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Abstract

This paper proposes an H.. damping controller for the doubly-fed induction generator (DFIG)

based wind farm (WF) to mitigate sub-synchronous control interactions (SSCI) with series capacitor
compensated lines. A multi-input multi-output (MIMO) uncertain state-space model is developed to
reflect the main SSCI characteristics considering the uncertainties of wind speed, series
compensation (SC) levels and system parameters. The SSCI is analyzed using the eigenvalue
analysis of the uncertain system model. In order to damp the SSCI between the WF and series
capacitor compensated lines under uncertainties, an H.. damping controller is designed for the rotor
side converter (RSC). The weighting functions are designed to meet the mitigation requirements of
sub-synchronous oscillation currents and output power. The robust stability (RS) and robust
performance (RP) of the system are validated by the x4 analysis. The performance of the H-
damping controller is demonstrated by time domain simulations of a 90 MW wind farm model with
different wind speed, and SC levels. The case study with 6 m/s wind speed and 70% SC level shows
superior performance of the H.. damping controller.

Keywords: Doubly-fed induction generator (DFIG), robust control, series compensation, sub-

synchronous control interaction (SSCI), wind farm.
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Nomenclature

a. Subscripts

LT Transmission line, transformer.

abc Stationary A, B, and C phases.

d,q Synchronous d- and g-axis.

g, sc GSC, series capacitor.

m, [ Mutual, leakage.

S, r Stator, rotor.

* Reference value for controller (Superscript).

b. Parameters and variables

C L Capacitor, inductance.

Dt, Dtg Damping coefficients of turbine and generator.
Hg, Ht Inertia constants for generator and turbine.
Ktg, Kp, Ki Shaft stiffness, parameters of PI controller.
Ksc Series compensated level.

LLT Submission of LL and LT.

PO Active, reactive power.

R X Resistance, reactance.

S, slip Laplace coefficient, DFIG slip ratio.

Udc, Te Converter DC voltage, electromagnetic torque.
i uo Frequency, currents, voltage and angular speed.
fn Electrical resonance frequency.
we, ot Electrical, mechanical angular speeds.
wp, wslip Nominal (100m), slip angular speeds.

1. Introduction

Sub-synchronous resonance (SSR) of the wind farm (WF) is a phenomenon that wind turbines
(WTs) exchange energy with the electric network at one or more natural frequencies below the
fundamental frequency of the power system [1]. The SSR may occur when the WF is connected to
alternating-current (AC) transmission lines compensated with series-capacitors [2]-[4]. According
to different components of WTs interacting with series compensation (SC), the SSR of the WF can
be divided into three types [5]-[7]: induction generator effect (IGE), torsional interaction (TI), and
sub-synchronous control interaction (SSCI). The excitation component of each type is listed in
Table I. The analyses in [4]-[6] show that the TI is not a concern for the WF because a very high
level of SC is required to excite the low frequency torsional modes of the TI, which rarely happens.
The IGE and SSCI are the two main SSR types in the WF.

The modeling, analysis and mitigation control of SSR on doubly-fed induction generator (DFIG)



based WT have been widely studied in the last decade [5]-[13]. These studies show that the DFIG
based WF is very susceptible to the SSCI, which can build up within hundreds of milliseconds or
less. Therefore, the SSCI can cause damages very fast, i.e., leading to excessive currents both at the
WT level and point of common coupling (PCC), and creating significant over-voltages at the utility
level before the relays detect [3]. Such events have been reported in the Electric Reliability Council

of Texas (ERCOT) system and other places.

TABLE I
Comparison of IGE, TI and SSCI
Type Excitation component
IGE Seri Induction generator
TI eries Mechanical drive-train
compensated P lectronics devi h
SSCI electrical network ower clectronies device wi
control system

With the IEEE first benchmark model (FBM) or more complicated system with multiple SC
transmission lines [2]-[4], the system frequency characteristic under the SSCI were studied,
showing that the oscillation frequencies due to the SSCI vary with different topologies, wind speed,
grid parameters, etc. [5]-[14]. However, these models are all based on the certain parameters of
DFIG WF and transmission lines. The uncertainties of system reactance and resistance are not
considered, which can greatly influence the sub-synchronous oscillation of the system as [6]-[7]
indicate.

Using the frequency-scan approach, electro-magnetic transient (EMT) simulation and eigenvalue
analysis methods, the factors affecting the SSCI on DFIG based WF were studied [5]-[14], showing
the wind speed, SC level and control parameters are the most important factors of the SSCI
phenomenon of the DFIG base WF. With the wind speed reducing or SC level increasing, the
absolute value of equivalent rotor resistance may exceed the sum of stator and network resistance,
leading the generation system destabilized, which is called the induction generator effect (IGE) [8]-
[10]. Besides the IGE, the generation control system of the DFIG also interacts with transmission

lines, which is called sub-synchronous control interaction (SSCI) [11]-[14]. The modal analyses in



[12]-[13] indicate, with the control gains of grid side converter (GSC) and rotor side converter
(RSC) increasing, the sub-synchronous mode of the DFIG is pushed to the right half plane,
resulting in the DFIG instability. The SSCI analyses also indicate that the impact of the GSC
controller on the SSCI of DFIG is not as much as the RSC controller and the most important factor
of the control system is the rotor current control gains [12], [13], [15].

The previous studies indicate that, when a SSR phenomenon occurs, the sub-synchronous
oscillation of DFIG stator and rotor currents develop very fast, leading to current oscillation both at
the WT level and point of connection (POC), and creating significant over-voltages at the utility
level before the relays detect [3], [8]-[13]. By adding flexible ac transmission systems (FACTS) or
improving damping of the GSC and RSC control system, the SSCI can be efficiently mitigated [16],
[17], [20], [21]. Although the oscillation of the GSC output currents can be mitigated by the GSC
current damping control, the influence of the GSC on DFIG SSR phenomenon and the SSCI
mitigation performance of the whole DFIG system through the GSC controller is limited [12], [15],
[17]. The reason is because the power flow ratio of the stator side and the rotor side or GSC side is
approximately (1-slip)/slip. The GSC maximum capacity is about 30% of the DFIG nominal
capacity [18], [19], and the sub-synchronous oscillation of the stator currents cannot be sufficiently
mitigated through the GSC control. By the rotor current damping control of the RSC, the oscillation
of stator currents can be well mitigated. Because the stator current is controlled for the output power
of the WT, current damping control through the RSC can realized efficient damping performance of
the DFIG.

Several current damping control methods through the RSC have been proposed. Decreasing the
bandwidth of the rotor current controller and adding SSCI damping filter paralleled with the RSC
current controller are used to decrease currents oscillation and improve the stability of the DFIG
[20]. However, this will deteriorate the dynamic performance of the control system, and the SSCI
damping performance under very low wind speed, high SC level, and uncertain system conditions

are not guaranteed. Reference [16] proposed a gain-scheduling adaptive control (GSA) to



compensate the control performance both with wind speed and SC level changes. However, the
GSA control design is based on the certain DFIG model, and the system parameter uncertainty is
not considered. Reference [21] proposed a two-degree-of-freedom control (DOF) with a damping
control loop paralleled with the rotor currents loop. Reference [29] proposed a linear-quadratic-
gaussian control to mitigate the SSCI of DFIG, and the system uncertainty is regarded as error
dynamics. Reference [30] used the concise form of a second-order band-stop filter efficiently tuned
to mitigate SSR. Reference [31] developed an optimal control-design method for TI between turbo-
generators and the series compensated grid. However, most of the methods are based on the certain
state-space controlled model, and the possible system uncertainties such as the SC level, line
reactance and wind speed are not fully considered. Although they have been efficiently tuned under
nominal or certain conditions, the stability cannot be guaranteed under all possible operating
conditions. In addition, how to achieve a better SSCI damping performance without sacrificing the
control bandwidth needs to be further studied.

The H.. robust control has been successfully used in many electrical control fields such as the
control of voltage source inverter (VSI) [22], dynamic voltage restorer (DVR) [23], and
uninterruptible power supplies [24], DFIG harmonic control [25], etc. As an advanced control
method, the system under the H.. control is uncertain and has a multi-input multi-output (MIMO)
structure. These studies show the most important advantage of the H. controller is the good
robustness for uncertain systems. Although the optimal solution of the Hoo norm does not focus on
the best performance with the nominal system and the controller structure can be more complex, by
introducing the H.. norm solution, the H.. controller can guarantee required control performance and
stability with all uncertain cases [26]-[27]. The system robust stability (RS) and robust performance
(RP) can be guaranteed to constrain all the possibilities of the uncertain system into a bound by the
u analysis. Because the wind speed, SC level, and DFIG and transmission line parameters are
randomly changed within a range or difficult to obtain the accurate value, the H.. robust control is

more suitable for the SSCI damping control under uncertain cases.
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This paper firstly proposes an H.. robust control scheme to mitigate the SSCI of the DFIG based

WT with the series capacitor compensated line. The contributions of this paper are summarized as
follows: 1) a 6th order uncertain state-space model is established for sub-synchronous resonance
(SSR) studies of DFIG with the series capacitor compensated line system. 2) Besides the change of
wind speed and SC level, the influence of the system reactance parameter on the RSC current

control performance is also considered in the SSR analysis. 3) The proposed H.. control strategy can
ensure the system stability in the whole range of the SC level (0<kKk . <1), wind speed

(i.e.,-0.3<slip<0.3) and the system reactance uncertainty including DFIG and grid line reactance

(i.e., #50% ), without sacrificing the controller bandwidth of rotor currents. 4) Both the robust
stability and robust performance of the SSR damping current controller are validated by u-analysis.
This paper is organized as follows. Section 2 describes the uncertain model with the state-space

representation, analyzes the SSCI by the eigenvalue analysis. In Section 3, the H. damping

controller is designed, the tuning of the controller parameters is given, and the robustness is
validated by the structured singular value u. In Section 4, case studies are presented with time-
domain simulations, followed by conclusions.
2. Uncertain modeling and SSCI analysis

The IEEE FBM is commonly used for WF SSR studies [5]-[14], [16]-[21]. The FBM is
developed with the minimum sophistication needed to obtain useful SSR results and machine
characteristics generally obtainable [2]. As shown in Fig. 1, the WF is aggregated as an equivalent

WT, and the grid line is simplified as reactance and series capacitor.

690V 220kV i U,
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Fig. 1.FBM study diagram with aggregated DFIG based WF.

Because the network is non-ideal with different structures, different network models are usually



transformed to an equivalent RLC transmission line to the stiff grid. The impact of the grid
characteristics on the SSR of wind farms can be reflected by the series compensation level and grid
reactance. In this paper a 1.5 MW DFIG based WT model is scaled up to represent a 90 MW WF.
All DFIG variables are marked in the motor direction, and the variables are listed in the
Nomenclature.

The WT model consists of the DFIG, the aerodynamic model, the mechanical drive-train model,
the back-to-back voltage-source converters, etc. [12]-[13], [18]-[19]. The DFIG control system
includes the RSC and GSC parts. The control system adopts vector control method with outer
power closed-loop for RSC and DC voltage closed-loop for GSC. The output power loop reference
is obtained by the maximum power point tracking (MPPT) technique. Both the RSC and GSC have
inner currents closed-loop and phase-locked loop (PLL). The WT model includes a 4th DFIG model,
a series compensated network model, the DC Link Model and the mechanical model.

2.1. Uncertain State-space Model of RSC Currents Control

The outer power/speed controller of the RSC adopts conventional proportion integral (PI)
regulators. The rotor currents are controlled in the synchronously rotating dg frame oriented by the
stator voltage. The transmission line reactance is equivalent to the stator side. Because the power
flow ratio of the stator and the rotor is approximately (1-slip) / slip [18][19], neglecting the power
loss of the converters, L;r and R, can be converted from the grid side to the stator side as L;7" = L7
/(1-slip) and R;." = Ry, / (1- slip) approximately. The wind speed, SC level and system reactance are
considered as uncertain factors which greatly influence the SSCI of DFIG based WT. The
uncertainty of wind speed is reflected as the change of s/ip. The speed operating range of the DFIG

is usually -0.3<slip<0.3. The uncertainty of the system reactance parameter is reflected as the

change of L;r = Ly +L;. The uncertainty of the series capacitor is reflected as the SC level. The SC

level is defined as Kgc = 1/(La,BZCSCLLT), and its range is 0 < K. <1. The uncertainties are listed in

Table II.

Table 11

Uncertainty ranges of system parameters



Element Uncertain range
slip d1=1[-0.3,0.3]
R, &= +50%
Lirr J3 = +50%
K. 4=1[0,1]

Based on the WT model, the uncertain state-space model for the H, currents controller is
developed as (1), (2) and (3), and marked as G (4, B;, B,, C). The state-space variable vector
consists of stator currents, rotor currents and series capacitor voltage, marked as X=[isa, isg, ird; irgs
Uscd, Useq]- The DFIG is controlled by the RSC. Therefore, U=[u,q, u,,] is the input vector and y=[i,q,
iry] 1s the output vector. Because stator and rotor currents are coupled with each other, [iy, i5,] can
be indirectly controlled by u. Thus [is, iy] and [i,4 i.] are the state variable vectors. Because [ucq,
Useq] 18 decided by the series capacitor currents as well as the transmission line currents (equal to
is+ig) shown in Fig. 1, [ueq, usq] can also be indirectly controlled by u and considered as the state
variable vector. For the RSC, d=[uy, uy,] is uncontrollable, but can influence [iyq i5,] directly, and
then influence [i,4 i,] and the transmission line currents indirectly. Therefore, it is considered as a

disturbance input vector, independent from the controlled model. u=[u,q u,,] is adjusted by the

RSC controller K.
v T
X = AX+[B,,B,][u,d]
(1
y = Cx+Du
Ly (Rs+Ry) L%l‘”slip*(lls +Lrr ) Loy —Ly Ry ~LlLyoy Ly 0
(Lg+Lrr )Lr’”s’L%nwslip Ly (Rg+Ry ) Ly Lyoy LRy 0 Ly (2
Ly (Rg+Ry) (Ls+Lp7 )Ly (Ls+LpT )Ry Lr%z‘”s*(L.\' +Lp7 ) Lrosiip ~Lm 0
o, ! ) ! .
= 273v —(Ls+Lr7 ) Loy Ly (Rg+Ry) (Ls+Lp7 ) Lrasiip ’Lgnws (Ls+Lr7 )Ry 0 —Lm
Lin—Lp(Ls+LpT)

5 '
Lmn—(Ls+Lr7 )Ly

) '
0 0 0 0 Ly —(Lg+L L,
wpCse(I-slip) m—(Ls+LpT )Ly

2 .
Ln~(Ls+Lir )Ly N
0 wBCyc(I-slip) 0 0 (Lg+Lp7 )Lp—Liy 0
\ T r
B wp Ly, 0 —(Li+Lr7) 0 00 B wB =L, 0 L, 0 0 0}
12 ' i PN 3
Lyp=Lr(Ls+Lrr) | 0 L, 0 ~(Lg+Li7) 0 0 IyLo(Lg+Lyr) L 0 =L 0 Ly 0 0] (3)

>

001000
C= D=0
000100
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2.2. The SSCI Analysis of RSC Currents Controlled System

Fig. 2 shows the frequency characteristics of the uncertain RSC currents controlled system based
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on (1). The Bode diagrams are from u, to i,; considering system uncertainties listed in Table II. The
curves marked with “*’ are obtained with the nominal model with s/ip=0.2 and K,=50%, and the
other curves are for the uncertain models with different parameter perturbation. The plots of
uncertain models represent sampled values of the system parameters within that interval. It is seen
that the frequency characteristics of i,; have a range of variations with different wind speed, SC
level and grid reactance. It is also seen the sub-synchronous resonance frequency of rotor currents

vary with different uncertain parameters.

50 e

100 ——— L

Magnitude (dB)
Magnitude (dB)

10 10 10° 10 10 10°
Frequency (Hz) Frequency (Hz)

a. Bode plots with uncertain Ksc between 0 and 100% b. Bode plots with uncertain s/ip of [-0.3, 0.3]

Magnitude (dB)

Frequency (Hz)
¢. Bode plots with uncertain system reactance between 50% and 150%

Fig. 2. Bode plots of the uncertain system model

Fig. 3 shows the eigenvalue loci when the s/ip increases from -0.3 to 0.3 in which the starting
point is marked with ‘*’ and the ending point is marked with ‘. By Comparing Fig. 3a and Fig. 3b,
it is seen that there are three basic natural oscillation modes after series compensation, which are the
rotor currents mode slip Xfs, super-synchronous mode and sub-synchronous mode. Define the

electrical resonance frequency as,

(4)




where X;y is the whole system equivalent reactance, described as L;r+L;+L;-[1]. It is seen from Fig.
3 the super-synchronous frequency and the sub-synchronous frequency are fs + fn and fs — fn,
respectively. fn is approximately 23 Hz with the K. is 50%. With the s/ip increases, the eigenvalues
of the sub-synchronous mode have moved from the left half panel to the right half panel which

makes the system unstable. The eigenvalues analysis result is similar with the series capacitor varies

[12], [13].
500
= —
2
'Q 0 X
E e Ksc=0
-500
-25 20 -15 10 -5 0 5 10 15
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1000
> -
@
8= — — AT
=] 0 —_—
@
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-1000 . '
-25 -20 -15 -10 -5 0 5 10 15
b) Real

Fig. 3. Eigenvalue loci of the open-loop system with s/ip from -0.3 (marked as ‘*”) to 0.3 (marked as ‘0’)

The conventional RSC currents controller uses the PI regulator, which can be described by the

transfer function as,

u=(k, +%)(r—y) (5)

where r=[ird*,i,q*] is the reference vector of the rotor currents controller. Synthesizing (5) with (1),

the closed-loop system eigenvalue loci is obtained and shown in Fig. 4.

500
'
g
5 0f <l Ksc =0 .
(1]
E d
-500 : : :
-300 -250 -200 -150 -100 -50 0
a) Real
1000
"
g
5 00— Ksc=50%  *
[1+]
£ "
-1000 ; ;
-300 -200 -100 0 100
b) Real

Fig. 4. Eigenvalue loci of the closed-loop system with s/ip from -0.3 to 0.3

It is seen that the PI rotor current controller makes the sub-synchronous mode located at the right

half plane within the whole range of the s/ip. Compared with Fig. 3, the SSCI is more severe
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because the PI controller is involved. The PI current controller worsens the stability of the whole
system.
2.3. SSCI Damping Control Requirements

Based on the above SSCI analysis, the sub-synchronous oscillation frequency is f; — f,. The SSCI
induces the sub-synchronous oscillation of the rotor currents with the frequency of |f, — f| at the
synchronously rotating dg frame. The sub-synchronous oscillation components of the currents shall
be damped and the currents are with a low THD as the SC level changing from 0 to 1.

Considering the switching frequency of the PWM converters is usually / kHz to 5 kHz, the
acceptable bandwidth frequency of the SSCI damping controller shall not be less than 300 Hz in
order to guarantee the system dynamic performance.

It is also noticed the above uncertainties greatly influence the oscillation currents during the SSCI.
Therefore, the SSCI damping controller must guarantee enough system robustness, including the
RS and RP.

3. H. SSCI Controller Design
3.1. H= Controller Structure Design

Fig. 5 shows the control structure of the RSC in the dg synchronously rotating coordinates. K is

the rotor current damping controller which is designed based on the H, control method. The

reference signal of K is derived by the PQ power loop, and the measurement signal of K is the dg

rotor currents.

G
U,
Voltage] < = * Urd ro
control Q* * _ i(0.—0
s | bd K e/6:=6) PWM RSC
Urq Upp
T
I % —
S ;
5 ba ‘
i
rq  rd

Fig. 5. Control structure diagram of RSC with K

The control configuration of K for the H, synthesis is shown in Fig. 6, which is based on the
theory of the mixed sensitivity H. control and the signal based H., control [28]. The design of the

S/KS mixed sensitivity minimization in a standard form for tracking performance and the weight to

11



describe the multiplicative dynamic model uncertainty is adopt. The system state-space model G is
divided into the state-space representation of the plant and the state-space representation of the
disturbances, denoted as Gy (4, B;, C, D) and G, (A, B>, C, D), respectively. The uncertain
parameters in Table II can be represented in the frequency domain using unstructured multiplicative
output uncertainties, marked as A. A is any stable transfer function which is less than 1 in
magnitude at each frequency, representing all the uncertainties and satisfying ||A||oo§1 [28]. As
such, G can be described as G,=(I+ W,A)Gy where Gp is the uncertain model, and Gy is the
nominal model. ¥, is a rational transfer function weight to cover the set of G,. The input vector of
A is marked as y, and the output vector of A is marked as us. The SSCI controller is marked as K.
The input of K is r-y=[ird*—ird ,i,,q* -1,4] and marked as v. Regarding r as an external disturbance, the

external disturbance vector can be described as w=[r,d].

Fig. 6. The control configuration for Hoo synthesis
It is seen there are three weighting functions in Fig. 6. U and Vv are shaped along with weighting
functions W, and W, , respectively. z=[z;, z;] is the weight controlled output. W, is another
weighting function as an uncertainty filter. The block with G,, G4 W, W, and W, is a shaped
generalized plant model and marked as P. The block N consists of P and K. So the state-space
representation of P can be derived as (6).

Uy

Ya Uy P p
z |=P(s)| w :|: 11(s) 12(3):| w
u

By(s) Py(s)

v u

o o GW, i\GW,
: uA (6)
_ 0 0 0 : u w
-1 1 G | -G

Define the system sensitivity function as S=(I+ G,K)”. The state-space representation of N can

be represented through the linear fractional transformation (LFT) between P and K as (7).

12



A
N=FH, +P12K(1_P22K)71P21:E(P:K)
-G W KS GW KS G W —-GW KSG,
= -W KS w KS -W KSG,
WP(GSKS—I) WP(I—GSKS) Wp(GSKS—I)Gd

(7

The design of the H,, optimal controller is to find a stabilizing function K to minimize the largest
gain for any input direction from W to z, which is the peak of the singular value of the closed-loop

transfer function N(s), and can be described by an H,, norm as (8).
[N], = max,, S (NG@)) = Vo <7 (8)

The optimal solution of (8) is marked as ymin, which can be obtained by solving the standard two-
Riccati formula [25]. The y-iteration algorithm is adopted which defines a proper value Y > yYpin to
approach the optimal value ymin, as an Hy, suboptimal problem. For a nominal system, y can be set
as 1.

3.2. Weighting Function Design
The perturbation of G, due to the uncertainties can be measured in terms of the maximum

singular value . Therefore, if c(#,G,)>5(G,-G,), all the possibilities of G, can be included in
(1+ W,A)Gy. A simple first order filter is used as,

S+,
T 9)
(t/y,)s+1
where the relative uncertainty at steady state is j,. 1/t is the frequency at which the relative

uncertainty reaches about 100%. y, is the magnitude of the weight at high frequency. Fig. 7 shows
the singular value curves of G,-Gy and W,Gy, showing that the curve of o(W,Gy) can cover
majority possible curves of 6(Gp-Gy). The uncertainty of Gp is defined as a parameter interval
based on Table II. The Bode plots represent randomly sampled values of the system parameters
within that interval. It is noticed the two oscillation frequencies of o(Gp-Gy) vary in a wide range
and W, adopts a simple first order expression, o(W,Gy) cannot cover all the values of 6(Gp-Gy) at
the oscillation frequencies. The overall robustness of the system can be further guaranteed by other

13



weighting functions. It is seen from Fig. 7 that W, can limit the controller output gain. Therefore, it

influences the bandwidth. For a normalized system, a reasonable range of W, is,

w,<1 (10)

40 .

207~

Singular Values (dB)

- 0(Gp-Gn)

20 —a(Wo*Gn)

0.1 1 10 100
Frequency (Hz)

Fig. 7. The singular value curves of W,Gyand Gp-Gy

Wp is designed to guarantee the tracking performance of the controller to the fundamental. A low
pass filter is designed to shape the low frequency characteristic of the controller as,

_S/M+601 (11)
s+ A

/4

p
where the low-frequency gain of 1/ | Wy(jw) | is A, the high-frequency gain is M, and the asymptote
of the amplitude-frequency curve crosses 1 at w;. Fig. 8 shows the singular values of the uncertain
closed-loop system, marked as 7. It is seen all the amplitude-frequency curves of T are below the

curve of //W, with the bandwidth frequencies above 400 Hz, satisfying the control requirements.

101

Singular Values (dB)

0.1 Frequency (Hz) 200 2000

Fig. 8. The singular value curves of 1/W, and T
3.3. Robust Stability Validation
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The structured singular value u(M) provides a way to assess the stability and performance of a
MIMO system under a class of norm-bounded structured perturbations. With all the uncertainties
nominally structured into A, the system NA-structure in Fig. 6 can be rearranged as a MA-structure
in Fig. 9, in which M=N;;. Based on this, the criteria of the RS and RP can be derived by u(M) in

(12), which is obtained by the DK iteration [27]-[28].

A ——

YA

UA M

Fig. 9. N-4 structure diagram for RP analysis

RS < u,(N,)<LVo

~ A 0 (12)
RP & p (N)<LVo.A=| =
A

P

The parameters of K are tuned to satisfy both the H,, suboptimal bound in (8) and the RS and RP
bounds in (12). The controller parameters are listed in Table III. Using the Matlab-Robust control
toolbox with the u-toolbox, the order of K is reduced to 6 through the Hankel minimum degree
approximation (MDA). The y value is 0.92, satisfying the requirement in (8). The u-curves of the
RS and RP are shown in Fig. 10 and Fig. 11. It is seen the frequencies of the two peaks in Fig. 11
correspond to the super-synchronous mode and the sub-synchronous mode. All the values of x4 are

below 1(abs), satisfying the RS and RP requirements in (12).
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Fig. 10. The u-curves for RS Fig. 11. The p-curves for RP
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Table 111

Parameters of the weighting functions
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1
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4

Fig. 12a shows the eigenvalue loci of the system based on the H.,, damping control when the slip
increases from -0.3 to 0.3. The starting point is marked with ‘*’ and the ending point is marked with
‘>, Fig. 12b shows the eigenvalue loci when the system reactance increases from 50% to 150%. It is
seen from the zoomed part of the plot in Fig. 12, all eigenvalues near the origin are located at the
left half plane. Compared with Fig. 4b, the unstable sub-synchronous mode of the system has been

corrected to be the stable region through the H.,, damping control.
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Fig. 12. Eigenvalue loci of closed-loop system with different uncertainties

4. Case study
Case studies were performed using Matlab / Simulink with a 90 MW DFIG based WF to verify
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the SSCI damping performance of the H, current controller. The reactive power reference was set
as 0. The grid system structure is shown in Fig.13. The PI regulator of the RSC current control loop
paralleled with a SSCI damping filter, named as the damp control in this paper, was simulated to
compare with the H.,, damping controller. The transfer function of the damp control filter is (13),
and the parameters of the PI controller and SSCI damping filter are designed based on [20] and

listed in Table IV.C.

1+Ts
Gdamp—ﬁlter = 1+ TlS (13)
2

500kV Bus
I Series compensation

500kV

—— 220kV 220kV

Fig. 13. The grid system structure of the studied model

4.1. Performance with different SC levels

Fig. 14 compares the rotor currents with the H,, damping control (Hinf) and PI control with and
without the damping filter at two SC levels (PI and Damp). The series capacitor is added at 10s with
K. being from 0 to 5% and 25%, respectively. R; and L;rare all nominal value, and the wind speed
is 6 m/s. It is shown that i,; with the PI control has obvious sub-synchronous oscillation both with
K. being 5% and 25%. The sub-synchronous oscillation of rotor currents with the damping filter
can be mitigated when K. is 5%. However, with K. increased to 25%, the sub-synchronous
oscillation of rotor currents cannot be well mitigated. The H,, control still shows good performance

with K. increased to both 5% and 25%.
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Fig. 14. Rotor current comparison with different SC level
It is seen from Fig. 15 that the sub-synchronous oscillations of the rotor currents, stator currents

and output power can be well mitigated by the H.. damping control with K. increased to 25%. The
THD of stator currents between 10.2 s to 10.4 s is 1.5% with the H,, damping control, satisfying the

control requirement.
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Fig. 15. Results by H,, control with K. increasing to 25% at 10s

4.2. Performance with different wind speed

Fig. 16 shows the results with the PI, damping filter and H., damping control with low (6m/s) and
high wind speed (12m/s). The series capacitor is added with K. being from 0 to 25% at 10s. The
system parameters are all nominal values.

It is seen that rotor currents show obvious sub-synchronous oscillation both at the wind speed
being 12m/s and 6m/s with the PI control. With the damping filter, the sub-synchronous oscillation
of rotor currents can be mitigated at the wind speed being 12m/s. However, when the wind speed

decreases to 6m/s, the sub-synchronous oscillation of rotor currents cannot be mitigated. The H
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control can mitigate the sub-synchronous oscillation of rotor currents both at high and low wind

speeds.
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Fig. 16. Rotor currents comparison with different wind speed

4.3 Performance with system reactance disturbance

Fig. 17 shows the results with the disturbance of the system reactance up to 1.3 pu of the nominal
value. The wind speed is 6 m/s. The series capacitor is added at 10s with Ksc increasing from 0 to
5%. It is seen that, with system reactance disturbance, the sub-synchronous oscillation of rotor
currents with the damping filter can no longer be mitigated when Ksc is 5%, compared with Fig.14b.
The Hoo controller still shows good SSO damping performance with the system parameter
perturbation. The robustness of the DFIG based wind turbine with the SC compensated grid is

improved by the H,, damping controller, compared with the damping filter.
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Fig. 17. Rotor currents with system reactance disturbance

4.4 Performance with grid voltage disturbance

Fig. 18 further compares the results with grid voltage fault disturbance. A three phase to ground
voltage fault with 50% dip depth occurred from 10s to 10.5s. The SC level is 25% and the wind
speed is 12m/s. It is seen both i, and U are stable with the H,, damping control after a dynamic

process. However, the sub-synchronous oscillation is excited with the damping filter control during
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and after the grid fault.
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Fig. 18. Rotor currents and DC voltage under grid dip fault

A three phase to ground voltage fault with 100% dip depth occurred from 10s to 10.2s is shown
in Fig. 19. It is seen, under the most severe grid voltage disturbance, the H,, damping control can
still mitigate the sub-synchronous oscillation of rotor currents and stator currents after the fault ends.
It is seen that, about 300ms dynamic regulation after the grid fault ends, the system keeps stable

operation, showing good large-signal stability of the designed H., damping controller.
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9.5 10 10.5 11

95 10 10.5 11
time (s)
Fig. 19. H,, damping control performance under 100% voltage dip fault
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4.5 Case study with 70% SC level

The H., control performance is further studied with low wind speed, high SC level and none-
nominal DFIG parameters. The wind speed is 6 m/s, the SC level changes from 0% to 70% at 10s
and the system reactance is 1.3 pu of the nominal value. According to the SSCI analysis in section
I, under such a low wind speed and a high SC level, the system stability shows worse performance.
It is seen from Fig. 20, although the dynamic performance is worse (i.e., more severe overshoot,
longer dynamic duration), the sub-synchronous oscillation of currents and output power can still be

mitigated by the H., damping control.
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Fig. 20. Performance of the system with H,, controller

5. Conclusion

In this paper, a H,, damping controller is proposed to effectively mitigate the sub-synchronous
oscillation currents due to the SSCI between the DFIG based WF and the series compensated grid
lines. The developed uncertain state-space model can well reflect the main SSCI characteristics as
the wind speed, SC level and grid parameters change. The designed H,, damping controller not only
satisfies good performance of mitigating sub-synchronous oscillation currents with a low THD, but
also shows enough closed-loop system bandwidth. Furthermore, the designed H. damping
controller guarantees robustness which is demonstrated by the u analysis, eigenvalue analysis and
time domain simulation. The H,, damping controller shows satisfying SSCI mitigation performance

with low wind speed, high SC level and uncertain system parameter.
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Appendix
The 4th DFIG model in a synchronous reference frame can be written in terms of the currents as
shown in (14). In the synchronous reference frame, the dynamics of the series compensated system

can be described by (15). The dynamics of the capacitor in the dc link between RSC and GSC are

described by (16). The mechanical model is a two mass system described by (17).

iy LR LepLbes Lk ~Lnlyay (i Lo o o]
dlig|_ o |Lba-Bew LR Lty S L TN R RS A 8 (14)
di\iy | lls| LR Lylpy LR, Bay-Llyagp || | Girbrls| s 0 Im 0l
. . 0 Iy 0 Iy
by S IRy Lhogylhe, LR | ty
"o
ucd 0 72)3 ch XO ucd O
g sc _ 15
AL I LA L Y P (1
dt| i, XLt XLt i, .
. R .
ba 0 7/XLT @s - %(LT by Uy — Egd
XL
du, 1. R P .
Cudc dtc = Pr - Pg = E(urdlrd + urqqu) - E(ugdlgd + ugqlgq) (16)
b
DD Dig -1 i
A a)t 2Hl 2Ht 2Hl A a)t 4
d D -D;-D -T
—|Aw, | = w, ‘g it ! Ao, |+ e (17)
¢ 2Hg 2H g4 2Hg 2H,
Tg Kigwe -Kigwe 0 Tg 0
TABLE IV
a. Parameters of the grid (equivalent value)
Base MVA 90 MW
Transformer inductance 0.14 pu
Transmis. line resistance 0.023 pu (12Q)
Transmis. line inductance 0.46 pu
Series capacitor reactance 124 Q (at 50%SC level )
Series compensation C 26 uF (at 50% SC level)
Line length 30 kilo meters

b. Parameters of the WT and WF

Rated power 1.5 MW 90 MW
Rated voltage (Line-Line) 0.69 kV 0.69 kV
Electrical base frequency 50 Hz 50 Hz
Stator resistance 0.023 pu 0.023 pu
Rotor resistance 0.016 pu 0.016 pu
Stator leakage inductance 0.18 pu 0.18 pu
Rotor leakage inductance 0.16 pu 0.16 pu
Mutual inductance 2.9 pu 2.9 pu
c. Parameters of converter controllers
DC bus voltage regulator gains | [Kp K] | [8 400]
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GSC currents regulator gains [Kp K] [0.83 5]
Speed regulator gains [Kp K] [30.6]
RSC currents regulator gains [Kp K] [0.2 8]
Q and P regulator gains [Kp K] [0.05 20]
SSCI damping filter [T, T,] [0.2 0.002]
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