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Perturbation Estimation Based Nonlinear Adaptive
Control of VSC Flexible Excitation System

Ning Yang, Qi Zeng, Xin Yin, Weiyu Wang, Pingliang Zeng, Lin Jiang

Abstract—A new type of flexible excitation system (FES) is
proposed by using fully-controlled power electronic devices such
as IGBTs to replace the half controlled devices in the conventional
static excitation system, which has the merit of independent
control of rotor angle and terminal voltage of the synchronous
generator (SG). This paper proposes nonlinear adaptive control
(NAC) strategies for SG with FES in a single machine infinite bus
(SMIB) system. External disturbances and the uncertainties of all
parameters as well as modelling are defined as lumped perturba-
tion terms and estimated by perturbation observers (POs) or state
and perturbation observer (SPO). The estimated perturbation
terms are used to compensate the real perturbations and achieve
a model-independent and robust NAC. Merits of the FES against
the conventional static excitation system and effectiveness of
the proposed NAC scheme against the accurate model based
multi-variable feedback linearization control (MFLC) are verified
via small-signal stability analysis and simulation studies. The
simulation results have shown that the proposed NAC can achieve
superior control performance with less states feedback during a
three-phase short circuit and better robustness against parameter
uncertainties, compared with linear control and MFLC.

NOMENCLATURE

δ Rotor angle of synchronous generator
ω Rotor speed of synchronous generator
ω0 Nominal synchronous speed
bV SC The equivalent compensated admittance
b∗V SC The reference of equivalent compensated admittance
D Damping
Efd Synchronous generator field voltage
Eq Internal voltage in q-axis of synchronous generator
E′

q Internal transient voltage in q-axis of synchronous
generator

Pm Input mechanical power of synchronous generator
Pt Electrical power of synchronous generator
T ′
do d-axis OC transient time constant

Tj Rotor inertia constant
TQ The inherent time constant of FES
Ub Infinite bus voltage
Ut Terminal voltage of synchronous generator
vtd, vtq Stator voltages in d- and q-axis of synchronous gen-

erator, respectively
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xd d-axis synchronous reactance
x′
d d-axis transient reactance

xL Line reactance
xq q-axis synchronous reactance
xt reactance of the transformer

I. INTRODUCTION

Static excitation systems using half-controlled thyristor
based rectifiers have been widely installed on synchronous
generators (SGs) in the convectional power system as one
of the most effective and economic measures for stability
and voltage support [1], [2]. Moreover, although more SGs
will be replaced by non-dispatchable and non-synchronous
renewable generations in the future power system, traditional
synchronous generation will remain a relatively high share
in many power grids. Thus the excitation system of SG will
still contribute as a key role to support the grid stability [6],
[7]. However, besides the numerous benefits, SGs with static
excitation system encounters some problems, such as power
quality problem like line voltage notching and line current
distorting due to the usage of the half-controlled thyristors [3],
[4]; and compromised regulation performance of two control
objectives of the terminal voltage and the rotor angle due to
using only the field excitation voltage as the control variable
[5].

With the development of power electronics, a flexible exci-
tation system (FES) has been proposed for SG by using fully-
controlled power electronic devices such as IGBT to replace
thyristors used in conventional excitation systems [8]. As
shown in Fig. 1, the FES consists of a front-end voltage source
converter (VSC), a back-end DC/DC chopper, and a step-
down transformer [9]. It can provide independent control of
the excitation voltage from the chopper and the reactive power
control from the VSC, which enable independent control of
rotor angle and terminal voltage of SG; while the conventional
static excitation system can only use the excitation voltage
to control both the rotor angle and the terminal voltage
[10]. Moreover, the fully controlled VSC can achieve better
power quality by regulating the input current sinusoidally and
reducing harmonic distortion [11], [12].

Many control methods have been proposed to ensure the
satisfactory dynamic performance of SG with FES, such as
vector control [9], linear optimal control [13], and lead-lag
phase compensation based control[14], [15]. The mechanism
of the FES to enhance power system stability is demonstrated
in [9], in which FES is controlled by vector control with
PI loops and verified by simulation studies. FES with linear
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optimal controller and experimental verification are given in
[13], which show that transient performance and steady-state
stability limit can be improved from the FES, compared
with the conventional excitation systems. Phase compensation
based design is applied to two independent design of a PSS
and a reactive power control of the FES [14]. Then, to reduce
the coupling effects between those two control loops, a coordi-
nated optimisation method is proposed to tune gains of those
two loops, and implemented and tested at a 55-MW hydro-
power generator [15]. As linear control strategies are derived
and optimised based on one operating point, their performance
will be degraded with the change of operation point [17]. This
stimulates the application of nonlinear control such as multi-
variable feedback linearization scheme (MFLC) to deal with
the strong coupling and nonlinearities of the SG with FES [16],
[17]. Although MFLC can provide global optimal performance
over a wide range of operating points, this approach requires
accurate system model and thus suffers from a complex
control law and weak robustness to parameter uncertainties
and external disturbances [18]. Many control methods have
been purposed to address those drawbacks of the MFLC.
Among them, one effective control method called perturbation
estimation and compensation based nonlinear adaptive control
(NAC) is proposed to enhance controller robustness and reduce
model dependence, and applied to enhance power system
stability, wind power generation and integration [19], [20],
[21], [22], [23].

This paper investigates a perturbation compensation based
NAC for synchronous generator (SG) with a FES and aims
at a fully decoupled and robust control of rotor angle and
terminal voltage, with fully confederation of model nonlin-
earities, model uncertainties, and external disturbance. Via
defining lumped perturbation terms to include all unknown
system nonlinearities, coupling between two loops, param-
eter uncertainties, and external disturbance, and designing
two perturbation observers to estimate the perturbations, the
NAC compensates the real perturbation by their estimates
and achieve adaptive feedback linearization control without
accurate system model. Two NAC strategies, state-feedback
and output-feedback are investigated, respectively. Assuming
all states are measure able and available, state-feedback based
NAC is designed based on two perturbation observers (POs)
for the terminal voltage loop and the rotor angle loop. The
output-feedback NAC employs the voltage PO and designs
state and perturbation observer (SPO) for the rotor angle loop
to estimate states and perturbation terms of the rotor angle
loop. The effectiveness of the proposed NAC schemes for the
single bus infinite bus with FES (SMIB-FES) is verified via
simulation studies and comparison with the MFLC. Moreover,
the effectiveness of the SG with FES is also demonstrated by
SG with the static excitation system controlled by PSS and
AVR, respectively.

Main contributions of this paper are summarised as follows:
• The proposed NAC scheme employs perturbation estima-

tion and compensation to achieve a fully decoupled con-
trol of the rotor angle and terminal voltage loops, and thus
an enhanced control performance of SG with FES, i.e.
using two control variables the equivalent compensated

admittance and the excitation field voltage to achieve the
decoupled control of two objectives: terminal voltage and
rotor angle.

• Compared to linear control schemes derived and op-
timized based on operating point [13], [14], [15], the
proposed NAC scheme can achieve a global optimal
control performance over the entire operating range by
fully considering all nonlinearities, and unmodeled sys-
tem dynamics.

• With the estimation and compensation of the lumped
perturbation term, the proposed NAC scheme doesn’t
require accurate system model and can achieve better
robustness and simpler control law than the MFLC [17].

• The proposed output-feedback NAC doesn’t require the
full states feedback and can be easily extended to the
multi-machine power system.

The remaining parts of this paper are organised as follows.
Section II presents problem formulation. In Section III, the de-
sign of MFLC and NAC are presented. Section IV carries out
the small signal stability analysis and simulation verification,
compared with the AVR/PSS for SMIB with the conventional
excitation system and the MFLC for SMIB-FES. Section V
concludes this paper.

II. PROBLEM FORMULATION

The topology diagram of a VSC-Chopper based FES pro-
posed in [9] is shown in Fig.1. The main function of the
front-end VSC is to maintain a constant DC capacitor voltage
and then the field voltage can be controlled by the chopper
only. Moreover, the front-end VSC can exchange reactive
power with the generator terminal. Thus FES cannot only
provide similar field voltage control like the conventional
static excitation system, but also owns one more control input
by adjusting reactive power exchange and controlling the
generator terminal voltage.

L

Voltage Source Converter Chopper

Cdc

Efd

SG

Step-down  transformer

Fig. 1: Topology of a VSC and Chopper based FES

To simplify the analysis, the VSC and chopper in FES
are assumed to be properly controlled to output the reference
field voltage and reactive power fast enough, and thus, their
dynamics are ignored [24]. The dynamic model of the VSC
is ignored, and the exchange of reactive power with the grid
is equivalent to compensating the shunt admittance bV SC and
simplified as a first-order system as in [17]:

ḃV SC =
1

TQ
(−bV SC + b∗V SC) (1)
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where b∗V SC is the reference of bV SC and TQ is the time
constant of FES.

Fig. 2: SMIB including SG with a Flexible Excitation System

Fig. 3: Equivalent diagram of the SMIB with the FES

Fig.2 shows the configuration of a SMIB with SG installed
with the FES. The equivalent diagram of the SMIB-FES is
simplified in Fig. 3, considering the effect of the equivalent
shunt admittance. From Fig.3, it can have

ĪL = Īt + Īs = Īt + jbV SCŪt

Ūt = jxLĪL + Ūb = jxLĪt − xLbV SCŪt + Ūb
(2)

From equation (2), it can be obtained that

Ūt =
jxLĪt + Ūb

1 + xLbV SC
= jxlΣĪt +

Ūb

cV SC
(3)

where cV SC = 1 + xLbV SC and xlΣ = xL/cV SC .
The equivalent system is of a line impedance xlΣ connected

to an infinite bus with a voltage being Ub

cV SC
. Therefore, with

the equivalent shunt admittance (1), the mathematical model of
the SMIB power system installed with the FES can be obtained
by replacing xL and Ub in the system with conventional
excitation system by xlΣ and Ub

cV SC
, respectively [25].

δ̇ = ω0(ω − 1)
ω̇ = 1

Tj
(Pm − Pt −D(ω − 1))

Ė′
q = 1

T ′
d0

(Efd − Eq)

ḃV SC = 1
TQ

(−bV SC + b∗V SC)

(4)



Pt =
E′

qUb

cV SCx′
dΣ

sin δ − U2
b

2c2V SC

(xq−x′
d)

x′
dΣxqΣ

sin 2δ

Eq =
E′

qxdΣ

x′
dΣ

− (xd−x′
d)Ub cos δ

cV SCx′
dΣ

vtd =
xqUb sin δ
cV SCxqΣ

, vtq =
xlΣE′

q

x′
dΣ

+
Ubx

′
d cos δ

cV SCx′
dΣ

Ut =
√
v2td + v2tq

x′
dΣ = x′

d + xlΣ, xdΣ = xd + xlΣ, xqΣ = xq + xlΣ

(5)

III. DESIGN OF PERTURBATION OBSERVER-BASED
NONLINEAR ADAPTIVE CONTROLLER

This section firstly obtains the input-output relationship
of the SMIB-FES. Then model-based MFLC [17] will be
recalled, followed by the design of perturbation observers and
the NAC for the voltage and the rotor angle loops, respectively.

A. Input-output representation

The multi-input multi-output (MIMO) system defined by
(4)(5) can be expressed in the classical form of nonlinear
system (6) for the design of the input–output feedback lin-
earization control law of the SMIB-FES [16]. Ẋ = f(x) + g1u1 + g2u2

y1 = Ut

y2 = δ
(6)

where X are the state vector; y1 and y2 are the system outputs
Ut and δ, respectively; u1, u2 are the inputs of the nonlinear
FES.

X =
[
δ ω E′

q bV SC

]T
(7)

u1 = Efd (8)

u2 = b∗V SC (9)

g1 =
[
0 0 1

T ′
d0

0
]T

(10)

g2 =
[
0 0 0 1

TQ

]T
(11)

The outputs y1 and y2 are indirectly related to the input
u1 and u2 through the state variables and the nonlinear
state equation. Therefore, an approach to build the explicit
relationship between inputs and outputs is to differentiate
the output y of the system until the inputs appear, thereby
obtaining accurate input-output feedback linearization of the
MIMO system. By means of calculating the Lie derivative
for each output, the explicit relationship between inputs and
outputs in (6) can be represented as[

ẏ1...
y 2

]
=

[
Lfy1(X)
L3
fy2(X)

]
+B(x)

[
u1

u2

]
(12)

B(x) =

[
β11 β12

β21 β22

]
=

[
Lg1y1(X) Lg2y1(X)

Lg1L
2
fy2(X) Lg2L

2
fy2(X)

]
(13)

where Lfy1, L3
fy2 and components of B(x) are Lie derivatives

and can be found in Appendix A. The relative degree of out-
puts y1 and y2 are r1 = 1 and r2 = 3, respectively. The relative
degree of the MIMO nonlinear system is r = r1 + r2 = 4,
which equals to the system order and thus no internal dynamics
needed to discussed.
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B. Multi-variable FLC

As B(x) is nonsingular in all operating range, the feedback
control law can be designed to achieve the tracking control of
Ut, δ with references U∗

t , δ∗ as[
u1

u2

]
= B(x)−1

(
−
[

Lfy1
L3
fy2

]
+

[
v1
v2

])
(14)

v1 = ẏ∗1 + k11e1

v2 =
...
y ∗

2 + k21ë2 + k22ė2 + k23e2
(15)

where
[
v1 v2

]T
are linear control law; k11, k21, k22 and

k23 are gains of linear controller; e1 = y∗1−y1 and e2 = y∗2−y2
are tracking errors.

The original system (12) is linearized as[
ẏ1...
y 2

]
=

[
v1
v2

]
(16)

C. Perturbation Observers

Assume all nonlinearities of the system (12) are unknown,
and define perturbation terms as[

Ψ1

Ψ2

]
=

[
Lfy1(X)
L3
fy2(X)

]
+ (B(x)−B0)

[
u1

u2

]
(17)

where Ψ1 and Ψ2 are the perturbation terms that contains all
types of uncertainties and nonlinearities, B0 = B(x)|x=x(0)

is the nominal control gain. Then, (12) can be rewritten as[
ẏ1...
y 2

]
=

[
Ψ1

Ψ2

]
+B0(x)

[
u1

u2

]
(18)

Defining state variables as z11 = y1, z21 = y2, z22 =
ẏ2, z23 = ÿ2, and two fictitious states to represent perturbation
terms as z12 = Ψ1(x) and z24 = Ψ2(x), two extended-order
subsystems are given by{

ż11 = z12 + β110u1 + β120u2

ż12 = Ψ̇1
(19)

ż21 = z22
ż22 = z23
ż23 = z24 + β210u1 + β220u2

ż24 = Ψ̇2

(20)

When all system states are available, two second-order POs
can be designed to estimate the perturbations Ψ1 and Ψ2, using
system outputs y1 = and y3 = z23 = δ̈ as shown in (21)
and (22). Note that the terminal voltage y1 is a measurable
output, but the output y3 = δ̈ should be calculated from
available measurements based on (4) or replaced by other
available measurements such as the active power Pt for easy
implementation.

PO for voltage loop:{
˙̂zPO11 = ẑPO12 + l11 (y1 − ẑPO11) + β110u1 + β120u2

˙̂zPO12 = l12 (y1 − ẑPO11)
(21)

PO for rotor angle loop:{
˙̂zPO23 = ẑ24 + l31 (y3 − zPO23) + β210u1 + β220u2

˙̂zPO24 = l32 (y3 − ẑPO23)
(22)

where ẑPOij are the estimates of zij , and lij are observer gains
which can be chosen by the pole placement technique.

When only system outputs are available, a fourth-order SPO
can be designed to estimate the states δ̇, δ̈ and the perturbations
Ψ2 by using system output y2 = δ instead of y3 = δ̈ as shown
in (23).

SPO for rotor angle loop:
˙̂z21 = ẑ22 + l21 (y2 − ẑ21)
˙̂z22 = ẑ23 + l22 (y2 − ẑ21)
˙̂z23 = ẑ24 + l23 (y2 − ẑ21) + β210u1 + β220u2

˙̂z24 = l24 (y2 − ẑ21)

(23)

where ẑij are the estimates of zij . The diagram of PO (21)
and SPO (23) are shown in Fig. 4.

D. Nonlinear Adaptive Controller Design

By cancelling the real system perturbation with their esti-
mates, state-feedback and output-feedback based NACs can
be designed based on the POs and SPOs, respectively. The
state-feedback based NAC can be obtained as:[

u1

u2

]
= B−1

0

(
−
[

ẑPO12(x)
ẑPO32(x)

]
+

[
v1
v2

])
(24)

v1 = ẏ∗1 + k11(y
∗
1 − y1)

v2 =
...
y ∗

2 + k21(δ̈
∗ − δ̈) + k22[δ̇

∗ − δ̇] + k23(δ
∗ − δ)

(25)

For the output-feedback based NAC, the PO (21) and SPO
(23) will estimate the system perturbation Ψ1 and Ψ2 and the
states δ̇, δ̈. The output-feedback based NAC for the system can
be expressed as[

u1

u2

]
= B−1

0

(
−
[

ẑPO12(x)
ẑ24(x)

]
+

[
v1
v2

])
(26)

v1 = ẏ∗1 + k11(y
∗
1 − y1)

v2 =
...
y ∗

2 + k21(δ̈∗ − ẑ23) + k22[δ̇∗ − ẑ22] + k23(δ
∗ − δ)

(27)
The block diagram of the output-feedback NAC is shown

in Fig. 4. The implementation of the proposed control scheme
only requires the measurement of the terminal voltage and
rotor angle. With proper observer gains, the designed pertur-
bation observers can actively estimate the time-varying pertur-
bation using the measured outputs y1 and y2. Compared with
the MFLC proposed in [17], the proposed controller doesn’t
requires the detailed model and full state measurements but all
nonlinearities together with external disturbances are still be
considered. Note that the stability analysis of the closed-loop
system formed of the plant (4)-(5), the perturbation observer
(21)-(22), and the controller (24) is presented in Appendix B.

The flowchart of the output-feedback NAC is shown in
Fig. 5. The designed perturbation observers (21) and (23),
feeding by the measured outputs y1 and y2, can estimate the
states δ̇, δ̈, and system perturbation Ψ1 and Ψ2. With the
measured outputs, estimated states and system perturbation,
the proposed output-feedback NAC can regulate the terminal
voltage and power angle stability by adjusting the field voltage
and compensating equivalent admittance.
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k11

B0

-1

l23

l21

l12

l11

+
k21

l12

l12

+

+

+

+
+

+
+

+

l24

l22

+

+

+

Fig. 4: Block diagram of the proposed output-feedback NAC
with SPOs

Start

End

Estimate the states  δ,  δ and

lumped perturbation Ψ2
based on (23)

Estimate the lumped

perturbation Ψ1
based on (21)

Compute u1 and u2 based on (27)

Get outputs  
t
, δ

Fig. 5: Flowchart of the proposed output-feedback NAC with
SPOs

IV. SIMULATION RESULTS

The proposed controllers have been tested via small-signal
stability analysis and simulation in MATLAB/Simulink. The
control performance of the proposed controllers is compared
with the performance of the MFLC [17] and the AVR+PSS
for the conventional excitation system [26]. The inputs of the
AVR+PSS are the deviation of rotor speed and the terminal
voltage, and the MFLC requires full state feedback. Due to
the similar performance of state-feedback and output-feedback
based NAC, only results of the output-feedback NAC are
presented.

Parameters of SMIB shown in Fig.3 are given in Table I.
The control inputs are bounded as |u1| ≤ 5 p.u. and |u2| ≤
0.1 p.u. Parameters of the NACs are designed based on pole

placement method and listed as following: POs: l11 = 1 ×
103, l12 = 2.5 × 105, l31 = 1.28 × 103, l32 = 4.096 × 105,
SPO: l21 = 4.4 × 103, l22 = 7.26 × 106, l23 = 5.324 × 109,
l24 = 1.4641× 1012 Controller: k11 = 2, k21 = 6, k22 = 24,
k21 = 16. Note that MFLC uses same controller parameters
as the NAC.

TABLE I: Parameters of SMIB with the FES

d-axis synchronous reactance xd 1.2
q-axis synchronous reactance xq 0.3
d-axis transient reactance x′

d 0.3
Line reactance xL 0.2
Nominal synchronous speed w0 2πf
Rotor inertia constant Tj 9.48
d-axis OC transient time constant T ′

do 5.9
Mechanical input power Pm 1
Damping D 0.1
Bus voltage Ub 1
Reactive power regulator time constant TQ 0.1

All in per unit except that Tj , T ′
d0 and TQ are in second.

A. Small-signal Stability Analysis and Verification

Results of small-signal stability analysis of the SMIB-FES
is shown in Table II which gives eigenvalues, oscillation
frequency and damping ratio (ζ) of dominate poles. It indicates
that both MFLC and proposed NAC can ensure damping per-
formance under different operation points, while damping ratio
of the linear control (AVR+PSS) changes with the operation
point. Moreover, FES can provide better damping performance
than the conventional static excitation system, though results
of FES with linear control is not presented in this paper [13].

TABLE II: Small-signal stability of SMIB with FES

Operating
Point

Controller
Type Eigenvalue Frequency ζ

Pm = 1.00
AVR+PSS −1.6578± 9.0773i 1.2855 0.2010
MFLC −0.8861± 0.4223i 0.0672 0.9027
NAC −0.8201± 0.5136i 0.0817 0.8475

Pm = 0.60
AVR+PSS −1.3911± 8.4715i 1.3483 0.1620
MFLC −0.8861± 0.4223i 0.0672 0.9027
NAC −0.8528± 0.4702i 0.0840 0.8369

Simulation verification under small disturbance are given in
Fig. 6-8. 3% step change of the reference terminal voltage
is applied at 2s. The simulation results are shown in Fig.
6-8. Fig.6 compares the control performance of FES under
different control and the results of a thyristor excitation system
controlled by conventional controller AVR+PSS. Both MFLC
and NAC can track the variation of terminal voltage reference
immediately. In Fig.6, under the NAC control of FES, the
steady time is 5 s , while those under AVR+PSS control is 6
s. Therefore, it is obvious that the NAC and MFLC is more
effective in improving the small-signal stability of the power
system.

The effectiveness of NAC is verified considering the change
of operation point of the SMIB-FES. In this scenario, addi-
tional 5% input mechanical power is added at 1s. The results
are compared with the SMIB with AVR+PSS and the SMIB-
FES with MFLC as shown in Fig. 9-12. In Fig. 9 and Fig. 10,
MFLC and NAC show less overshoot and oscillation compared
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Fig. 6: Terminal voltage response under a +3% step change
of the voltage reference
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Fig. 7: Filed voltage response under a +3% step change of
the voltage reference

0 1 2 3 4 5 6 7 8

-0.05

0

0.05

0.1

Fig. 8: Equivalent compensated admittance response under a
+3% step change of the voltage reference

with AVR+PSS. The response of field voltage and equivalent
compensated admittance to the change of operation point are
given in the Fig. 11 and Fig. 12.

0 1 2 3 4 5

1

1.05

1.1

Fig. 9: Electrical power response under operation point
change

B. Three-Phase Short Circuit Fault Response

The fault is simulated as: a three-phase short circuit occurs
at the end of the line near the infinite bus and lasts 0.1s.
System responses with proposed control scheme installed on

0 1 2 3 4 5

0.995

1

1.005

Fig. 10: Terminal voltage response under operation point
change

0 1 2 3 4 5

-5

0

5

Fig. 11: Field voltage response under operation point change

0 1 2 3 4 5

-0.1

-0.05

0

0.05

0.1

Fig. 12: Equivalent compensated admittance response under
operation point change

the SMIB under the operation condition, are shown in Fig.
13. The control inputs are shown in Fig. 14. To illustrate
the similar control performance of state-feedback and output-
feedback based NACs, the results are presented by PONAC
and SPONAC, respectively.

Results demonstrate that the oscillation of terminal volt-
age is better damped with MFLC and NAC compared with
AVR+PSS. For the dynamic of rotor angle and rotor speed
shown in Fig. 13(b), (c), the transient process with NAC
control is shorter than that of AVR+PSS control. These results
illustrate that the output-feedback NAC scheme can provide
as good control performance as that of MFLC due to the fast
online estimation.

The tiny difference of control performance between MFLC
and the proposed NAC is due to the estimation error of the PO
and the SPO. The observer performance is shown in Fig.15-
16, which illustrates that the observer can provide accurate
estimation of these lumped perturbation when the system
suffers three-phase short circuit fault. Note that there exists
a dramatic change at the instant when the faults occur in the
power system, the estimation error soars immediately when
the fault occurs and disappears at t = 1s and t = 1.1s. The
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Fig. 13: Responses under three-phase short circuit fault: (a)
terminal voltage, (b) rotor angle, (c) rotor speed.
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Fig. 14: Control inputs under a three-phase short-circuit fault:
(a) field voltage, (b) equivalent compensated admittance.

PO and SPO cannot deal with the discontinuity of the states
very well at this specific instant. However, from the estimation
error results shown in Fig.15-16, one can see that the observer
is able to provide accurate state estimates with a fast track after
fault. despite of the state discontinuity.
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Fig. 15: Estimation error of PO for Perturbation Ψ1: (a) Ψ1,
(b) Ψ1err.
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Fig. 16: Estimation error of SPO for Perturbation Ψ2: (a)
Ψ2, (b) Ψ2err.

C. Robustness Against Parameter Uncertainties
Note that the accurate SG parameters are usually difficult

to obtain as their values might be affected by the ambient
environment temperature, wear-and-tear, generator ageing and
measurement error, so the use of their nominal value in the
controller loop can result in an inaccurate response [27]. In
order to test the robustness of proposed controller, a 10%
increase of the inertia constants TJ and the field time constant
T ′
do of the SG from its nominal values is tested. Meanwhile,

a three-phase short circuit happens at t = 1s and lasts 0.1s.
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The corresponding system responses of AVR+PSS, MFLC
and the proposed NAC are given by Fig.17-19. One can be
seen that MFLC cannot track the reference signal U∗

t and
δ∗ as it requires an accurate system model. Therefore, when
suffering parameters uncertainties during the design of MFLC,
MFLC cannot maintain its control performance in practice.
In contrast, the proposed state-feedback control based on PO
and SPO can provide a great robustness to SMIB-FES in the
presence of system uncertainties. When inertia constants and
field time constant are mismatched with the nominal value, the
PO and SPO are able to estimate fast time-varying disturbances
to assist excitation system, thereby maintaining rotor angle and
terminal voltage.

0 2 4 6 8 10

0.4

0.6

0.8

1

1.2

Fig. 17: Terminal voltage response under parameter
uncertainties and three-phase short circuit fault
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1

Fig. 18: Rotor angle response under parameter uncertainties
and three-phase short circuit fault
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0.99

0.995

1

1.005

1.01

Fig. 19: Rotor speed response under parameter uncertainties
and three-phase short circuit fault

V. CONCLUSION

In this paper, NAC schemes have been proposed for SG with
FES in a SMIB, based on perturbation estimation and com-
pensation in adaptive feedback linearization control. FES using
fully controlled devices can provide simultaneously regulation

of terminal voltage, and rotor angle via controlling field volt-
age and equivalent compensated admittance. After obtaining
the input-output linearization relationship between two outputs
and two inputs, perturbation observers are designed to estimate
the lumped perturbation including all uncertainties and time-
varying nonlinearities and external disturbances. By using the
estimated perturbations to compensate their real value, the
proposed NAC schemes are achieved without requiring the de-
tailed system model, resulting in simpler implementation and
better robustness than the model-based MFLC. The proposed
nonlinear control can provide a global optimal performance
across the whole operation region. Moreover, output-feedback
control is obtained by deigning SPOs for the rotor angle
loop. The small-signal stability analysis shows that FES can
provide better damping performance than the conventional
static excitation system, and the nonlinear NAC and MFLC
with better damping than the linear AVR+PSS. Simulation
verification and comparison among AVR+PSS, MFLC and
NAC shows that the proposed NAC has superior damping
performance and better robustness. Further studies will focus
on investigating NAC scheme on multi-machine power system
and partial feedback linearization by replacing rotor angle with
easily measured variables.
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APPENDIX A
LIE DERIVATIVE
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APPENDIX B
STABILITY ANALYSIS OF CLOSED-LOOP SYSTEM

The stability of the closed-loop system formed of the plant
(4)-(5), the perturbation observer (21)-(22), and the controller
(24) are investigated in the appendix, based on the approach in
[18], [19]. The stability of the closed-loop system including the
observers (21), (23), and the controller (26) can be analysed
using the method presented in the following section. For
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convenience, the compact form of perturbation observers is
written as {

˙̂zi1 = ẑi2 + l11z̃i + βi10u1 + βi20u2

˙̂zi2 = l12z̃i
(28)

where z̃i = zi − ẑi is the estimation error of zi.
Choosing

li1 =
αi1

ϵi
, li2 =

αi2

ϵ2i
(29)

the scaled estimation errors can be represented as

ηi1 =
z̃i1
ϵi

ηi2 = z̃i2 (30)

Using the scaled estimation errors, the dynamics of the per-
turbation observer is

ϵiη̇poi = Apoiηpoi + ϵiBpoiΨ̇i (31)

where ηpoi = [ηi1 ηi2]
T ,

Apoi =

[
−αi1 1
−αi2 0

]
Bpoi =

[
0
1

]
(32)

The positive constants αi1 and αi2 are chosen such that Apoi

is a Hurwitz matrix, and ϵi, 0 < ϵi ≪ 1, is a small positive
constant to be specified. ϵi is chosen small enough to ensure
that the dynamics of the estimation error will be much faster
than that of the system (4)-(5).

Substitution of u1 and u2 in (24) into system (18) can obtain
ẏ1 =ẏ∗1 + k11 (y

∗
1 − y1) + η12

...
y 2 =ÿ∗2 + k21 (ÿ

∗
2 − ÿ2) + k22 (ẏ

∗
2 − ẏ2)

+ k23 (y
∗
2 − y2) + η22

(33)

Defining tracking errors as e1 = y∗1 − y1 and e2 = y∗2 − y2,
the dynamic of tracking errors can be represented as{

ė1 = −k11e1 + η12...
e 2 = −k21ë2 + k22ė2 + k23e2 + η22

(34)

then
ėi = Ai0ei +Bi0ηi2 (35)

where i = 1, 2, Bi0 =
[
1 0 0 1

]T
, and

Ai0 =


k11 0 0 0
0 0 1 0
0 0 0 1
0 k21 k22 k23


Finally, the closed-loop system including the con-

troller/perturbation observer can be represented as

ėi = Ai0ei +Bi0ηi2 (36)

η̇poi =
1

ϵi
Apoiηpoi +BpoiΨ̇i (37)

Assumption A: The perturbation Ψi and its derivative Ψ̇i

are Lipschitz in their arguments and bounded over the domain
of interest. In addtion, Ψ(0) = 0 and Ψ̇(0) = 0.

Using Vi(e, η) = Vi0 (ei)+Wi (ηi) as a Lyapunov function
candidate for the closed-loop system (36) and (37), where

Vi0 (ei) = eTi Pi1ei (38)

over a ball B (0, oi) ⊂ R3, for some oi > 0, and Pi1 is the
positive definite solution of the Lyapunov equation Pi1Ai0 +
AT

i0Pi1 = −Ii1, and

Wi (ηi) = ηTpoiPi2ηpoi (39)

where Pi2 is the positive definite solution of the Lyapunov
equation Pi2Apoi +AT

poiPi2 = −Ii2
Choose ξi < oi; then, given Assumption A, we have,

∀ (ei, ηpoi) ∈ B (0, ξi)× {∥ηpoi∥ ≤ ξi} = Λi∣∣∣Ψ̇i (ei, ηpoi)
∣∣∣ ≤ γi2 (40)

where γi2 is an upper bound of Ψ̇. ∀ (ei, ηpoi) ∈ Λi, then, we
have

V̇i =
∂Vi0

∂ei
(Ai0ei +Biηi2)

+
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∂ηi
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2
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1

ϵi
∥ηpoi∥

2
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1

ϵi
∥ηpoi∥ − 2γi2 ∥Pi2∥

)

(41)

Defining ξi2 = 2ϵiγ2 ∥Pi2∥ and ξi1 = 2ϵi ∥Pi1∥ ξi2 =
4ϵiγi2 ∥Pi1∥ ∥Pi2∥; for any given ξi ≤ oi, taking

ϵ∗i = min

{
ξi

8γi2 ∥Pi1∥ ∥Pi2∥
,

ξi
4γi2 ∥Pi2∥

}
(42)

Then ∀ϵi, 0 < ϵi < ϵ∗i , we have ∥ei∥ ≤ ξi
2 , ∥ηpoi∥ ≤

ξi
2 , ∥ei∥ ≥ ξi1, and ∥ηpoi∥ ≥ ξi2, which guarantees that

V̇i ≤ −∥ei∥ (∥ei∥ − ξi1)− ∥ηpoi∥ (∥ηpoi∥ − ξi2) ≤ 0 (43)

Thus, we have Ti (ξi) and T1 > 0,

∥ei(t)∥+ ∥ηpoi∥ ≤ ξi ∀t ≥ T (44)

Note 1: Verification of Assumption A. We have all physi-
cal variables of the closed-loop system are continuous and
bounded. Therefore, both perturbation terms (Ψ1,Ψ2) and
their derivatives are bounded based on equations (12) and (17).
which ensures Assumption A satisfied.


