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Transient stability is still a serious impediment in power system operation due
to their highly nonlinear nature. Over the last decades, a vast number of diverse
nonlinear control algorithms for sub-controllers located at the generator
subsystem and transmission lines have been developed to boost power system
stability. However, for an effective and feasible operation of these power
systems, coordination of these sub-controllers is very essential. In this paper,
a simple direct Lyapunov based approach for coordinated control is proposed
for global enhancement of power system stability. The proposed control
scheme is achieved through the coordination of Lyapunov based decentralized
steam valve, excitation and SSSC adaptive controllers. To test the efficacy of
the proposed scheme, several comparisons in multi-machine fault scenarios
with other design coordinated approaches are presented. Numerical
simulations demonstrate the swiftness and efficacy of the proposed control

scheme in boosting global stability.
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1. INTRODUCTION

Power systems are highly nonlinear structural systems with multiple control objectives, which mainly
include voltage and frequency regulation, adequate damping of oscillations, and maintaining synchronization
in the presence of large disturbances. These multiple control objectives have so far been partially achieved
through the application of control schemes to sub-controllers located at different positions within the power
system. For stability evaluation, Lyapunov method is still a crucial mathematical theory that provides direct
stability assessments with strict theoretical guarantees. This method is still widely used for both stability
analysis and control synthesis.

For the improvement of transient stability, generator control using excitation and turbine governing
systems are the major control implements of power systems when financial limitations restrict the exploitation
of FACTS devices [1-6]. Thus, a more affordable solution based on the existing electrical installations is
achieved. However, as a result of the physical constraints on the excitation signal and power control input of
the turbine, global power system stability boosting with generator control alone is constrained [7, 8]. To further
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boost power system stability and equally optimize the utilization of available transmission resources, the
current trend is the use of FACTS devices [9-12].

The application of FACTS equipments to boost power system stability and transfer capacity is a viable option
when deregulations and environmental factors restrict the setting up of new electrical lines. The Static
Synchronous Series Compensator (SSSC), among the different variants of FACTS equipments, is particularly
appealing for power stability and transmission applications due to its operating characteristics [13—15].

Future smart grids will require the coordinated operation of both generator controllers (excitation and
steam valve) and FACTS equipments for optimal performance. Global control helps to achieve the coordinated
operation of these sub-controllers throughout the system under all operating conditions. For the coordinated
control of generator controllers and FACTS devices, various advanced nonlinear control algorithms are found
in the literature [16-23]. Nevertheless, in most cases, these geographically dispersed sub-controllers are
designed separately due to the difficulty in obtaining control signals. Hence their dynamic interconnection
which are not taking into consideration may induce instability and limits the power operating range of the
system [24]. Thus these interactions must be taken into account in other to ameliorate the stability of the overall
system.

The coordination of FACTS and generator excitation controllers have been achieved through a vast
number of control strategies proposed in the literature [17-19, 25-29]. However, most of these solutions cannot
withstand large perturbations because they are conceived from approximate linearized power system models.
A coordinated STATCOM and excitation controller based on a nonlinear control algorithm is designed in [18]
to boost transient stability. In [17] and [29], coordinated generator excitation and FACTS robust nonlinear
controllers (TCPS and SVC respectively) are designed using direct feedback linearization to boost the transient
stability of a multi-area interconnected power system. In [30], a comprehensive assessment of the effects of
the PSS and SVC based control when applied independently and also through coordinated application has been
carried out. The design problem of the proposed controller was formulated as an optimization problem and
simulation results showed the superiority of the coordinated control scheme to both the uncoordinated
controller of the PSS and the SVC damping controller. Several other optimization techniques have equally
been proposed in the literature for improving the performance of coordination of FACTS and generator
excitation controllers [31, 32]. However, in these contributions, voltage regulation which is very important in
the stability of the power system has not been addressed and the inherent system nonlinearity has been reduced
in some works using direct feedback linearization. Hence, the control schemes cannot achieve satisfactory
results in the presence of large disturbances.

Using a framework for managing dissimilar controllers at diverse positions within a power system, a
new global control algorithm is conceived in [28] to boost transient stability. However, linearized model-based
classical controllers are used and a commutating control strategy which produces discontinuity of system
behavior is used to achieve the coordination between the generator excitation, PSS, FACTS devices and
capacitor switching. Within the same frame work stated above, a coordinated control strategy of SVC and
generator excitation is proposed in [19] to ameliorate both transient and voltage stability of power systems.
Nevertheless, the implementation on a multi-area interconnected power system is not considered and the
control laws are conceived from direct feedback linearization. Furthermore, the aforementioned control
algorithms have not equally examined how the turbine control affects the power system’s transient stability,
making them inappropriate for current power systems given that the introduction of modern governors, such
as digital governors, has lead to close mutual interaction between the excitation and governor loops [7, 8]. For
the coordination of turbine governing system and a FACTS device, in [33], a novel quasi-decentralized sliding
mode control-based strategies using turbine governor control and FACTS device is developed for boosting the
frequency and voltage stability of a multi-area interconnected power systems. However, the authors of this
paper did not consider the contributions of the excitation control.

In view of the above challenges, it can be observed that so much work has been done on the
coordinated control of the excitation and turbine governing systems, excitation and FACTS devices, and
turbine governing systems and FACTS devices. However, very little attention has been given to global
simultaneous coordinated control of the turbine governing system, excitation and FACTS devices. Hence, in
this paper, we are proposing a simple approach to design a global nonlinear decentralized steam valve,
excitation and SSSC adaptive control based on the direct Lyapunov’s method. This simple approach is the
extension of the concept of simultaneous transient stability and voltage regulation enhancement using
coordinated steam valve and excitation control developed in [4]. Several numerical simulation comparisons in
multi-machine fault scenarios have been performed to evaluate and validate the performance of the new global
nonlinear adaptive control scheme.

Overall, the remainder of the paper is structured thus: Section 2. presents the power system model and
elaborates the proposed global control design technique. In Section 3., simulation results are presented to
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illustrate the performance, effectiveness, robustness and feasibility of the proposed scheme. Concluding
remarks are given in Section 4.

2. METHODOLOGY
2.1. Power System Model

The classical mathematical model of an extensive power system with a FACTS device (SSSC), can
be expressed using the following equations [4, 7, 34, 35]:

das;
E = Wy (1)
d26i 1 das;
= D o= P, @
dPg; _ 1
7 = %(—Pei + Ufi), (3)
APy 1
Tat = - T_m [Pmi + KmiTmifci]' (4)
e _ _i &d_s‘ R .
Tar Tei Rjws dt + ge‘ Ugl]' (5)
Where

’ 1 Peidlgi
Ui = [Ep — (Xai = %ai)laillgi + Taoi Tt (6)

From Fig.1, the SSSC output ac voltages are UgV4c and UqVc. Following Fig.1, the nonlinear dynamics of the
SSSCis given by [35]:
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Figure 1. SSSC single-line diagram
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With Ug = Kcos(a + 6s) and Ug= Ksin(a + 6s).

In the above mathematical model, and for the it generator, i is the power angle in radians, s is the
synchronous machine speed in rad/s, wiis the relative rotor speed in rad/s, M;is the inertia constant in seconds,
Di is the damping constant in p.u, Ejis the equivalent EMF in the excitation coil in p.u, T,,; is the direct axis
transient short-circuit time constant in seconds, Peiand Pp; are the active electric and mechanical power input
respectively in p.u, lgiand lgare the direct and quadrature axis currents respectively in p.u, xqiis the direct axis
reactance in p.u, Xqi is the direct axis transient reactance in p.u, &iis the steam valve opening in p.u, Uy is the
generator power control input in p.u, Tmiand Te; are the turbine and speed governor time constant respectively
in seconds, Kmiand K are the turbine gain and speed governor gain respectively, R;is the turbine regulation
constant, igand iqare the injected SSSC dg-axis currents in p.u, Rsand Ls are the resistance and inductance of
the coupling transformer in p.u, Vg is the voltage across the dc capacitor in p.u, o is the synchronous speed in
rad/s, Vgs and Vgs are the sending end dg-axis voltages of the SSSC, Vgr and Vgr are the receiving end dg-axis
voltages of the SSSC, 6 is the phase angle of the sending end voltage, Cqc is the capacitance of the dc side
capacitor in p.u, Ry is the converter losses in p.u, and K and o are the modulation ratio and phase shift
respectively.

In the above mathematical model, Esi, Ugiand V,, = \/(Vchd)z + (VacUq)? are the control inputs of
the excitation, steam turbine and SSSC control loops respectively. The measurable outputs are Pei, wi, lgi, ldi,
Qrei, id, iq and Vie.

2.2. Global Nonlinear Control Design Methodology

To achieve voltage stability and provide the utmost damping of oscillation in the presence of various
multi-machine fault scenarios, we aim at designing sub-controllers for each machine, i.e., Es and Uyg; for the
generator control loops and coordinate their actions with the stabilizing signal Vs obtained from the SSSC
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controller. The robust controllers compensate for the interactions between sub controllers, which are viewed
as perturbations.

The second (direct) method of Lyapunov will be used in the following analysis to design coordinated
adaptive nonlinear excitation, steam valve, and SSSC controllers. In this analysis, the system outputs are
assumed to be continuous and bounded.

2.2.1. Generator Control

Lets define the following active electric power tracking error:

ep, = Poi— P (10)
Where Pgi* is the reference active electric power. Using the concepts developed in [4] and applying Lyapunov’s
direct method on the candidate function

2
Wy, =22, (11)
the excitation control law can be computed as [4]:

1 ’ 1 Pei dlg;
By = T Ui + (xaq; — xgi)lailqi — Tdoia d: (12)
Where

2 (1—30'% dp
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Ui = Pert Taol[= 720t = —— 2 (Do + 05 (Peg = Pod)] + =24 = Auiep,) (13)
and
* M; D;

Pe = —[rumi + 0i(1 = Ao 7)1 + P, (14)

ot%s L
with the design parameters 4oi > 0, 1i > 0 and y1; >0.
Similarly, given the following tracking error on the steam valve opening
&, = $ei — $ei (15)
where &i* is the reference steam valve opening. Applying Lyapunov’s direct method on the candidate function

2
Wy = &, (16)
the steam valve control law can be computed as [4]:

Kei g
Uy = Ryos O +Sei + Tei 71 — Aaileg,)- (17)
where
& = KL [Pri + Trmi % — TiniV2i (Pmi — Pmi)] with the design parameters 12> 0 and 7,i> 0 (18)

2.2.2. SSSC Control
Let’s rewrite the mathematical model of the dc bus voltage in the form:

WVac _ Do i _ Vdc

at  Cac (fac Rac (19)
where the dc bus current iq is the sum of two terms. That is:
idC = id Ud + iq Uq (20)

To simultaneously achieve both dc bus regulation and transient stability enhancement within a single control
law, the dc bus current will be considered as a supplementary control to the dc bus voltage. Hence, let’s consider
the following dc bus voltage tracking error

Vae = Vac = Ve (21)
where V*qc is the reference dc bus voltage. For evqc to exponentially converge to zero, we take:

de . .

% = —Vsify,, with the design parameter ys;> 0 (22)
and compute the reference i which is the unique solution of (22) as:

L 14 C

lge = R—ZZ - wi:l’sifvdc- (23)

To indirectly control the dc bus voltage, the reference real currents of the FACTS device are used because the
amount of real current entering the converter determines the dc voltage in the capacitor. Hence if the
supplementary control signal i, is taken into consideration in the exponential convergence of the FACTS
currents towards their reference values, then dc bus voltage regulation will be achieved. To this end, the real
and reactive current reference values will be expressed as:

iy = 07 +ig (24)
iy o= i (25)
With [36]:
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e
where P"and Q[¢ are the active and reactive power references of the receiving end of the SSSC, 6k is the

phase angle of the receiving end voltage and VR is the voltage at the receiving end.
To achieve the SSSC current regulation, let’s define a new Lyapunov candidate function as:

where
&y = la—la (28)
giq = iq - l‘; (29)
The time derivative of (27) is given by:
dws; di dij; di di},
el () (G = ) + (=) (G- %)
woRs . , 2 %) di}
- (gid) [_ Zs : ta + @o lq - LS(Ud(:/dc) Ls(VdSinR) - d_:i (30)
Rs . . 1 1 dig

+ (Eiq) [_ L_s tg 7t~ Ls(UgVac)  Ls(Vgs—Vgr) B d_tq]
By choosing the control signals as:
VacUg = —Rgig + Lsig + (Vas — Var) — A3i(gy,) 31
Vchq = _Rsiq - Lsid + (VqS - VqR) - A4i(€iq) ( )
we can compute the time derivative of W3 as:
% = —A3i(g,)° — /L”(siq)z with the design parameters A3 > 0 and 4> 0 (32)

The controllers developed in (12), (17), and (31) are feasible and can easily be implemented since
they are all decentralized controllers and can be realized using only local measurements of (lgi, ldi, &ei, @i, Pei,
id, igand Vc). The time derivatives of lgi, Pmi, &ei, i and i are obtained using the technique proposed in [4, 37].
From the separation principle theorem [38], the global convergence and stability of the control scheme taking
into account the interconnections between the nonlinear controllers (12), (17), and (31) depends only on the
fact that the system states should be bounded within the operational domain. Complete schematic diagrams of
the steam valve, excitation and SSSC controllers are shown in Fig. 2
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Figure 2. (a) Schematic of steam valve and excitation control (b) Schematic of SSSC control

3. SIMULATION RESULTS AND DISCUSSION

The proposed control strategy is implemented on the Kundur 4-machine 2-area power system of Fig.3
whose parameters are given in Table 1 and Table 2 of Appendix B. Simulations have been performed in
Matlab/Simulink.

400 MW
e

Area 2
Figure 3. Kundur 4-machine 2-area power system
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To make the simulations more feasible, limiters have been used on the integral control part to prevent
excessive control action and also on the governor system (with values of £0.5) to implement the effect of the
generation rate constraint (GRC). The physical constraints on the excitation signal and steam valve opening
are —3 p.u <Ef< 6 p.u and 0 < &< 1.55 p.u respectively. The measured stator currents are equally subjected to
noise conditions. The proposed nonlinear controllers were mounted only on machines 1 and 3 while machines
2 and 4 were equipped with classical controllers in order to examine the interaction of the global nonlinear
scheme with other classical controllers. The optimal tuning parameters for the proposed control scheme
reported in Appendix D were obtained by the trial and error approach. In order to compare simulation results,
two other schemes were used; a global linear control scheme made up of a traditional AVR/PSS for the
excitation and PI regulators for the steam valve and SSSC, and a nonlinear coordinated excitation and steam
valve adaptive control presented in [4]. Schematics of the classical controllers are shown in Appendix C. The
parameters obtained from tuning these conventional controllers using optimal control methods are listed in
Appendix D. The following multi-machine fault scenarios were used to evaluate and validate the efficacy of
the proposed global nonlinear control scheme.

Scenario 1: A severe 200 ms symmetrical three phase short-circuit fault which takes place near bus 8
on the line between bus 7-8. The system response for this scenario is displayed in Figs. 4-8 between 0s and 3s.
An inspection of the signals of these results shows that the proposed global nonlinear scheme rapidly mitigates
oscillations and converges the system to it pre-fault state. Fig. 4 shows that the power angles of generator 1
and 3 and the relative rotor speeds are all maintained at their pre-fault values with these controllers but the
proposed scheme settles rapidly with improved damping. The terminal voltages and active electrical powers
also both converge to their reference values with reduced settling times and overshoots. Figs. 6 and 7 show the
control signals and the excellent performance of the SSSC in providing an adequate stabilizing signal which
helps to achieve voltage regulation. The power flow at bus 8 and 9 are displayed in Figs. 8. From the dynamic
performance shown between 0s and 3s, we can see that the designed global nonlinear scheme can significantly
ameliorate the transient and voltage stability of the power system.

Scenario 2: A 20% temporal signal loss (terminal voltage) of all machines. The comparative results
for this scenario are illustrated in Figs. 4-8 between 4s and 8s. The results shown in the figures visibly indicate
that synchronism is maintained since the relative rotor speeds, power angles, terminal voltages and active
electric powers of generators 1 and 3 all converge to their pre-fault values. However, the signals from the
proposed control scheme settle rapidly with a significant improvement in damping. These results shows that
some modes of small signal oscillations can also be effectively mitigated and increase stability.

Scenario 3: A 30% permanent decrease in load demand at bus 7 and 10. The comparative results
shown in Figs. 4-8 between 9s and 13s show that the proposed controller exhibits improved damping and faster
convergence rates. Although from Fig. 4, it is observed that the global nonlinear algorithm presents a slightly
greater overshoot than the global linear scheme, it quickly converges to its post-fault value. Similar results are
obtained for the terminal voltage and active electric power. A general observation of Figs. 8 shows that the
system remains stable despite the change in operating point observed. The variation in power flow at bus 8 and
9 is an adaptation to the needs of the loads that vary in the power system.

Scenario 4: A parameter variation is performed by increasing the values of M; and T},,; of all machines
by 40%. That is M12=9.1s, M34 =8.65sand Tj,; = 11.2 s. Simulation results produced the following values:
Ad1=0.89° Ad,=0.95° Ad3=1.02° Ads= 1.039° for the power angle deviations and Aw1= 0.0000415, Aw; =
0.000307, Aws = 0.0000432, Aws = 0.000464 for the relative rotor speed deviations. The results show that
smaller variations are obtained from Gi3 which are designed with the proposed algorithm. Therefore, the
response of the proposed algorithm can still be consistent with different models of power system.

From all the dynamic simulation results, a global observation shows that the proposed global nonlinear
control scheme has an improved response in terms of convergence rate, overshoots and attenuation of
oscillations. Hence, it can swiftly and satisfactorily ameliorate the stability of the power system.

4. CONCLUSION

This paper presented a simple approach to conceive a global nonlinear coordinated control scheme for
simultaneous transient and voltage regulation boosting of multi-area power systems. The proposed global
control scheme was made up of nonlinear decentralized steam valve, excitation and SSSC adaptive controllers
designed based on Lyapunov direct method. The proposed scheme is feasible since all the state variables
required for its implementation are easily measurable or computable. Simulation analysis and comparisons in
four multi-machine fault scenarios with another benchmark nonlinear coordinated algorithm proposed in [4]
and the combined traditional AVR/PSS and PI regulators visibly demonstrate the effectiveness, robustness and
superiority of the proposed strategy in providing good damping to system oscillations, reduced overshoots and
enhanced transient and voltage stability over a wide range of disturbances and parameter variations. As future
work, a laboratory realization and testing of the proposed strategy is envisaged.
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APPENDIX

Appendix A: Power systems nomenclature

i
o
s
K
Wi
0Os
Mi
Rdc
Di
Cdc
Esi
o
Téoi

Power angle of the i" generator in radians valid over the region defined by 0 < 8i <
Phase shift

Synchronous machine speed in rad/s

Modulation ratio

Relative rotor speed of the i generator in rad/s
Phase angle

Inertia constant of the i generator in s

Converter losses in p.u

Damping constant of the i generator in p.u
Capacitance of the dc side capacitor in p.u
Equivalent EMF in the excitation coil in p.u
Synchronous speed in rad/s

Direct axis transient short-circuit time constant in s
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Ve Voltage across the dc capacitor in p.u

Pei Active electrical power in p.u

Ls Inductance of the coupling transformer in p.u
Qei Reactive power in p.u

Rs Resistance of the coupling transformer in p.u
Pmi Mechanical power input in p.u

iq Injected SSSC g-axis currents in p.u

Lai Direct axis current in p.u

i Injected SSSC d-axis currents in p.u

lgi Quadrature axis current in p.u

Ri Regulation constant of the i""machine in p.u
Xdi Direct axis reactance in p.u

Kei Gain of the i machine’s speed governor

X4 Direct axis transient reactance in p.u

Kmi Gain of the i machine’s turbine

Xadi Mutual reactance between the excitation coil and the stator coil in p.u
Tei Time constant of speed governor in s

Tmi Time constant of the i machine’s turbine in s
Gei Steam valve opening of the i generator in p.u
Uy Power control input of the i generator in p.u

Appendix B: System Parameters
Table 1 and table 2 contain the per unit data of the power system and SSSC respectively [36, 39]:
Table 1. Power system nominal parameters

Parameters Gen; , Gens,4
ws(pu) 1 1
Tr(pu) 0.35 0.35
Kn(pu) 1.0 1.0
D(pu) 0.8 0.8
Tly(s) 80 80
M(s) 6.5 6.175
Xa(pu) 1.8 18
2! (pu) 0.3 0.3
Te(pu) 0.1 0.1
Ke(pu) 1.0 1.0
R(pu) 0.05 0.05

Table 2. SSSC nominal parameters

SSSC parameters Value
Rac(pu) 100
Cuc(pu) 325
Rs(pu) 0.073
Ls(pu) 0.22

Appendix C: Block Diagrams of Classical Controllers
The block diagrams of the classical controllers used in the global linear scheme are given in Fig. C1,
C2and C3

Figure C.1: Schematic of AVR/PSS
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Appendix D: Control Parameters
The optimal parameters used in the nonlinear and linear control schemes are given in table 3

Table 3. Control Parameters

Observer/Controller Parameter
Nonlinear excitation controllers y1i = 3; Aoi = 0.005; A4i= 15
Nonlinear steam valve controllers 72i=0.30; 2= 0.9
Nonlinear SSSC controllers y3i = 100; A3i= 0.1 A4i= 0.0005
AVR/PSS controllers Kpss=0.9; Tuw(S) = 4; Ta(s) = 0.05 Tx(s) = 0.07; Ka=450; Ta(s) = 0.0
SSSC PI regulator K1p=0.013; K3, = 0.07; K1 = 0.013; Kyq= 0.7
Steam valve Pl regulator Kis=3; Kas= 3; K3s= 1.2; Kgis= 2.5
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