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Abstract: Synchronous generator load angle is a fundamental quantity for power system stability
assessment, with possible real-time applications in protection and excitation control systems.
Commonly used methods of load angle determination require additional measuring equipment,
while existing research on load angle estimation for wound rotor synchronous generator has been
limited to the estimator based on the generator’s phasor diagram and estimators based on artificial
neural networks. In this paper, a load angle estimator for salient-pole wound rotor synchronous
generator, based on a simple sliding mode observer (SMO) which utilizes field current, stator voltages,
and stator currents measurements, is proposed. The conventional SMO structure is improved with
use of hyperbolic tangent sigmoid functions, implementation of the second order low-pass filters
accompanied with corresponding phase delay compensation, and introduction of an adaptive observer
gain proportional to the measured field current value. Several case studies conducted on a generator
connected to a power system suggest that the proposed estimator provides an adequate accuracy
during active and reactive power disturbances during stable generator operation, outperforming
the classical phasor diagram-based estimator by reducing mean squared error by up to 14.10%,
mean absolute error by up to 41.55%, and maximum absolute error by up to 8.81%.

Keywords: wound rotor synchronous generator; load angle; sliding mode observer; state estimation

1. Introduction

Due to increasing demands and regulatory constraints, modern power systems have been forced
to operate close to their stability limits. The wound rotor synchronous generator is a basic production
unit of the electrical power system, and its load angle, defined as the electrical angle by which the
internal induced voltage in the quadrature () axis E; leads the stator terminal voltage Us, represents a
fundamental quantity for power system stability assessment [1,2]. It defines the generator operating
point with respect to the stability limits. Load angle is essential in transient stability studies, and its
utilization in other real-time applications, such as protection functions, or as an input to excitation
control systems and power system stabilizers has been investigated [3,4]. Therefore, the accurate
knowledge of load angle value is required.

The methods of determining the generator’s load angle in power plants mainly consist of physical
measurements. Direct load angle measurements are rarely used, while indirect measurements, utilizing
rotor position information from the corresponding sensor and the information about the first harmonic
of the generator terminal voltage, such as those presented in [5-7], are more prevalent. These methods
of load angle determination require installation of additional measuring equipment, which represents
additional costs, while in some systems it is even not possible to install it due to their configuration.

Energies 2019, 12, 1609; doi:10.3390/en12091609 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-0616-1265
https://orcid.org/0000-0001-8957-020X
http://dx.doi.org/10.3390/en12091609
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/12/9/1609?type=check_update&version=2

Energies 2019, 12, 1609 2 of 22

The alternative approach to load angle determination is estimation based on electrical quantities
(voltages and currents), whose measurements are already incorporated in generator protection systems
and excitation control systems. This approach might offer an effective and economic way of load angle
monitoring. However, existing research attempts on the load angle estimation of the wound rotor
synchronous generator have been limited to the estimator based on the generator’s voltage-current
phasor diagram and estimators based on artificial neural networks (ANNs).

The load angle estimator based on the generator’s voltage-current phasor diagram was studied
in [8]. The estimator utilized measured values of stator voltages, stator currents, active and reactive
power, as well as generator parameters: stator resistance and quadrature axis synchronous reactance.
This estimation method was slightly extended in [7] to take into account network parameters, i.e.,
the equivalent reactance of a transmission line and a transformer. However, it should be noted that
the estimation method based on the phasor diagram is valid for the steady-state generator operation,
while during the dynamic transients the estimation performance deteriorates as each phasor has its
own dynamics due to the present time constants. The study in [9] presented a technique for the
approximate computation of load angle which was valid for the simplified generator model, and which
used generator dynamic parameters and terminal measurements of voltage magnitude, active power,
reactive power, and field current.

In [10] the simulations of the generator speed and load angle estimation based on real-time phasor
measurements and two multilayered feedforward artificial neural networks were presented. The ANN
for load angle estimation included 40 neurons in the hidden layer, and its inputs were values of terminal
voltage and current magnitudes, as well as their phase angles, measured in the current time step and
the two previous time steps. The study presented in [11] proposed an estimation method based on
the post-processing of sine and cosine values of the load angle, which were obtained by two ANNs
implemented in the simulation environment, both with two hidden layers of eight neurons and 20 input
variables. The study conducted in [12] dealt with the load angle estimation by using dynamic ANN with
the following inputs: active power, reactive power, field current, and terminal voltage at the current
and the previous time instant. The performance of the ANN based load angle estimation generally
depends on the training process and the quality of the obtained training data, which represents a
significant drawback of this type of estimation methods, as such amount of measurements that would
include all operating states of the synchronous generator is hardly feasible for practical applications.

In recent years, sliding mode observers (SMOs) [13-17] and sliding mode control
(SMC) [18-23] have gained much research interest in the field of state estimation and control of
electrical drives, including permanent magnet synchronous machines (PMSMs) and induction machines
(IMs). The main reasons for increasing interest in application of SMOs in the field of electrical drives
are their attractive features, such as simple implementation, strong robustness, order reduction,
and disturbance rejection [24]. Moreover, SMOs are characterized by insensitivity to the effects of
parameters variation under dynamic conditions of electrical drives [24]. In comparison with other
commonly applied observers, such as Kalman filter and Luenberger observer, SMO has a simpler
algorithm [25]. Additionally, application of the Kalman filter requires the tuning of the initial values of
covariance matrices, and such a process, which can be time-consuming, is not needed when SMO is
applied [25]. These reasons also motivated the application of SMO in this paper.

The study in [26] introduced an SMO based on the equivalent electromotive force (EMF) machine
model for rotor position estimation of interior-permanent-magnet synchronous motor (IPMSM).
An SMO based on back EMF model which utilized the obtained back EMF equivalent signal,
thus eliminating a need for low-pass filter and phase compensation, was proposed in [27] for rotor
position and speed estimation in order to achieve sensorless control of PMSM. In [28] a wide-speed SMO
of rotor position was proposed for sensorless flux adaption-direct torque control of a flux-modulated
permanent-magnet wheel motor, eliminating low-pass filter and phase compensation, improving
system chattering, and enhancing estimation accuracy at low speed. Sensorless control of a salient-pole
PMSM was achieved in [29] by utilizing extended flux-based machine model and an SMO with a



Energies 2019, 12, 1609 30f 22

dynamic position compensator for improvement of system dynamic performance. The study in [30]
proposed sensorless control of PMSM with rotor position estimation based on tangent function-based
phase-locked loop (PLL) structure and improved SMO with adaptive feedback gain related to the
rotor speed. An SMO based on adaptive super-twisting algorithm was proposed in [31] for rotor
position estimation of surface-mounted permanent magnet synchronous machine (SPMSM) and
applied for sensorless control with compensation of voltage source inverter nonlinearity. The research
conducted in [32] proposed sensorless control of IPMSM based on an SMO which utilized PLL technique
and fuzzy control adjustment of sliding mode gain in order to reduce chattering and increase the
observer robustness.

A detailed literature survey has shown that there are many research papers focused on the
application of SMOs for the estimation of rotor position of PMSMs. However, to the best of our
knowledge, there are no studies on application of SMO for estimation of load angle of grid-connected
salient-pole wound rotor synchronous generator. This type of synchronous generator is dominantly
used in hydro-electric power plants and, unlike PMSM, is characterized by the ability to control its
field excitation, which is achieved by field current regulation.

In [33] a nonlinear SMO for the estimation of power generator damper currents was developed
and applied in sliding mode control in order to achieve transient stabilization and voltage regulation.
The study in [34] presented the observer-based nonlinear controller for the excitation control of
synchronous generator, where SMO was used for the estimation of system states and perturbation.
State estimation did not include estimation of load angle as it was treated as system output already
available by measurements. In [35] a sliding mode controller of synchronous generator was developed
using a nonlinear SMO for estimation of rotor fluxes and mechanical torque. Thus, in SMOs described
in studies in [33-35] load angle was not estimated, but it was treated as observer output, i.e.,
its measurements were available and used for estimation of other generator state variables.

Therefore, in this paper, we propose a load angle estimator for a salient-pole wound rotor
synchronous generator based on the SMO principle. Unlike the studies described above, the proposed
estimator utilizes information about the phase angle of the generator terminal voltage and a concept of
a simple SMO based on the equivalent EMF machine model. The estimator uses measurements of
terminal voltages and currents, as well as field current measurements. Additionally, values of stator
resistance and quadrature axis synchronous inductance are used as estimator parameters. This study
shows that a simple SMO based on the equivalent EMF machine model may be effectively applied to
the load angle estimation problem of a salient-pole wound rotor synchronous generator. Moreover,
traditional SMO structure is improved in this paper with several methods. Firstly, hyperbolic tangent
sigmoid (tansig) functions are used instead of the classical sign functions in order to reduce system
chattering problems. Furthermore, the second order low-pass filters (LPFs) realized as cascades of two
first order LPFs and accompanied with the appropriate phase delay compensation, are implemented
to extract EMF values. Finally, a novel approach to observer gain calculation is presented, where an
adaptive observer gain proportional to the measured field current value is introduced, in contrast
to the commonly applied approach where this gain is set to constant value. Numerical simulations
are done on the model of the high power salient-pole wound rotor synchronous generator connected
to an infinite network through a transformer and two parallel transmission lines. Results of several
case studies show that proposed estimator offers a satisfactory estimation accuracy during active and
reactive power disturbances, both in the steady and the transient state, outperforming a classical
estimator based on the phasor diagram.

The rest of this paper is organized as follows: in the second section, the principle of the
conventionally applied estimator based on the machine phasor diagram is presented, and the SMO
based load angle estimator is proposed and explained. Moreover, the structure of the simulated
system is explained. The third section presents simulation results obtained for several case studies,
accompanied with the evaluation of the proposed estimator’s performance during active and reactive
power disturbances. Finally, the fourth section presents our conclusions.
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2. Methods

2.1. Synchronous Generator Phasor Diagram

The nonlinear relationship between the generator power output and its load angle is of great
importance in power system stability studies. Load angle 6 of a synchronous generator represents
the electrical angle between the stator terminal voltage Us and the induced voltage E, in the g-axis
of the rotating dg reference frame. The dq components of stator voltages and currents are obtained
by applying the dq transformation (Clarke and Park transformations) to the three phase quantities.
In the steady-state operation of a synchronous generator, the relationships between the stator voltages
and currents may be expressed by a phasor diagram in the complex dq plane, as shown in Figure 1.
Generator voltages and currents are expressed as phasors in the complex plane with the d and g axes as
coordinates [2].

R

Figure 1. Voltage-current phasor diagram of a synchronous generator.

In Figure 1, Us represents the stator terminal voltage, I; represents the stator current, ¢ is the
phase angle between the stator voltage and current (power factor angle), E; is the induced voltage
in the g-axis, 6 is the load angle, X is the synchronous quadrature (q) axis reactance, and R; is the
stator resistance.

The load angle estimator based on the phasor diagram shown in Figure 1, which was studied
in [8] and also, with minor modifications, in [7], is defined by the following equation:

Xgls cos @ — Rgl; sin
6 =tan"! e L (P (1)
Us + Rsls cos p + Xyl sin
or alternatively:
X IsP — Rl
5= tan™ qfsP ~ el @)
UsS + RsIsP + X,1,Q

where P is the active power, Q is the reactive power, and S is the apparent power.
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2.2. SMO-Based Load Angle Estimator

The stationary two-axis af reference frame of the synchronous generator, whose a-axis is aligned
to the stator phase a-axis, is utilized in this study. The model of a salient-pole wound rotor synchronous
generator in this reference frame is given by:

. di
Usq = Rslsa + Lqﬁ + s 3)
— Riigp + 1,8 4
Usg = Rslsp + (e +esp 4

where 15, and usg are the a and § stator voltage components, is, and isg are the actual (measured) « and
p stator current components, es, and egg are equivalent EMF components, and L, is the synchronous
g-axis inductance. Equivalent EMF components are defined as:

esa = —((La = Lg)wiy + Logwigy) sin 0 (5)

esp = ((Ld - Lq)a)id + LadCUifd) cos 0 (6)

where L; is the synchronous d-axis inductance, L,; is the mutual inductance between stator and rotor
windings in the d-axis, w is the rotor electrical angular velocity, i; is the d-axis stator current component,
i1 is the field current, and 6 is the rotor angular position.

As it can be seen from (5) and (6), the expressions for equivalent EMF components contain
information about the rotor angular position 8, which may be extracted by the application of a suitable
estimation method, such as SMO. The presented generator model in the stationary reference frame may
be obtained from the machine equations in the rotating dq reference frame, whose d-axis coincides with
the rotor, by applying Park transformation with rearrangement and grouping of variables, accompanied
by the neglecting of certain derivative terms, which makes the model suitable for the application of a
simple SMO for estimation purposes, but at the same time still provides a satisfactory modeling of
generator behavior during the type of disturbances which are studied in this paper and which are
introduced to the stable steady-state generator operation.

Based on the synchronous generator model, a simple SMO, which utilizes the functions of the
difference between the estimated and the actual system outputs, may be designed as:

d:a 2 ~ .
Zit _l[ Usy ]_&[ isa ]_5 F(lsa_lsa) @
d;ﬁ Lol usp | Lol B | Lo| Fliop—icp)

where 7, and fsﬁ are the estimated (observed) a and p current components, K is the observer gain,
and F is the function of the estimation error.

In this paper, the hyperbolic tangent sigmoid functions are applied to the difference between the
estimated and the actual currents, instead of the classical sign functions. Therefore, the function F is

implemented as:
2
Flx) = —— -
(x) 1+e2x

The estimation errors of individual current components, representing the chosen sliding surface,
are defined as:

®)

isa = 2soz - isa (9)

g = hp g (10)
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The dynamics of the estimation error along the sliding surface is obtained by subtracting the
generator model Equations (3) and (4) from the SMO Equation (7):

dise <
T |- R[] 1 e |_K
disp Lol i | Lol esp | Lg

dt
The Lyapunov function is here selected as:

81

12 2
V = E(Zsa + lsﬁ) (12)
According to the Lyapunov stability theorem, the system is asymptotically stable when:

av

= <0 (13)

Therefore, the following expressions are obtained:

AV OV disa IV diss

- = = —_— (14)
dt disa dt &isﬁ dt
dV _ d;SLY = dZSﬁ
ar sy Ty (15
By substituting (11) into (15), it follows that:
dV RS _.2 '.2 1 = = K ~ ] i ~
ar _L_q(lsa + lsﬁ) + fq(esalsa + esﬁlsﬁ) - L_q(lsap(lsa) + lsﬁp(lsﬁ)) (16)
According to (16), the stability condition is satisfied if:
K> max{|esa|, esﬁ|} (17)

Instead of using the constant observer gain that satisfies a condition of being larger than maximum
value of equivalent EMFs as in conventional SMOs, in this paper an adaptive observer gain definition
is proposed by a simple extension of (17). In this case, the gain value depends on the measured value
of the generator field current K = f(if;). This functional relationship is obtained from the definition of
the equivalent EMFs in (5) and (6) by using known generator parameters and by setting the d-axis
current component and the rotor angular speed to their maximum expected values, with the additional
constant multiplying factor which is selected to enable the sliding mode.

When the estimated currents converge towards the actual ones, the error values become zero.
By setting ;sa and fsﬁ to zero in (11), the expressions for EMFs are obtained:

¢l = KF(isa) (18)

¢/s = KF(isp) (19)
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Accurate position estimation requires additional low-pass filtering of the signals obtained by (18)
and (19). In this paper, two second order LPFs, each realized as a cascade of two first order LPFs, are
proposed for the extraction of the EMF values. The utilized first order LPF is defined by the following
transfer function: ©

C

Grpr(s) = P (20)

with:
we = 21 fc (21)

where f, is the filter cut-off frequency.
Therefore, the estimated EMF components es, and esg are obtained by the application of the second

order LPF defined as: 5
w
G §) = ———— 22
217 (5) §2 4 2w¢s + w? @2)

to the values obtained by (18) and (19).
Thus obtained estimated EMF values are directly used to calculate the rotor position:

0 = —tan_l(es—a) (23)

However, the application of the LPF causes phase delay, which is reflected in the estimated value
of the rotor angular position 6’. In order to overcome this issue, the phase delay compensation is
proposed. Based on (22), the phase delay may be calculated as:

AO = tan_l(— (24)

As the synchronous generator operates in parallel with the power system whose electrical
frequency is considered constant, the significant deviations of the generator electrical angular velocity
from the nominal value of 100 7t rad/s (for the frequency of 50 Hz) are not expected during the stable
operation. Therefore, the cut-off frequency in (22) was set to 50.5 Hz, and the phase delay in (24) was
calculated by setting w to 100 7 rad/s. Therefore, the phase delay value of 89.43° is obtained and added
to the angle value computed by (23) in order to finally obtain the rotor position estimate:

0=06+nA0 (25)

After the rotor position estimate @ is obtained, the electrical angle of the g-axis, i.e., the electrical
angle of the equivalent EMF, is obtained by adding a 90° electrical angle. According to its definition as
the electrical angle between the induced voltage in the g-axis and the stator voltage, the synchronous
generator load angle estimate § is obtained by subtracting the calculated stator voltage phase angle y
from the estimated g-axis position:

5=04+90° -y (26)

The stator voltage phase angle is obtained by monitoring of the generator three-phase
voltages, transforming them into the af reference frame, and then calculating the phase angle
asy = tan_l(usﬁ / usa). The overall structure of the proposed load angle estimator, including the above
described principles, is shown in Figure 2.
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Figure 2. Structure of the proposed sliding mode observer (SMO) based load angle estimator.
2.3. Simulation Model

In order to validate the proposed load angle estimation approach, numerical simulations were
conducted in MATLAB/Simulink environment. For that purpose, a simulation model of a synchronous
generator connected to a power grid was built. The configuration of the simulated system is depicted
in Figure 3.

Synchronous Transformer Transmission Power
generator lines system
Hydraulic turbine
and governor
Excitation
system %

Figure 3. Synchronous generator connected to the power system.

The three-phase salient-pole wound rotor synchronous generator was modeled in the dg rotor
reference frame, where the electrical part of the machine model was represented by the sixth-order state
space model and the mechanical part was represented by rotational inertia equations of motion. Values of
parameters used in the generator simulation model are given in Tables A1 and A2, corresponding to
the parameters of the real synchronous generator located in the Pumped Storage Hydro Power Plant
Velebit (Croatia). Moreover, the magnetic saturation of rotor and stator iron was also modeled by a
nonlinear function between field current and terminal voltage.

The inputs to the generator model were mechanical power at the machine’s shaft and field voltage.
Mechanical power was generated as an output of the hydraulic turbine and governor system model.
This system contained a nonlinear model of a hydraulic turbine, a model of a gate servomotor, and a
model of a proportional-integral-derivative (PID) governor. Field voltage was generated as an output
from a model of an IEEE type 1 excitation system containing a synchronous generator voltage regulator
combined to an exciter. The input to the regulator was obtained by subtracting the actual value of the
generator terminal voltage and the stabilizing derivative feedback signal from the terminal voltage
reference. Furthermore, the synchronous generator was connected to the AC network through a
transformer and two parallel transmission lines whose parameters are given in Tables A3 and A4,
respectively. The infinite AC network was represented by a voltage source with constant frequency
and voltage magnitude.

Moreover, the proposed SMO based load angle estimator and the conventional phasor diagram
based estimator were also implemented in MATLAB/Simulink simulations. Load angle values obtained
by the both types of estimators were additionally filtered using moving average filter. The values
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of corresponding quantities generated by the previously described simulation model were utilized
as measured (actual) values in the implemented real-time estimation algorithms. Finally, the load
angle values generated by the detailed simulation model of the generator were used to evaluate the
performance of the estimators.

3. Results and Discussion

The performance of the suggested SMO based load angle estimator was tested in
MATLAB/Simulink simulations described in the previous subsection. Simulations were conducted
for two types of dynamic disturbances: reactive power disturbances and active power disturbances.
Both types of disturbances were applied in three different operating points of the synchronous
generator connected to the power grid, defined by the values of the active power P and reactive power
Q. These values expressed using per-unit (pu) notation are the following;:

o Casel:P=0.89,Q=0.41ind.
e C(Case2:P=0.89,Q=0
e Case3: P=0.89,Q=0.11 cap.

The following subsections provide a graphical comparison of estimated load angle values and
actual load angle values obtained in simulations by the detailed mathematical model of the synchronous
generator. Moreover, to quantitatively evaluate the performance of the proposed estimator, several
performance indices were calculated and compared to the performance indices obtained by the
conventionally applied estimator based on the machine voltage-current phasor diagram. Estimator’s
performance indices used in this paper are given below along with their definitions:

e  Mean squared error (MSE):

1 ° 2
MSE = ﬁ;(é(”) ~o(n)) (27)
e  Mean absolute error (MAE):
R
MAE = N;ki(n) ~5(n)| (28)

e  Maximum absolute error (MAXE):

MAXE = max {
n={1,...,N}

8(n) = o(n)} (29)

where N is the number of samples, §(n) is actual and (1) is estimated load angle value at the
n-th sample.

3.1. Reactive Power Disturbances

Dynamic disturbances of the synchronous generator reactive power were introduced by the
change of terminal voltage reference value. The voltage reference was first decreased by the step of
0.05 pu at t = 2 s, and after that increased by the same value at t = 12 s. This caused the change of
the synchronous generator reactive power, while the active power was kept constant at the nominal
value. Three case studies were conducted to evaluate estimator’s performance during this type of
disturbances in different areas of generator’s stable operation.

3.1.1. Case 1

Steady-state operation of the considered synchronous generator was achieved in the stable
operating point defined by P = 0.89, Q = 0.41 ind. in the P-Q diagram. Dynamic disturbances were
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introduced to the system by the terminal voltage reference change, as shown in Figure 4. This led to
the change of the generator active and reactive power, which is depicted in Figure 5.

—_
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T

—_
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W
T

—_

(=]

N
T

Terminal voltage reference, USW (pu)

—_

j=1

=
T

1 . . . . . . . . .
0 2 4 6 8 10 12 14 16 18 20

Time, t(s)

Figure 4. Terminal voltage reference change for generator operating point P = 0.89, Q = 0.41 ind.
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(a) (b)

Figure 5. Generator power change during dynamic disturbances of reactive power for generator
operating point P = 0.89, Q = 0.41 ind.: (a) Active power; (b) Reactive power.

Figure 6a shows actual and estimated load angle values during the disturbances, while Figure 6b
depicts the estimation error, i.e., the difference between the actual and the estimated angle.

Values of performance indices calculated for the SMO based estimator are given in Table 1,
together with the performance indices computed for the estimator based on the generator’s phasor
diagram. Moreover, Table 2 presents relative improvement of the performance indices obtained by the
SMO based estimator over the performance indices obtained by the phasor diagram based estimator,
where positive percentage values denote performance improvement, while negative percentage values
suggest performance deterioration.
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Figure 6. Load angle variation during dynamic disturbances of reactive power for generator operating
point P = 0.89, Q = 0.41 ind.: (a) Comparison of the actual and estimated load angle values; (b) Load
angle estimation error.

Table 1. Performance indices of the SMO (sliding mode observer)-based estimator and the phasor
diagram based estimator during dynamic disturbances of reactive power for generator operating point
P =0.89, Q = 0.41 ind. MSE: Mean squared error; MAE: Mean absolute error; MAXE: Maximum
absolute error.

Estimator Type MSE MAE MAXE

SMO-based estimator 0.1165 0.0977 2.1682
Phasor diagram based estimator 0.1279 0.1312 2.3217

Table 2. Relative performance improvement of the SMO-based estimator over the phasor diagram
based estimator during dynamic disturbances of reactive power for generator operating point P = 0.89,
Q=041ind.

Performance Indices Improvement MSE MAE MAXE

Relative improvement (%) 8.91 25.53 6.61

3.1.2. Case 2

Generator steady-state operation was reached in the operating point defined by P = 0.89, Q = 0.
Dynamic disturbances were introduced by the change of terminal voltage reference, which is shown in
Figure 7, causing the change of the generator active and reactive power, as illustrated in Figure 8.
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Terminal voltage reference, U_\m.(pu)

o
o
=

1 1 L L L L

0 2 4 6 8 10 12 14 16 18 20
Time, t(s)

o
o
@

Figure 7. Terminal voltage reference change for generator operating point P = 0.89, Q = 0.
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Figure 8. Generator power change during dynamic disturbances of reactive power for generator
operating point P = 0.89, Q = 0: (a) Active power; (b) Reactive power.

The comparison of actual and estimated load angle values during the disturbances is depicted in
Figure 9a, while the estimation error is shown in Figure %b.
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Figure 9. Load angle variation during dynamic disturbances of reactive power for generator operating
point P = 0.89, Q = 0: (a) Comparison of the actual and estimated load angle values; (b) Load angle
estimation error.

Table 3 gives values of performance indices for the SMO based estimator and for the phasor
diagram based estimator. Additionally, Table 4 presents relative improvement of the performance
indices obtained by the SMO based estimator over the performance indices obtained by the estimator
based on the phasor diagram.

Table 3. Performance indices of the SMO-based estimator and the phasor diagram based estimator
during dynamic disturbances of reactive power for generator operating point P = 0.89, Q = 0.

Estimator Type MSE MAE MAXE

SMO-based estimator 0.4372 0.2184 3.7164
Phasor diagram based estimator 0.4688 0.2516 3.9163
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3.1.3

Table 4. Relative performance improvement of the SMO-based estimator over the phasor diagram
based estimator during dynamic disturbances of reactive power for generator operating point P = 0.89,

Q=0.

Performance Indices Improvement MSE MAE MAXE
Relative improvement (%) 6.74 13.20 5.10

. Case 3
Steady-state generator operating point, defined by P = 0.89, Q = 0.11 cap., was reached before

dynamic disturbances were introduced by the terminal voltage reference change depicted in Figure 10,
which caused the variation of the generator active and reactive power, as shown in Figure 11.
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Figure 10. Terminal voltage reference change for generator operating point P = 0.89, Q = 0.11 cap.
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Figure 11. Generator power change during dynamic disturbances of reactive power for generator
operating point P = 0.89, Q = 0.11 cap.: (a) Active power; (b) Reactive power.

Figure 12a depicts actual and estimated load angle values during the disturbances, while Figure 12b

shows the estimation error.
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Figure 12. Load angle variation during dynamic disturbances of reactive power for generator operating
point P =0.89, Q = 0.11 cap.: (a) Comparison of the actual and estimated load angle values; (b) Load
angle estimation error.

Performance indices of the SMO-based estimator are given in Table 5, together with the performance
indices of the estimator based on the generator’s phasor diagram. Furthermore, Table 6 presents
relative improvement of the performance indices obtained by the SMO-based estimator over the
performance indices obtained by the phasor diagram based estimator.

Table 5. Performance indices of the SMO-based estimator and the phasor diagram based estimator
during dynamic disturbances of reactive power for generator operating point P = 0.89, Q = 0.11 cap.

Estimator Type MSE MAE MAXE

SMO-based estimator 0.6505 0.3013 41189
Phasor diagram based estimator 0.6960 0.3334 4.3391

Table 6. Relative performance improvement of the SMO-based estimator over the phasor diagram

based estimator during dynamic disturbances of reactive power for generator operating point P = 0.89,
Q=0.11 cap.

Performance Indices Improvement MSE MAE MAXE

Relative improvement (%) 6.54 9.63 5.07

The above presented results suggest that in all three case studies the proposed SMO-based load
angle estimator provides a satisfactory estimation accuracy during reactive power disturbances in the
stable synchronous generator operation. Moreover, in comparison with the conventionally applied
estimator based on the generator’s phasor diagram, the proposed estimator offers the estimation
performance improvement by up to 8.91% with respect to the MSE, by up to 25.53% with respect to the
MAE and by up to 6.61% with respect to the MAXE.

3.2. Active Power Disturbances

Dynamic disturbances of the generator active power were introduced by the change of input
mechanical power. The input mechanical power was decreased from its nominal value by 0.1 pu at
t =2s,and at t = 12 s it was increased by the same value, as shown in Figure 13. This procedure caused
the corresponding change of the generator’s active power, while the reactive power was maintained at
the constant value by the excitation controller. Three different operating points of the synchronous
generator were considered to evaluate the estimator’s performance during this type of disturbances.
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Figure 13. Input mechanical power change.
3.2.1. Case 1

Stable steady-state operating point of the generator was reached at values P = 0.89, Q = 0.41 ind.,
followed by the introduction of active power dynamic disturbances in the form of the input mechanical
power change shown in Figure 13. This led to the change of the generator active and reactive power,
which is depicted in Figure 14.
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0.425

Active power, P (pu)
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Time, t(s) Time, f(s)

(a) (b)

Figure 14. Generator power change during dynamic disturbances of active power for generator
operating point P = 0.89, Q = 0.41 ind.: (a) Active power; (b) Reactive power.

The comparison of the actual and estimated load angle values is shown in Figure 15a,
while Figure 15b depicts the load angle estimation error during the disturbances.

Table 7 presents values of performance indices calculated both for the SMO based estimation,
and for the estimation method based on the generator’s phasor diagram. Furthermore, percentage
values of the relative performance improvement of the SMO based estimation over the phasor diagram
based estimation are computed and given in Table 8.

Table 7. Performance indices of the SMO-based estimator and the phasor diagram based estimator
during dynamic disturbances of active power for generator operating point P = 0.89, Q = 0.41 ind.

Estimator Type MSE MAE MAXE

SMO-based estimator 0.0195 0.0415 0.9185
Phasor diagram based estimator 0.0227 0.0710 1.0073
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Table 8. Relative performance improvement of the SMO-based estimator over the phasor diagram
based estimator during dynamic disturbances of active power for generator operating point P = 0.89,

Q =10.41ind.
Performance Indices Improvement MSE MAE MAXE
Relative improvement (%) 14.10 41.55 8.81
24 ——
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Figure 15. Load angle variation during dynamic disturbances of active power for generator operating
point P = 0.89, Q = 0.41 ind.: (a) Comparison of the actual and estimated load angle values; (b) Load

angle estimation error.

3.2.2. Case 2

The stable generator operating point was reached at P = 0.89, Q = 0. After that, active power
dynamic disturbances were introduced by the change of the input mechanical power which is depicted
in Figure 13. Consequently, the change of the generator active and reactive power occurred, as shown

in Figure 16.
092 0.02 , . . . . . .
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Figure 16. Generator power change during dynamic disturbances of active power for generator
operating point P = 0.89, Q = 0: (a) Active power; (b) Reactive power.

Figure 17a shows the actual and estimated load angle values, while Figure 17b depicts the

estimation error during the active power disturbances.
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Figure 17. Load angle variation during dynamic disturbances of active power for generator operating

point P = 0.89, Q = 0: (a) Comparison of the actual and estimated load angle values; (b) Load angle
estimation error.

Values of performance indices, calculated for the SMO-based estimator and for the phasor diagram
based estimator, are presented in Table 9. Additionally, values of the relative performance improvement
of the SMO-based estimator over the phasor diagram-based estimator are shown in Table 10.

Table 9. Performance indices of the SMO-based estimator and the phasor diagram based estimator
during dynamic disturbances of active power for generator operating point P = 0.89, Q = 0.

Estimator Type MSE MAE MAXE

SMO-based estimator 0.0393 0.0626 1.2412
Phasor diagram based estimator 0.0433 0.0907 1.3347

Table 10. Relative performance improvement of the SMO-based estimator over the phasor diagram
based estimator during dynamic disturbances of active power for generator operating point P = 0.89,

Q=0.

Performance Indices Improvement MSE MAE MAXE

Relative improvement (%) 9.24 30.98 7.01

3.2.3. Case 3

Stable generator operation was achieved at the point defined by values P = 0.89, Q = 0.11 cap.,
followed by active power dynamic disturbances introduced by the change of the input mechanical
power, which is shown in Figure 13. This caused the generator active and reactive power variation,
as depicted in Figure 18.

The comparison of the actual and estimated load angle values is depicted in Figure 19a,
while Figure 19b shows the load angle estimation error during the disturbances.

Table 11 presents values of performance indices computed both for the SMO-based estimation,
and for the estimation based on the generator’s voltage-current phasor diagram. Moreover, percentage
values of the relative performance improvement of the SMO-based estimation over the phasor diagram
based estimation are calculated and given in Table 12.
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Figure 18. Generator power change during dynamic disturbances of active power for generator
operating point P = 0.89, Q = 0.11 cap.: (a) Active power; (b) Reactive power.
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Figure 19. Load angle variation during dynamic disturbances of active power for operating point
P =0.89,Q =0.11 cap.: (a) Comparison of the actual and estimated load angle values; (b) Load angle
estimation error.

Table 11. Performance indices of the SMO-based estimator and the phasor diagram based estimator
during dynamic disturbances of active power for generator operating point P = 0.89, Q = 0.11 cap.

Estimator Type MSE MAE MAXE
SMO-based estimator 0.0481 0.0736 1.3355
Phasor diagram based estimator 0.0526 0.1009 1.4263

Table 12. Relative performance improvement of the SMO-based estimator over the phasor diagram

based estimator during dynamic disturbances of active power for generator operating point P = 0.89,
Q =0.11 cap.

MSE
8.55

MAE
27.06

MAXE
6.37

Performance Indices Improvement

Relative improvement (%)

The estimation results obtained by the proposed SMO-based load angle estimator, which are

presented for the above described case studies, indicate that a good estimation accuracy is
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achieved during active power disturbances introduced to the grid connected synchronous generator.
Furthermore, when compared to the estimator based on the generator’s phasor diagram, the proposed
estimator reduces the MSE by up to 14.10%, the MAE by up to 41.55%, and the MAXE by up to 8.81%.

3.3. Parameters Sensitivity Analysis

The SMO-based estimator uses the following generator parameters: stator resistance Ry and
quadrature axis synchronous inductance L,;. The actual values of the machine parameters may differ
from the provided nominal values or from the values obtained by some of the parameters estimation
methods. Moreover, these parameters depend on operating conditions and their values may change
during the generator operation, due to temperature (R;) or magnetic saturation (Lg).

Therefore, the analysis of the proposed estimator’s sensitivity to the parameters variation was
conducted in simulations for the case of reactive power disturbances in the operating point P = 0.89,
Q = 0.41 ind., which were already described earlier in this paper. The values of parameters used
in the estimator were varied with the step of 10% within the range 80-120% of the actual (nominal)
values of parameters used in the generator model, and performance indices (MAE and MAXE) were
calculated to determine the sensitivity of the estimation method to the parameters change. Figure 20a
shows mean absolute estimation error and maximum estimation error obtained by variation of the
stator resistance values in the estimator, while Figure 20b represents error values obtained by using
different values of the quadrature axis inductance. Rs and L, refer to the values used in the estimator’s
structure, while Ry, and Ly, refer to the nominal values which were used in the simulation model of a
synchronous generator.
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Figure 20. Mean absolute error (MAE) and Maximum absolute error (MAXE) of the SMO based load
angle estimator due to the variation of the estimator’s parameter: (a) Stator resistance Rs; (b) Quadrature
axis inductance L.

Results of the parameters sensitivity analysis, presented in Figure 20, suggest that the uncertainty
of the stator resistance value has practically no influence on the estimation errors. On the other hand,
variation of the quadrature axis inductance value in the considered range affects estimation accuracy
more significantly.

4. Conclusions

In this paper, a load angle estimator is proposed for a salient-pole wound rotor synchronous
generator connected to the power system. Several case studies have shown that proposed estimator
offers a satisfactory estimation accuracy during active and reactive power disturbances, both in
the steady and transient state of the stable generator operation. Moreover, when compared to
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the conventionally applied load angle estimator based on the generator’s voltage-current phasor
diagram, the estimator proposed in this paper provides significant performance improvements. As the
experimental measurements were not available to us, the future study should include the experimental
verification of the proposed estimator on the actual system, by applying it to the real measurements of
generator currents and voltages, and by comparing the obtained estimated values to the load angle
signal obtained by the measuring equipment. It has also been shown that estimation accuracy depends
on the accurate knowledge of the quadrature axis inductance, while stator resistance uncertainties have
practically no influence on it. Therefore, the future research may include work on the improvement of
the estimator’s robustness by introducing various schemes for the online estimation of the generator’s
parameters to its structure. Moreover, since the proposed estimator has shown a good potential for the
load angle determination in the stable operating range of the generator, the future research will focus
on the application of load angle values obtained by this estimator in power system stabilizers and
excitation control systems, where the estimated load angle signal may be used as an additional control
input in order to improve the stability of a synchronous generator.
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Appendix A

Table A1l. Synchronous generator nominal data.

Parameter Symbol Value Unit
Apparent power Su 155 MVA
Voltage Usy 15.75 kV
Current I 5.682 kA
Power factor cospy 0.89
Speed Ny 600 rpm
Frequency fu 50 Hz
Moment of inertia ] 260 000 kgm2

Table A2. Synchronous generator parameters.

Parameter Symbol Value Unit
Stator resistance Rq 0.00189 @)
Stator leakage reactance X; 0.208 Q
d-axis synchronous reactance X4 1.825 (@)
d-axis transient reactance X; 0.560 Q
d-axis subtransient reactance X 0.288 Q
g-axis synchronous reactance Xy 1.088 Q
g-axis subtransient reactance Xg 0.304 Q
d-axis transient open-circuit time constant T;O 9.8 s
d-axis subtransient open-circuit time constant T;O 0.073 S
g-axis subtransient open-circuit time constant T;O 0.270 s
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Table A3. Transformer nominal data.

Parameter Symbol Value Unit

Apparent power Stn 155 MVA
Frequency fin 50 Hz
Primary voltage Un 400 kV
Secondary voltage Uy, 15.75 kv

Table A4. Transmission lines parameters.

Parameter Symbol Value Unit

Resistance Ry, 0.0370 Q/km

Inductance L 0.0012 H/km
Length Ip 20 km
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