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Executive Summary

In recent years, due to high demand for electrical energy and limited fossil fuel resources,
penetration of renewable energy resources into the power grid has increased significantly. Wind,
as a renewable and abundantly available source of energy, has an important share in the energy
mix for moving away from conventional generation toward renewable generation. In the last
decade, the installed global wind power capacity has increased exponentially. About 5.5% of the
U.S. generated electrical energy in year 2016 came from the wind power. However, factors such
as low fossil fuels prices, grid integration challenges, and lack of public acceptance hinder the
penetration of wind power in the power grid.

Subsynchronous resonance (SSR) induced by a wind turbine connected radially through a series-
compensated transmission line is one of the major issues related to integration of wind energy in
the power system. In SSR, two power system components exchange energy at frequencies below
the nominal frequency, which can cause damage to the power system equipment. While
conventional RSC and GSC controllers can handle the normal operation of a Type 111 wind turbine,
following a major disturbance (e.g., a fault in the system), the power system may tend toward
instability. In such cases, an auxiliary controller can be added to the control loop of the wind
turbine to prevent the system instability.

In this project, the multiple-model adaptive control (MMAC) approach is used to propose a
supplementary controller to operate in a wide range of operating conditions. In MMAC, a finite
number of more probable operating conditions are considered and an appropriate linearized
dynamic model is derived for each operating point. The main reason for using a linearized model
instead of a nonlinear model is that the design and implantation of a nonlinear control technique
IS not straight forward.

An MMAC controller has two levels; the first level is a set of controllers designed using standard
control methods, and the second level is a supervisory controller that selects the level one controller
based on the system conditions. After a change in the operating point of the system, MMAC uses
a vector of feedback signals that have the most impact on the output response of the system to
identify the best matching model-controller pair for the current operating condition.

The supervisory controller uses a hysteresis algorithm to switch between the controllers in the
look-up table. The controllers in the MMAC bank have a similar structure which are connected to
the GSC control loop through a washout filter. These controllers are designed using the root-locus
tuning method.

While a fixed-parameter controller can operate in a limited operating region, the proposed control
technique is shown to provide a significantly better performance for a variable-parameter wind
system with a wide operating region. The design and implementation of the proposed control
approach is straightforward, and the supplementary controller is added to the existing controllers
of the wind turbine. The simulation results show the effectiveness of the proposed supplementary
controller to mitigate the subsynchronous oscillations in a wide range of the operating conditions.
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1. Introduction

1.1 Background

The renewable energy sector in the United States is continuously growing, and wind—an
abundantly available source of renewable energy—plays a leading role in this transition [1]:
5.55% of the electrical energy in the United States in 2016 came from the wind [2]. According
to the U.S. Department of Energy (DOE), wind energy’s contribution to U.S. electricity
power generation is expected to increase to 10% by the year 2020, 20% by 2030, and 35%
by 2050 [3]. However, factors such as low fossil fuels prices, grid integration challenges, and
lack of public acceptance hinder the penetration of wind power in the power grid [4].

1.2 Overview of the Problem

Subsynchronous resonance (SSR) induced by a wind turbine connected to the grid radially
(without any other connected lines) through a series-compensated transmission line is one
of the major issues related to integration of wind energy [5]. In SSR, two power system
components exchange energy at frequencies below the nominal frequency, which can cause
damage to the power system equipment [6]. SSR in general can be classified into three cate-
gories: (1) subsynchronous torsional interaction (SSTI), (2) subsynchronous induction gen-
erator effect (SSIGE), and (3) subsynchronous control interaction (SSCI) [5]. SSTI refers to
the interaction between the turbine-generator mechanical parts and the series-compensated
transmission line. SSIGE involves the interaction between the generator and transmission
line. SSCI is solely an electrical phenomenon related to the wind turbine converter controller
and the series capacitor [7].

An example of an SSR event occurred during the commissioning of a 240 MVAr series
capacitor on a 345 KV line in the Buffalo Ridge area of Minnesota. Due to wrong switching
before bypassing the series capacitor, a line was inadvertently taken out of service. The line
outage led to a 150 MW wind farm being radially connected to a 60% series-compensated
transmission line. This in turn led to growing subsynchronous currents [8]. As another
example, in October 2009, following a topology change due to a single-line-to-ground fault
in the ERCOT service area, a Type III wind farm became radially connected to a 50%
series-compensated transmission line. The oscillations started immediately after the line
outage and fast growing subsynchronous currents and voltages were reported. In a short
time, damage occurred in both the wind turbine equipment and the series capacitor [7].
These incidents emphasize the need for a strategy to improve the damping of the system in
the presence of compensated line and wind generators.



1.3 Literature Review

Several strategies are introduced in the literature to address this need. Reference [9] studies
the application of a STATCOM in damping SSR in a Type III wind turbine. An auxiliary
damping control scheme is developed to control the STATCOM and improve the transient
stability of the interconnected system. Similarly, [10] evaluates the performance of a STAT-
COM with a voltage controller at the point of common coupling (PCC) in mitigating SSR
in a Type III wind farm. Three different strategies based on FACTS devices are introduced
in [6]. In the first two strategies, a GCSC and a TCSC are used to improve damping of
the existing controllers in a Type III wind turbine. The third strategy employs an addi-
tional fixed-parameter supplementary controller to mitigate SSR. In [11], a supplementary
controller using a washout filter, a lead-lag controller, and a band pass filter is developed
and added to the reactive power control loop of the grid-side converter (GSC). Similarly,
a controller including a gain with phase compensation and a band-pass filter is developed
in [12]. Reference [13] demonstrates the capability of a TCSC in damping SSR in a Type III
wind farm. For this purpose, an impedance model for the TCSC using dynamic phasor-
based modeling approach is developed, and the stability of the system is studied. In [14] the
impact of uncertainties on occurrence of SSR in a Type III wind system is discussed and a
probabilistic stability analysis is conducted.

The existing supplementary controllers to improve damping of a Type III wind turbine
against SSR generally have a simple structure (a controller and a washout filter) and are
added to the existing control loops of the Type III converters. However, these controllers
have fixed parameters and are not robust against the change of operating condition of the
system. The implementation of the FACTS-based approaches is generally expensive and not
straightforward.

1.4 Research Objectives

To address the drawbacks of the aforementioned methods, in this project, an adaptive sup-
plementary control strategy using multiple-model adaptive control (MMAC) approach is pro-
posed to mitigate subsynchronous interactions (SSI) induced by a wind turbine connected to
a series-compensated transmission line. To evaluate the performance of the controller, small-
signal stability of the study system is studied using a comprehensive dynamic model of the
wind system. Time-domain simulation results show the effectiveness of the proposed supple-
mentary controller to mitigate subsynchronous oscillations in a wide range of the operating
conditions.

1.5 Organization of Report

The rest of this report is organized as follows: Chapter 2 studies SSR in a Type III-based
wind system. In Chapter 3 a comprehensive dynamic model of the study system is pre-
sented. Chapter 4 introduces the proposed MMAC-based supplementary controller. Chap-
ter 5 presents case studies to evaluate the stability and performance of the proposed strategy.
Chapter 6 provides concluding remarks.



2. Subsynchronous Resonance Induced by a Series-Compensated
Wind System

2.1 Subsynchronous Resonance

Wind power plants are usually located far from the main grid to take advantage of more
favorable wind conditions. A transmission line then transfers the generated electrical energy
to the grid. To increase the power transfer capability of this line, it is typically series-
compensated. However, radial connection of a Type Ill-based wind farm to a compensated
transmission line increases the risk of SSR and instability [15].

The frequency of the electrical oscillations f., in a series-compensated system is [7]

Xc

= (2.1)

f eo — j:f s
where f; is the synchronous frequency (50 or 60 Hz), and X and X are the reactance of
the series capacitor and total reactance of the transmission line, generator, and transformers,
respectively [7].

Fig. 2.1 depicts the steady-state equivalent circuit of a doubly fed induction generator
(DFIG).
The equivalent rotor resistance r, o, and rotor voltage V, ¢4 in the steady-state are

Freq = (2.2)
1
V.
V;",eq = (23)
S1
Ci
I'req L: Li+Liine Riine+7s |1|ne
MA CAANY AANY W | |
er,eq Lm %

Figure 2.1: Steady-state equivalent circuit of a DFIG.



where slip s; at subsynchronous frequency f., is given by

8 = M) (2.4)

Jeo

where f; is the electric frequency corresponding to the rotating speed [5]. 7, oq at subsyn-
chronous frequency is negative, since f., < fo (or s; < 0). Therefore, if |1, oq| > |Riine + 75/,
the system exhibits negative damping and growing subsynchronous oscillations appear in the
rotor current [5,6].

2.2 Classification of Approaches to Mitigate SSR

Different approaches to mitigate SSI include (1) using flexible AC transmission systems
(FACTS), (2) bypass filters across the series capacitor, (3) detection algorithms to trip the
wind generator, and (4) modification of wind turbine control systems. Modification of wind
turbine control systems is the most practical approach because it is economical, avoids gener-
ator tripping, does not need installation of expensive additional damping devices (FACTS),
and can be quickly implemented. In this project, using this approach, a supplementary
adaptive controller is proposed and added to the grid-side converter (GSC) control loop.

2.3 Classification of Wind Turbines

Wind turbine technology has seen a significant progress in recent years and several types of
wind turbines are in use [16,17]. In general, wind turbines can be classified into four types
based on their power electronics: (1) fixed-speed (Type I), (2) variable-slip (Type II), (3)
doubly fed induction generator (Type III), and (4) full converter (Type IV) wind turbines.
Variable-speed wind turbines, i.e., Types III and IV, are currently the most commonly used
turbines [1].

According to the JRC database (Joint Research Center of the European Commission), in
2005 40% of the North American total wind power installed capacity was Type I and II and
60% Type III. In 2014, almost 70% of the installed capacity was Type III, 29% Type IV, and
less than 1% Types I and II [18]. Fig. 2.2 shows the schematic diagram of Types I, 1T, 111,
and IV wind turbines. The focus of this project is on the Types III wind turbine becuase it
is currently the most commonly used turbine [1].
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Figure 2.2: Types I, II, III, and IV wind turbines.




3. Dynamic Modeling of a Series-Compensated Type II1 Wind
System

The focus of this project is on the Types III wind turbine becuase it is currently the most
commonly used turbine [1]. According to the JRC database (Joint Research Center of the
European Commission), in 2014, almost 70% of the installed capacity was Type III, 29%
Type IV, and less than 1% Types I and II [18]. The dynamic behavior of a Type III wind
turbine can be expressed using a set of subsystems whose are modeled in the gd-reference
frame as shown in Fig. 3.1:

e Aerodynamics of wind turbine;
e Mechanical shaft system,;

e Induction generator;

Rotor-side and grid-side converters controllers;

DC-link capacitor; and

Transmission line.

RSC GSC

In| _ﬁ} ‘;;JOLF _ﬁ}

Coupling
Xig 3| I, Transformer Grid
Vtabe Xt PCC

|
3 _/vvvx_{ }_‘__C' — |
v — — | 3 | I :
Is Tine Riine XL,Line XC,Line L
ou
PCC

Fault

Figure 3.1: Schematic diagram of a Type III wind system.



3.1 Aerodynamics of the Wind Turbine
The turbine mechanical torque can be calculated as

_ 0.5pmR*CLV

T
Qm

, (3.1)

where V,, is the wind speed, p is the air density, R is the rotor radius, €2, is the mechanical
angular velocity, and C), is the power coefficient of the blade calculated as

RC RC
Cp = 0.5( % = 00227, — 2)e 025 %" (3.2)

w

where C; is a blade design constant, 7, is the pitch angle, and A, is the tip-speed ratio

defined as [5,19]
QnR
Ay = ——. 3.3
= (33)

3.2 Mechanical Shaft System

Depending on the required accuracy, the dynamic of the shaft system can be represented
with the following models: (1) six-mass shaft model, (2) three-mass shaft model, (3) two-
mass shaft model, and (4) single-mass or lumped model [20]. Due to the decoupling feature
of the AC/DC/AC converter in a Type III wind turbine, the mechanical shaft system prop-
erties have an insignificant effect on the grid-side characteristics. In the single-mass lumped
model, the whole dynamic of the drivetrain components of a wind turbine is expressed in a
single differential equation. However, the two-mass shaft model can provide more accurate
representation of the low-speed turbine and the high-speed generator characteristics of a
Type III wind turbine [20].

Dy+D D
d Wi B ;QHttg D2_IfIiD _%I_It W QLHt (1) 0 Tw
el = o T | e |t |0 m O T (B4)
Tig Kigwy Ky 0 | [Ty 0 0 1] [0

In (3.4), wind turbine speed wy, generator rotor speed w,., and internal torque of the two-mass
system T}, are the state variables. Wind torque T, and electric torque T, are the inputs [21].

T, is calculated as
Ly,

Te == 7 ((iqs + Z-qr>idr - (ids + idr)iqr>7 (35)

where igs, 145, 1gr, and g4, are the stator and rotor currents, respectively. L,, is the magne-
tizing inductance of the stator side and T,, can be obtained from the MPPT look-up table
for any given wind speed. wy is the base frequency, H; and H, are the inertia constants of
the turbine and the generator, D, and D, are the damping coefficients of the turbine and

generator, Dy, is the damping coefficient of the flexible coupling between the masses, and
K, is the shaft stiffness.
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Figure 3.2: Schematic diagram of the RSC controller.

3.3 Induction Generator

The state variables of the induction generator are the stator and rotor currents iys, t4s, tqr,
and ¢4,. The input variables are the stator and rotor voltages vgs, Vas, Vqr, and vy, [22,23].

lgs iqs VUgs
d lds -1 Uds —1 | Yas
E ior = —waIGB]G ior + waIG U , (3.6)
Lar Ly Vdr
where
LS 0 Lm O
o L, 0 L,
Aie=1p 0 L, 0 (3.7)
o L, 0 L,
Ts WZ)_Ls 0 wewLm
_ WelLs Tb _ welm Ob
Brg = OUJb (emion)m T‘:b orwonrn | - (3.8)
_ (We=wr)Lm Ob _ (we—wr)Lyr Tb
wp wp r

In these equations, L, = L;s+ L, is the sum of stator leakage inductance and magnetizing
inductance and L, = L;. + L,, is the sum of the rotor leakage inductance and magnetizing
inductance. w, and w, are the synchronous frequency and generator rotor speed, respectively,
and r, and r, are the rotor and stator resistances.

3.4 RSC and GSC Control

The controller of the back-to-back AC/DC/AC converter in a Type III wind generator con-
sists of four control loops that are typically designed using the conventional vector control
technique [24]. Figs. 3.2 and 3.3 show the schematic diagram of the RSC and GSC con-
trollers [25]. The rotor-side converter (RSC) injects an AC voltage at slip frequency to the
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Figure 3.3: Schematic diagram of the GSC controller.

rotor circuit and operates as a controlled voltage source. The GSC injects an AC current
at synchronous frequency to the grid and operates as a controlled current source [26]. The
GSC and RSC control loops are responsible for maintaining a constant DC link capacitor
voltage and controlling the real and reactive power exchange between the turbine and the
power grid, respectively [1,12]. The state equations of the RSC controller are as follows:

didr,sp . KQS dQs

dt - TQ (Qs,sp - Qs) - KQSW (39)
d r Kz r . . d ) r.sp ) T
s;l = T—d(ZdﬁSp — Zdr) =+ Kier (310)
idr
digr sp ~ Kr. dT,
7 — T_j_le(Te7Sp - Te> - KTeE (3.11)
dUT Kir . . d(ir,s —ZT)
d_z = T:r(zqr,szo —dgr) + Kiq?"% (3.12)
The state equations of the GSC controller are as follows:
di s K av, rms
=L — 2 (Vg = Vigme) = Kyt (3.13)
Vi
dv Kidg , . . A(igg.sp — 1
_d;flg = _T dg (ng,sp - ng) + Kidg ( 4o, 215 dg) (314)
idg
digg K dV;
Zgﬁg P _ TVDS(VDQS,, — Vpe) — Kvpe dfic (3.15)
VD
dv Koo . . d(i sp— 1 )
d_Zg = ﬁ(zqgﬁp —lgg) + Kiqg% (3.16)

In the RSC control 100ps, %4y, sp, tqr,sp, @s,sps and T, 5, are the set points of gd components of
the rotor current, reactive power of the stator, and the electric torque, respectively. In the
GSC control loops, Z4g,sp, tqg.sps Vi,sp, a0d Vpeop are the set points of gd components of the
GSC terminal current, terminal bus voltage of turbine, and DC-link voltage, respectively.



3.5 DC-link Capacitor

The dynamic of the DC-link capacitor between the back-to-back converters can be expressed

as
dvpe o P+ Pg

dt —CUDC’

where P, and P, are the real power of the rotor-side and grid-side converters calculated as

(3.17)

1 . .
P = é(vqrzqr + Variar) (3.18)
1 . .

Py = Q(Uqglqg + Vaglag), (3.19)
where vy, Vgr, Vg, and v4, are gd components of the RSC and GSC terminal voltages,
respectively [19,21].

3.6 Series-Compensated Transmission Line

State variables are gd components of the line current (i, ig) and gd components of the
voltage across the series capacitor (vge, Vac)-

. . (qu_EBq)
Lql Lql X1 ,line )
d |i 7 vas—EBd
dl dl 5
- = wpArr +wp | Xpline |, (3.20)
dt Uqc Uqc O
Vde Ve 0
where "
_ line _ _ 1
XL,line fe XL,line O
f _ Rline 0 _ 1
ATL e € XL,line XL,line . (321)
XC,line 0 0 _fe
0 XC,line fe 0

fe is the rotating frame frequency and Ep, and Ep,4 are the gd components of the voltage of
the infinite bus [5].
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4. Proposed Supplementary Controller

4.1 Multiple-Model Adaptive Control Method

The conventional RSC and GSC controllers can handle the normal operation of a Type III
wind turbine. However, following a disturbance (e.g., a fault in the system), the power
system may tend toward instability. In such cases, an auxiliary controller can be added to
the control loop of the wind turbine to prevent the system instability.

In this project, the multiple-model adaptive control (MMAC) approach is used to
pro-pose a supplementary controller to operate in a wide range of operating conditions
27,28]. In MMAC, a finite number of more probable operating conditions are
considered and an appropriate linearized dynamic model is derived for each operating
point. The main reason for using a linearized model instead of a nonlinear model is
that the design and implantation of a linear control technique is more straightforward.

An MMAC controller has two levels; the first level is a set of controllers designed
using standard control methods, and the second level is a supervisory controller that
selects the level-one controller based on the system conditions [27] (see Fig. 4.1(a)).
Although the coefficients of the level-one controllers are fixed, MMAC is called an
adaptive approach because it utilizes a large number of model-controller pairs to
represent the dynamics of the system.

After a change in the operating point of the system, MMAC wuses a vector of
feedback signals that have the most impact on the output response of the system to
identify the best matching model-controller pair for the current operating condition.
Different signals such as the generator rotor speed, real power, and the RMS voltage
across the series capacitor are used in the literature as an input control signal [29].

In Fig. 4.1(a), =7 is the RMS voltage across the series capacitor and vector x5 is the wind
speed and the compensation level. Since f,; is related to the wind speed and f., has a direct
relationship with the compensation level, the wind speed and the compensation level are
two main parameters that impact the slip s; and in turn led to subsynchronous oscillations.
For this purpose, a set of more probable and practical wind speeds and compensation levels
is considered for use in a look-up table to identify the best matching controller as shown
in Fig. 4.1(b). The supervisory controller uses a hysteresis algorithm for the wind speed to
switch between the controllers in the look-up table as shown in Fig. 4.1(c).

The controllers in the MMAC bank have a similar structure (a P controller) which
are connected to the GSC control loop through a washout filter (7,/(1 + sT,)), as
shown in Fig. 4.2. T, in this work is equal to 10. These controllers are designed using
the root-locus tuning method. While a fixed-parameter controller can operate in a
limited operating region, the proposed control technique is shown to provide a
significantly better performance for a variable-parameter wind system with a wide
operating region [30].

11



|
| |
| .
I ||
o —KMMAcl—L L
Il |
| |
-1 EF—*—Kumac L
X1 | J’ \ 1, Washoutl p 0l
| | 1
| : —KMMAC3 : | Filter
| = |
. J i (a)
b | a
o —4—Kwmmacn . |
N S S | |
: MMAC | |
| Lookup Tabl
| ookup Table| ., :
R |
MMAC Controller
Compensation Level (%)
CL<20 |20<CL<30/30<CL<40/40<CL<50|50<CL<60
—_ Vws7 50 60 70 70 70
2
E 7<Vyw<8 50 50 70 70 70
= (b)
é 8<Vw=9 40 50 60 60 70
'_cg 9<Vw<10 30 50 50 50 60
.é 10<Vy<11 30 40 50 50 50
11<Vw 20 20 30 40 50
A
Kymmac,i+ [ > >
A Y
(©)
Kvmacii > +— :
9 10 -
Vw (m/s)

Figure 4.1: The MMAC approach; (a) block diagram representation of MMAC; (b) example of
look-up table.
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Figure 4.2: Schematic diagram of GSC controller augmented with MMAC strategy.

4.2 Capability of the MMAC Approach in Damping of SSR

In this subsection, the impact of the MMAC-based supplementary controller in damping
of SSR is studied. The input control signal of MMAC is the RMS voltage across the series
capacitor (Vo ms). As the compensation level increases the voltage across the series capacitor
increases (Vo ,ms & X¢). Moreover, in GSC control loop, AV; can be calculated as

AV; - ‘/t,sp - ‘/t,rms - KMMACVC,TmS7 (41>

where Kynac is the gain of MMAC. As depicted in Fig. 4.2, the GSC terminal voltage
injection (Vg, and V,,) has a direct relationship with the GSC terminal current injection
(Aigy and Aig,) and this is equivalent to a resistance in the stator circuit. The relationship
between the stator voltage and current (V; and I) and the GSC terminal voltage and current
(V, and I;) can be expressed as

Vs = ‘/g _thgIg (42)
[s = [g + ILine7 (43)

where X3, is the grid-side transformer reactance and Iy,ine is the transmission line current.

Therefore, MMAC has a direct impact on V, and I, and as a result on the damping of SSR

(|7r.eq] > |Riine + Vs/1Is|). A higher stator resistance can improve the positive damping of
SSR.

4.3 Stability Analysis of the MMAC Approach

Switching between stable subsystems will not necessarily result in a globally stable sys-
tem [31]. However, the main condition for having a globally stable system is that all the
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submodels and corresponding controllers must be globally stable. Moreover, switching be-
tween submodels needs to be controlled to guarantee a globally stable process. In [32], it
is shown that, “the overall system will be globally stable for any arbitrary switching se-
quence, provided that the intervals between successive switches have a nonzero lower bound
Tin > 0, which can be chosen to be arbitrarily small.” The supervisory controller in the pro-
posed control technique uses a hysteresis algorithm which avoids the uninterrupted switching
(T;+1 — T; = 0) between the controllers in the look-up table. Therefore, the mentioned re-
striction is feasible in this application [33]. In this work, all the subsystems have identical
structures; therefore, the global stability of one model with the proposed controller results
in the global stability of all the subsystems.

4.4 Coordination of the Supplementary Controllers in

a Nonaggregated Wind System

In this section, a systematic approach is introduced for simultaneous coordination of param-
eters of the supplementary controllers in a nonaggregated wind system. In this method, the
linearized model of the system is used to develop a relationship between the parameters of
the supplementary controllers and the eigenvalues of the system. Fig. 4.3 summarizes the
proposed algorithm.

4.4.1 Relationship Between the Parameters of the Controllers and
Eigenvalues of the System

The dynamic of a system can be expressed by a set of n first-order nonlinear ordinary
differential equations as follows

T = f(x,u), (4.4)

where x = [z, %9, ..., 7,7 is the state vector and xy,xs, ..., x, are state variables of system.
u = [ug, Uy, ..., u,]T is the input vector of the dynamic system. The output variables of system
also can be expressed as a vector of non-linear functions as follows

where y = [y1, Y2, ..., ym]® is the output vector and g(x,u) is a vector consists of non-linear
functions that relates the output variables to the state and input variables of the dynamic
system. The eigenvalue sensitivity analysis is a tool to find a relationship between the
parameters of the interest and the eigenvalues of the system. For this purpose, the parametric
state-space of the system can be developed using a mathematical software tool.

At = AAz + BAu (4.6)
Ay = CAx + DAu, (4.7)
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x = f(x,u)
y=gxu)

A

Solve the nonlinear equations and find the
equilibrium points of the system

l

Develop the parametric linear model of the system
Axnxl = A(Gl' GZ' )nanxnxl + B(Glr GZ' )nxrAurxl
Aymxl = C(Glf GZr -")manxnxl + D(Glﬂ GZ' -")mX'rAu'rxl

|

Replace all the parameters of the system
except the parameters of interest
(parameters of the controllers)

A

Find the eigenvalues of the system
(G, -+, Gy) = ar(Gy, -+, Gy) + jB1(Gy, -+, Gy)

An(Glt ""Gk) = an(Glf""Gk) +j.8n(G1' ) Gk)

A

Gi = GQ'i,i = 1,2,k

Yes End

AA(AG;, -, AGy) = A(Goy + AGy, -+, Goy + AGy) — A(Go1, -+, Goy)
AX; = wIAA AGy, -+, AGy, v; = f;(AGy,+,AGy ,i=1,2,-,p

k
minz AG;
i=1

Subject to
Re{All} < 0; ,i = 1, 2, P

< AG; < pp,,i=1,2,k

A

Gi = Gi +AGl,l = 1,2,k

Figure 4.3: Flow chart of the proposed method.
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where A, B, C, and D are the parametric state, input, output, and feed-forward matrices,
respectively, and can be calculated as

A= % (4.8)
R (49)
C = W (4.10)
D= W. (4.11)

By replacing all the parameters of the system with their given values except the pa-
rameters of the controllers (G, Gy, ..., Gi) elements of A can be represented as nonlinear
functions of G1, G, ..., Gi. To find the critical modes of the system, a set of initial values
can be chosen for the parameters of the controller and the eigenvalues of the system can be
calculated.

Ai(GO,la ceey G07n) = Oéi(G()J, ey G(),n> +‘]’B¢(G071, ey Goyn>,i = 1, o,y (412)

where «; and f; are the real and imaginary parts of the eigenvalues and n is number of
eigenvalues of the system. At this point, the critical eigenvalues corresponding to unstable
modes of the system can be identified.
Based on [34], the sensitivity of a eigenvalue \; of matrix A respect to a parameter G
can be calculated as
O\ +OA

= W-: _U‘,
oG L OG!
where w; and v; are the normalized left and right eigenvectors corresponding to A; (the

critical mode of system), respectively. Using (4.13), an equation can be developed to find
the sensitivity of \; to a small change in an element of matrix A.

(4.13)

AA(AGl, ce . ,AGk) - A(Go’l + AGl, ey Go’k + AGk) - A(Go,l, ey GO,k); (415)

In practice, a system can have two or more poorly-damped or unstable eigenvalues. In
(4.14), p is the number of eigenvalues of the system in the right-hand side. Using (4.14), a
linear equation based on the parameters of the controllers can be developed for each unstable
eigenvalues.

4.4.2 Coordination of the Parameters of the Supplementary Controller

In previous subsection, a series of equations are developed for poorly-damped or unstable
modes of the system to predict the left shift of the eigenvalues based on the change in
the parameters of the controllers. In this subsection, an optimization approach is used to
simultaneously find the gains of the controllers. The aims of the coordination approach are
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to (1) stabilize system by moving the unstable modes to the left-hand side, (2) improve the
damping ratio of the poorly-damped modes, and (3) minimize the controllers gain values.
For this purpose, using (4.14) a linear programming problem can be developed as follows

k
minimize Z AG;
i=1 (4.16)

subject to Re{AN} <o;,i=1,2,...,p

< AG; < pg,i=1,2,... 0k
where o; is the desired left shift for the eigenvalue ¢, and p; and py are the lower and
upper bands for the gain increments. This minimization problem can be solved using the
wellknown optimization algorithms [35]. The optimal values of parameters of the controllers

can be calculated as
Gz:GO’Z—l-AGz,ZI 1,2,,]€ (417)
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5. Performance Evaluation

5.1 Aggregated System

This section presents case studies to evaluate the performance of the proposed control tech-
nique. Small-signal stability analysis of the system is performed in MATLAB. Transient
analysis of the system is conducted in PSCAD/EMTDC software.

The study system is an aggregated 5 MW Type Ill-based wind farm connected to a
33 kV series-compensated line (R, is 1.452 Q, X, is 22.808 €2, and X, is 11.404 © at 50%
compensation level) shown in Fig. 5.1. The nominal voltage of the wind farm terminal bus
is 690 V. The rated power of the wind farm is 5 MVA and the base frequency is 50 Hz.

5.1.1 Small-Signal Stability Analysis

In this subsection, the small-signal stability of the study system for different operating
conditions and with and without the supplementary MMAC controller is studied. In all the
case studies, it is assumed that because of a fault, before ¢ = 0s the wind turbine is radially
connected to the compensated transmission line.

The base system

The eigenvalue analysis of the base system (without the supplementary MMAC controller
intervention) at a wind speed of 8 m/s and a compensation level of 60% is studied. Table 5.1
shows the eigenvalues of the system and their corresponding damping ratios. At a wind speed
of 8 m/s and compensation level of 60%, there is an unstable mode in the system with —2.25%
negative damping and frequency of 27.58 Hz (subsynchronous mode). Eigenvalue analysis
verifies the point that, under some operating conditions, the subsynchronous interaction is

RSC GSC
-} Vo | <}
IRi = Coupling
Transformer Grid
69(|)VW33|kv 280 |
e | it | pe e @ |
‘ 1452Q 1140 |

Is A/‘Z—/
5 MW Grid

Fault pCC

Figure 5.1: Schematic diagram of the studied aggregated system.
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TABLE 5.1
EIGENVALUES OF THE SYSTEM AT A WIND SPEED OF 8 M/S AND A COMPENSATION LEVEL OF

60%.
Eigenvalue (rad/s) Damping ratio (%)
—4885 -
—1990 + j3399 50.53
—9.71 £ j452.64 2.14
3.91 + j173.34 —2.25
—17.05 £ j139.48 12.13
—10.00 -
-9.21 -
—1.29 £+ j8.93 14.36
—0.50 -
—0.02 £+ j0.25 7.97
—0.01 -
—0.02 -
—0.00 -
—0.00 -

likely in a series-compensated wind system and emphasizes the need for a strategy to improve
the transient response of the system.

Change in the compensation level

This case study analyzes the small signal stability of the system under different operating
conditions without the supplementary controller. For this purpose, the eigenvalues of the
system for three different wind speeds (7 m/s, 8 m/s, and 10 m/s) with varying compensation
levels are shown in Figs. 5.2-5.4. In these figures, the arrows show the movement of the
eigenvalues of the system as the compensation level increases from 30% to 80%.

Fig. 5.2 shows the eigenvalues of the system for a wind speed of 7 m/s under different
compensation levels. As the compensation level increases from 30% to 80%, some eigenvalues
move from the left-hand side to the right-hand side and the system becomes unstable. Sim-
ilarly, as shown in Fig. 5.3, with a constant wind speed of 8 m/s, as the compensation level
increases from 30% to 80%, some eigenvalues move from the left-hand side to the right-hand
side. However, system is more stable at 8 m/s. When the wind speed increases to 10 m/s
(see Fig. 5.4), system remains stable when the compensation level increases from 30% to
80%.

Eigenvalue analysis with supplementary controller

This case study shows the performance of the proposed supplementary controller. Figs. 5.5
and 5.6 show the eigenvalues of the system at a wind speed of 7 m/s and under different
compensation levels with and without the supplementary controller. In Figs. 5.5 and 5.6, the
arrows show the movement of the eigenvalues of the system when the proposed supplementary
controller is added to the system.

It can be seen that without the supplementary controller, there is an unstable mode in
the system at 33.42 Hz (subsynchronous mode). However, the eigenvalues move toward the
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Figure 5.2: Eigenvalues of the system at a wind speed of 7 m/s under different compensation levels.
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Figure 5.3: Eigenvalues of the system at a wind speed of 8 m/s under different compensation levels.
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Figure 5.4: Eigenvalues of the system at a wind speed of 10 m/s under different compensation
levels.
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Figure 5.5: Eigenvalues of the system at a wind speed of 7 m/s and 30% compensation level with
and without the supplementary controller.
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Figure 5.6: Eigenvalues of the system at a wind speed of 7 m/s and 50% compensation level with
and without the supplementary controller.

left-hand side and the system becomes stable when the supplementary controller is added to
the control loop of the wind turbine.

5.1.2 Transient Stability Analysis

O— @)
1|
1.452 [ohm]  0.0726
C;[ﬁL

GRID J_ GENERATOR
Converter Converter
& Controls -|- & Controls.
SABCI
P =7.892
Q =0.9699
\Y <:;1.058 BRK -
@ ! -4 O]
o | T %
u
100 [MVA] D)
Timed 161/0.69/0.69 1000 S2TMODE .
Fault
Logic A->G

Figure 5.7: Study system model in PSCAD/EMTDC.

In this subsection, the transient stability of the study system for different operating
conditions with and without the supplementary controller intervention is studied. Fig. 5.7
shows the system model in PSCAD/EMTDC software.
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Figure 5.8: Response of electric torque of DFIG to a step change in the wind speed at t = 0s; (a)
from 12 m/s to 10 m/s; (b) from 12 m/s to 8 m/s.

Step change in the wind speed for the base system

This case study evaluates the performance of the conventional controllers of the wind turbine
for a step change in the wind speed at time ¢ = 0s. The compensation level for this case
study is 50%.

Fig. 5.8(a) shows the response of the electric torque of DFIG to a change in the wind
speed from 12 m/s to 10 m/s at t = 0s. In this case, after the step change in the wind speed
the system still remains stable. It shows that the conventional controllers of the RSC and
GSC can handle the operation of the wind turbine in some operating conditions.

Fig. 5.8(b) shows the response of the electric torque of DFIG to a change in the wind
speed from 12 m/s to 8 m/s at ¢t = 0s. Before the step change in the generator rotor speed
system is stable. However, after the step change, the system becomes unstable and this
emphasizes the need for a supplementary controller. In general, eigenvalues of the system
move toward the left-hand side when the wind speed increases and the compensation level
decreases and the system becomes stable.
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Figure 5.9: Response to a step change in the compensation level from 10% to 50% at t = 0s; (a)
electric torque of DFIG; (b) RMS voltage of PCC.

Step change in the compensation level

In this case study, the response of the system to a step change in the compensation level
from 10% to 50% at time ¢t = 0s is studied. The wind speed for this case study is 13 m/s.
Figs. 5.9(a) and (b) show the response of the electric torque of DFIG and the RMS voltage
of PCC with and without the supplementary controller.

Fig. 5.9(a) shows the response of the electric torque of DFIG with and without the
supplementary controller. The response of the system without the supplementary controller
becomes unstable after t = 0s. However, the response of the electric torque of DFIG with the
supplementary controller remains stable. Similarly, in Fig. 5.9(b), as the compensation level
increases from 10% to 50%, system becomes unstable. However, when the supplementary
controller is added to the system, the response of the system remains stable.

Step change in the wind speed

In this case study, the response of the system to a step change in the wind speed from
10 m/s to 7 m/s at time t = 0s is studied. The compensation level for this case study is
50%. Figs. 5.10(a) and (b) show the response of the electric torque of DFIG and the RMS
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Figure 5.10: Response to a step change in the wind speed from 10 m/s to 7 m/s at t = Os; (a)
electric torque of DFIG; (b) RMS voltage of PCC.

voltage of PCC with and without the supplementary controller.

Fig. 5.10(a) shows the response of the electric torque of DFIG with and without the
supplementary controller. The response of the system without the supplementary controller
becomes unstable after ¢ = 0s. However, the response of the electric torque of DFIG with
the supplementary controller remains stable. Similarly, in Fig. 5.10(b), as the wind speed
decreases from 10 m/s to 7 m/s, system becomes unstable. However, when the supplementary
controller is added to the system, the response of the system remains stable.

Three-phase to ground fault

In this case study, the response of the system to a three-phase to ground fault that occur at
PCC at time t = 0s and clears after 0.25s is studied. The wind speed is 6 m/s. Figs. 5.11(a)
and (b) show the response of the electric torque of DFIG and the RMS voltage of PCC with
and without the supplementary controller.

In this case study, following a topology change in the system due to the fault in PCC,
the wind turbine is radially connected to a 40% series-compensated line. During the normal
operation of the system (before the fault and after it is cleared), the equivalent compensation
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Figure 5.11: Response to a three-phase to ground fault at time ¢ = 0s and cleared after 0.25s; (a)
electric torque of DFIG; (b) RMS voltage of PCC.
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Figure 5.12: Schematic diagram of the studied nonaggregated system.

level is assumed to be 15%. Fig. 5.11(a) shows the response of the electric torque of DFIG
with and without the supplementary controller. The maximum and minimum peak values of
the response without the supplementary controller are —0.15 pu and —1.55 pu, respectively,
and response settles after 40 m/s. However, when the supplementary controller is active, the
maximum peak value reduces to —0.65 pu and the minimum peak value increases to —0.90 pu,
respectively. This improvement leads to a settling time of about 20 m/s. The response of the
RMS voltage of PCC with and without the supplementary controller is shown in Fig. 5.11(b).
The results show the superior performance of the MMAC-based supplementary controller for
damping of SSR compared to the case without the supplementary controller.

5.2 Nonaggregated System

In this section, a nonaggregated 20 MW Type III wind farm consists of 3 feeders with a
varying number of connected wind turbines and a varying distance from PCC is developed.
The wind farm is connected to a 33 kV series compensated line (Rjpe is 3.7 €, XL jine i8
36.7 2, X; is 13.06 Q, and X¢ jine is 25.5 © at 50% compensation level) shown in Fig. 5.12.
The nominal voltage of the wind farm terminal bus is 690 V and the nominal voltage of the
network is 33 kV. The rated power of each wind turbine is 5 MVA.

The base system

This case study evaluates the stability of the study system to the changes in the wind speed
and the compensation level at different time instances. Figs. 5.13-5.16(a) and (b) show the
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Figure 5.13: Response of the wind turbine 1 to the changes in the wind speed and the compensation
level; (a) electric torque of DFIG; (b) RMS voltage of PCC.

response of the electric torque of the DFIG and RMS voltage of the PCC to the changes in
the wind speed and the compensation level in the wind turbines 1, 2, 3, and 4, respectively.
The compensation level and the wind speed are varying during the simulation time.

It can be seen that wind turbines show a similar behavior to the changes that occur in
the wind speed and compensation level. For instance, at t = 1.8 s the wind speeds of wind
turbines 2, 3, and 4 change from 13 m/s to 8 m/s, 10 m/s, and 10 m/s, respectively and the
wind speed of turbine 1 remains constant. However, all the wind turbines become unstable
after t = 1.8s. This case study emphasizes the need for a coordination algorithm for the
supplementary controllers of the wind turbines in a wind farm.

5.2.1 Step Change in the Compensation Level

This case study evaluates the stability of the study system for the changes in the compen-
sation level at different time instances. Figs. 5.17-5.19(a) and (b) show the response of the
electric torque of wind turbines 1-4 to a step change in the compensation level from 30%
to 50% at time ¢t = 2s with and without the MMAC-based supplementary controller. The
compensation level is returned to 30% at t = 3s.
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Figure 5.19: Response of the electric torque of wind turbines 3 and 4 to a step changes in the
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Figure 5.20: Response of the electric torque of wind turbine 1 to a step change in the wind speed
of wind turbines 3 and 4 from 10 m/s to 7 m/s at time ¢ = 2s; (a) without the proposed controller;
(b) with the proposed controller.

It can be seen that wind turbines without the MMAC controllers show an oscillatory
behavior to the changes in the compensation level. However, when the MMAC controllers
are added to the control loops of the wind turbines, they remain stable after ¢t = 2s. This
case study shows that the proposed supplementary controller can effectively improve the
transient response of a nonaggregated wind system.

5.2.2 Step Change in the Wind Speed

This case study evaluates the stability of the study system for a change in the wind speed
of wind turbines in a nonaggregated wind system. Figs. 5.20-5.22(a) and (b) show the
response of the electric torque of wind turbines 1-4 to a step change in the wind speed of
wind turbines 3 and 4 from 10 m/s to 7 m/s at time ¢ = 2s with and without the MMAC-
based supplementary controller.

It can be seen that wind turbines without the MMAC controllers become unstable when
the changes occur in the wind speed of the wind turbines 3 and 4. However, when the MMAC
controllers are added to the control loops of the wind turbines, they remain stable after
t = 2s. This case study shows that the proposed supplementary controller can effectively
improve the transient response of a nonaggregated wind system.
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Figure 5.21: Response of the electric torque of wind turbine 2 to a step change in the wind speed
of wind turbines 3 and 4 from 10 m/s to 7 m/s at time ¢t = 2s; (a) without the proposed controller;
(b) with the proposed controller.
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6. Conclusion

Penetration of renewable energy resources into the power grid has increased significantly.
SSR is one of the major issues related to integration of wind energy in the power system and
it can cause damage or failure of the power system equipment.

An adaptive supplementary controller using the MMAC approach is proposed to mitigate
subsynchronous oscillations in a Type III-based wind system. The proposed supplementary
controller is a two-level control approach and can operate in a wide range of the operating
conditions.

A systematic approach is introduced for simultaneous coordination of parameters of the
proposed supplementary controllers in a nonaggregated wind system. The aims of the co-
ordination approach are to stabilize system by moving the unstable modes to the left-hand
side and minimize the controllers gain values. The simulation results show the effective-
ness of the proposed supplementary controller and the coordination algorithm to mitigate
the subsynchronous oscillations in a nonaggregated wind system under a wide range of the
operating conditions.
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