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Abstract: In this paper, testing and diagnosis methods for the static excitation systems of power plant
synchronous generators using Hardware-In-the-Loop technology are described. These methods allow
a physical excitation system to be connected to a real-time model of a power plant unit. A feature of
a static excitation system is the presence of generator self-excitation—that is, when the input voltages
of the excitation system are defined by a synchronous generator. These voltages are determining by
the digital model, which creates additional difficulties with combining a digital model with a real
excitation system. Various ways to solve this problem are described in this article; in particular, we
focus on the option in which the gate-impulses of a thyristor converter are applied to the digital model
by a real static excitation system. The real-time models are based on the method of average voltages
in the integration step. This method is effective for providing numerical stability for the models
of power schemes and their functioning in real time mode over a long period. A synchronization
method for the calculation time of the model with real time is described. The adequacy of the
described method is proved by the results of the static excitation system of synchronous generators
testing in operating and fault modes.

Keywords: real-time modelling; hybrid model; AVIS method; synchronous generator; excitation system

1. Introduction

Based on Hardware-In-the-Loop (HIL) technology, hybrid models combine physical
objects and real-time models [1]. This technology is widely used for testing control devices,
in particular when using Model-Based Design (MBD) methods [2,3]. Connecting control
devices to the control object in the form of a real-time model provides control system
synthesis, testing, and fault diagnosis. Nowadays, these methods are widely used in the
automotive [4,5] and aerospace [6,7] industries. For example, in [4] the authors propose to
use a HIL platform for testing different control strategies for the adaptive cruise control
of vehicles. Based on HIL technology, [6] proposed a testing process in which a flight
control system (autopilot) is connected to a digital model of the target aircraft. As noted
in [8], the HIL simulation technique is an effective approach for performing cost-effective
system-level testing. Additionally, in [8] it is proposed to use the HIL simulation technique
for testing special protection systems in large-scale power systems.

Combining the physical objects and real-time models of the absent components in
a single unit expands the possibilities of complex-systems analysis and can be used for
research and training [9]. HIL-based optimization methods are used for the synthesis of
control systems [10].

The use of Hardware-In-the-Loop technology for electrical power engineering allows
one to solve a set of problems connected to the synthesis of energetics–objects control
systems. The use of a real-time simulator of a power grid with a wind power plant for
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an operation-mode analysis and control-system synthesis is described in [11]. A real-
time simulator of a doubly fed induction machine that can be used for control-system
synthesis and testing is presented in [12]. A real-time model of a DTC electric drive
for a locomotion module is described in [13] and proposed for use in hybrid systems,
combining the computer models of the AC e-motor and the physical e-motors of several
locomotion modules.

An important task for electrical power engineering is to synthesize and diagnose the
excitation systems of power-unit generators. This task can be solved effectively by using
real-time simulation and Hardware-In-the-Loop technology [14–16]. Both special real-time
systems and personal computers with Windows operating systems are used simultaneously
for an implementation of the real-time models [11].

Static excitation systems are widely used for the field regulation of low and medium
synchronous generators, in which the field current is regulated by a controlled rectifier—for
example, by a thyristor converter (Figure 1) [17–19]. Instead of using a thyristor converter,
a pulse-width converter can be used for low-power generators [20]. The advantage of such
a system is the high rapidity of the excitation control, which favorably distinguishes them
from electromachine (brushless) excitation systems [21]. The self-excitation of synchronous
generators is used in most of these systems. This creates a difficulty by combining a
physical excitation system with a real-time model of the power unit.

Figure 1. Static excitation system of synchronous generators: G—synchronous generators;
BTR—generator’s transformer; PG—power grid; TR—input transformer of excitation system;
TC—thyristor converter.

A proposal in [22] is to use a power system real-time model integrated into the
automatic excitation controller for testing the power system stabilizer of a generator with
static excitation systems. Such integration allows the self-diagnosis of the control system;
however, the limited computing performance of the controller compared to the PC does
not allow a sufficiently complete description of the power generation system to be given.
An RTDS simulation tool was used to create a real-time model in [22].

Another problem is choosing a method for the development of a real-time model that
would provide calculation performance and numerical stability over a long period of continu-
ous model functioning. This issue has been noted previously, specifically in [11,12,22].

The purpose of this article is to present a concept for diagnosing the static excitation
systems of synchronous generators using Hardware-In-the-Loop technology, to describe
the mathematical and digital real-time models created using the method of the average
voltages in the integration step (AVIS), and to provide an example of an application that
confirms the adequacy of the models developed and solutions proposed.

2. Diagnosis Technology

The testing and diagnosis tasks of the excitation systems of synchronous generators
are to check the excitation system in the operating modes, the correctness of the protection
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system’s functioning in fault modes, the compliance of the regulation characteristics, and
the adjustment of the automatic protection-and-control-system configuration, as well as to
search for possible faults when a defect is detected. Such diagnosis must be performed after
the excitation system is produced and before its commissioning, as well as periodically at
the power plant during planned preventive shutdowns of the power unit.

In order to diagnose the excitation system, it is connected to the digital real-time model
of the power scheme of the power-generation system (Figure 2). This model includes a
synchronous generator (G), the generator’s transformer (BTR), a power grid (PG), the
input transformer of the excitation system (TR) (the excitation-system transformer), and a
thyristor converter (TC).

Figure 2. Functional scheme for diagnosing the excitation system.

This digital model must replace an absent object (power unit) during the testing of the
excitation system. The signals of the stator-phase voltages (instantaneous values ugA, ugB,
and ugC), input currents of the thyristor converter (instantaneous values iTA, iTB, and iTC)
or field current, and stator phase current (instantaneous value of stator current for B phase
igB) are sent from the real-time model to the excitation system, and are needed in order for
the excitation system to function. A specific list of the required signals is determined by the
excitation system, which is diagnosed. Digital-to-analog converters (DAC) and matching
devices (amplifiers) are used to form these signals. Matching devices must provide the
required level and power of the signals and the galvanic separation.

A feature of a static excitation system is the presence of generator self-excitation. In this
case, the input voltages of the excitation system (the excitation-system thyristor converter
(TC)) are the output voltages of the excitation-system transformer (TR), which is connected
to the synchronous generator terminals (Figure 1). These voltages are determined by the
digital model, which creates additional difficulties for combining a digital model with a
real excitation system. These are the options for overcoming them:

Option 1. A very expensive power amplifier can be used to supply the real excitation
system with the calculated voltages of the excitation-system transformer (TR) from the
digital model. The excitation voltage from the thyristor converter of the real excitation
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system is applied to the digital model. The thyristor converter is connected to the RL load,
the parameters of which correspond to the field-winding parameters of the synchronous
generator. Such an option tests the entire power circuit of the excitation system but
significantly increases the diagnosis cost due to the need for a power amplifier with high
dynamic characteristics and significant gain.
Option 2. This option is shown in Figure 2. The calculated voltages of the excitation-system
transformer (TR) in the digital model are applied to the gate pulse control system (TCS)
of the thyristor converter in the real excitation system (as the synchronization voltages
forming the gate pulses). In this case, the power of the amplifier is much smaller because
the gate pulse control system does not consume a significant amount of power. The control
gate pulses are applied to the digital model from a real excitation system. In this case,
the circuits of the gate pulse control system (TCS) and the automatic excitation controller
(AEC) are tested.
Option 3. The output signal of the automatic excitation controller (AEC) is applied to
the digital model from the real excitation system (the control signal for the thyristor
converter). The calculated feedback signals needed for the automatic excitation controller
to function are applied to the real excitation system from the digital model. Thus, only the
automatic excitation controller is tested, not the control circuits or power scheme of the
thyristor converter.

In our opinion, Option 2 is optimal. It allows the testing of the excitation controller, as
well as the control circuits of the thyristor converter, but not its power scheme. At the same
time, Option 2 does not require an expensive amplifier to supply the excitation system with
a voltage calculated in a digital model. The power scheme of the thyristor converter can be
tested separately, and the presence of a generator unit (or its digital model) is not required
for such testing.

An image of the diagnosis complex developed for this study is shown in Figure 3.

Figure 3. Image of the diagnosis complex used: 1—industrial computer; 2—DAC/ADC cards;
3—matching devices.
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The multifunction I/O modules with analog-to-digital converters and digital-to-
analog converters (type NI PXI–6259 National Instruments) were used for the information
transfer between the digital model and peripheral analog devices. These modules included
32 analog inputs (16-bit, 1.25 MS/s), 4 analog outputs (16-bit, 2.8 MS/s), and 48 digital
inputs/outputs. For the second option, six digital inputs were used for transferring the
control gate impulse from the excitation system thyristor converter to the digital model.
I/O modules were placed on a PXI-1033 chassis, which is designed for distributed data
collection and processing (item 2 in Figure 3).

Transforming the DAC signal by power and level provided amplifiers (item 3 in
Figure 3). These amplifiers were set to be current or voltage sources and were regulated by
±10 V signals from the DAC output.

3. Mathematical Model Description

A mathematical model used for the diagnosis of an excitation system must meet the
following requirements: the non-linearity of the electric machines and thyristor converters
must be taken into consideration for the model to be adequate in the operating and fault
modes; the model must provide a high calculation performance and high accuracy when
increasing the integration step; finally, it must provide numerical stability for the calculation
over a long period of continuous functioning.

One feature of the proposed approach is that it uses a method of average voltages in
the integration step (AVIS) for the algebraization of the differential equations that describe
the power scheme. The theoretical foundations of this method were first described by the
author in [23]. The main specifications of this method and its development for modeling a
nonlinear power scheme are described in [15,16]. The advantages of this AVIS method over
other methods are noted in [11]. Numerical stability in this method is provided by solving
equations for the power scheme in which the algebraic sum of the voltages is zero at the
beginning of the integration step and in which the algebraic sum of the currents is zero
at the end of the integration step. According to the classic methods, there are no explicit
equations for the currents to sum to zero (the explicit methods) or for the voltages to sum
to zero (implicit methods).

According to this AVIS method, the equation for an electric branch which includes an
electromotive force source e and inductance and resistance R with applied voltage u on its
terminals is written as:

U + E− uR0 +
R

m + 1
(i0 − i1)−

m−1

∑
k=1

R∆tk

(k + 1)!
· m− k

m + 1
d(k)i0
dt(k)

+
ψ0 − ψ1

∆t
= 0, (1)

where U = 1
∆t

t0+∆t∫
t0

udt and E = 1
∆t

t0+∆t∫
t0

edt are the average values of the applied volt-

age and electromotive force in the step, (i1 − i0) is the branch current increment in the
integration step, (ψ1 − ψ0) is the increment of the flux linkages in the integration step, m
is the order of polynomial that describes the branch current in the integration step and
determines method order, and ∆t is the integration step value.

Mathematical models of the power scheme elements (the synchronous machine, trans-
former, power grid, and thyristor converter) are based on Equation (1). The calculation
schemes of these elements are represented as multipoles.

As an example, let us consider the model of a synchronous machine using the first-
order AVIS method (m = 1). It is represented by an eight-pole, the poles of which are the
ends of the stator winding and the excitation winding. After applying Equation (1) to this
scheme, we obtain the following vector equation that connects the potentials of the poles
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→
v 1 = (vA1, vB1 , vC1, v f 1

)T
and

→
v 2 = (vA2, vB2 , vC2, v f 2

)T
and the currents of the external

branches
→
i ee = (iA, iB , iC, i f

)T
. Thus:

1
∆t

t0+∆t∫
t0

→
v 1 dt− 1

∆t

t0+∆t∫
t0

→
v 2 dt−Ree

→
i ee0 +

Ree

2

→
i ee0 −

Ree

2
iee1 −

1
∆t

(→
ψ ee1 −

→
ψ ee0

)
= 0, (2)

where Ree = diag(rA , rB, rC, r f

)
is the matrix of the resistances of the stator winding and

excitation winding. The indices 1 and 0 refer to the values of the variables at the beginning
and end of the integration step, respectively.

The damping system of the synchronous machine is modeled by two short-circuited
branches oriented on axes (d, q) and includes resistances rD and rQ together with induc-
tances. It is described by the following internal vector equation for the currents of the

internal branches
→
i ii = (iD, iQ)

T :

Rii
2

→
i ii0 +

Rii
2

→
i ii1 +

1
∆t

(→
ψ ii1 −

→
ψ ii0

)
= 0, (3)

where Rii = diag(rD , rQ
)

is the matrix of the resistances of the damping winding.

In Equations (2) and (3),
→
ψ ee = (ψA , ψB, ψC, ψ f

)T
and

→
ψ ii = (ψD, ψQ)

T are the vectors
of the flux linkages of the external and internal circuit. Their changes in the integration
step are defined as follows:

→
ψ ee1 −

→
ψ ee0 = Lee1 ·

→
i ee1 + Lei1 ·

→
i ii1 − Lee0 ·

→
i ee0 − Lei0 ·

→
i ii0, (4)

→
ψ ii1 −

→
ψ ii0 = Lii ·

→
i ii1 + Lie1 ·

→
i ee1 − Lii ·

→
i ii0 − Lie0 ·

→
i ee0, (5)

where Lee and Lii = diag
(

LDD, LQQ
)

are the matrices of the self and mutual inductances
of the external and internal circuit and Lei, Lie are the matrices of the mutual inductances
between the external and internal circuits.

Equations (2) and (3), using Equations (4) and (5), are written as:

1
∆t

t0+∆t∫
t0

→
v 1dt− 1

∆t

t0+∆t∫
t0

v2dt−Ree
→
i ee0 −R∗ee1

→
i ee1 + R∗ee0

→
i ee0 −

1
∆t

Lei1
→
i ii1 +

1
∆t

Lei0
→
i ii0 = 0, (6)

→
i ii1 = R∗−1

ii

(
−
(

Rii
2
− Lii

∆t

)→
i ii0 −

1
∆t

Lie1
→
i ee1 +

1
∆t

Lie0
→
i ee0

)
, (7)

where R∗ee1 =
(

Ree
3 + Lee1

∆t

)
, R∗ee0 =

(
Ree
3 + Lee0

∆t

)
, and R∗ii =

(
Rii
2 + Lii

∆t

)
are the matrices of

the step resistances of the external and internal circuits.
The mathematical model of the electrical part of the synchronous machine, represented

as a multipole, is presented by the following equation:

→
i SM + GSM

1
∆t

t0+∆t∫
t0

→
v SMdt +

→
CSM = 0, (8)

where
→
v SM =

(→
v 1,
→
v 2

)T
is the vector of the external poles’ potentials;

→
i SM =

(→
i ee,−

→
i ee

)T

is the vector of the current in the external branches; GSM =

(
R−1 −R−1

−R−1 R−1

)
;
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R = R∗ee1 − R∗−1
ii

Lie1Lei1
∆t2 is the matrix of coefficients; and

→
CSM =

(
R−1

−R−1

)
×
→
E is the

vector of the absolute values, in which the vector of e.m.f
→
E is defined as:

→
E =

(
Ree −R∗ee0 + R∗−1

ii
Lei1Lie0

∆t2

)→
i ee0 −

(
1

∆t
Lei0 −

1
∆t

Lei1 +
1

∆t
Lei1R∗−1

ii1 Rii

)→
i ii0.

The mechanical part of the synchronous machine is described by the following equation:

J
dω

dt
= Tt + TS, (9)

where TS is the electromagnetic torque of the synchronous machine, ω is the rotor rotation
speed, J is the moment of inertia, and Tt is the turbine torque. The latter is determined by
taking into consideration the active power and speed controller as well as the inertia of the
turbine according to the following equation:

Tt = T0 + kP

t∫
0

(Pt − P)dt + kω

t∫
0

(ωt −ω)dt, (10)

where kP and kω are the gain of the power and speed controller, respectively, and Pt and ωt
are the reference values of the turbine power and speed, respectively.

The mathematical model of the synchronous machine using the second-order AVIS
method is described in [15]. Its advantage is its higher accuracy of calculation at the same
step of numerical integration. However, it requires one to determine the derivative currents
and perform more calculations in the step.

Mathematical models of the other elements-multipoles (transformer, power grid,
thyristor converter) are presented in the form of Equation (8). They are combined into a
single system using equations compiled according to Kirchhoff’s first law for the system’s
nodes, in which the elements’ outer branches are connected. The method for connecting
the elements is described using incidence matrices. The calculation algorithm is described
in [15].

Another feature of the proposed approach is that it takes into consideration the
discretization of the controlled rectifier thyristors in the mathematical model. It allows
the prediction of the system’s behavior in the case of thyristor fault. The power scheme
of the thyristor converter (a three-phase, full-bridge rectifier) is represented as a scheme
with a constant structure and variable parameters. The semiconductor switches (thyristors)
are represented as having serial connected resistances and inductances with low values
in the “on” state and high values in the “off” state. The switch turns on when an pulse
from the gate control system of the real thyristor converter is present. The switch instantly
turns off when its current crosses zero, passing from a positive to a negative value. The
mathematical model of such a semiconductor converter is described in [13].

The authors’ object-oriented method and program environment, realized on C++, was
used for the computer application of the models developed. The program environment
allowed us to create the models with a graphical user interface for realizing the operating
and fault modes of the power-unit. In addition, it was possible to register and visualize the
testing results.

4. Time Synchronization

A feature of the real-time model that works with real objects is the need to synchronize
the calculated time of the model (it is integrated with the other variables) in real time.
The difference between the calculated time and real time leads to the system exhibiting
inadequate dynamic behavior. In addition, in this case there is a difference between the
calculated generator frequency and its reference value, as determined by the turbine speed.



Energies 2021, 14, 6937 8 of 15

Synchronizing the calculated time of the model with the real time is required when
digital models are implemented using equipment in which the performance and calculated
time can vary (for example, the implementation of a digital model on a PC with a Windows
system). The use of a special real-time system partly solves this problem but creates
other difficulties.

The real time must be measured in order to synchronize it with the calculated time of
the model. The internal PC timer can be used for this purpose using the QueryPerformance-
Counter C-function. The error caused by time measuring discretization must be eliminated
in order to determine the real time at any moment. To do this, the timer reading tTIME
was approximated using the least-squares method. Approximating the dependence was
determined according to the equation tTIME = atREAL, where a must equal 1 (the dotted line
in Figure 4).

Figure 4. Approximation of timer reading values for time synchronization.

Given that a necessary condition of the model functioning in real-time mode is to
equalize the calculated time and real time (tREAL = tCALC), the ratio of the calculated time of
the model to the real time (measured by the timer) was determined using the equation

tTIME = atCALC.

According to the least-squares method, the ratio a is written as:

a =

N
∑

i=1
tTIME.i ·

N
∑

i=1
tCALC.i − N

N
∑

i=1
tTIME.itCALC.i(

N
∑

i=1
tCALC.i

)2

− N
N
∑

i=1
t2
CALC.i

, (11)

where N is the quantity of measurement, tTIME.i is the timer reading in the i-th integration
step, and tCALC.i is the calculated time in the i-th integration step. Note that the timer was
read at each integration step.

According to Equation (11), the ratio a equals 1 when the model functions in real-time
mode. In other cases, if the calculation speed is changing and there is a difference between
the calculated time of the model and the real time, then the ratio a does not equal 1. This
means that a correction of the calculation speed (the calculated time in the model) is needed.
The calculation speed or response can be changed by changing the integration step.

The integration step on each calculated cycle was determined on the basis of the
previous value, which is averaged for N previous cycles according to following equation:

∆t =
tCALC.N − tCALC.1

N − 1
· a (12)
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Such an approach provides the automatic correction of the integration step when the
model is in real-time mode. If the calculated step according to Equation (12) exceeds the
maximum allowable value, this means that the mathematical model cannot function in
real-time mode on this computer. In this case, a computer with a higher performance must
be used.

Another method of time synchronization is to determine the numerical integration
step value based on the measurement of the instantaneous voltages in the three-phase
AC network. It is known that the voltage frequency of the network is quite stable (in the
normal operation of the continental European power system, it is considered to be within
50 Hz ± 50 mHz [24]). This allows using the network voltage to determine the time
quite accurately.

In this case, the increment of the voltage vector’s angular position during one calcula-
tion cycle (numerical integration step) is defined as:

∆γu.i = arcsin
(uβ.i−1uα.i − uβ.iuα.i−1

Um.i

)
, (13)

where uα = 2
3 uA − uB+uC

3 and uβ = uC−uB√
3

are the voltages in the (α,β) coordinate frame

and Um =
√

2
3
(
u2

A + u2
B + u2

C
)

is the amplitude of the voltage.
In order to equalize the calculated time and real time (tREAL = tCALC), the integration

step is calculated as:

∆t =
∆γu

2π f
, (14)

where f is the frequency of the voltage, which is equal to 50 Hz.

5. Results

The adequacy of the approach proposed and hybrid models developed was verified by
comparing the results (using an oscillogram) obtained from the hybrid system created—in
which the real excitation system operates with a digital model of the generator unit—with
experimental results obtained from a real power generation system at Burshtyn Thermal
Power Plant (Ukraine). The parameters of the power scheme are as follows.

For the synchronous generator: the nominal power (Sn) was 235 MVA, the nomi-
nal voltage (Un) was 15 kV, the nominal current (In) was 7300 A, the field current in a
no-load regime (if) was 720 A, the stator-winding resistance was 0.00148 Ohm, and the
resistance of the field winding (rf) was 0.223 Ohm. The reactances were: Xd = 1.84 p.u.,
Xad = 1.68 p.u., Xq = 1.84 p.u., Xaq = 1.68 p.u., X’d = 0.295 p.u., X”d = 0.19 p.u., and
X”q = 0.19 p.u. The number of pole pairs p0 = 1. The moment of inertia (J) was 6000 kgm2.

For the power transformer BTR: the nominal power (Sn) was 250,000 kVA, the voltage
of the primary winding (U1n) was 15 kV, the nominal voltage of the secondary winding
(U2n) was 347 kV, the no-load current (I0) was 0.062 p.u., the short-circuit voltage (Usc) was
0.11 p.u., and the active power loss was 955 kW.

For the excitation system transformer TR: the nominal power (Sn) was 2500 kVA,
the nominal voltage of the primary winding (U1n) was 15 kV, the nominal voltage of the
secondary winding (U2n) was 863 V, the no-load current (I0) was 0.09 p.u., the short-circuit
voltage (Usc) was 0.065 p.u., and the active power loss was 22 kW.

A comparison of the results obtained in the created hybrid system and the experimen-
tal results is shown in Figure 5 for the initial excitation operating mode, in Figure 6 for the
de-excitation operating mode, and in Figure 7 for the short circuit in power line. The results
of this comparison confirm the adequacy of the models developed and approach proposed.
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Figure 5. (a) Simulation in the hybrid system; (b) experimental results of the field current (if) and terminal voltage of the
generator (ug, instantaneous value) for the initial excitation of the generator.

Figure 6. (a) Simulation in the hybrid system; (b) experimental results of the field current (if) and terminal voltage of the
generator (ug, instantaneous value) for the de-excitation of the generator.
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Figure 7. (a) Simulation in the hybrid system; (b) experimental results of the stator current (ig), field current (if), and phase
voltage of the generator (ug) for the one-phase short circuit on the power line.

The oscillogram for the connection of the generator to the power grid and the active
power loading through a sharp change in turbine power are shown in Figures 8 and 9,
respectively. Such a type of power change was chosen in order to evaluate the operation of
the excitation controller in the most difficult operating mode in comparison with a smooth
power increase. The generator was connected to the power grid at 13 s, when the condition
of exact synchronization had been reached. Therefore, this mode was not accompanied by
significant current pulsation (Figure 8a)
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Figure 8. (a) Stator current (ig, instantaneous value); (b) terminal voltage of the generator (ug, instantaneous value) for
connecting the generator to the power grid (at 13 s) and the active power loading (at 15 s).

Figure 9. (a) Field voltage (uf); (b) field current (if) for connecting the generator to the power grid (at 13 s) and the active
power loading (at 15 s).

The sharply changing active power loading occurred at 15 s and was achieved by
increasing the active power supplied to the generator by the turbine. In this case, there was
current pulsation as the current increased to a nominal value (Figure 8a). Th excitation
controller with the PI voltage controller in the diagnosed excitation system provided
insignificant dynamic error (1.8%) when the active power changed sharply. The static error
of voltage regulation is absent (Figure 8b).

The oscillogram of the frequency decrease when the synchronous generator was not
loaded is shown in Figure 10. The frequency decrease was achieved by reducing the
turbine speed. The excitation controller provided the stabilization of the magnetic flux
for the prevention of the magnetic circuit saturation. The protection system disabled the
generator excitation when the frequency was reduced to a critical value (about 45 Hz).
There was a de-excitation of the synchronous generator. The field current was reduced
to zero within 0.8 s due to the thyristor converter being switched to inverter mode. The
time to terminal-voltage reduction (de-excitation time) was 4.0 s, as the magnetic flux was
maintained by the damper system of the generator.
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Figure 10. The results of protection system operation during a frequency decrease in a no-loaded
generator: Ug is the RMS value of the generator voltage, if is the field current.

A feature of the proposed approach is that testing the excitation system in case of
thyristor fault is possible. A thyristor fault (i.e., when the thyristor does not turn on) can
be physically realized by disconnecting the gate impulse from the digital model. Such
results are shown in Figure 11. As the test results in this mode show, the excitation system
retained its efficiency and restored the required value of the excitation current for 1.5 s. The
field current exhibited pulsation in this case, but it did not influence the terminal voltage
of the generator.

Figure 11. (a) Field voltage (uf); (b) field current of the generator (if) in the case of a thyristor fault (i.e., when the thyristor
does not turn on).

6. Conclusions

The proposed approach enables testing and diagnosing the excitation systems of
synchronous generators using the real-time model of a power-unit scheme. A feature
of this approach is that it takes into consideration the nonlinearity of the synchronous
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machine and the discretization of the thyristor’s functioning in a mathematical model. It
allows fault situations to be realized: that is, short circuits in the generator terminals and
thyristor faults of the controlled rectifier. The method of average voltages in the integration
step was used in the developed model because of its high calculation speed, which enables
the model to function in real time. In addition, this method provides numerical stability
to the model over a long period (about 12 h of continuous functioning). This method is
sufficient to test the excitation system in operating and fault modes.
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