient, the greater the electrical damping
and the better the system stability. Moreover, the proposed SDC strategy can effectively
suppress the system SSR under different operating conditions.
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Appendix A

Table A1l. Parameters of the DFIG wind farm.

Parameters Value
Rated power 200 MW
Rated voltage 690V
Ls(p.u.) 4.60
Lr(p.u.) 4.61
Lm(p.u.) 4.50
Rs(p.u.) 0.0054
Rr(p.u.) 0.00607
Dm(p.u.) 0.01

Table A2. Parameters of controllers.

Parameters Value
kp1(p-u.) 1.5
kﬂ (pu) 10
kp2(p-u.) 1.8
kiz(p.u.) 20
kp3(p-u.) 0.5

kig(p.u.) 2.0
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