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Adaptive Asymptotic Performance with
Indefinite Control Coefficient and
Adjustable Parameters in Power System

In power system networks, time-varying parameters of the synchronous generator may
lead to instability under disturbances. Therefore, an adequate control strategy is required
against parametric uncertainties, especially those associated with the control input. This
chapter of the thesis uses the Nussbaum function for time-varying indefinite control
coefficient (ICC) in synchronous generators (SGs). In the proposed control scheme, an
error-reliant tracking normalized function & barrier function is used for global
performance with adaptive asymptotic tracking of synchronous generator states. The state
error boundaries and adaptive laws for unknown parameters with super twisting law in
backstepping control are designed. Recursive error due to virtual control design in the
backstepping method is compensated through a filter design. The stability of the power
system network is ensured with the control law formulation of the Lyapunov function.
Compared with the existing control schemes, the proposed control guarantees transient
accuracy and fast-tracking performance. The proposed controller's efficacy is performed
by simulation in MATLAB and real-time digital simulator (RTDS) on IEEE standard New

England 39-bus, 10-machine power system model.

4.1 Introduction
Power system operation in a multimachine is inherently stable, but the transient operation

may be affected due to disturbances and parametric uncertainties. Unknown power system
parameters may also affect the power system stability during transient perturbations.
These parameters must be tuned adaptively to compensate for uncertainties in the power
system operation. The controller performance may deviate if these unknown parameters

are the control input coefficients. The performance of excitation controllers mainly



depends on the synchronous generator’s dynamical models.

Conventionally, power systems stabilizers (PSSs) provide extra damping to improve
stability and damp out low-frequency oscillations. But these usually perform well against
small perturbations like minor load demand variations [44]. Under large perturbations,
the PSSs may not offer effective damping to suppress low-frequency oscillations [44].
Various innovative linear control schemes, like linear quadratic regulator (LQR) and H,,
based controllers, were proposed in [46], and [60] to overcome the PSSs limitations, but
these linear schemes are restricted to retain the power system stability to fixed operating
points.

Other renowned linear methods for power system networks are proposed in [61] and
[62]. In these schemes, adaptation for power system nonlinearities is obtained through
recurrent neural networks and generalized neural networks with the integration of PSSs,
respectively. These schemes show a strong potential for implementation toward the
physical system, although has some limitations due to the neural network’s long-term
learning dependency.

Nonlinear controllers are therefore presented in [25],[63]-[66] based on feedback
linearization, sliding mode control (SMC), and backstepping techniques. The feedback
linearized control includes direct, exact, and partial feedback linearization control. In
direct and exact methods, an extra observer is required to measure the rotor angle in the
control design [11]. On the other hand, in a partial feedback linearization scheme, the
rotor angle is not taken as a feedback signal and hence avoids the observer
implementation. But this control scheme cannot cover the aspects of unknown parameters
in the power system dynamics [19]. Robust schemes like SMC were introduced to
overcome these parametric sensitivity issues in the feedback linearization schemes. The
SMC technique is robust in mitigating the impact of external disturbances [17], [25],[66].
However, the presence of chattering remains a significant issue. Also, an adequate sliding
surface for power system dynamics is a challenging issue. Similarly, the optimal scheme
presented in [18] has problems with the perfect design of optimal cost function for the

interconnected nonlinear power system dynamics. An adaptive backstepping method is a
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robust control strategy to retain transient stability under external disturbances, enabling
unknown parameter estimation using adaptation laws [67], [68].

In [69], [70], an adaptive backstepping method is implemented to build excitation
controllers in which the damping coefficient was assumed to be unknown. Another similar
technique [71] treated the synchronous generator’s transient reactance and damping
coefficient as unknowns, whereas other power system unknown parameters have not been
considered in [69]- [71]. The adaptive backstepping scheme in [72] has considered
parametric uncertainties while designing the control law. In the robust adaptive
backstepping schemes [36] and [42], unknown parameters’ sensitivity to the system
stability was discussed in detail. Additionally, it clarifies the importance of the impact of
unknown parameters in a multimachine power system with a more meaningful vision. It
was shown in [36] and [42] that the variations in power system parameters in a specified
range significantly affect the multimachine state trajectories. Therefore, to counter this
impact, the dynamic tuning of these parameters is essential with an adaptation law. In
both [36] and [42], the adaptation law was designed using many internal signals,
enhancing the complexity and sensitivity of the adaptation law towards the changes in
internal signals.

In the considerable work [74]-[76], exploring the backstepping design of excitation
control is accomplished. The ref. [73], discusses the control complexity suppression
inherent in the conventional back-stepping design. Whereas [74] exploits the use of
optimal control with suitable cost functions for obtaining adaptive laws of the system
parameters. In [75], the fuzzy wavelet neural network technique is designed for the
adaptive law associated with the auxiliary equations in the context of wave rider vehicles.
Apart from these schemes, the proposed control incorporates normalized and barrier
functions for the global stability of the closed-loop interconnected power system network,
which is integrated with super twisting law to enhance the disturbance rejection
capability. In the proposed scheme, simplified and systematic adaptive tuning laws are
designed for the unknown system parameters along with the unknown control coefficient.

In backstepping algorithms, the recursive additive error in the virtual control law may



cause deviation from the desired equilibrium in the control performance. In the proposed
scheme, an attempt is made to address these concerns, including the indefinite control
coefficient sequentially. In the control design for a complex interconnected network, the
control function formulation becomes more complex whenever the control signal is
attached with an unknown magnitude coefficient. This is because the uncertain magnitude
of the control coefficient may worsen the system performance and lead the system toward
an undesired trajectory. Changing the control force magnitude in an adaptive form is
preferable to pursue this control objective due to variation in the unknown control
coefficient. At an improper gain, the controller may deteriorate the system’s behavior.
However, it is possible to immediately adjust the control parameter to achieve the required
state through the Nussbaum function [76], [77].
Various applications of the Nussbaum function association with unknown control
coefficients are presented in [78]-[82]. In ref. [78] the Nussbaum function is utilized in a
multiagent formulation to resolve the issues associated with unknown control direction.
In ref. [79], the Nussbaum function is applied with adaptive neural network control,
whereas in [80], multiple unknown control directions are explored. In the ref. [81], the
Nussbaum function is studied for the nonlinear system's prescribed global performance,
and in [82] Nussbaum function is used for reduced computation strategy for improved
tracking performance.
In the power system, the indefinite control coefficient associated with the excitation
control needs to be investigated using the Nussbaum function approach. Therefore, a
Nussbaum function is used in control law formulation with a positive Lyapunov candidate
to ensure the boundedness of the Lyapunov candidate and hence the system stability. The
proposed control scheme contributes with the following merits to the advancement of an
adaptive backstepping method for a multimachine power system network:
e The proposed control technique provides global adaptive asymptotic tracking that
can guarantee boundedness during the transient performance under uncertainties.
A tracking error-reliant normalized and a barrier function is developed that

incorporates time-dependent scaling transformation. As a result, enhanced
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performance with the following features is achieved:
I.  Adaptive tuning assures asymptotic accuracy.
II.  Adaptation against unknown control coefficients, power system
nonlinearities, and mismatched uncertainties are ensured.

e Simplified adaptive tuning laws are designed to estimate unknown parameters.

e The super twisting law is implemented with a backstepping scheme to provide
strong disturbance rejection and robustness to the system under perturbations.

e A filter is designed via state errors to compensate for a recursive error produced
due to virtual control formulation in the backstepping scheme.

4.2 Power System Dynamics for Control Strategy and

Problem Formulation
In a multimachine system, synchronous generators (SGs) are interconnected to satisfy the

load demand. The excitation control of SGs in a multimachine power system can be
modeled based on 3rd-order dynamics (2.7)-(2.3) as provided in chapter 2. The dynamics
are configured by including both mechanical and electrical dynamics of i*" SGs in the
network have n generators. Dynamics of SGs in the electromechanical sense are
represented with their parameters having usual meanings in the differential equations (2.7)
& (2.2) [69], [36] explained in chapter 2. Eqns. (2.1) & (2.2) in the chapter 2 represent
the SG’s mechanical dynamics while eqn. (2.3) represents the electrical dynamics of the
SG. For the generator control, input is the field voltage and outputs are speed deviation
and terminal voltage (V;). The overall plant dynamics is treated as electrical and
mechanical parts separately. For the electrical part, input constitutes excitation field
voltage. The measurable electrical output is stator current, damper winding current, field
current and stator voltage. Similarly, for the mechanical part, input constitutes the
mechanical power (through governor) and output is the incremental speed deviation from
nominal value and incremental rotor angle deviation.

The electrical equations with their usual meaning can be presented in eqns. (2.4)-(2.9) of
chapter 2 [69],[36]. With this, eqns. (2.1)-(2.3) can be rearranged as in eqns. (2.10)-(2.12)

which is provided in chapter 2. Now from these eqns. (2.10)-(2.12) an adaptive



backstepping excitation control law Efry; can be designed by modifying eqns. (2.10)-

(2.12) and rewriting as:

X1 = Xy 4.1

Xy = 01X + 03Py — 0214x3 4.2
X3 = —03x3 — 0,14 + 03U 4.3
y = Ax, 4.4

The variables x;, x, and x5 are state variables §, w and E’;, respectively. Also, 6; =

D; Woi 1 (xai—x'qi)
——,0,=—"0;=—,0,=——
2H; 2H; Taoi Taoi

and control input U = Efg;. Here the first state
error e, is defined as x; — y4. Where "y, represents the desired reference value of initial
rotor angle state and the output function for each generator is represented as ‘y’.

Now the normalized function F(e;) with error e is defined as [74]:

€1
,—612 i, 4.5

where [ is a positive constant. It can be observed from (4.5) that F(e;) exhibits the

F(e,) =

following characteristics:

e F(e;) €(—1,1)forVe, €R.

e F(e;) » 1fore, - .

e F(e;) » —1fore;, » —oo.

e F(ey) =0fore; =0.

e F(e,) is firmly monotonical concerning e; € R.
Now, to tune error tracking, a function {(t) is defined for a time-varying scaling function
B(®):

¢(t) = B(t)F(er) 4.6

For global adaptive asymptotic tracking of state x,, the error z; can be written in the form

of the barrier function ‘s’ as:

0]

= T(t)z 4.7

les

Further other state errors can be expressed as follows:
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Zy = Xy — 4.8

Z3 = X3 —0, 4.9
Where o¢; and «, are the designed vertual control inputs in the proposed backstepping
control scheme. The proposed controller is designed through the following steps:

Step 1: By calculating the first step error derivative Z, as:

2
z'1=s'=(11__—§2)2('=u€' 410
{=PBF+Fp 4.11
. L é, = pé, 4.12
Ve +1(e,2 + 1)
where u = %and p= m
Now, .

z; = upF + puPpe; 413
Zy = PPF + uPp(ity — ¥4) 4.14
zy = UBF + upp(z; +¢— yq) 415
Z; = (23 +¢1) — paya + 1o 416

where u; = pfp and u, = uBF.

Nussbaum function: A Nussbaum function is applied in formulating an adaptive control
law design to deal with the indefinite control coefficient. An unknown control coefficient
signifies a time-dependent control coefficient of unknown magnitude. The Nussbaum
function is defined as:

Definition 1: A function h(s): [0, ) — (—o0, ) which is continuously differentiable is

known as the Nussbaum function if:

1 (Y

lim sup—f h(s)ds = o 4.17
1y

lim inf— | h(s)ds = —o0 4.18
y—00 y 0

The Nussbaum function offers control gain with a rising magnitude. The Nussbaum

function is considered in the following form.
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h(s) = sin(s) es”

4.19

Lemma 1: Let a positive Lyapunov function V(t) = 0 and (t) be defined on [0, t¢) for

vt € [0,tf); The h(-) is defined as Nussbaum like function, and q, as a real constant.

Now if V(t) < {foto[qnh(g/J(T ) + 1]p(t)dt + const} holds, then V(t),(t) and

foto [aph(#(1)) + 1] (v)dt must be bounded on [0, ty).
Now defining o, as:

o, = h(yy) &,
Eqn. (4.16) can therefore be rewritten as:

21 = U1Zy + U h(x1) X— 1 yq + pa

Further defining &; as:

_ 1 1 .
= (klalzll f25gn(21) = t1q — 1Y + uz)

Placing value of &%, from (4.22) in (4.21), the z; is obtained as:

. _ 1
21 = wzy + uy(h(xy) + 1) & — kyglz| /25971(21) + Ua

4.20

4.21

4.22

4.23

Stability analysis for step 1: For the stability study of error z;, a positive Lyapunov

candidate v, is defined as:

Uy = E.ulaz + kiplzil
Taking derivative of v; with fi;, = —kq,sgn(z,) is as:
U1 = —kyppiasgn(z,) — k1ak1b|Z1|1/2 + kipt1asgn(zy)
+ 1 Z2k1psgn(z1)

+ kyppi (h(xq) +1) X; sgn(zy)

Now introducing a tuning function y; which is estimated as:

X1 = Vikipty X4 sgn(zy)

From eqns. (4.25)-(4.26) v, can be written as:

1
vy = _k1ak1b|21|1/2 + 1 zz2k1psgn(zy) + y_(h()(l) + D
1

4.24

4.25

4.26

4.27
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1

. 1 .

Uy + kigkiplzyl /2 = mzrkipsgn(z,) + V_(h(Xl) + Dx; 4.28
1

Taking integral at both sides of eqn. (4.28).
f b1 -
v+ ¢ | kiakiplzal /2 = " (hCr) + Dxa + &1 4.29
0 1J0

where Z; = v;(0) + 1, and f UrZok1psgn(z;) < A4. Eqn. (4.29) will therefore satisfy
lemma 1.
Step 2: The second virtual control o, can be designed by calculating the derivative of

second state error z, as:

. 0 x4
Zz = 91x2 + ezpm - 621qZ3 - ezlq °<2— sz
1
1 1 4.30
0 x4 0 4 0 %4
— Z 5 - y(lic+1 _ aﬁk ﬁk+1 aX X1
=0 9Va k=0 = 1
Defining o<, = h(y,) X, and X, as:
— 1 ~ ~ ]_/ a ocl
Xy=——[01x; + 03P, + kpglza| /25gn(2;) — poq ——=— X,
0,1, 0x4
L 4.31
0 oy 0 oy 0« .
_ Z . ycllc+1 a — Bk+1 a le
= ayd B X1

From (4.30) and (4.31), Z, can be written as:
1 ~ ~
Zy = —Kaq|2,| /25971(22) + Uzq + 01x2 + 0,8, — 0,125

- ezlq(h()(z) -1,

4.32

Stability analysis for step 2: For the stability study of error z, another positive Lyapunov

candidate v, is defined as:

1 1. ., 1~ 1. 1~
Uy, = E.UZaZ + kaop |2, +§61F1 191 + Eezrz 192 4.33
Taking derivative of v, with fi,, = —k,,sgn(z,) is as:
= —lpqkapsgn(z;)

+ kypsgn(zy) [_kZaIZZI /25971(22) + foq + 01x, + 0,8, — 0,125
— 0,1, (h(xz) — 1) o<2]+e r,'8, + 8,0, '8,



1 ~
Uy = —kaakaplz,| /2 — 0214z3kapsgn(2;) + B1x3kz,5g1(23)

+ 0,Pnkapsgn(zy)

4.34
— 0zlgkap (h(x2) — 1) &, sgn(zg) — 8,116
- 9 rz_lA
Further, a tuning function y, is estimated as:
X2 = V2021kop X sgn(z;) 4.35
and adaptive tuning law for parameters 8, and 8, as:
6, = [1x2kzp5gm(2;)
_ 4.36
é2 = T3 Ppkapsgn(z;)
From eqns. (4.34), (4.35), and (4.36), v, can be simplified as:
1
1 .
Uy = —kyakyp|2,| /2 — _((h()(z) - 1)))(2
& 437

- ezlqzskzbsgn(zz)
By taking both sides integral in (4.37),
t 1 1t . -
Uy + ¢ fo kaakoplz,| /2 = Zfo (1 - h()(z)))(z + 25
where =, = v,(0) — 1, and fot 021,23k,,591(22) < ;. The eqn. (4.37) will therefore
satisfy lemma 1.

Step 3: The control input U is designed by calculating the derivative of the third state error

Z3 as:
0 &
_ X2 2 k41
= —03x35 + 0,41y + 03U — Z oxk xk+1l — ayk —=y st
2
0 ‘xzﬂzm 4 9% kvt _ 0%, 4.38
s 9p" s s " 00,
6 oy 2
2 92
20,

where n = 1,2.

Defining U as:
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U=h(xs)T 4.39

and U as:

— 1 1 A ~
U= e_[_k3a|z3| f25gn(23) + p3q — O3x3 + 0414
3

2 2
N0 %2 iy Z 0 %, Y+t
Kk k
k=0 0y k=0 % 4.40
=0 =0 9 |
2 2 24
_ aﬁk Bk+1 _Z 5 = Xrli+1 _ 6@ 1
k=0 k=0 ~T 1
0 Ky =
2 0,
a0,
From eqns. (4.38) and (4.40) Z; can be written as:
. 1 ~ ~
23 = —ksalzs| /25gn(23) + g — Baxs + B4l 141

+05(h(x3) + DU
Stability analysis for step 3: For the stability study of error z3, the third positive Lyapunov

candidate v is defined as:

1 1. ., 1~ 1. ., 1~
vz = §ﬂ3a2 + ksplzs| + 5631"3 '8, + Ee4r4 '8, 4.42
Taking derivative of v5 with [i3, = —K3psgn(zz) is as:
U3 = —pzakspsgn(zs)

1 ~ ~
+ kspsgn(zs) [—k3a|Z3| /ZSgn(z3) + tzq — O3x3 + 0,14
+05(h(xs) + DT | — 8,105 + 8,1, 7',
. 1 ~ ~
U3 = —ksakap|zs] /2 — O3x3kspsgn(zz) + 04lgkspsgn(zs)
+ B3k3p (h(x3) + DUsgn(z;) — §3I‘3_1é3 4.43

—1A

Further, introducing the tuning function y3, that is estimated as:
X3 = ¥303ks, Usgn(z;) 4.44

and adaptive tuning law for parameters 85 and 8, as:
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é3 = —F3x3k3bsgn(z3)

_ 4.45
04 = T4lakspsgn(zs)
From eqns. (4.43), (4.44), and (4.45), v3 can be simplified as:
. 1 .
V3 = —kzgksplzs| /2 + y_((h()(s) + 1)))(3 4.46
3

By taking both sides integral in (4.37),

¢ 1 1t -
V3 + ¢35 J) Kaaksplzs /2 = Zfo (h(xz) + Dxs + 55
where Z53 = v3(0). Eqn. (4.46) will therefore satisfy lemma 1.

61,0,,03,0,

E
Super Twisting rd Ao, V,
Backstepping Control —>
Recursive Error |—p Measured
Compensation y Generator Output
| Nussbaum
Function
Adaptive law Az+WTD N?rmalized
for unknown functhn F(e;) and State Errors
parameters Scaling Factor
A )
Physical >
Properties

P, Q. 141,

Figure 4.1. Block representation of suggested scheme.

In Figure 4.1 the implementation proposed scheme is explained. It shows that the state
errors are obtained from the feedback and from the forward backstepping control outputs.
These state errors are used to obtain corresponding Nussbaum and normalized function
for designing the super twisting based backstepping control. Further from the control
input and generator feedback signals adaptive laws for uncertain parameters are designed
with the recursive error compensation algorithm.

Further the proposed control design can be extended for the higher order model of
power system network. The detailed mathematics formulation of higher order dynamics
is reflected with additional set of equations as mentioned in the expression (4.47) and
(4.48) respectively. By taking the higher order dynamics from [31] and defining other
unknown parameters 05, 85, 6, and 84 in the extension of the dynamics (4.7)-(4.3) as,

X4 = 95X4 - 961qi 447
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X5 = 07%5 + Og(Vyesi — Vi) + 05U 4.48
where, x4, x5 are E' 3; & Efq;. Also, 05 = —TL , 06 = (quT_qu) 0, = T— and Og = IT{A‘.
qoi qoi Ai

The stabilization control law ‘V,;’ can be designed as:

U=h(xs)T 4.49
where, U = o [ ~Hesalzs| Vosgn(zs) + s + Byxs + Bo(Veepi = Vi) =
Sheoggt W = Theog VT — Theogpe BT — Sheo gtk = 5500 — 5540, —
2219, - 2:p, - 22g, 220, |

The adaptive laws for 05, 04, 0, and B4 are obtained as:

65 = —r524k4b59n(24)

4.50

= —rel kapsgn(z,)

0, = —T7xskspsgn(zs)
4.51

=—r8(Vrfz Vii)kspsgn(zs)
And the tuning laws for intermediate functions y, and x5, can be achieved as:

Xa = YaBskap X4 sgn(z,) 4.52
Xs = Vs0sks, Usgn(zs) 4.53

4.3 Recursive error compensation
From eqn. (4.23), (4.32), and (4.41), the derivative of multimachine state errors is

expressed in the state space form as:

z=Az+WTH 4.54
_1
—kyqlzy |72 My 0
A= 0 _k2a|22|_1/2 021, and W = [wy, wy, w3
0 0 _k3a|Z3|_1/2

where wy = g4 + 1y (h(r1) + 1) &4, Wy = pipq + 012, + 8,P, — 6,1, (h(x2) — 1) &,
and W3 = Uzq — é3X3 + 641(1 + 64(}1()(3) + 1)U
z —Swapping Scheme: The filter for state error suppression as per the closed-loop system

(4.1)-(4.3) can be expressed as [29],[83],[84]:
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6, = A,6, +¥Lo
YT =A,9T +wT

The augmented state error is defined as:

N|

=z+0,
which validates the following equation:
Z=VI0+¢,

where €, will decays exponentially.

4.55

4.56

4.57

4.58

Proof: The derivative of the error &, = z + 6, — W10 in view of (4.54), (4.55), and (4.56),

the differential equation €, = A,¢, is achieved with the initial condition &,(0) = z(0) +

6,(0) — WI(0)8. Now, by considering the A, matrix structure, it can be concluded that

g, will decay exponentially.

Remark 1: Because of the structure of A, matrix, filter state ¥, (4.54), (4.56) is confined

regardless of its input W. As ¥, is bounded, which permits the application of normalized

and unnormalized adaptation laws as per regression (4.58). The overall block diagram

representation of proposed excitation control scheme is shown in Figure 4.1.

Case 3J‘L @

Case 4 Casel

Figure 4.2. Line representation of IEEE 10 machine 39 bus power system model.

Page |86



4.4 Controller verification and simulation results
The IEEE 39-bus, 10-machines New England power system model, as shown in Figure 4.2,

is used for control scheme verification. The power system model consists of both dynamic
and static loads having 6150.5 MW load demand and 6193.41 MW of power generation
through the ten SGs. A +5 pu limit is considered for all exciter’s voltage to prevent the
overvoltage problem. Here two-axis synchronous generator model is taken for all
generators in the network. Generator-1 signifies the aggregation of the power system
connected to bus 39, and a constant field voltage and mechanical torque are supplied to
it. Each generator in 39 bus multimachine model is characterized as a voltage source with

the source impedance of 10Q2.

Mode : -0.24634+7.3728i
Damping ratio (%) : 3.3394
Frequency (Hz.) : 1.1734

90 0.8

—G1
—G2
G3
-—G4
G5
G6
-_G7
—G8
—G9
G10

270
Figure 4.3. Compass plot of base system network of IEEE 39 bus system.

The corresponding transmission lines and loads are modeled using the Bergeron model
and a constant PQ load. Based on the modal analysis at the base value condition, the
compass plot and participation factor of the generators to least damped mode 1.17 Hz are
illustrated in Figure 4.3 and Figure 4.4, respectively. Generator G4 oscillates against
generator G6, and the former generator has the highest participation factor in this mode.
Thus, generator G4 connected to bus-33 is considered for implementation of proposed
control scheme. The input-output configuration with respect to physical system is shown

in Figure 4.5.
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I o o
ES o 0

Participation factor

o
N

o

1 2 3 4 5 6 7 8 9 10
Number of Generators

Figure 4.4. Participation factors of 10 generators in the power system network.

Specifications and Values of System Parameters

Specification Value
Ein(pu) —5Volt
Eoax (p1) 5Volt
Vr(puw) 1.03 Volt
H 2.86
x'4(pu) 0.436
x4 (pu) 2.62
T 40 0.003sec
Tao 5.69sec
R4 (pu) 0.00222 0
Xea(pu) 0.295H
Base MVA 1000
Proposed control 1 =135k, =1.13,k,,
gains =131, ks = 1.223,ky,,

=3.23,k,, = 0.84, ks,

=213, Y1, =y, =73
=1.15

Table 4.1. Specifications and Values of System Parameters

To examine the controller performance the following five cases are carried out.

e Case 1. Two cascading (same location) severe faults (three-phase) of duration 200 msec
at bus 33, connected to SG G4. The first temporary fault is applied at t = 30 sec, followed
by another at t = 34 sec.

e Case 2: Two cascading (different location) severe faults at bus 14 and bus 33 of duration
0.2 sec are applied at t = 30 sec and t = 60 sec, respectively.

e Case 3: Step perturbation in the mechanical input power at SG G4 is applied for 20 sec
duration at t = 30 sec.

e Case 4: The control coefficient T';, of SG G4 is perturbed from 5.69 to 6 for 20 sec

started at t = 30 sec.



e Case 5: A wind farm renewable power source of 210 MW capacity is integrated from
t = 0 sec on bus 33, and it is removed at t = 25 sec.
e Case 6: One of the three phase transmission lines between bus 19 and bus 33 is temporally

tripped at t = 40sec for the duration 200msec.

"| Control = >

R : Law 3\ S : "
ecursive —r H :
N Egq :

oy

q‘;a Error Zi : :

& Compensation :, Generator :  Measured

q,:; y r Output
Aw Aw, V,

Physical Properties
Pe; Qer Idr Iq

Adaptive law |«

Figure 4.5. Block diagram showing the implementation of control of excitation system in the generator.

Case 1. In this case study, two cascading faults at the same bus are applied to analyze the
control efficacy. The first fault occurs on bus 33 at t = 30 sec, resulting in a
corresponding line trip and subsequently low-frequency oscillation in the system. Before
the oscillation due to the first events gets settled, the second three-phase short circuit fault
is applied to study the controller performance under intense disturbance severity. The
control input response using conventional PSSs design (PSS+AVR), ABC [42], and the
proposed controller are shown in Figure 4.6. This effectiveness of the proposed controller
is achieved in terms of reduced control effort. The proposed scheme illustrates the
response of adaptively tuned parameters as per (4.36) and (4.45) depicted in Figure 4.7. The
response of generator states is depicted in Figure 4.8. Efficacy of the proposed scheme
under cascading severe fault can be observed from these results. The response of the
proposed control scheme is associated with quick settling time and reduced overshoot
compared to the existing ABC scheme [42] and conventional PSSs.

5 [

Control Input

----- PSS+AVR
== ABC
===Proposed Scheme

25 30 Time (s) 35 40
Figure 4.6. Control input response in case 1.

Page |89



-0.17482505

0.1757476
-0.1748251
0.1757474
< -0.17482515 30 35 40 <7 0.1757472 R
L 30 32 34 36 38
0.175747
-0.1748252
0.1757468
-0.17482525
0 20 40 60 80 100 0 20 40 60 80 100
(a) (c)
0.383835
0.15734275
0.38383
0.1573427
«
<N 30 35 40 =" 0.383825 ]
0.15734265 {
0.1573426 0.38382 30 32 34 36 38
0 20 40 60 80 100 0 20 40 60 80 100
(b) Time (s) (d) Time (s)

Figure 4.7. Adaptively tuned unknown parameters for the proposed scheme (a) 6; (b) 6, (c) 85 (d) 6,.
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Virtual control response &, as expressed in (4.31) is obtained as depicted in Figure
4.9 for the case 1, which almost replicates the multimachine state E’;. Response of the
Nussbaum function (4.19) for the case 1 is provided in the Figure 4.10. Variation in the
Nussbaum function is reflected as per perturbation case 1. The impact of sudden fault
during the transient state of the system under the first fault is stabilized asymptotically by

the controller using these functions, as illustrated in Figure 4.10.
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Figure 4.10. Response of Nussbaum functions (a) h(x;) (b) h(x2) (¢) h(xs).
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Figure 4.11. Control input response in case 2.

Case 2: Another severe cascaded short circuit fault is applied away from G, at bus 14 and
near the generator G, at bus 33 respectively at t = 30 sec and t = 60 sec. In this case,
the severity of faults under the control schemes is analyzed. It is seen from the results

shown in Figure 4.11 that the proposed control scheme required less control effort compared
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with the ABC scheme [42] and PSSs due to simplified control expression and adaptation

Nussbaum function present in the control law.

I
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E
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Ii) 0.9 | 32 34 | 36 |60 1 61 162 |
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Figure 4.12. Terminal voltage response at the generator G,.

Response of the terminal voltage of G, is illustrated in Figure 4.12. Adaptive tuning law
developed in (4.36) and (4.45) for unknown parameters effectively adopt the impact of
perturbation that occurred in the system, as illustrated in Figure 4.13. The smooth response
with reduced oscillation is observed using the proposed scheme compared to the other
two control techniques. The terminal voltage response reflects the impact of robust super
twisting scheme having disturbance rejection capability. The generator state response is
illustrated in Figure 4.14. It is seen that using the proposed scheme, the states are
comparatively associated with reduced cycles of oscillation, along with low amplitude
overshoot. It is observed that all states get stabilized and regain the equilibrium point
faster than other control schemes. The state error response for this case is shown in Figure

4.15 as per (4.7), (4.8), and (4.9).
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Figure 4.13. Unknown parameters of proposed scheme (a) 8, (b) 8, (c) 63 (d) 8,.
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Case 3: Another intense disturbance is included by applying the 5% step change in the

mechanical input power for a duration of 20 sec as depicted in Figure 4.16. The control

action response, in this case, is represented in Figure 4.17. The reduced control effort is
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observed in the result shown in Figure 4.17 as compared to the other two schemes. Virtual
control action of o, as per (4.25) for this case is depicted in Figure 4.18. The generator G,
states variation is shown in Figure 4.19. In this case the deviation of states from their initial
state is observed during perturbed period. But the proposed control response reflects the
minimum deviation, and reduced oscillations as compared to the ABC scheme [42] and
PSSs during transient perturbation. It is observed due to reduced complexity in the control

input and simplified adaptive laws for unknown parameters.
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Figure 4.16. Perturbation in the mechanical input power (B,,).
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Figure 4.17. Control input response in case 3.
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Figure 4.18. Virtual control input (a,) response.
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Case 4: The impact of control coefficient variation is analyzed in this case study. Here
the control coefficient Ty, is varied from 5.69 to 6 for the period from t = 30 sec to
50 sec. Control input variation for all schemes is represented in Figure 4.20. The obtained
result signifies that the Nussbaum functions suppress the variation in the control input as
compared with the other two techniques. Spikes observed during perturbation indicate the
boundedness of the control deviation. The response of unknown parameters for this case
is illustrated in Figure 4.21. These adaptive parameters with control coefficient are varied

according to adaptive law (4.36) and (4.45).
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Figure 4.20. Control input response in case 4.
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Figure 4.21. Unknown parameters of the proposed scheme (a) 8, (b) 8, (c) 85 (d) 0,.

Case 5. In this case, the disconnection of renewable sources from the power network is
analyzed. The wind farm of capacity 210 MW connected at bus 33 (near G4) is removed
at t = 25 sec to perturb the system. The variation in the control signal under this case is
shown in Figure 4.22. The variation in the voltage and current at the point of common
coupling (PCC) is shown in Figure 4.23(a) and (b), respectively. The voltage drops at t =
25 sec in presence of load during wind farm removal, whereas the current at the PCC
terminal is reduced to zero. The variation in wind turbine power can be observed in Figure
4.23(c). The Figure 4.23(d) shows the wind turbine rotor speed response and the active

power of G4 is depicted in Figure 4.24.
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Figure 4.23. Responses in case 5, (a) PCC voltage (b) PCC current (¢) Variation in P, (d) Variation in the

wind turbine rotor speed.

It can be observed that after removal of wind farm, active power response with the
proposed scheme has fewer fluctuations. It signifies a better controller performance and
exact estimation of parameters shown in Figure 4.25as compared to other schemes. The
proposed adaptive law for unknown parameters causes small variations and reduced
overshoot. On the other hand, the ABC scheme [42] has a large overshoot at the time of
removal of wind farm as indicated in Figure 4.26. This efficacy in the proposed control
response is obtained due to simplified adaptive tuning law and integration of super

twisting scheme in the proposed control design.
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Figure 4.24. Electric power response at Gy.
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Figure 4.25. Unknown parameters of proposed scheme (a) 8, (b) 8, (c) 85 (d) 8,.
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Figure 4.27. Virtual control input (a,) response.

In this case, the control effort for the proposed control scheme is observed less as
compared to ABC [42] and PSSs scheme. Response of virtual control signal &, according
to (4.25), is illustrated in Figure 4.27. The stabilization of generator states is reflecting the
proposed scheme's efficacy and are shown in Figure 4.28. The response using proposed
scheme gets stabilized quickly and results in a reduced overshoot during convergence to

their equilibrium point.
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Case 6: In this case, a comparative analysis is presented between adaptive PSSs scheme
[85] and proposed scheme for higher order model. In this study one of the three phase
transmission lines between bus 19 and bus 33 is temporally tripped at t = 40sec for the
duration 200 msec. The exciter parameters for both the schemes are provided in Table 4.2.
The response of adaptive parameters obtained from proposed scheme are shown in Figure
4.29.

The Adaptive PSSs scheme is simulated as per the steps provided in Table 4.1 in [85].
The online updating of neuron weight law is taken from the equation (4.27) in [85] for the
two neural network algorithms for step 8 and 11 respectively as provided in Table 4.1 of
[85]. The corresponding estimated neural functions are provided in Figure 4.30(a) and (b)

respectively. All other system parameters are tuned accordingly. All the system state
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responses are shown in Figure 4.31. The obtained results show the fast stabilization of all
states under proposed control scheme as compared with the adaptive PSSs scheme
presented in [85]. The proposed scheme shows improved response due to the exact
estimation of all adaptive parameters in the higher order model during perturbation.
Transient overshoot response is improved in the proposed scheme under the influence of

defined normalized function and barrier function with super twisting scheme.

Exciter Parameters

Specification Value
Voltage regulator gain K,
= 200
Voltage regulator time constant T, = 0.015 sec
Maximum control element output Vinax = 5 volt (pu)
Minimum control element output Vinin
= =5 volt (pu)
Exciter field resistance line slope k. =1 (pw),T,
margin, low pass filter (T;.) = 0.02 sec
Transient gain reduction T, = 10 sec, T,
= 1sec
Initial terminal and field voltage Vio
= 1volt (pu), Ery
= 2volt(pu)
Table 4.2. Exciter Parameters
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Figure 4.30. Estimated functions in adaptive PSSs scheme [85] (a) F (NN;) (b) F (NN,).
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4.5 Real-Time Validation of proposed scheme using
RTDS Platform

The proposed approach is validated in real-time using RTDS as shown in Figure 3.30
in the Chapter 2. The RTDS is available in the smart grid lab at [IT BHU, Varanasi. The
NovaCor RTDS is equipped with IBM POWERS8TM CPU with four cores. It can do
software in loop (SIL) operations with a frequency of 3.5 GHz. Each core in the RTDS
NovaCor chassis can solve ninety nodes simultaneously using a PBS5 style rack. The
Simulink control block is converted into C codes. These codes are dumped in the C builder
tool of RTDS. The control blocks built up by C codes in the C builder tool are linked to
the IEEE 39 bus model in the RTDS. The RUNTIME tool in RTDS is used to execute the
SIL. The block diagram representation of the SIL test is provided in Figure 3.3/ in the
Chapter 2. The following two real-time cases are performed in RTDS and compared with
ABC [42].
1) Appling step load change at bus 20.
2) A three-phase short circuit fault applied on G, terminal, initiated at t = 5 sec for a

duration of 0.2 sec.
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In the first case, the operating condition of the power system model is varied by applying
the step perturbation in the load at bus 20. The step-change in the load is shown in Figure
4.32. Control effort for this case is slightly shifted to other values to maintain the required
effort for stabilization, as illustrated in Figure 4.33. It can be observed that the proposed
control has a smooth response with reduced overshoot and fast convergence as compared
to the ABC scheme [42]. A similar response is reflected in the variation of machine states
as shown in Figure 4.34. These responses verify the significance of the super twisting and
Nussbaum function in the proposed scheme as compared to ABC algorithm [42].

The second case of perturbation in real-time SIL test is applied at t = 5 sec with the three-

phase short circuit fault of 0.2 sec. This severe fault is applied at G, terminal. The impact
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of this severe fault on the control action is illustrated in Figure 4.35. Again from the Figure
4.35, the reduced control effort is observed as compared to ABC scheme [24]. Though,
both control inputs have comparable effort, but the proposed scheme reflects better
performance as seen in the obtained results. The generator state response is represented
in Figure 4.36. These generator state responses using proposed scheme reflects the fast
convergence to the equilibrium point, and reduced oscillations as compared to the ABC
scheme [42]. The response obtained using proposed method has comparatively less
overshoot. The effectiveness of the proposed scheme significantly enhances the power

system stability regime in the domain of low-frequency oscillations.

T T

- -ABC

S4
8. —Proposed Controller
=3
e
€2 =
8 J
1 1 1 1
0 5 10 Time (3)15 20 25

- -ABC H
—Proposed controller

15 20 25

T L |
—Proposed controller
- -ABC
| |
15 20 25
2 C T T ]
w” Of S 1
- -ABC
20 —Proposed Controller| |
1 1 | 1
0 5 10 15 20 25

(c) Time (s)
Figure 4.36. Generator G4 state responses (a) § (b) w (c) E',.



Page |104

4.6 Summary
The proposed scheme with the Nussbaum function protected the control signal

deviation within a specified bound during the changes in the unknown control
coefficients. The super twisting law applied with the proposed scheme provided the strong
robustness against external disturbances compared with recent schemes. The improved
control performance was observed in results during perturbations, due to the elimination
of residual error left in the recursive backstepping procedure. Also, the proposed scheme
adequately addressed the adaptation law for unknown parameters with simplified
expression, whereas in the other control schemes, complex expression of tuning laws

presented with the number of internal states.



