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Abstract

In this research, we aim to use the flatness control theory to develop
a useful control scheme for a single machine connected to an infinite bus
(SMIB) system taking into account input magnitude and rate saturation
constraints. We adopt a fourth-order nonlinear SMIB model along an ex-
citer and a turbine governor as actuators. According to the flatness-based
control strategy, first we show that the adopted nominal SMIB model is a
flat system. Then, we develop a full linearizing state feedback as well as an
outer integral-type loop to ensure suitable tracking performances for the
power and voltage as well as the angular velocity outputs. We assume that
only the angular velocity of the generator is available to be measured. So,
we provide a linear Luenberger observer to estimate the remaining states
of the system. Also, the saturation nonlinearities are transferred to the
linear part of the system and they are canceled out using their estimations.
The efficiency and usefulness of the proposed observer-controller against
faults are illustrated using simulation tests in Eurostag and Matlab. The
results show that the clearing critical time of the introduced methodology
is larger than the classical control approaches and the proposed observer-
based flatness controller exhibits over much less control energy compared
to the classic IEEE controllers.

Keywords: Critical clearing time; Flat system; Input constraints;State ob-
server; Transient stability.

1 Introduction

Nowadays, the electricity has become as an important and vital component of
the life and industry. So, the electrical power networks should be in a secure op-
eration with a reasonable stability margin to produce the demanded electricity.
The ability of a power system in maintaining in the machines synchronous oper-
ation point after occurrence of a disturbance and/or fault is usually interpreted
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as its transient stability concept. To retain the power system stability in a suit-
able limit in the event of uncertainties, faults and disturbances, it is necessary
to add control actions, such as exciters and governors, to the system to improve
dynamics till the circuit breaker opening and reclosing times [1]. The Critical
Clearing Time (CCT) is one useful and applied factor to measure the transient
stability margin of a power machines. The CCT stands for the maximum time
during which a fault can be applied without missing the system’s stability. Such
a stability margin depends on the design of the controls of generators connected
to the grid [2].

To enhance the CCT of a grid, some control devices should be designed and
implemented in the network. To synthesis and analyze the performance of the
controllers on the CCT of a power grid, a Single Machine connected to an Infinite
Bus (SMIB) power system model is usually adopted to avoid the unnecessary
complexity of the power system in the control design phase. Generally speak-
ing, there are two main controller classes for this case: (i) standard controllers
and (ii) advanced control techniques. The first class belongs to the well-known
standard IEEE controllers. More details about the classic IEEE controllers can
be found in [3] and [4]. Although the classic IEEE controllers are simple, their
parameters are needed to be appropriately adjusted and their stability regions
are limited. In the works [5], [6] and [7] some intelligent heuristic optimization
methods have been proposed for finding the suitable parameters of the regula-
tors. However, since their approaches requires implementation of some iterative
numerical algorithms, their practical implementations will be difficult in online
and fast response needed situations. On the other hand, the approaches in
the second class use some so-called advanced control strategies to enhance the
transient stability of the power machines. There are several examples in the
literature for this category which include sliding mode control [8], fuzzy control
[9], nonlinear control [10], dynamic inversion control [11] and optimal control
[12], etc.

In [13], a power system stabilizer has been proposed for synchronous ma-
chines based on conventional fuzzy-PID and type-1 fuzzy controller combined
with a sliding mode control strategy. The work [14] has proposed an adaptive
wavelet network-based nonlinear excitation control for power systems without
considering the governor dynamics. To improve the stability of the voltage reg-
ulation and to enhance the damping of low frequency power system oscillations
of SMIB systems, an extended reduced-order observer along with an automatic
voltage regulator has been developed in [15]. In [16], the relationship between
transient stability/instability and concavity/convexity of the phase-plane tra-
jectory has been found and a transient instability criterion has been derived for
real-time instability detection and the SMIB system has been stabilized. Rout
et al. [17] have showed that the SMIB system can possess chaotic and oscilla-
tory dynamics when the system parameters fall into a certain area. Accordingly,
they have designed an adaptive controller based on LaSalle’s invariant principle
to make the system oscillations damped. The paper [18] has investigated the
problem of transient stability and voltage regulation for a SMIB system via a
modified backstepping control design method. However, most of the previous
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works either have not considered the effects of input saturations, they have been
designed for some simplified linear and/or nonlinear models of the SMIB, there
are usually steady state errors on the outputs of their methods or they have
assumed that all the states of the system are available to be measured.

The concept of differentially flat nonlinear systems was first introduced by
Fliess et. al [19] and [20]. The scheme is an extension from the input-output
scheme with zero internal dynamics. A system is considered to be differentially
flat if all its state variables and its control inputs can be expressed as func-
tions of one single algebraic variable which is the so-called flat output, and also
as functions of the flat-output’s derivatives. The differential flatness property
enables the transformation of the nonlinear system’s dynamics into the linear
canonical form and the design of a state feedback controller through the appli-
cation of pole placement techniques in the linearized equivalent model of the
system. The construction of the feedback law is done by a simple inversion of
system equations with respect to the system input. Although this technique has
been applied to several nonlinear and linear mechanical systems [21], [22] and
[23], its application to the control of power systems has been limited to a few
works [24], [25], [26] and [27]. However, the previous works have not focused
on the transient stability margin and they either have not carried out the ef-
fects of the actuator saturations or they have assumed that all the states of the
synchronous machines are available to be measured.

In this research, inspired by the flatness control theory, we propose a full
linearizing state feedback for the system to cancel out the nonlinearities of the
system and to obtain a linear canonical (Brunovsky) form for it. Then, we
transfer the input saturation nonlinearities of the system to the adopted linear
part of the model. To make the obtained linear system to be controllable and
observable, some modifications are done on the nonlinear feedback control to
modify the linear matrix of the system. Subsequently, a full order state linear
observer is designed for the system to estimate the states of the model using the
only available output, i.e. the angular velocity. To provide tracking of voltage
and power reference commands, integral outer loops are added to the linear
part of the system. The Kalman filter and the linear quadratic regulator ap-
proaches are adopted to derive the linear observer and controller, respectively,
and to construct the framework of the final augmented system. Finally, the
efficiency and applicability of the proposed observer-based state feedback con-
troller are revealed using some illustrative examples simulated in the presence of
short−circuit faults and magnitude and rate saturations of input signals, where
the superiority of the introduced controller is revealed for its robustness against
unwanted faults increasing CCT of the machines and its low implementation
costs reducing the control energy required for the stabilization of the system
compared to the classic IEEE control schemes.
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Figure 1: A SMIB power system.

2 System modeling and problem formulation

Fig. 1 shows a simple representation of a power system consisting of a single
machine connected to an infinite bus through a transmission line with impedance
Z = re + jxep. In the sequel, we will present the one-axis model, named also
flux decay model, of the SMIB power system where the reader may refer to [1]
for more details.

2.1 One-Axis Model of a SMIB

The mechanical dynamics of the generator, which correspond to the rotor’s
relative angle (δ) and the angular velocity (ω), are described by:

δ̇ = (ω − ωs)ω0 (1)

ω̇ =
ωs
2H

(Tm − Tfw − Te) (2)

where ωs is the rated synchronous speed in p.u, ω0 is the rated synchronous
speed in rad/s, H is the machine’s inertia, Tm represents the mechanical torque
applied to the shaft, Tfw = D(ω − ωs) is a friction windage torque with a
damping coefficient D and Te is the electrical torque defined by the following
expression

Te = iqe
′

q + (xq − x
′

d)idiq (3)

where xq is the synchrounous reactance of the generator in quadratic axis

and x
′

d is its transient reactance in direct axis.
The mechanical power, denoted Pm, is defined as:

Pm = Tmω (4)

Inserting in 2) Te given by (3) and Tm given by (4) and assuming D = 0,
one gets

ω̇ =
1

2H
(Tm − iqe

′

q − (xq − x
′

d)idiq) (5)

The dynamic of the induced voltage on the q-axis, denoted e
′

q, is given by:

ė′q =
1

T
′
d0

(
−e

′

q − (xd − x
′

d)id + Efd

)
(6)
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where Efd represents the voltage across the rotor field coil, which is considered
as an input for the SMIB model to be designed.

The mathematical equation of the governor dynamics is given below.

Ṗsv =
1

Tg
(Tcc − Psv +Kg(ω − ωs)) (7)

in which Tcc is a constant to be designed as a reference for mechanical torque
and Psv is the steam valve position and it represents the second input for the
SMIB model.

The turbine dynamical equation is also given by:

Ṫm =
1

Tch
(Psv − Tm) (8)

The currents in dq-coordinates (id, iq) are obtained by solving a set of alge-
braic equations, which represents the interaction of the machine with the power
grid: {

id = c1 + c2e
′

q

iq = c3 + c4e
′

q

(9)

with

c1 = −
(rs + re)sin(δ) + (xq − xep)cos(δ)
(rs + re)2 + (x

′
d + xep)(xq + xep)

Vs

c2 =
xq + xep

(rs + re)2 + (x
′
d + xep)(xq + xep)

c3 =
(x

′

d + xep)sin(δ)− (rs + re)cos(δ)

(rs + re)2 + (x
′
d + xep)(xq + xep)

Vs

c4 =
re + rs

(rs + re)2 + (x
′
d + xep)(xq + xep)

Assuming rs = re = 0 (i.e., overhead lines with neglectable resistances
compared to reactances), the currents id, iq are simplified as follows:

iq = Vs

xep+xd
sin(δ)

id = 1
xep+x

′
d

e
′

q − Vs

xep+x
′
d

cos(δ)
(10)

The above dynamics (1)-(10) can be regrouped in the following fifth-order
state form:

ẋ(t) = f(x(t), u(t)), x(t0) = x0 (11)

where x1 = δ, x2 = ω, x3 = e
′

q, x4 = Tm, u1 = Efd and u2 = Psv.
It is noted that in this work, we will include the governor dynamics (7) in

an outer control loop.
It should be also noted that due to physical limitations, the control inputs

have to verify the following constraints:
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Magnitude limitation: The exciter may generate positive and negative
values where symmetric bounds are generally considered:

|u1| ≤ ū1 (12)

However, the steam valve position is limited between 0 (completely closed) and
1 (completely open):

0 ≤ u2 ≤ ū2 (13)

Rate limitation: Beside the magnitude saturation, the variation of steam
valve position has to respect some limitations:

1

Tc
≤ u̇2 ≤

1

To
(14)

where To (Tc) is the necessary time to pass from a completely closed (open)
position to a completely open (closed) position.

Remark 1: One can use the first-order derivative approximation u̇ ∼=
u(t)−u(t−ε)

ε (where ε is a small constant) to convert the rate saturation to a
magnitude saturation as follows:

1

Tc
≤ u̇2 ≤

1

To
⇒ 1

Tc
≤ u2(t)− u2(t− ε)

ε
≤ 1

To
⇒ ε

Tc
+u2(t−ε) ≤ u2(t) ≤ ε

To
+u2(t−ε)

(15)
Now, defining u2Min = ε

Tc
+u2(t− ε) and u2Max = ε

Tc
+u2(t− ε) and noting

to 0 ≤ u2 ≤ ū2, we will have

u2L ≤ u2(t) ≤ u2H (16)

with u2L = max {0, u2Min} and u2H = min {ū2, u2Max}.

2.2 SMIB Model in faulty mode operation

The appearance of a temporary short−circuit in the transmission line affects
considerably the system’s stability. Let us consider the case of two parallel
transmission lines with the same impedance Z

′
= 2(re + jxep). This allows

us to preserve the same impedance of the previous transmission line Z. The
short−circuit will happen at time tc at the middle of the second transmission
line. This faulty mode affects the SMIB model by changing its parameters (re,
xep) by 2

3 (re, xep) and Vs by 1
3Vs as reported in [28].

Notice that in practice the short−circuit may happen at any point of the line.
It has been examined here in the middle for the sake of simplicity. For example,
if the short−circuit appears at the terminal of the generator, Vs will be replaced
by zero in the dynamics (1)-(10). In this case, the machine’s speed increases,
with respect to the dynamic (17), as long as the short−circuit is present and
depending on its duration (denoted ∆t) the machine may lose synchronism.

ω̇ =
ωs
2H

Tm (17)
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2.3 Control Objectives

The main control objective for the synchronous machine is to operate at syn-
chronous speed ωs, maintain a constant modulus of the terminal voltage Vref
and achieve a desired mechanical power Pref under control inputs constraints.
Accordingly, we will try to mimic the standard classic IEEE governor model
(7) in the closed-loop system. The modulus of the terminal voltage of the syn-
chronous generator, denoted vt, is given by:

vt =
√
v2
d + v2

q (18)

where: {
vd = reid − xepiq + Vssin(x1)
vq = reiq + xepid + Vscos(x1)

(19)

3 Observer-based nonlinear controller design

In this section, first we show that the nonlinear model SMIB system is flat.
Then, we will compensate the effects of the input saturations. Finally, a lin-
ear state observer is designed for the system to built the final flatness-based
controller.

3.1 Checking out flatness of SMIB

Consider a general case of the nonlinear system (11) with x(t) ∈ Rn and u(t) ∈
Rm. It is said to be differentially flat if and only if there exists a flat output
z(t) ∈ Rm of the form :

z = h(x, u, u̇, ..., u(r)) (20)

such that
x = φ(z, ż, ..., z(q))
u = ψ(z, ż, ..., z(q+1))

(21)

The components of the flat output z are differentially independent. These
equations yield, that for every given trajectory of the flat output t → z(t), the
evolution of all other variables of the system t → x(t) and t → u(t) are also
given without integration of the system of differential equations

Proposition 1: The one-axis model of the single machine infinite bus power
system given by (11) is differentially flat with the output z = [x1 x4]T .

Proof : We should prove that the remaining states x2 = ω and x3 = e
′

q as
well as the control inputs u1 = Efd and u2 = Psv can be written as a function
of the flat outputs and their successive derivatives. First, from (2), one gets

ω =
δ̇

w0
+ ωs (22)
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So, x2 = ω is stated by the flat output δ. From (2), one obtains the following
relation for e

′

q.

e
′

q =
Tm − 2H

w0w
δ̈AAVsiq

(1 +AA)iq
(23)

where AA =
xq−x

′
d

xep+x
′
d

.

The next step is to express the control inputs as functions of the outputs and
their derivatives. To this end, in what follows, we replace the control inputs u1(t)
and u2(t) with Sat(u1) and Sat(u2), respectively to include the corresponding
saturation nonlinearities. As a result, using (6) and (23), one can obtain

Sat(u1) = Td0ė
′
q + e

′

q + (xd − x
′

d)id (24)

where

ė′q =

[
Ṫm− 2H

w0ws
δ̈+AAVs(i̇qcos(δ)−sin(δ)iq)

]
(iq(1+AA))−F (X)

(iq(1+AA))2 with F (X) = i̇q(1 +

AA)(Tm − 2Hw0wδ̇ +AAVscos(δ)iq) and i̇q = V scos(δ)
xep+xq .

And, according to the Eq. (8) one can easily obtain

Sat(u2) = TchṪm + Tm (25)

So, the proof is completed and the selected variables z = [x1 x4]T are the flat
outputs of the SMIB system.

3.2 Flatness-based linearizing state feedback

Here, we consider the new state vector ξ = [ξ1 ξ2 ξ3 ξ4 ξ5]
T

with ξ1 = x1 = δ,
ξ2 = δ̇1, ξ3 = δ̈1, ξ4 = x4 = Pm and ξ5 = Ṗm. In what follows, we conclude
a proposition to highlight the equivalence between the nonlinear model of a
SMIB power system and a linear controllable one. Before proceeding to the
proposition, we first rewrite the saturation function as follows:

Sat(ui) = ui + ∆ui, i = 1, 2. (26)

where ∆ui is defined as follows:

∆ui =

 uHi − ui, ui ≥ uHi
0, uLi ≤ ui ≤ uHi
uLi − ui, ui ≤ uLi

(27)

Therefore, based on Eqs. (26) and defining v1 = δ̈ and v2 = Ṫm, the control
inputs u1 (24) and u2 (25) are reformed as (28) with ∆v1 = −wsw0∆u1

2H and

∆v2 = −∆u2

Tch
.
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u1 =
Td0[Ṫm− 2H

w0ws
(v1+∆v1)+AAVs(i̇qcos(δ)−sin(δ)iq)](iq(1+AA))−Td0F (X)

(iq(1+AA))2 +
Tm− 2H

w0w δ̈AAVsiq

(1+AA)iq
+ (xd − x

′

d)id
u2 = Tch(v2 + ∆v2) + Tm

(28)
Proposition 2: Under the mapping ξ = Φ(x) given by:

Φ(x) =


x1

x2−ωs

ω0
(−x3iq(1+AA)+x4+AAVsiq)w0ws

2H
x4

 (29)

and the state feedback given in (28), the nonlinear model of the SMIB is equiva-
lent to the following semi-linear (i.e. linear system with nonlinear uncertainties)
controllable system presented in (30).

ξ̇ = Aξ +B (v + ∆v) (30)

where:

v =

[
v1

v2

]
,∆v =

[
∆v1

∆v2

]
, A =


0 1 0 0
0 0 1 0
0 0 0 0
0 0 0 0

 , B =


0 0
0 0
1 0
0 1

 (31)

Proof : By considering the flat variables x1 and x5, the corresponding
Brunovsky form has a full rank controllability matrix, which means that one
can propose a state feedback that can linearize the SMIB model (11) [20], [29].
Using the above diffeomorphism and replacing the control expression (28) in
the dynamics of the new coordinates yields the above linear controllable system
(30).

Remark 2: It should be noted that although, we have not used the deriva-
tives of the saturation functions of the control inputs in proposition ?? to prove
the flatness property of the SMIB system, the available discontinuities in the
∆u may make the proposed diffeomorphism mapping to be local from the equiv-
alency point of view. However, transferring the discontinuous term ∆u to the
semi-linear side as the term ∆v and noting to this fact that the discontinuities
of ∆v are exactly equal to those of ∆u (due to this fact that ∆v includes the
exact ∆u), will avoid this problem and, therefore, the proposed diffeomorphism
will be global.

Remark 3: It should be noted that although, we have not used the deriva-
tives of the saturation functions of the control inputs in Proposition 1 to prove
the flatness property of the SMIB system, the available discontinuities in the ∆u
make the proposed diffeomorphism mapping to be local from the equivalency
point of view. In fact, when the control inputs hit the saturation limits, there
will not be a one-by-one mapping between the semi-linear Brunovsky system
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and the corresponding nonlinear SMIB model anymore. However, even in this
case, one can design proper linear control inputs v(t) to stabilize the system like
an output feedback linearization scheme.

3.3 Linear state observer design

From flatness-control point of view, one of the main practical significance of the
flat outputs of a dynamical system is that if the flat outputs are measurable, then
all the system variables required for feedback can be directly computed without
integrating any differential equations. In our case, the rotor’s relative angle
and the mechanical power are selected as the system flat outputs. However,
in practice, these values cannot be easily measured. And, in most practical
situations, the angular velocity of the machine is the only available output to be
measured. Accordingly, if we want to implement the above-designed controller,
we should fist develop an observer for the system to estimate the states of the
system using the angular velocity output. In what follows, the observer design
procedure for the SMIB system is presented.

Instead of directly developing an observer for the SMIB system given in
(1)-(10), we use the equivalent semi-linear system (31) to propose an efficient
linear Luenberger observer. To this end, we first select the output matrix of
the system as y = [0 1 0 0]

T
and check the observability property of the system

(31). After checking the rank of the observability matrix, it is revealed that it
is singular (it is rank efficient) and, therefore, the system (31) is not observable.
To solve this problem, we propose an alternative: modify the linear matrix A in
(31) using modifying the linear control inputs v1 and v2 to obtain an observable
system. In this line, we add ∓Tm and ∓δ to the control inputs u1 and u2 in
(28), respectively as formulated in (32).

u1 =

Td0[Ṫm− 2H
w0ws

(v1 − Tm︸ ︷︷ ︸
v1n

+ ∆v1 + Tm︸ ︷︷ ︸
∆v1n

)+AAVs(i̇qcos(δ)−sin(δ)iq)](iq(1+AA))−Td0F (X)

(iq(1+AA))2 +
Tm− 2H

w0w δ̈AAVsiq

(1+AA)iq
+ (xd − x

′

d)id
u2 = Tch(v2 − δ︸ ︷︷ ︸

v2n

+ ∆v2 + δ︸ ︷︷ ︸
∆v2n

) + δ

(32)
The above modifications are equivalent to put a 1 in the third row-forth

column of the matrix A and another 1 in the firth row-fifth column of the
matrix A as follows:

A =


0 1 0 0
0 0 1 0
0 0 0 1
1 0 0 0

 (33)

Now, the pair (A,C) is observable and the pair (A,B) is controllable (their
corresponding observability and controllability matrices are full rank). The
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Table 1: Typical parameters of a SMIB power system in p.u.

Parameter ωs Vs T
′

d0 xd xq x
′

d H Tch rs rep D xep

Value 1 1 9.6 2.38 1.21 0.336 5 5 0 0 0 0.4

linear Luenberger observer is designed using the following dynamics:

˙̂
ξ = Aξ̂ +BV + L(y − Cξ) (34)

where V = [v1n v2n]
T

is the linear control input to be designed later.
The observer gain matrix L can be easily obtained using the Kalman com-

mand of the Matlab software. So, the estimated states ξ̂ will be used to construct
the final controller (including linear controls v1n, v2n and nonlinear ones u1, u2).

3.4 Output tracking loop

The new vector of control V has to guarantee the stability of the SMIB system
and achieve the control requirements discussed before. Thus, the state vector ξ
has to be driven to a desired state ξref , which corresponds to a desired relative
angle, a zero relative speed, a zero acceleration and a desired mechanical torque.
However, in addition to the driving the states of the semi-linear system to the
desired the reference values, for better tracking purposes and good robustness
properties, we add an output integrator loop to the system to make it for efficient
satisfaction of the control objectives. On the other hand, one needs to cancel out
the effects of the semi-linear terms ∆v in the system. So, the output tracking
loop includes three parts: (a) an active control for cancelling the semi-linear
parts (b) a feedforward tracking scheme for providing the tracking conditions of
linear state space systems and (c) an integrator loop for including the output
errors in the obtained equvalent linear system. These items are explained in the
next subsections.

3.4.1 Active control

Here, we aim to cancel out the effects of the semi-linear parts ∆v1n and ∆v2n.
Noting to the definitions ∆v1n = −wsw0∆u1

2H + Tm and ∆v2n = −∆u2

Tch
+ δ, it

is revealed that these terms are known. So, we easily use the so-called active
control method [30] to directly remove them by a feedback control. However, it
should be noted that we cannot use the states of the nonlinear system; instead,
we use the outputs of the derived observer to build estimations for ∆v1n and
∆v2n. Accordingly, the estimated semi-linear parts will be added to the control
input vn to cancel out the effects of the corresponding terms. In this line, one
can define a new linear control input as follows:

vn = vf −∆v (35)

where vf is the new linear control input and ∆v = [∆v1n ∆v2n]T .
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Based on the above formulation, the equivalent linear system for the nonlin-
ear model of the SMIB becomes:

ξ̇ = Aξ +Bvf
y = Cξ

(36)

3.4.2 Feedforward tracking scheme

Here, we incorporate the reference input into the observer/controller state feed-
back. This method is useful for tracking of slowly changing references. Consider
the state space system (36).

1. We first design a state feedback gain K such that A−BK is stable (with
poles at nice locations); 2. Suppose that ξref is the reference input. We would
associate a steady state vector ξss = Nξξref for any constant reference input
ξref . Now we define the control to be:

Vf = −K(ξ − ξss) + vss (37)

where Vss = Nvf ξref is the steady state control input to maintain ξ at ξss. 3.
To define Nvf and Nξ, we consider the desired steady state relationships:

˙ξss = Aξss +Bvfss =
(
ANξ +BNvf

)
ξref = 0

yss = Cξss = CNξξref = ξref
(38)

To make this work for all ξref , we need to solve:(
A B
C 0

)(
Nξ
Nvf

)
=

(
0
1

)
(39)

4. Once Nξ and Nvf have been found, we can rewrite the control law to be:

Vf = −K(ξ −Nξξref ) +Nvf ξref
Vf = −Kξ + N̄ξref

(40)

where N̄ = Nvf +KNξ.

3.4.3 Integrator loop

To track constant references for vt and Tm without steady-state error, system
(30) should be augmented by intermediate states X = [ξ̇T ev ew]T where ev =
Kv(vt − Vref ) with Kv � 0 as a constant gain and ew = w − wref are given by{

ev = g1(ξ)
ep = g2(ξ)

, (41)

where g1(ξ) and g2(ξ) are nonlinear functions that can be found using equations
(18) and (4). In our case, these functions are linearized around an operating
point to get a local approximation in the form{

ev = C1(ξ) +O(ξ2)
eT = C2(ξ) +O(ξ2)

. (42)

12



However, to inspire the standard classic IEEE governor model (7) in the
closed-loop system, we modify the second integrator as follows:

ew =
1

Tg
(Tref − Psv +Kg(ω − ωs)) (43)

Neglecting high order terms in (42), the linear augmented system is

Ẋ = AaX +Bav̇, (44)

where

Aa =

 A 04×2

C1 01×2

C2 01×2

 , Ba =

[
B

02×2

]
, (45)

The pair (Aa, Ba) is proved controllable in our case where the following rank
condition is verified:

rank
([
Ba AaBa A

2
aBa A

3
aBa A

4
aBa A

5
aBa

])
= 6 (46)

Hence, there exists a stabilizing state feedback:

v̇ = −KaX, with Ka = [K Kv KT ] (47)

where K ∈ R2×4, Kv ∈ R2×1 and KT ∈ R2×1.
Integrating the above equation, the outer-loop has the following form:

v(t) = −Kξ(t)−Kv

∫ t

0

ev(τ)dτ −KT

∫ t

0

ep(τ)dτ (48)

It includes proportional and integral terms, which achieve zero steady-state
error in power and voltage responses.

One of the interesting approaches to design the gain Ka is the LQR (Linear
Quadratic Regulator) method. The gain Ka is computed by solving a Riccati
equation and minimizes the following index

J =

∫ ∞
0

XT (τ)QX(τ) + v̇T (τ)Rv̇(τ)dτ (49)

where Q and R are the weight matrices.

4 Simulation results

In order to illustrate the performance of the proposed flatness controller in im-
proving the transient stability of the SMIB system, some computer simulations
with Matlab and Eurostag are provided here. For comparison purposes, classic
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Table 2: Parameters of the adopted controllers
Parameter ū1 Kp KI Kd Ka Ta Kg Tg Kv Vref wref Tc To
Value 3 10 1 0 1 0.1 25 0.3 5 1 1 0.3 3

controllers [3], [4] have also been implemented and tested, which are described
by the following differential equations:

u̇1 =
1

Ta
(−u1 +Ka(vt − Vref )) (50)

u̇2 =
1

Tg
(−u2 +Kg(ωs − ω) + Tref ) (51)

To enhance the performance of the classic controller, we add a PID controller
for the AVR. This PID controller will ensure an exact tracking scheme for the
terminal voltage and will speed up the response time of it. Also, the classic
governor controller, generating u2, is equipped with a Fast Valving Scheme
(FVS), which will enhance the transient stability [31]. Once a sever disturbance
is detected, the steam valve is closed with a fast dynamic respecting the rate
limitation (u̇2 = −1/Tc). This situation is maintained for a time T2 and after
that the valve position is released to meet the dynamic (51) and respect the rate
constraints. The parameters of the controllers are given in Table 2.

We consider a short−circuit in the middle of the second transmission line.
Fig. 2 illustrates the machine speed, mechanical torque and terminal voltage
obtained from Eurostag software. The CCT in this case is 585ms. It is clear
that the proposed approach shows appropriate robustness against hard faults
occurred in the network. On the other hand, the classic controllers reveal a
maximum CCT equal to 528 ms. This means that the suggested flatness control
algorithm has over 10% improvement in CCT compared to the IEEE common
controllers. Also, Fig. 3 to Fig. 5 illustrate different state evolutions for the pro-
posed controller against the classic IEEE controllers which have been obtained
from Matlab. One can see that the proposed controller works well. In fact,
the CCT obtained by the proposed controller is larger than that of the classic
IEEE controllers. The applied control inputs Efd and Psv are illustrated in
Figs. 6 and 7, respectively. One can see that the control inputs of the proposed
scheme are feasible in practice. Also, the proposed controller has the effect of
fast valving as it can be observed in Fig. 7, which is an interresting feature that
enhances the transient stability of the power system. Finally, Fig. 8 depicts
the dedicated control energies for both the flatness and classic control strate-
gies. It is clear that the flatness controller provides a lower value for the control
energy compared to the control energy for the classic control methodology. In
conclusion, the simulation results verify that the proposed flatness controller
outperforms the classic IEEE controllers in both CCT and control energy cri-
teria. It means that the flatness controller enhances the stability margin and it
needs less control energy implying that its implementation costs will be much
less that the existed classic ones.
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Figure 2: Speed, mechanical torque and terminal voltage response obtained in
Eurostag with a 580ms short−circuit at t = 80s.

Figure 3: Speed response with a 520ms short−circuit at t = 100s.
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Figure 4: Mechanical torque response with a 520ms short−circuit at t = 100s.

Figure 5: Terminal voltage response with a 520ms short-circuit at t = 100s.

5 Concluding remarks

In this paper, a flatness-based linearizing state feedback control scheme was pro-
posed to enhance the stability margin of a single machine infinite bus (SMIB)
system. The idea was to choose the right flat outputs to find a diffeomorphism
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Figure 6: Efd control input response with a 520ms short−circuit at t = 100s.

Figure 7: Psv control input response with a 520ms short−circuit at t = 100s.

map to make the nonlinear SMIB system equivalent to a linear canonical sys-
tem. After describing the explicit differential equations governing the SMIB
dynamics, the flatness controller was derived. However, since the flat controller
needed all the states of the system to be available, a linear Luenberger ob-
server was designed so that the states of the equivalent linear system were
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Figure 8: Control effort response with a 520ms short−circuit at t = 100s.

estimated. To consider the effects of the actuator saturations in the automatic
voltage regulators and turbine governors, a simple method was employed to
remove the nonlinearities made by these saturations. Finally, the developed
observer-controller scheme was adopted to be examined under serious faults in
the network. The simulation results in Matlab and Eurostag validated that the
introduced methodology outperforms classic IEEE controllers in the senses of
transient stability and control efforts. So, it can be concluded that the derived
strategy can be utilized in real electrical networks with a satisfying robustness
property.
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[22] S. Dominic, Y. Löhr, A. Schwung, S.X. Ding, PLC-Based Real-Time Real-
ization of Flatness-Based Feedforward Control for Industrial Compression
Systems, IEEE Transactions on Industrial Electronics, 64, 1323-1331 (2017)

[23] A. Poultney, C. Kennedy, G. Clayton, H. Ashrafiuon, Robust Tracking
Control of Quadrotors Based on Differential Flatness: Simulations and
Experiments, IEEE/ASME Transactions on Mechatronics, 23, 1126-1137
(2018)

[24] G. Rigatos, P. Siano, P. Wira, M. Sayed-Mouchaweh, Control of DC–DC
Converter and DC Motor Dynamics Using Differential Flatness Theory,
Intelligent Industrial Systems, 2, 371–380 (2016)

[25] M. Mehrasa, E. Pouresmaeil, S. Taheri, I. Vechiu, J.P.S. Catalão, Novel
Control Strategy for Modular Multilevel Converters Based on Differential
Flatness Theory, IEEE Journal of Emerging and Selected Topics in Power
Electronics, 6, 888-897 (2018)

20



[26] E.C. Anene, U.O. Aliyu, J. Levine, G.K. Venayagamoorthy, Flatness-Based
Feedback Linearization of A Synchronous Machine Model With Static Ex-
citation And Fast Turbine Valving, 2007 IEEE Power Engineering Society
General Meeting, 1-6 (2007)

[27] H.A. Yousef, M. Hamdy, M. Shafiq, Flatness-based Adaptive Fuzzy Output
Tracking Excitation Control for Power System Generators, Journal of the
Franklin Institute, 350, 2334-2353 (2013)

[28] M. Tacchi, B. Marinescu, M. Anghel, S. Kundu, S. Benahmed, C.
Cardozo, Flatness-Based Feedback Linearization of A Synchronous Ma-
chine Model With Static Excitation And Fast Turbine Valving, 2018
Power Systems Computation Conference (PSCC), Dublin, Ireland, DOI:
10.23919/PSCC.2018.8442484 (2018)

[29] A. Isidori, Nonlinear Control Systems, Springer Science & Business Media,
(2013)

[30] E.W. Bai, K.E. Lonngren, Synchronization of Two Lorenz Systems Using
Active Control, Chaos, Solitons & Fractals, 8, 51-58 (1997)

[31] R. Patel, T.S. Bhatti, D.P. Kothari, A Novel Control Logic for Fast Valving
Operations, IEEE Power Engineering Review, 22, 43-46 (2002)

21


