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A Nonlinear Coordinated Approach to Enhance
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Power Systems
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Abstract—This paper proposes a novel framework that enables
the simultaneous coordination of the controllers of doubly fed
induction generators (DFIGs) and synchronous generators (SGs).
The proposed coordination approach is based on the zero
dynamics method aims at enhancing the transient stability of
multi-machine power systems under a wide range of operating
conditions. The proposed approach was implemented to the IEEE
39-bus power systems. Transient stability margin measured in
terms of critical clearing time along with eigenvalue analysis and
time domain simulations were considered in the performance
assessment. The obtained results were also compared to those
achieved using a conventional power system stabilizer/power
oscillation (PSS/POD) technique and the interconnection and
damping assignment passivity-based controller (IDA-PBC). The
performance analysis confirmed the ability of the proposed
approach to enhance damping and improve system’s transient
stability margin under a wide range of operating conditions.

Index Terms—Doubly fed induction generator (DFIG), excitation
controller, multi-machine power system, synchronous generator (SG),
transient stability, zero dynamics.

I. INTRODUCTION

RANSIENT stability is one of the most challenging
T problems in large scale power systems [1]. It refers to the
power system’s ability to converge to a stable post-fault
equilibrium following large disturbances such as faults,
overload, or loss of generating units. Random oscillations
caused by faults, sudden changes in loads, lightning may lead
to transient instability and subsequently voltage collapse and
blackouts. The increased penetration of wind energy systems
into the grid have led to additional challenges to power
system’s stability. This is mainly due to the intermittent power
availability of DFIG-based wind turbines along with the
differences in the dynamic behavior characteristics of their
generators compared with the conventional synchronous
generators (SGs) [1]-[4]. Power system stabilizers (PSSs)
have traditionally been considered to enhance both the
transient and dynamic stability of SGs [5], while DFIGs were
equipped with power oscillation damping (POD) devices to
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effectively damp power system oscillations [6], [7]. However,
because the operating points of power systems change
remarkably, linear approaches such as PODs and PSSs lack
the necessary robustness under all operating conditions.
Further, system nonlinearities can also affect power system
characteristics during large disturbances, hence limiting the
damping properties of PODs/PSSs. Finally, the interactions
between the conventional SGs and DFIGs, which are widely
deployed in wind energy systems, may cause dynamic
instability in the absence of coordinated control designs.
Hence, it is imperative to coordinate the design of the various
controllers of the DFIGs and SGs while also taking into
consideration power system’s nonlinearities in wind energy-
based power systems [8], [9].

Nonlinear excitation controllers were recently proposed to
overcome the limitations of linear techniques and enhance the
transient stability of large scale power systems in a much
better way than the conventional techniques. A control
structure based on two switching controllers working in a
coordinated manner was proposed in [10] to enhance the
transient stability of multi-machine power systems. A
decentralized adaptive excitation control scheme was
proposed in [11] for a three-machine power system. It was
shown to enhance transient stability in the event of a large
sudden fault. A decentralized multivariable adaptive voltage
and speed regulator was proposed in [12] to stabilize power
systems with multiple SGs. The approach was based on a
nonlinear linearizing part with time varying parameters and an
auxiliary stabilizing one and was shown to improve system
stability and transient performance when implemented to a
four-machine power system. An exact feedback linearizing
excitation controller was proposed in to improve the stability
margin of power systems under various operating conditions
[13]. However, the implementation of exact feedback
linearizing excitation controllers requires using an observer
for rotor angle estimation [14]. A nonlinear approach based on
the interconnection and damping assignment passivity-based
control (IDA-PBC) was proposed in [15]. The IDA-PBC
control design methodology was used to achieve power angle
stability and provide both frequency and voltage regulation for
DFIGs, SGs, and STATCOM. Success of the IDA-PBC
design, however, relied on the suitable selection of the closed-
loop interconnection structure and dissipation matrices and no
general method currently exists for their selection, thus
making its implementation to large scale power systems quite
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challenging [15].

Partial feedback linearization, or zero dynamics (ZD),
approach have recently been considered to design excitation
controllers for synchronous generators in multi-machine
power systems [16]. In [17] the approach was used to allow
the decoupling of the multi-machine power system based on
the excitation control inputs of the synchronous generators.
Among the attractive features of the zero dynamics (ZD)
approach are its ability to 1) convert system’s highly nonlinear
dynamics into a partial linear one algebraically; 2) lead to a
transformed system that is of reduced order and independent
of the operating point. Further, ZD does not require the full
model dynamics of the system [18].

This paper focuses on the design of a coordinated approach
based on the ZD technique for large scale power systems. The
proposed approach takes into consideration the various
interactions between SGs and DFIGs along with system
nonlinearities. It aims at enhancing the transient stability of
large scale power systems with DFIG-based wind energy
systems. The main features of the proposed approach are, its
ability to:

1) A framework that enables the simultaneous coordination
between SGs and DFIGs controllers. Contrary to existing
approaches which either coordinate the design between SGs
only [19], [20], or DFIGs only [21]. Further, the proposed
methodology was developed for large scale power systems
with m-SGs and n-DFIGs, making it easily implemented to
large scale complex power systems, which is one of the most
significant contributions of this manuscript.

2) A design methodology that takes into consideration the
interactions between the SGs and DFIGs in multi-machine
power systems. Contrary to existing approaches which
omitted those interactions and resulted in poor dynamic
stability [7], [19]-[23].

3) A coordinated design to handle system nonlinearities,
uncertainties and the differences in the dynamic behavior of
all the generators. Existing approaches [19], [20], [24]-[26]
have either considered an exact linearization or a traditional
zero dynamics approach.

The remainder of the paper is organized as follows. The
dynamic models of the synchronous generators (SGs) and
DFIGs are described in Section II. The proposed coordinated
design is detailed in Section III. The performance of the
proposed approach is illustrated in Section IV. A comparison
analysis with other control approaches is also reported in that
section. Some concluding remarks are finally given in Section V.

II. POWER SYSTEM’S MODELLING

Consider a multi-machine power system with m-SGs and n-
DFIG-based wind energy systems. The dynamic models of
each SG and DFIG can be represented as follows.

A. Synchronous Generator (SG) Model

The precise model of SGs is exceedingly complex and
simplifications are often used in the modelling to enable any
control design [27]. In our approach, we have considered a
classical third-order synchronous generator model. This was
motivated by the fact that this model is the most reliable in
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capturing the dynamics of synchronous generators when
dynamic excitation needs to be taken into account [28]. The
nonlinear dynamic model of the i-th SG for i =1,...,m can be
represented as follows [29]:

i = wi— w;
. Di Wy
Wi _@(wl_wS)_z_I-Ii(PEl_PMI) (1)
E, = - (Efai- E, - (i — ;) Lai)
1

where, ¢;, w;, wy are the rotor angle, rotor speed, and rotor
synchronous speed of the i-th SG, respectively. D;, H;, Pg;,
and Pj; are the damping coefficient, moment of inertia,
electrical power, and mechanical power of the i-th SG,
respectively. E’ i, E rai, T Gaio, 1Gai, Xai» and x’4; are the g-axis
component of the transient internal electro-motive force, d-
axis component of the field voltage, open circuit transient time
constant, d-axis component of the generator’s current, d-axis
component of the generator’s transient reactance, and d-axis
component of the steady-state transient reactance of i-th SG,
respectively. The precise model of synchronous generators is
exceedingly complex and simplifications are often used in the
modelling so as to enable any control design. In the dynamic
analysis of any practical power system, when we take into
account the dynamic excitation, the most reliable model is the
third-order model. Because it possesses simplicity and
calculation of dynamic states, it is widely used in the dynamic
analysis of power systems, which does not require very high
precision. In addition, the third-order model can be enough to
complete the simulation study to power system simulation.
Hence, the third-order model can be enough to complete the
simulation study to power system simulation.

B. Doubly Fed Induction Generator (DFIG) Model

The dynamic model of the k-th DFIG for k=1,...,n can be
represented as follows [28]:

J .
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where, Dy, Wy, W, are the rotor angle, rotor speed, and rotor
synchronous speed of the k-th DFIG, respectively. x; and x;
are the d-axis component of the generator’s transient reactance
and d-axis component of the steady-state transient reactance
of the i-th DFIG, respectively. Dy and Hj are the damping
coefficient and moment of inertia of the k-th DFIG,
respectively. The parameters a; and ap are a; = Wycos (D — 6,¢)
and ap = Wsin(Dy — 0y), respectively. Vi, e;, and T} are the
stator terminal voltage, internal voltage behind transient

reactance (xj(), and rotor circuit constant of the k-th DFIG,
respectively. Vi and 6, are the magnitude and angle of
terminal voltage of the i-th DFIG, respectively. V4 and 6, are
the magnitude and angle of rotor voltage of the i-th DFIG,
respectively. Hy, Pq, and P, are the damping coefficient,

moment of inertia, electrical power, and mechanical power of
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the k-th DFIG, respectively.

For the DFIG dynamics, we have adopted the dynamic
model proposed by Elkington [30]. Although this DFIG model
is analogous [31] to a one axis model of a synchronous
machine, there are significant differences, 1) ¢; is analogous to
a voltage behind a transient reactance in a synchronous
generator despite the fact that it is not generated from an
external excitation current; ii) the angle Dy is similar to the
angle of the rotor flux magnitude with respect to the
synchronously rotating reference frame not a stroboscopic
angle of rotation of the shaft; and iii) the angle dynamics in
the first equation of (2) contains two extra terms as compared
with the angle equation of a synchronous machine because of
the variable speed operation of the DFIG. Replacing the
second and third terms of the angle equation with —S;W;

/ .
Xak =Xz, Visin(Dy —6r)  aViek L
(_SkWs =7 Ak - +——"|, results in Dy =
a0 dk k Ck

Wy — S W;. Note that Sy is the rotor slip of the i-th DFIG.

C. Active Power of SGs and DFIGs

Generally, the active power of the n-th machine in multi-
machine power system with m machine can be calculated by
Pgi = E('ﬂ.lq,-. In this power system, the I,; is calculated based
on the Thevenin model of the power system as I, = E('ﬂ.x

;.”:1 i It is worth to note that the conductance of the
transmission lines is neglected. Therefore, the active power of
each machine in multi-machine can be calculated based on
these calculations, and the formula can be extended for multi-
machine power system with m synchronous machine and n
DFIG based wind turbines.

The output electrical power of the k-th SG (Pg;) can be
expressed as follows:

m m+n
Pri=E}; )" E,; Bijsing;; + E},

J=1 Jj=m+1
J#Ei

The output electrical power of the k-th DFIG (P,;) can be
expressed as follows:

E;- B,-.,'sin (51' - Dj) . (3)

m m+n
Pe = e}, Z E;]- By jsin (Dk — 6j) +ep Z e} ByjsinD;;  (4)
= =
#k

where, B;; is the (i, j) element of the admittance matrix of the
power system.

III. ZERO DYNAMICS TECHNIQUE

First order approximation of system’s dynamics around a
given operating point is conventionally considered in
linearizing nonlinear systems. While this technique yields
satisfactory performance for systems with slowly varying
equilibrium, it is not suitable for systems with inherently
nonlinear dynamics [32] since it neglects high-order
dynamics. Zero dynamics approach is a technique that
transforms a nonlinear system to a linear one so that linear
control methodologies can be used. Unlike conventional
linearization, zero dynamics yields an input-output linear
behavior that is valid globally, rather than in the vicinity of an

equilibrium point [32]-[34].
Consider the following state space model for the nonlinear
multi-machine power system:

{J’c(t)=f(x)+g(X)u
y(®) =h(x)

where the state vector is represented by x € RV; the control
vector by u € RM and the output vector by y e RV. f(x) is an
N-dimensional vector field in the state-space, with N =
3(m+n), and g(x) an M-dimensional vector with M
representing the number of control inputs.

By defining, APg = P — Py, AP, = Po— Py, Aw = w— wy,
A6 =6—-06g ,where is &g the pre-fault steady state of rotor
angle and AW = W — W, we can re-write the dynamic model
of the overall power system as follows:

®)
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(6)
where, u; and upy, are the input variables of the i-th SG and &-th
DFIG which are equal to Efq; and V4, respectively. Note that
¢; is estimated using the approach proposed in [35], while Dy
and 6, are estimated by the approach outlined in [19]. For
each SG and DFIG, the active powers defined by APg =P — Py
and AP,=P,-P,, respectively are considered as output
functions.

System (6) can be represented using the Nth order
(N =n+m) state space model (5), with f(x), g(x), and u
defined by (7), and the output A= [Ay ... by hpet ... Bopsnl”
is equal to [APg; ... APgy, AP, ... AP, 1"

The proposed methodology has been developed for large
scale power systems with m-SGs and n-DFIGs, making it
easily implemented to large scale complex power systems,
which is one of the most significant contributions of this
manuscript. According to (5), the state space model for the
nonlinear multi-machine power system has been calculated to
design the proposed controller, so we just calculated the
functions f(x), g(x), h(x) and u. It is worth to note that with
m SGs and n DFIGs in the coordination procedure. Therefore,
the dimension of the x(f), f(x), g(x), h(x), and u are
3m+n)x1l, 3(m+n)xl, 3m+n)x3(m+n), 1x3(m+n),
3(m+n)x1.



1090

fx)=

glx) =

X1 Ab
X21 Awq
X31 E;l
xlm A5111
x2m A(’.-)m
X3m _ E(,]m
X1(m+1) D)
Xo(m+1) AW,
X30m+1) é
xl(m+n) Dn
x2(m+n) AWn
x3(m+n) ] L é;,
Awl
Dl Wy
———Aw; — ——AP,
26, 2l T E!
fit
Awy,
D,, Wy
- Aw,, APEg,,
2H, " 2H,C F
flm
g
Dl Ws
———AW; - —AP
20, oH T
821
gln
D w.
—ZH" AW, —ZHS AP,,
g2n
0 0 0
0 0 0
1/Tt’“0 0 0
0 0 0
0 0 0
0 I/Tz/lmo 0
0 0 all/e’l
0 0 0
0 0 as)
0 0 0
0 0 0
0 0 0

o

aln/ell

azp

IEEE/CAA JOURNAL OF AUTOMATICA SINICA, VOL. 7, NO. 4, JULY 2020

up ] [ w
Um Um
u= = . @)
Um+1 Upi
L Um+n | UDn

A first step into implementing the ZD approach is the
calculation the system’s relative degree. The relative degree of
each output y;(f) = h;(x) is r,i=1,...,M, thus the relative
degree of the whole system is r = r| +---+ry.

The i-th relative degree of the MIMO system can be
calculated by the following conditions:

LLil=0
11 Jj<ri-Lil=1,..M ®)
LgLf’ hy#0

Oh . .
where, L¢h; = 8_xl f(x) are the Lie derivatives of &;(x) along
f(x) [36].

According to (8), we can

oh;
Lg;hy =Lg_/LJ1(1hl = 6—X'gj(x) #0,0=1,...,M, where g; is the

Jj-th column of matrix g(x). Therefore, the relative degree of
each of the n-SGs and m-DFIGs is equal to one, and the
relative degree of the whole system (6) is r=m+n with
r < N. Hence, the system can be partially linearized using the
zero dynamics (ZD) approach.

Define the following nonlinear coordinate transformation:

easily  calculate:

Zi 1] en ][] m®
Zy, Plr L;']_lhl )
Z 11 @2(r+1) ha (x)
Z=| Zyir, |=| Q20040 |= L;z_lhz ® [ O
Z, PNr L}N_th (x)
Z1 m m
| Zrvom+2n | 2m+2n M2m+2n

The most important feature of the ZD approach is its ability
to design the control law u such that the outputs of the system
y(¢) remain equal to zero at ¢ > 0.

The following conditions should hence be satisfied;

h (x(0) =hy(x(®)) = - =hy (x()) =0

W) = Ly (x@) == L ey =0, 1= 5o

(10)

The Jacobian matrix of (9) can be written as follows:
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T
Dsr ] = 0. The control law can be

Based on (10), it can be seen that [ @11
which implies [ D11
obtained by calculating v; = h;, i=1,...,m+n.

Using (3), we can first express vi=APgii=1,....m as

follows:
vi =APg;

m
:ZE;iE;j Py +E;i(E;j Py +E(/1j A(.S,'QU—E:U SJ‘Q]]')
B
m+n

+ Z E;l e} 132j + E;i (é}ﬁ’zj +e; A('S,-sz —E;ijQsz).
Jj=1

(12)

Equation (12) can be re-written as follows:

m+n

m
vi=APgi = a1+ az;i + Zﬂljui +Bajuj+ Z B3jui+Pajup;

Jj=1 Jj=m+1
J#i

(13)
where the different parameters are defined in the Appendix.
Similarly, using (4), we can express vy = AP, k=1,....n as

follows:
Vk :Apek

m
=" &, Pyj+ e (Ey P+ E) Di 03— E; 06,05
=1
m+n
+ Z é;(e;-P4j+e;((é;P4j+€}DkQ4j—€;DjQ4j). (14)
Jj=m+1

Jj#k

Equation (14) can be re-written as follows:

m m+n

Vk = AP = a3+ + Zﬁsﬂt,’ +Besjupk + Z B7jupk+Bsjup;.
=1 Jj=m+1
! ik

(15)
Equations (13) and (15) can be re-written in the following
format:

Vi I Wi Win+n) uj
-] :
Vim+n Lin W(m+n)1 W(m+n)(m+n) Um+n
(16)

Upan ]T can be obtained
by solving (22). Thus, for the partially linearized system, all
we need to do is design the new control inputs
[ v
this paper, the following PI controllers were considered to
track the reference:

The final control law [ uj

T
Vinn ] using a linear control approach [37]. In

t
Vi = KliAPEi+K2ifAPEid[, i=1,....m
0

‘ 17)
Vi = K13 APy +K2kanga’t, k=1,...,n
0

where the gains Kj; and Kp; are chosen to minimize the
tracking error while ensuring good transient performance.

Note that the zero dynamics approach divides the dynamics
of a nonlinear system into two parts: a) the external dynamics,
which performance can be achieved through the proper design
of a controller.

We need to prove that the zero dynamics of the system are
stable. Equations (18)—(25) are given to indicate the internal
dynamics are marginal stable. Therefore, the ZD approach is
applicable to design coordination controllers of SGs and
DFIGs. So, the control law should be selected in such a way
that }H?o hi(x) — 0; b) the internal or zero dynamics defined by

the last (M —r) rows of the Jacobean matrix Z = [ ¢ n ]T,
which should satisfy the following conditions:

Lem(x(®)=0,l=1,....M-r;t=1,...,N. (18)
Condition (18) is satisfied by selecting:
Zrs1 [ ASy
.Z.r+m A5m
Zrim+1 Awn
Zr+2m A(’:)m
. = : 19
Zriam+1 AW, (19)
.Z.r+2m+n AWn
Zr+2m+n+l Zl
L Zr+2m+2n | L Zn |
where, zi,k=1,...,n (r+2m+n+1, ...,r+2m+2n) are defined

as follows:
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1 1
k= EAP?,( + EAWf.
Since AP, =0 at steady state, (20) can be re-written as
AW%k =27;. The system dynamics for these states can be

expressed as follows:

(20)

2= Lyzg = AW AW, Q1)

o . . D
By substituting the fifth equation of (6), AW = —#AW;(—
k

w .
— APgy, we can rewrite (21) as follows:

2H;
. Dk Ws
=Lz = AW | —— AW - APgy|. 22
2k = Lyzk k( i MW o Ek) (22)
Since AP, = 0 at steady state
. DDk 2
=- AW;. 23
Zk 2Hpi Wk ( )
Equation (23) can be re-written as follows:
Dpi
k=—7—% 24
k=g (24)

Equation (24) is a first order differential equation, and we
can easily calculate its response as follows:
dze | Dpe 4w _ Dok

=7z - -
dt Hpy Tk Hpy

Therefore, the zero dynamics (internal dynamics) are stable.
Equation (24) is the part of zero dynamics of the system,
which is stable. The stability of the remaining zero dynamics
(internal dynamics) can be proved in the same procedure.

The flowchart of the proposed coordinated approach is
depicted in Fig. 1.

The coordinated approach can be summarized as follows:

Step 1: Determine the dynamic equations of the power
system as shown in (6).

Step 2: Determine the steady-state point of SG and DFIG
using load flow analysis.

Step 3: Calculate the relative degree of the power system by
(8), and check the assumption r < M.

Step 4: Choose the nonlinear coordinate transformation (9).

Step 5: Check the condition of zero dynamics by (18).

Step 6: Check the stability of zero dynamics.

Step 7: Caleulate | v; Vren || using (13) and (15).
Step 8: Determine PI controllers by (17).

_Dpi
dt — z(1)=Ae ok, (25)

IV. COMPUTER EXPERIMENTS

To illustrate the performance of the proposed coordinated
control (Fig. 2), we implemented it to the modified IEEE 39-
bus 10-machine New England power system illustrated in
Fig. 3 [9].

The New England power system was modified by adding
two 200 MW DFIG-based wind turbines at buses 14 and 17,
respectively. The parameters of the DFIGs considered in the
simulation are listed in Table III in the Appendix. The data
used for the SGs, transmission lines and transformers of the
power system can be found in [9]. The participation factor
method [38] was considered to determine the optimum
locations of the excitation controllers of the SGs. The results
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indicated that the synchronous generators, SG5, SG,, and SG,
are the best locations for designing the excitation controller to
damp out the local and inter-areas modes of oscillations.
Further, in order to simulate the coupled dynamic response of
the wind turbine and prevent the negative interaction between
the fast and slow controllers, we implemented the fatigue,
aerodynamics, structures, and turbulence (FAST) program
proposed by the Renewable Energy Laboratory [39]. Hence,
three SGs (m = 3) and two DFIGs (n = 2) were considered in

Define dynamic model into
affine from (7)

Calculation relative degree

(®)

Satisfy relative
degree condition
(r<n)

N Zero dynamics
approach cannot be
used

Convert the system from
nonlinear form to linear
coordinate system (9)

!

Determine internal
dynamics (19)

Internal dynamics
are stable (20)—(25)?

Derivation of control
law (16)

!

Evaluate the transient
stability of system

=— Design PI-controller (17)

End

Fig. 1.  Flowchart of the proposed coordinated approach.

€D,
5, D,
DFIG (s)
S,u[S.[S. |

Power system

Derivation of control
law (16)

Linear control

a7

Fig. 2. Block diagram of the proposed approach.
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designing the nonlinear coordinated controller. The remaining
SGs were equipped with PSS and were not considered in the
coordination design implemented in this section. Eigenvalue
analysis and time domain simulations were carried out to
assess the damping performance and dynamic stability of the
proposed approach. The control system dynamics were
obtained by solving the differential equations (16) in
MATLAB/Simulink environment R2011b version 7.13.

s
D

=

Fig. 3.

system.

Single-line diagram of the IEEE 39-bus New England power

The performance of the proposed coordinated design was
further compared with the following approaches:

1) PSS/POD: the SGs are equipped with power system
stabilizers (PSSs), while the DFIGs are equipped with power
oscillation dampers (PODs) [9], [40].

2) IDA-PBC: the passivity-based control design method
(Interconnection and damping assignment passivity-based
control (IDA-PBC)) proposed in [15].

A. Eigenvalues Analysis

Eigenvalue analysis was performed to assess the system’s
transient performance and damping capabilities. Further, in
order to gain insight into the need for a type of control
strategy to enhance system’s transient dynamics, the
eigenvalues were also computed for the case where SGs and
DFIGs were not equipped with any controller.

The dominant eigenvalues of the power system at some
normal operating conditions are illustrated in Fig. 4 for all the
approaches. Note that the minimum damping ratio ({pin) of
the power system with no controller is 0.0130. The system is
clearly undamped and installing a controller for the SGs and
DFIGs is a must. Equipping SGs with PSS and DFIGs with
POD, however, did slightly improve damping and stabilize the
power system. The minimum damping ratio in this case was
{min = 0.0423 which means that all system eigenvalues are
confined to the conic illustrated in Fig. 4. Implementing the

IDA-PBC approach resulted in even better improvement in
dominant eigenvalues compared to the PSS/POD ({uin =
0.0830), but the best results were obtained with the proposed
coordinated design (min = 0.1137) compared to all considered
situations. Thus, clearly confirming the ability of the proposed
approach to greatly enhance power system damping and
transient behavior.

B. Case I: Three-Phase Fault Scenario at Bus 16

In this section, the performance of the proposed approach is
evaluated under a three-phase fault condition. This choice is
motivated by the fact that such unavoidable fault often results
in one of the most severe disturbances to power systems.
Assessment was carried over for two scenarios: one that
includes DFIGs and one that does not. This aims at evaluating
the effectiveness of approach in mitigating the impact of wind
energy stems in the grid. Comparison analysis with PSS/POD
and IDA-PBC is also carried over. A symmetrical three-phase
fault at bus 16 for 100 ms is considered to evaluate the
performance of the proposed controller. The rotor angle
responses of SGs, SG7, and SGg9 with respect to generator
S G, rotor speed and terminal voltage of S Gs, SG7, and S Go

- - —{(=0.0130 +Nocontrol » » 8 {=0.0830 oIDA-PBC
— — {=10.0423 oPSS/POD {=0.1137 aProposed approach
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Fig. 4.
no control; (O) PSS/POD; (o) IDA-PBC; (A) the proposed approach.

Dominant eigenvalues for the 39-bus New England system with: (+)

Proposed approach with DFIG -~~~ IDA-PBC approach
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Fig. 5. Rotor angels of SGs, S G7, and S Gg under a three-phase fault at bus
16 (Case I).
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generators are illustrated in Figs. 5-7 while the rotor angle
responses of DFIG| and DFIG, with respect to generator
S Gy and rotor speed of DFIG| and DFIG, are illustrated in
Figs. 8 and 9.

—— Proposed approach with DFIG

-~ IDA-PBC approach --- PSS/POD
L2F & o
— £ [
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Fig. 6. Rotor speed of SGs, S G7, and S Gg under a three-phase fault at bus
16 (Case I).
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Fig. 7. Terminal voltage of SGs, S G7, and S Gg under a three-phase fault at

bus 16 (Case I).
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Fig. 9. Rotor speed of DFIG; and DFIG, under a three-phase fault at bus
16 (Case I).

Figs. 5-9 show that the post-fault responses of the rotor
angles, rotor speed and terminal voltage with PSS/POD and
IDA-PBC are quite oscillatory. The time histories of the
control signals, E¢4; and V. are depicted in Fig. 10. The range
of Efg; and Vi are ¥2 pu and 1.5 pu. Those results confirm
that the proposed coordinated approach has significantly
improved the power system transient and voltage regulation.

— 8Gy -+~ §G, —— 5G,

E, (pu)

£

S

NG

72 1 1 1 1
0 2 4 6 8 10
Time (s)

Fig. 10.  Control signals of SGs and DFIGs under a three-phase fault at bus
16 (Case I).

The oscillations in the rotor angles were slowly damped
however but the rotor took a relatively long time to settle back
to their post-fault steady state behavior. Note that, it took the
proposed coordinated design less than 2 s from the fault
occurrence to damp the oscillations in the rotor angles. Hence,
we can conclude that the proposed coordinated approach
improves the post-fault transient dynamic response of the
system and enables it to regain its steady-state behavior faster
than the IDA-PBC method.

C. Case II: Three-Phase Fault Scenario at Bus 34

System performance is assessed in the presence of a
symmetrical three-phase fault at the terminal of S Gs (bus 34).
In this case, since the SG will not supply any power when
subjected to a three-phase fault at its terminal, the power
system may become unstable after the fault is cleared because
of the improper damping generated by the excitation system.
Further, in order to assess the effectiveness of the proposed
approach in dealing with the variability introduced by DFIG-
based wind energy systems, the rotor angle of each SG was
assessed in the presence and absence of DFIG. The rotor angle
responses of S Gs, SG7, and S Gy in this case are illustrated in
Fig. 11.
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Fig. 11.  Rotor angels of S Gs, S G7, and S Gg under a three-phase fault at
terminal S G5, bus 34 (Case II).

The results depicted in Fig. 11 show that the proposed
approach is able to effectively damp the rotor angle
oscillations for power systems with DFIGs. The rotor angle
responses of DFIG| and DFIG, with respect to generator
SGyo are illustrated in Fig. 12. Note that, the proposed
approach is able to damp the oscillations of the rotor angles
faster than the IDA-PBC and PSS/POD approaches.

— Proposed approach - --- IDA-PBC approach —— PSS/POD approach

Time (s)

Fig. 12.  Rotor angels of DFIG| and DFIG; under three-phase fault at
terminal S G5, bus 34 (Case II).

Note that, based on the results depicted in Figs. 11 and 12,
both the proposed approach and the IDA-PBC resulted in an
enhancement in power system’s damping during post-fault
operations. However, the proposed coordinated approach
performed much better than the IDA-PBC in terms of
providing more damping for the torques and faster settling
time in achieving the post-fault steady-state operating
conditions.

D. Critical Clearing Time (CCT) and Computational Burden
analysis

Transient stability refers to the power system’s ability to
converge to a stable post-fault equilibrium following large
disturbances. It is often assessed by how quickly the power
system is able to clear a fault so as to maintain the fault-
triggered transients inside the stability boundary [32]. Critical
clearing time (CCT) is a well-established metric that measures
the upper bound of such clearing time. Exceeding this

maximum value results in the loss of stability and
synchronism by the generators.

In this section, we assess system’s transient stability by
measuring the CCT following a critical fault such as a three-
phase fault occurring at various locations in the power
network. The obtained results are illustrated in Table I for the

proposed approach, PSS/POD, and IDA-PBC approach.

TABLE 1
CRITICAL CLEARING TIME (CCT) OF THE DIFFERENT APPROACHES
Fault CCT CCT improvement compared to
location ~ AApproaches ) PSS/POD (%)
PSS/POD 140
Bus 34 IDA-PBC 150 7.14%
Proposed
approach 170 21.42%
PSS/POD 150
Bus 16 IDA-PBC 165 10.00%
Proposed 45 2333%
approach
PSS/POD 170
Bus 26 IDA-PBC 185 8.82%
Proposed 5, 17.64%
approach

Table I shows that the proposed coordinated control
approach resulted in an improvement of critical clearing time
and subsequently transient stability by up to 23.33% for the
considered fault.

Further, the three approaches were qualitatively compared
in terms of mathematical complexity, computational cost,
reliability and robustness. The comparison analysis is
illustrated in Table II.

TABLE I
COMPUTATIONAL BURDEN AND VARIOUS PARAMETERS OF THE
DIFFERENT APPROACHES

Computational parameters Proposed approach IDA-PBC POD/PSS

Robustness level Too high High Low
System stability Too high High Low
Mathematical complexity High Too high Low
System linearization Partial Full None
Reliability High High Low
Self-tuning capability High Low None
Computational cost High Too high Low
Settling time Too fast Fast Slow

Note that, though the mathematical complexity and
computational cost of the proposed approach is higher than
that of the traditional PSS/POD, it outperforms this latter in
terms of stability, robustness, transient performance, and
application to large scale power systems. The computational
burden and mathematical complexity of the proposed
approach is lower than that of the IDA-PBC approach
however.

Based on the above results and discussions, we can
conclude that the proposed coordinated design enhances the
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transient stability and performance of large scale power
systems with SGs and DFIG-based wind energy systems,
while keeping a reasonable computational cost.

V. CONCLUSION

This paper proposed a coordinated framework for large
scale power systems with DFIG-based wind turbines and
synchronous generators (SGs). The design is based on the
multi input-multi output (MIMO) zero dynamics (ZD)
approach and aims at enhancing power system’s transient
stability. It captures system’s nonlinearities and considers the
dynamic interactions among the various generators. The
proposed framework resulted in faster post-fault recovery time
and better transient stability compared to other approaches
such as PSS/POD and IDA-PBC. One of the main features of
the proposed approach is its ability to reduce the order of the
feedback linearized power system, thus making the
coordinated control design simple and cost effective. Further,
the proposed approach can easily be implemented, in practice,
using synchronized phasor measurement units (PMUs). These
latter can be installed on the bus of each generator to estimate
all the parameters of the network and generators needed for
small signal stability analysis.

In closing, we recognize that the multi-machine power
system results presented in this paper are preliminary and that
there is considerable work that needs to be done to extend this
approach to large-scale power systems with different types of
renewable energy sources such as PV systems, and/or
considering delay time of the controllers [41]. However, we
have clearly shown that integrating a DFIG into power
systems using a nonlinear coordinated control design
methodology has the potential to improve power system
performance. We are currently working to demonstrate these
results on the laboratory scale power system.

APPENDIX
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TABLE III
DFIG PARAMETERS

Parameter Value

Nominal power/Voltage/Frequency 200 (MW)/575 (V)/60 (Hz)

Number of pole pairs 3
Ry 0.007060 (pu)
Ly 0.1710 (pu)
M 2.9000 (pu)
R, /L, 0.0050 (pu)/0.156 (pu)

0.19838 (m£2)/ 0.052621 (mH)
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