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Abstract: The synchronous generator is one of the most important active components in current
electric power systems. New control methods should be designed to guarantee an efficient dynamic
performance of the synchronous generator in strongly interconnected nonlinear power systems over a
wide range of variable operating conditions. In this context, active suppression capability for different
uncertainties and external disturbances represents a current trend in the development of new control
design methodologies. In this paper, a new adaptive neural control scheme based on differential
flatness with a modified structure including B-spline Neural Networks for transient stabilization
and tracking of power-angle reference profiles for synchronous generators in interconnected electric
power systems is introduced. These features are attained due to the advantages extracted of these
two approaches: (a) a control design stage based on a power system model by differential flatness
and (b) an adaptive performance using a correct design of B-spline Neural Networks, minimizing
parameter dependency. The effectiveness of the proposed algorithm is demonstrated by simulation
results in two test systems: single machine infinite bus and an interconnected power system. Transient
stability and robust power-angle reference profile tracking are both verified.

Keywords: synchronous generator; interconnected power systems; vibration suppression; Artificial
Neural Networks; trajectory tracking control

1. Introduction

Electric energy demand is increasing everyday; thus, electric power engineers must
pay special attention to the new grid topologies, including emerging technologies focused
on the generation tasks. In this context, transient stability analysis is a critical stage in any
power system where the Synchronous Generator (SG) is a key component for the dynamic
performance [1].

Due to the power system’s complexity, it is important to delimit the phenomena
under analysis considering the time scales, where these dynamics are presented. The
problem of power system stability is known by the power system community regarding
the classification discussed in [1-3]. In [3], the definition and classification of power system
stability, including the new relevant dynamic phenomena, have been revised. Transient
stability as a part of rotor angle stability is recognized as a desirable study in power
systems. A review of some important aspects on the damping of power system oscillations
is presented in [4]. Important strategies are reviewed and compared among them to define
some criteria to evaluate their performance in the face of the challenges of modern electric
power systems. Robust control strategies are an important alternative for generation
units [5].

High-performance control design of multi-input and multi-output nonlinear intercon-
nected electric power systems demands accurate mathematical models and knowledge of
the physical parameters [6,7], especially when a large operational range is needed.
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Important control strategies for the synchronous generator in power systems, covering
linear, nonlinear and adaptive approaches have been proposed. However, the power system
might confront complex phenomena that could cause failure on the control algorithms
if these phenomena are not considered as included in the design stage. In that sense,
nonlinear controllers for stabilization and synchronization of interconnected synchronous
generators emerge as an alternative solution.

In [8], a Proportional-Integral-Derivative (PID) linear scheme, combined with a Non-
Linear Threshold Accepting Algorithm (NLTA), is used to design a robust strategy that
combines an Automatic Voltage Regulator and a Load Frequency Control (AVR-LEFC) for
a multi-area power system. The results after several trials show the ability of the NLTA
to adjust its performance under different operating scenarios and improve the transient
responses. On the other hand, a fractional-order sliding mode controller for the stability of
a multimachine power system is proposed in [9]. This controller is used to make the power
system stable in a fixed time, independent of the initial operating conditions. The proposal
to regulate the excitation of the synchronous generators improves the transient stability of
the power system by reducing the chattering phenomena and ensuring the power system
stabilization in an upper bound time. This enhances the dynamic performance of the power
system. In [10], a control strategy for the interconnected power system is proposed. The
design procedure requires three stages—observer, fractional sliding mode surface and
controller—but the procedure requires the definition of several considerations to guarantee
the expected performance.

Moreover, model uncertainty and unknown external dynamic disturbances represent
challenging issues that should be considered in the robust and efficient planned motion
tracking control design problem for complex practical nonlinear dynamic systems. In
this sense, a control approach based on the backstepping control design methodology
and adaptive Neural Networks for a wheelchair upper-limb exoskeleton robot system is
introduced in [11]. Furthermore, in [12] sliding modes and adaptive Neural Networks have
been properly combined for developing a fixed-time position tracking control method for
a wheelchair upper-limb exoskeleton robot system subjected to exogenous disturbances.
In [13], the uncertainty of the nonlinear dynamic model, the time-varying external dis-
turbances and the friction resistance of the n-link robotic manipulator are integrated into
the uncertainty of the system as well. An adaptive robust term is used to compensate for
this uncertainty. A reward function combining a Gaussian function and the Euclidean
distance is designed for efficient and stable learning of the reinforcement learning agent.
In this method, the parameters of the controller are adjusted and optimized in real time.
The results show that the reward value obtained increases gradually with the increase
in learning times, so, for slow processes, this method might be useful. By comparison, a
controller design based on Multilayer Perceptron Neural Network (MLPNN) is developed
in [14]. The proposed strategy can be very effective in control of the distributed multi-
agent synchronous generator system. An online backpropagation algorithm is applied
on MLPNN to distinguish the uncertainties of the SG model and update and regulate the
weights of MLPNN adaptively based on the principles of consensus error. The controller
can be applied as a learning scheme for estimation of the multi-agent system states, es-
pecially where there is no prior knowledge about the dynamics of leader/follower agent
systems. However, the selection of parameters for the Neural Networks can substantially
affect the accuracy of the proposed controller. Similarly, Ref. [15] presents a PID controller
optimization procedure under constraints of model uncertainties and noise measurement,
for a synchronous generator automatic voltage regulator with good results, but a plant
model of the exciter is needed. This could be a drawback of the proposal due to the fact that
data of the exciter are often unavailable. Some schemes for the stabilization and synchro-
nization of SG are focused to having an efficient use of computational resources as detailed
in [16]. There, an adaptive control based on the motion programmed trajectory is used for
synchronous generators. In the procedure, it requires the proper choice of the reference
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model. Moreover, it is mentioned that the strategy shows a promising level of robustness
against disturbances. The strategy is recommended for SG from small to medium size.

In [17], an H-infinity control for the SG is proposed. The state vector is feedback in
the control scheme and the solution of the Riccati equation is carried out. The technique is
tested in a three machine power system. The control eliminates the disturbances, making
the generators converge to the desirable setpoints, but big jumps are observed when
transitions are presented. In contrast, Ref. [18] proposes an adaptive controller to damp
oscillations and to enhance the Single Machine Infinite Bus (SMIB) stability. An adaptive
linear Neural Network is employed as online model identification to mimic online the
SMIB output. The coefficients of the SMIB model are adjusted online and then they are
employed for estimating the parameters of the controllers. This method can be used in
systems with large perturbation and parameter modifications to reduce oscillation and
tuned time. In the same way, Ref. [19] presents an extended linear quadratic regulator
designed for linear time-invariant systems in the presence of exogenous inputs with a novel
feedback control structure. It can be used in model-based and model-free versions with
net cost minimization by using dynamic programming. Disturbances in the system can be
considered as exogenous inputs; however, the methodology is still not validated with large
scale power systems.

The sensitivity analysis with respect to frequency variations, fault in tie-line, power
flow and output reaction of dissimilar generators after instant load fluctuation in the
planned structure in terms of dispersion of wind is discussed in [20]. Here, several con-
trollers are compared in delay time, rise time, peak overshoot time and settling time. The
power system consistent operation requires constant balancing of source and load. The
proposal includes moth flame optimizer variants to mitigate the frequency constraint issue.
In addition, the interconnection and damping assignment method is presented in [21]
where the SG model is represented as a Port Controlled Hamiltonian system. The applica-
bility of that proposed scheme is illustrated by the simulation results for efficient reference
voltage tracking and attenuation of electromechanical oscillations when large disturbances
are presented.

The electric power system is one of the most complex systems that engineers have
created. Moreover, its relation demand/generation is changing continuously. It has to
respond in a fast way when adverse events (some of them severe) take place and ensure its
good performance with the integration of new components [22]. However, dealing with this
wide range of variables in the control design stage is not always possible. Thus, adaptive
control algorithms could overcome this drawback by updating the control response to the
new circumstances of the power system and for a particular steady state condition. These
dynamic requirements must be largely guaranteed by auxiliary control elements of SG
with a suitable regulation strategy. Therefore, new control strategies must interact in a
positive way with the current controllers with less dependency of model and parameters of
components in the power system [23].

The automatic voltage regulator in SG plays a fundamental role in the power system
dynamic performance. However, the model dependency of the control strategies could
degrade the performance of the system due to the continuous changes in electrical grid
operation. This dependency could be minimized with an adaptive performance included
in the regulation strategy when large scale power systems are evaluated. With the pro-
posed strategy it is possible to include uncertainties in the formulation, avoiding higher
complexity by using a scheme based on B-spline Neural Networks.

There are several ways to model an SG. The appropriate model selection depends
on the time-scales and phenomena under study [2,3]. For small system analysis, detailed
models are often used [1]. Considering the transient response, a simplified model is
commonly used, which includes the electromechanical variables along with the internal
voltage. This model presents a compromise between the description of the dynamics of
interest and a reduction in the computational complexity to attain a solution for large scale
power systems.
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This paper deals with the problem of transient stabilization and tracking of the ref-
erence profile of the power-angle for synchronous generators in interconnected electric
power systems. A new adaptive neural stabilization strategy within the context of a ref-
erence trajectory tracking problem in interconnected power systems is proposed. In the
presented approach, differential flatness and B-spline Neural Networks are synergically
combined to compensate significant parametric uncertainty and reduce dependency in de-
tailed nonlinear mathematical models of synchronous generators in interconnected power
systems. Traditionally, two main approaches have been used in this sense, the first, based
on the mathematical model and the last, based on measurements. Moreover, the problem
significantly increases when more synchronous machines are included in the formulation,
as occurs in real power systems. With our proposed strategy, the advantages of both ap-
proaches are extracted. First a systematic design procedure for the controller of each SG is
obtained where the number of included machines is not a restriction and then simultaneous
fine tuning is developed for each controller without additional requirements in design
stage or knowledge of current steady state condition. The last task is carried out with the
B-spline Neural Network scheme, which replies for changes in the system to attain the
desired dynamic performance, without the need of the system model. Moreover, since the
steady state of the power system is continuously changing due to the load demand, the
proposed strategy is a very suitable option for variable online operation.

In the present contribution, a nonlinear dynamic model of the synchronous generator
in interconnected power systems is used to evaluate two electrical grid topologies: (i) single
machine infinite bus; (ii) two interconnected power systems. This representation is then
used to design a new robust adaptive neural trajectory-tracking control scheme, where
dependency on detailed nonlinear dynamic models is considerably reduced. Robustness in
the presented scheme is also attained with an adaptive performance by the inclusion of B-
spline Neural Networks, which compute the best values of the control design parameters.

2. Materials and Methods

This section details the models and methodology used in the proposed strategy for
the description of a synchronous generator and its interaction with the power system.
Transient stabilization of the interconnected power system and robust tracking of power-
angle reference profiles specified for the generators are both guaranteed by using a B-
spline and a differential flatness-based adaptive trajectory tracking control scheme. Two
different topologies are introduced with possibility to extend the strategy to systems with
uncertainties involved.

2.1. Modelling of Synchronous Generators in Large Scale Power System

The analysis of the dynamic behavior of power systems is an important research topic,
as it is considered a problem for secure system operation [2,3]. The system performance
is continuously changing due to the connected loads and it is possible for it to present
disturbances of diverse nature and duration. Thus, the operation of installed controllers is
vital to update the required reference values and respond to disturbances.

Transient stability studies in the power system are recommended for proving the
closed-loop stable nonlinear dynamic system operation under severe time-varying distur-
bances. In this sense, a nonlinear dynamic model of the synchronous generator can be used
for design purposes of efficient reference trajectory tracking control. In this context, the well
known transient model for a synchronous generator constitutes a very good alternative.
Moreover, this nonlinear dynamic model can be extended to large scale power systems as
follows [24].
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where Bjy;; is the susceptance and G;j; is the conductance, both from the reduced admittance
matrix. Here, the subscript i is used to denote the i-th machine under analysis and g
represents the number of synchronous generators in the electrical grid. In addition, J; is
the power angle; w; is the speed deviation from synchronous velocity; D; is the damping
coefficient; 0; = 7tf /H; with H; as the inertia constant and f the grid nominal frequency;
Py, is the mechanical input power, which could exhibit possible variations; P, is the electric

power; Eg; is the steady state value of the excitation voltage; thus, Ey = u; identifies

—fd.
Tao,”
the control input signal which defines the variation from steady state value of the automatic
voltage regulator; Y;; and 6;; are the magnitude and the angle of the ij component of reduced

admittance matrix of Y35, respectively,

Gi:
Yij £ ,/Gl-z]» + Bl.2j, 0;j £ arctan% (©)]

ol
The values for 4; and b; are determined by the generator parameters as

A 1

’ A Xdi — xc/ii
a; = %[1 — Bumii(xai — %)), b = 4)

A4 Tdi
Tao,

where Talioi is the direct-axis transient time constant; x4 and x/,; are the direct-axis syn-
chronous reactance and transient reactance, respectively.

The SG is represented by a simplified transient model. This representation considers
an internal voltage source behind the direct axis transient reactance in series with the
armature resistance. Thus, using the reduced admittance matrix, the dynamics of the power
system can be evaluated considering the internal voltages.

The reduced admittance matrix is calculated after obtaining the power flow solution
by applying the Kron reduction. Thus, all loads are determined by equivalent admittances
to ground and are included in the bus admittance matrix. The power system dynamics is
evaluated with this formulation, where only the generator internal nodes are used for each
iteration utilizing the reduced admittance matrix of dimension ng X 1.

2.2. Control Analysis for a Single Machine Infinite Bus System

In this subsection, the mathematical representation of a single machine infinite bus
system is developed from Equation (1). A proposal for output feedback control for de-
sired power-angle reference trajectory tracking based on differential flatness and Neural
Networks is introduced.

2.2.1. Model of a SMIB Power System

In Figure 1, a typical representation of a machine connected to a large capacity power
system equivalent (Single Machine Infinite Bus, SMIB) is presented. The power system and
SG parameters are H = 5, D = 0.0; x; =02pwx; = 1.6 pu; Téo = 6s, while for buses and
lines in pu Ve = 1.0£0°%; V; = 1.0£6; P, = 0.8; x; = 0.2, x7 = 0.2 are considered.
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Xt X
= Infinite bus
e

Figure 1. Single machine infinite bus power system.

From Equation (1), the synchronous machine model for the case of single machine
infinite bus is described by

b=w
w = (Py — P. — Dw)o
E = —aE+bYcos(6+6)+ Ef+u (5)

where the subscript i = 1 has been excluded. Here, it is considered that Ve = 1.0£0°, as
depicted in Figure 1. The electric power injected by the generator is thus given by

P, = GE2 + EYsin(6 +6) (6)

The power flow solution for this steady state condition defines the angle of the terminal
voltage as 18.6629°. With this information, the initial conditions are determined; thus,
Efy = 1.3931 pu; Eg = 1.0387 pu; dp = 27.5241°.

2.2.2. A Trajectory Tracking Approach for SMIB

Without loss of generality, a single machine infinite bus power system is first consid-
ered in this section. A new output feedback adaptive neural control strategy based on
differential flatness for both transient stabilization and robust tracking of desired power-
angle reference profiles for a synchronous generator in interconnected power systems is
proposed. Trajectory planning considers that transient stabilization of the system at a
specified equilibrium (operation) point in the state space should be firstly performed. Next,
the power system should be efficiently transferred to another desired operation condition
by following a desired smooth reference profile into the designed safe operational region of
the power system.

The controlled nonlinear dynamic system model (5) exhibits the structural property of
differential flatness. That is, state and control variables can be parameterized in terms of a
so-called flat output and a finite number of its time derivatives [25,26]. In fact, the power
angle y = ¢ constitutes a flat output. From the time derivatives up to the third order of the
flat output y, the differential parametrization of the system variables results in

o=y
w =y
E=f(y,y,¥)

1.
u = [y +yaE — ybY cos(y + 0) — vEf + cYEy cos(y + 0)
+0Dij — 0Py (7)
with control input gain -y given by

v = —0Ysin(y+60) —20GE 8)
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Hence, the flat output dynamics can be described with the following nonlinear differ-
ential equation:

§ Y0 — bY cos(y +0) — 7E; + aYEcos(y +0) + 0D = yu — By (©)

An output feedback tracking controller for power-angle reference profiles y*(t) = 6*(t)
can be then synthesized as

u=,y[3/ =B —y") =By —y") =By —y )—ﬁo/o (y—vy )dt—é} (10)
with

&=y {—aE +bY cos(y +0) + Ef] — oYEycos(y +6)
—oDjj + Py, (11)

In the present study, power-angle reference trajectories y*(t) to perform a smooth
transference of the power system from an operating condition to another are described via
Bézier curves [27]. The time derivatives of planned reference trajectories are then described
via closed form mathematical expressions. Differentiation with respect to time of output
signals can be implemented as well [28]. The integral reconstruction approach of time
derivatives of output signals constitutes another alternative to be considered in the control
design problem [29].

Implementation of the controller (10) into the controlled power system yields the
closed-loop tracking error dynamics, e; = y — y*,

5((54) + /336((;3) + B2és + B1és + Boes = 0 (12)

Therefore, asymptotic tracking of the reference trajectory y*(t) = 6*(t) can be guaran-
teed by selecting the control design parameters ;, j = 0, ..., 3, so that the characteristic
polynomial associated with Equation (12) is a Hurwitz polynomial. Then,

: B .
tlggloeé_o étlgrgoy—y

In this context, the following family of stable polynomials can be used to compute the
controller parameters §;:

Per(s) = (s+p)* (13)

with p > 0. Then, the parameters §;, j = 0,...,3, can be algebraically calculated in terms of
a positive constant p as follows

Bo = p*

1 =4p°

B2 = 6p

Bs =4p (14)

Certainly, the differential flatness controller (10) stands as a very good alternative
for the tasks of stabilization and tracking of desired power-angle reference profiles for opera-
tional scenarios where the system parameters and nonlinear dynamics are known accurately.

In the present contribution, an adaptive trajectory tracking control scheme based on B-
spline Artificial Neural Networks and differential flatness for scenarios where uncertainty
represents a relevant issue is proposed. In the presented control approach, the term
¢(t) is considered like a bounded time-varying disturbance (uncertainty) signal into a
small window of time to be directly compensated by the neural adaptive control action.
Unmodelled dynamics, parametric uncertainty and exogenous perturbations affecting the
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flat output could be lumped into this unknown disturbing signal as well. In this regard,
authors have proved in previous works that active disturbance suppression capability
can be achieved by adding integral tracking error compensation into control signals [30].
In contrast to other active disturbance rejection control design methods, the real-time
disturbance estimation is not necessary in the presented neural approach. Thus, the
differential flatness control scheme is simplified as follows

t
u= i = Ba0 =) = BaD T~ 3") = O =) o) [ v =ve] 5

Now, from another robust control design perspective, control parameters ;,j =0, ...,3
are considered to be adaptive and computed online using B-spline Artificial Neural Networks
properly in accordance with the operating conditions specified for the electric power system
as described in the next section. Moreover, to the best of our knowledge, in the present work
it is shown that the introduced neural differential flatness control approach can be extended
for multiple synchronous generators in interconnected power systems.

2.3. Adaptive Scheme Based on B-Spline Neural Networks

The control law given by Equation (10) requires the design parameters ;, which in
the present contribution are calculated in an adaptive way. Thus, the regulation strategy
becomes Equation (15). However, to guarantee a correct performance of the algorithm,
dynamic control gains B;(t) are considered. An important alternative to attain this adaptive
performance is the use of a class of Neural Networks with an instantaneous learning rule,
named B-spline Neural Networks (BSNN) [31]. The BSNN has a structure of a layer of
inputs, an internal layer where basis functions must be defined in a correct way considering
the main features of the input signals and an output layer. In this paper, the output of the
BSNN is defined to dynamically calculate the value of p(t) in Equation (14); thus,

p(t) = BTW (16)

where B is a column vector of basis function output and W is a column vector with an
updating rule which ponders the contribution of each neuron depending on the input
signal information (weighting vector), p is a scalar. These vectors are with the same size
and it depends on the number of neurons in the internal layer which is defined in the
offline training. Two main stages are required to use this adaptive configuration: (i) offline,
where a correct BSNN structure is defined, and (ii) online, where the BSNN is included in
the control law responding to important changes in the input error; the reader can review
more details of these steps in [32] and references therein. Two main characteristics are
searching by the use of this topology: (i) a friendly NN structure with high accuracy when
it is implemented and (ii) the possibility of an instantaneous learning rule as a perspective
of online and continuous learning.

The recurrence of updating depends on the presented changes of the selected input
signals, in this paper, this input is defined by the error between the desired trajectory
and the actual one, ¢;(t) = y — y*. Three neurons are used in the hidden layer and the
basis functions are defined of third order and the knot vectors between the limits of +5
as the procedure shows in [32]. The initial values of the weighting vector are obtained in
the offline training where a map of input/output data is used, representing the typical
dynamic operation of the power system. The increment in the instantaneous learning rule
is determined by [31],

B(e
AW(ey) = — 1BLE) (17)
1B(es)|
where ||| denotes the Euclidean norm and (e;) defines the dependency on the input signal,
this feature helps the algorithm attain high accuracy dynamic performance. Additionally, #
is called the learning rate, which results in acceptable performance if it is defined as < 1.0;
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after, in the offline step a fine tuning is carried out to reach the best learning performance.
Thus, the weighting vector updates as W,y = W7 + AW. To improve the learning rule
convergence, it is proposed to add a dead band considering the main characteristics of the
input signal e;; in this case, it is defined as 1 x 10~%. If the error is less than this value, the
increment AW is zero; thus, the previous value is preserved.

In this way, it is feasible to define online a dynamic value of ; in Equation (15). In
this case, p(t) is determined via Equation (16); then, it is possible to calculate Equation (14).
Accordingly, any perturbation to the synchronous generator is observed by the proposed
algorithm updating the design parameters §; in the control law and, in consequence, an
adaptive performance is achieved. The problem of determining the correct values of j;,
Equation (14), is overcome with this proposal; moreover, the desired dynamic performance
is extend to more demanding topologies of the electric power system with multiple con-
trollers, as described in Section 2.4; under this configuration, a positive interaction between
them is demanded.

The architecture of the B-spline Neural Network consists of three neurons. In cases in
which B-spline functions are defined, univariates of third order are constructed over the
knot vector of {—0.05,0.35,0.75,1.15}, {—1.15, —0.75, —0.35, 0.5} and {—0.65, —0.15, 0.45, 0.95},
respectively. It is considering that the input is normalized. A learning rate of 0.15 is used to
guarantee fast learning and a convergence of the training rule.

2.4. Control Analysis of Interconnected Power Systems

The second system under analysis consists of two power systems interconnected by a
tie line, as presented in Figure 2. Each equivalent generator represents a coherent group
of generators. It is considered that this group of coherent generators have similar control
systems; thus, they can be aggregated to a generator model with an equivalent exciter and
regulation scheme as well [33]. In the middle of the transmission line, a load is connected
by a transformer, which includes a new bus, V;, Figure 2. For this case, the dynamic of the
two synchronous generators must be included in the design stage.

V., 28, 7] Vi, 28y,

On »O,
F .

—
€ VL LQL

P +jQ,
Figure 2. Interconnected power systems.

2.4.1. Model of Two Interconnected Systems

From Equation (1), the nonlinear dynamic model for this electrical grid topology
results in

51 = w1

by = wy

w1 = (Py, — Py — D1w1)01

@3 = (Pu, — Pey — Do)

Ey = —a1E1 + b1Ey Y13 c08(81 — 82 + 612) + Ef1 + 1q

Ey = —apEp + byE1Ya1 €08(02 — &1 + 621) + Epp + 11 (18)

The electric power of each machine is defined by

P, = Gi1Ef + E1Ex Yy sin(81 — 6, + 1)
Po, = GpE3 + EyEq Yoy sin(6; — 6; 4 657) (19)
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where 01 = 7f/Hj and 02 = 7tf / Hp. Thus, Equation (18) describes the dynamic behavior

of the electrical grid shown in Figure 2.

The line and machine data are shown in Table 1 and Table 2, respectively. Under this
operation condition and system parameters, the constants calculated for the power system

model (18) are presented in Table 3.

Table 1. Line data.

From To Resistance (pu) Reactance (pu) Tap Ratio
1 3 0 0.2 1.0
4 1 0 0.2 1.0
1 2 0 0.05 1.0

Table 2. Machine data.
Number D T}, [s] x4 (pu) x!; (pw) H [s]
1 0 6.0 1.6 0.2 5
2 0 6.0 1.55 0.19 45

Table 3. Constant values used in Equations (18) and (19).

Parameter Value
Gn 0.3696
Goo 0.3888

Y12 = Yoq 1.1583

017 = 0 19.1032°
m 0.5010
ap 0.4934
by 0.2333
by 0.2267

2.4.2. A Differential Flatness-Based Trajectory Tracking Approach

Synchronous generators for both multi-variable interconnected power systems exhibit
the structural property of differential flatness. Power angles, y; = d; and y, = 6, stand
for flat outputs as well. State and control variables for this multi-output and multi-input
nonlinear dynamic system with two generators can be also expressed in terms of the flat

outputs as

0 =mn
w1 =11
El :fl(y1/y11y11y2/y2/y2)
=1
w2 =12
E2 = fZ(ylrylrylryZIy.Z/yZ)
"y — Y1—&

“en r)/l
Iy — Y2—2C2

T2

with control input gains given by

11 =— 01 ExYposin(y; — yo + 6012) — 201Gi Eq
Y2 = — 2E1 Yo sin(yy — y1 + 621) — 200GnEr

(20)

(21)
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and

¢1=—01D1y1 — maEr + b1 ExYip cos(y1 — y2 + 612) + 11Eq
— 1 E1Ex Y1 sin(y1 — y2 + 612) — 1 E1E Y12 (%1 — ¥2) cos(y1 — Y2 + 612)
+ 1P

§2 = — 2Dajjp — 12a2E2 + 12baE1Yo1 cos(y2 — y1 + 021) + 12Ep2
— »E1E2Yo1 (Y2 — 11) cos(y2 — y1 + 021) — 02 E2E1 Yoy sin(y2 — y1 + 6a1)
+ 02 Pyo (22)

Thus, dynamics of flat outputs can be described by the nonlinear differential equations

Y1=&+mm
Yo =&+ 1oup (23)

Thence, for applications where detailed nonlinear mathematical models and knowl-
edge of accurate system parameters are available, the following new differential flatness-
based controllers for transient stabilization and tracking of desired power-angle profiles in
the power system can then be derived as follows:

1 ... . : t
w = - [VT — Banls, — Parés, — Praes — Poa /o adt - gl]
1 [, ) : t
uy = [y 2~ Bapls, — P22¢s, — Praes, — Po2 /o et - 62} (24)

where e;; = y1 — y] and e;, = y2 — y; denote the tracking errors.
Hence, closed-loop dynamics of power-angle reference profile tracking errors are
governed by

4 .. .
e((s]) + B3 ey + Poaés + Piiés, + Poies, =0
4 . .
€§2) + B32 €5, + P2,28s, + B1,2és, + Po1es, =0 (25)

Thus, control design parameters §;;, j = 1,...,3,i = 1,...,2 should be selected
properly to guarantee convergence of tracking errors e; toward zero. Similarly, the following
family of stable polynomials can be used to compute the control gains:

Pepi(s) = (s + pi)* (26)
with p; > 0. Then,
Boi = pi
B = 4p;
Bai = 6p7
B3 = 4p; (27)

2.5. Adaptive Neural Trajectory Tracking Control for Multiple SG in Interconnected Electric
Power Systems

An adaptive trajectory tracking control scheme for multiple synchronous generators in
interconnected power systems, based on differential flatness and B-spline Artificial Neural
Networks, is proposed as follows

t
u; = % Vi — Bai(t)és, — Boi(t)és, — Bri(t)es, — /30,i(t)/0 E&ﬂ} , =12 (28)
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with tracking errors e5;, = J; — ;. In the same way, the adaptive design parameters f3;,
j=1,...,3 are properly computed online using B-spline Artificial Neural Networks.

Notice that the present study provides insight for a future research extension of the
presented adaptive neural robust control design perspective for other applications where
dynamic models for synchronous generators exhibiting the differential flatness property,
involving a higher number of nonlinear differential equations, are preferred to guarantee
transient stability. This is for possible operating scenarios where flat output variables could
be described by

y =g, i=12, (29)
with disturbances §;(t) being uniformly absolutely bounded:

[1€illee = sup [Ei(£)] = Ai < o, (30)
te[0,00)

where A; stand for positive constants, the tracking control approach based on differential
flatness and B-spline Neural Networks represents a very good alternative:

1 * -1 ; !
= - ﬁn,i(t)e((s? S = Bait)es, — Prilt)es — ,Bo,i(f)/o ezsidf] (31)
1
Moreover, the adaptive control design parameters should be properly computed
to guarantee closed-loop stability of the interconnected power system under study as
described above.

3. Results and Discussion

This section provides a description of the results of the strategy used in three different
scenarios: a single machine connected to an infinite bus system, two interconnected power
systems and finally considering this system with uncertainties.

3.1. Results for a Synchronous Generator with Adaptive Trajectory Tracking Scheme

The applicability of this proposal is also corroborated with time-domain simulations,
where the nonlinear model of the SMIB power system given by Equation (5) is analyzed
for trajectory tracking tasks. First, the used controller is defined by Equation (10), uf in
the time responses, where it was assumed that time-varying disturbances ¢ are accurately
known. Thas is, the control implementation considers that there is no dynamic uncertainty
to be compensated. On the other hand, in the adaptive controller given by Equation (15),
the knowledge of disturbances ¢ becomes unnecessary. In this fashion, disturbances ¢
are actively compensated by the proposed adaptive neural trajectory tracking control
scheme. Now, the control parameters §; are calculated by the adaptive scheme developed
in Section 2.3, in time responses it is identified by upsyy. The model of SG described
by Equations (1) and (2), with the proposed regulation strategy to operate the excitation
system, were implemented in Matlab and solved numerically by the fourth-order Runge-
Kutta method with a integration time-step of 1 ms. All simulations presented in this
paper were carried out under this methodology. In Figures 3-6, it can be verified that the
proposed adaptive trajectory tracking scheme has behavior very close to that obtained with
the inclusion of time-varying disturbances & in the design stage, and the difference among
them is marginal.

For this case, two changes in reference value of the load angle, 6%, are presented at
t = 0.5sand t = 4.5, Figure 3. The first reference value is defined by the initial steady state
condition of the power system, the second is 6* = 24.0642° and the last one is * = 30.9397°.
The width of the window where the change is exhibited is 1.5 s. The desired trajectory
for load angle was specified to follow a smooth motion reference profile based on Bézier
polynomials [34] with those values described above.
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Figure 3 shows the behavior of the proposed adaptive scheme for tracking the desired
trajectory. As can be observed in Figures 3b and 4a, the difference between both values is
very close to zero with the most evident deviation when the current signal reaches the end
value of the transition. These results confirm the expected performance of the proposed
regulation scheme working together with the proposed adaptive algorithm, BSNN. The
control signal calculated via Equations (10) and (15) are displayed in Figure 5a. With this
behavior, the overshoot is almost eliminated and the performance of the tracking task is
guaranteed for different values.

32
30 - 2415+
28 B 241
o o
261
24.05 |
— 5 ‘ L -
ol ———5/'U«j | \\ ,/ ———6/uf
-==9 NN hie - - -0/upsnN
‘ ‘ ‘ JUBSNN aal ‘ ‘ ‘ ‘ /U‘BS'\\ |
0 2 4 6 8 2.5 3 3.5 4 4.5
t [s] t [s]
(a) (b)

Figure 3. Load angle response at generator of SMIB system: (a) ; (b) zoom of § when the reference
value is decreased.

0.3
31.1 . " e/uy
I,’ ~ 'll - - -e/upsny
. I \ ]
atf R ] 02 "
3 : o
] i) : 'l
v « 0.1
5309 S . Lo
o LS 0 ‘II \\ :’ ll
30.8 N I
‘\ /I ! ,l
— 0.1F - Vo
30.7 - - =8/uf v/
- - =0/upsnn
‘ : : : : 0.2 : : :
5.5 6 6.5 7 75 8 0 2 4 6 8
t [s] t [s]
(a) (b)

Figure 4. SMIB system: (a) zoom of 6 when the reference value is increased; (b) tracking error,
e=206—0".

The difference of both regulation algorithms is marginal, as presented in Figure 5a.
Thus, the difficulty of determining the correct values of the constant p is overcome with
the adaptive scheme, which is responsible for decreasing the parameter dependency on
the system model and has high accuracy for the task of trajectory tracking. The dynamic
determination of this value permits one to attain the observed performance. The behavior
of the BSNN structure is exhibited in the evolution of p(t), Figure 5b.

The evolution of the speed deviation is in accordance with this performance. As
depicted in Figure 6a,b, some visible variations are only exhibited when the main changes
are presented. The dynamic behavior of all variables is very well bounded with high
accuracy to follow the defined trajectory. The proposed adaptive strategy fulfills the
primary task defined in the design stage.
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Figure 5. (a) Control signal u; (b) evolution of the parameter p used in the control scheme.

025+ —w/uy
- = —w/upsnn
0.2
- 0.15
=
T ol
£
3 0.05

0.01 1

0.005 ¢

w [rad/s|

-0.005

-0.01 ¢

—w/uy
- = -w/upsny

S

Figure 6. Speed deviation: (a) w; (b) zoom of w in the main changes.

3.2. Results for an Equivalent of Interconnected Power Systems with Adaptive Trajectory
Tracking Scheme

In this case, the connected load in the power system is 1.7 pu of real power and
generators 1 and 2 feed 0.95 and 0.75 pu, respectively. The terminal voltage in each
generator is V;, = 1.021 pu and V}, = 0.98 pu, respectively, resulting in a complex case
with voltage magnitude in other nodes near the lower limit. The power flow solution for
this condition is presented in Table 4. Based on this result, the initial conditions for the
variables of the test power system are shown in Table 5.

Table 4. Power flow solution for a topology of Figure 2.

5 Voltage Pgey Qgen Pioaa Qioad
us
Magnitude (pu)  Angle (°) (pu) (pu) (pu) (pw
1 0.9688 —11.0743 0 0 0 0
2 0.9648 —16.2918 0 0 1.7 0
3 1.0210 0 0.95 0.3585 0 0
4 0.9800 —1.9842 0.75 0.1144 0 0
Table 5. Initial conditions for the dynamic model.
50 wo EO Efd() Pm
Generator ©) (rad/s) (pu) (pu) (pu)
1 9.6778 0 1.1070 1.8105 0.95
2 6.2713 0 1.0127 1.3193 0.75
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In this case study, the desired references for each generator are changed. The pre-
sented scenarios are bounded by the permissible physical limits of the operation of electric
power systems in terms of voltage magnitudes and powers. A more demanding operation
condition is analyzed in this case considering an increment of real power in load node and
including low values of voltage magnitude in some nodes. The set point at = 0.1 s of 47 is
11.4592° and at t = 5.0 s is 5.6723°. Moreover, in the case of generator 2, the set point starts
with 65 = 6.2713° and at t = 2.5 s it is changed to §5 = 4.2972°. The window of change is
1.5 s and it is calculated as in the SMIB case.

The dynamic evolution of the load angles of each generator using the proposed
adaptive algorithm is shown in Figures 7 and 8. The trajectory tracking task is consistent
with the results obtained for SMIB. Moreover, a zoom of these variables is presented in
Figures 7b and 8b. The performance of the adaptive scheme is compared with one where
all system information is available. Like in the case of SMIB, the proposed adaptive
algorithm attains an expected behavior, with high accuracy for reference tracking. The
errors between desired and actual power angle are presented in Figure 9a,b for generators
1 and 2, respectively.

12 11.5
11} 1148+
10 1146 | — - P
\\ ’
‘ 7
= 9r o 11447 .
< gl S 11421
7k 1141 B
— 5 JR——
P — 81/ n3sel e 81/uy
] -- —§I/U‘BSNN ‘ ‘ 11361 | - = =01/upsnn
0 2 4 6 8 1 2 3 4 5
t [s] t [s]
() (b)

Figure 7. Load angle of generator 1 of two interconnected power systems: (a) é1; (b) zoom of 4.
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Figure 8. Load angle of generator 2 of two interconnected power systems: (a) d; (b) zoom of ;.

The deviation on the speed of each generator is presented in Figure 10. The larger
variations are exhibited when changes in the reference value are presented. In steady state
condition, the speed deviation returns to zero, which is accomplished with the proposed
regulation scheme. The control input signals for each generator are presented in Figure 11,
calculated with Equation (24) with ¢ = 0, the BSNN scheme (upsnn) and the complete
formulation (u). This behavior is reached due to the adaptive configuration introduced
in this paper and the dynamic gain for each regulation algorithm presented in Figure 12.
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Thus, the value of B; is updating when the error between the reference and the actual load
angle is increased.
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Figure 10. Speed deviation of (a) generator 1; (b) generator 2.
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Figure 11. Control signals: (a) u3; (b) us.

3.3. Proposed Strategy Subjected to Uncertainties

The effectiveness of the proposed neural control strategy, subjected to uncertainties,
is verified by simulation analysis. The power system of Figure 2 now has the line data of
Table 6. The machine data of Table 2 now has damping coefficients of D; = D, = 0.01. The
power flow solution is exhibited in Table 7 and the initial conditions in Table 8. The power
system in this case includes active power losses in transmission lines, real and reactive load
and coefficient damping different from zero.
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Figure 12. Evolution of the parameter p for the control scheme of each generator: (a) py; (b) p2.

Table 6. Line data.

From To Resistance (pu) Reactance (pu) Tap Ratio
1 3 0.01 0.1 1.0
4 1 0.012 0.1 1.0
1 2 0.005 0.05 1.0

Table 7. Power flow solution.

Bus Voltage Pgen Qgen Pioaa Qioad
Magnitude (pu)  Angle (°) (pu) (pu) (pu) (pw)
1 0.9784 —5.3769 0 0 0 0
2 0.9578 —10.5349 0 0 1.7 0.15
3 1.0000 0 0.9334 0.1653 0 0
4 1.0150 —0.9679 0.8000 0.3044 0 0

Table 8. Initial conditions for the third case study.

G ; ) wo Eo Efao Pun
enerator ©) (rad/s) (pw) (pw) (puw)
1 10.2431 0 1.0498 1.5099 0.9334
2 6.9847 0 1.0824 1.6347 0.8000

The same formulation is used and the control strategy is directly applied. At the
beginning, it again solves the power flow formulation to then determine the initial condition.
Thus, the reference tracking is demonstrated when the power system is subjected to
parameter and variable changes. Figures 13 and 14 exhibit the capability of the proposed
scheme to attain an excellent performance for reference tracking when variations in power
system are presented. The speed in Figure 15 is in accordance with the results in previous
analyzed cases, showing the most important deviation when the changes in reference value
are presented. This performance is guaranteed by the correct determination of the control
variable u, Figure 16. The evolution of the adaptive gains is presented in Figure 17. The
comparison of the adaptive scheme performance with those obtained with the completed
formulation of the control law is also included in the variables’ evolution. This regulation
strategy permits one to have a desirable transient response of the interest variables and a
global positive impact in the other power system variables.

These results confirm the expected performance of the proposed adaptive regulation
scheme, showing dynamic responses free of a large overshoot when changes are required
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in the desired values for the power angle in each machine; also, the global variables’ system
behavior is in accordance with physical restrictions.
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Figure 13. Load angle of generator 1 of two interconnected power systems: (a) 6;; (b) zoom of 6.
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Figure 15. Speed deviation of (a) generator 1; (b) generator 2.

The growing and new topologies of electric power systems demand control strategies
which could reduce the dependency of model, parameters and actual steady state condition.
The results presented in this paper exhibit a desirable behavior combining two approaches,
one based on the model and extending its applicability and robustness considering some
measured variables. This is possible due to the proposed strategy with desirable features
of online application with low computational demand. Thus, part of the uncertainty
presented in the electrical grids could be compensated by continuous tuning of some critical
controllers. Moreover, the evaluation of the proposed algorithm is carried out, including
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important nonlinear phenomena presented in power systems which are considered in the
used model.
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Figure 16. Control signals: (a) u3; (b) uy.
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Figure 17. Evolution of the parameter p for the control scheme of each generator: (a) py; (b) p2.

Other approaches based either on model or measurements have demonstrated their
applicability in systems. However, their performance is limited by the model utilized and
the parameters of the system under test [22,23]. In addition, the complexity of the control
design stage might substantially increase if modifications in grid topology are presented;
moreover, the controller behavior could be degraded.

4. Conclusions

In this paper, it was demonstrated that the differential flatness property is observed
in synchronous generators in interconnected power systems. Based on this feature, a
robust control law can be defined and the applicability can be extended to scenarios with
high uncertainty if it is synergically combined with B-spline Neural Networks. Thus, a
satisfactory adaptive performance is reached and the parameter dependency is minimized.
The proposed regulation algorithm based on the detail procedure presented in this paper
was applied to interconnected power systems and it is possible to extend to other topologies
of electric power systems. The obtained results in two topologies of electrical grids show
the adaptability of the proposal for different power-angle reference profiles with bounded
overshoot and very short settling time. Moreover, the transient responses of speed deviation
of synchronous generators and all power system variables are very fast with bounded
overshoot. Both transient stabilization and robust tracking of power-angle reference profiles
for each synchronous generator are attained with this approach. Future research works
will consider the robust tracking control design problem for Multi-Input Multi-Output
(MIMO) large-scale interconnected nonlinear power systems using measurements of output
signals only.
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