International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 2 (2018) pp. 1238-1246
© Research India Publications. http://www.ripublication.com

A Phase Variable Model of Aircraft Brushless Exciter Based on Finite
Element Analysis and Its Coupling with the Rotating Rectifier Circuit
Adel Deriszadeh1, Radu Bojoi2
1, 2,

Dipartimento Energia, Politecnico di Torino, c.so Duca degli Abruzzi, 24, 10129, Torino, Italy.
1
Orcid: 0000-0002-9100-1978
Adequate modelling of the main exciter is extremely important
for studying the dynamic behavior of the system. The
uncontrolled diode rectifier connected to the armature winding
of the exciter makes the system more complicated. As a result,
adequately considering the coupling effects of the power
electronics part and armature windings of the brushless exciter
is necessary.

Abstract
This paper presents the phase variable model of brushless
exciter employed by aircraft integrated starter/generators. The
model uses current-flux linkage functions obtained by finite
element analysis. Since the developed model contains the
exciter machine and its connected rotating rectifier, a particular
attention is paid to adequately considering coupling effects
between the exciter and the rotating rectifier which govern
operation of the rectifier. One important parameter of this
coupling is the inductance which contributes in commutation
process of the rectifier (commutation inductance). In this
regard, a simple finite element analysis technique is proposed
to identify the commutation inductance. Finally, the developed
model is validated by comparing its results with finite element
analysis.

Based on the voltage and inductance of the armature windings,
the uncontrolled diode rotating rectifier operates in different
commutation modes [4]. Since the ME armature voltages are
supply voltages of the rotating rectifier, the precise knowledge
of the ME inductance which contributes in commutation
process of the rotating rectifier (hereafter called the
commutation inductance) is required to get a good ME model.
In this paper, a method based on Finite Element (FE) analysis
is proposed to identify the commutation inductance.
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A model of the brushless exciter based on self and mutual
inductances obtained from FE analysis is presented in [5]. This
model uses an algorithm which determines the states of the
rectifier operation by checking the exciter armature voltages
and currents in each step time. In [6], a model of the brushless
exciter based on a state machine has been proposed. Neither of
the presented models in [5] and [6] considered the exact value
of the commutation inductance. Numerical and parametric
average value models of brushless exciter have been proposed
in [7-11]. These models use a numerical average model of the
rectifier obtained from data sets given by a detailed model. The
reported detail models are based on nonlinear Simulink
SimPowerSystem toolbox or state machine. Since the
commutation inductance is not considered in the detailed
models, the developed model of the exciter-rectifier system is
not accurate.

INTRODUCTION
Integrated starter/generator (ISG) is a greatly desired
alternative system to replace dedicated starter and generator
machines in modern aircraft power systems. An ISG serves as
a motor during engine starting operation and as a generator
during generating operation. Since, safety is a crucial
requirement for aircraft power system, brushless electric
machines are more preferable to use in aircraft power systems
due to their advantages of high safety level and low
maintenance requirement [1, 2].
Among brushless machines, Wound Rotor Synchronous
machine (WRS) with brushless excitation system provides
adequate fault tolerance since its field flux can be controlled.
Fig.1 shows schematic of a three-stage brushless synchronous
starter/generator which contains three electrical machines
mounted on a same shaft: the primary exciter (PE), the main
exciter (ME) and the main generator (MG). The PE feeds the
single-phase field winding of the ME whose rotor contains a
three-phase armature connected to a rotating rectifier. The
rotating rectifier feeds the field winding of the MG.

In this paper, a phase variable Simulink model of the exciterrectifier system is developed. The proposed Simulink model
uses the current-flux linkage nonlinear relationships obtained
from FE analysis to determine back-emf of the machine
windings. Identification methods for the required parameters
are described. In addition, a simple FE analysis method for
commutation inductance identification is proposed.
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Figure 1: Three-stage brushless synchronous starter/generator.
Phase variable Model

Finite Element Analysis and Parameters Identification

In this paper, a phase variable Simulink/Matlab model of the
brushless exciter based on current-flux linkage nonlinear
functions of the exciter machine is developed. In order to
identify these functions, a Finite Element (FE) analysis is
performed. Voltage and flux formulation of the developed
phase variable model of the exciter are expressed as follows.

In this section, the required parameters and current-flux linkage
relationships are determined through a circuit-coupled FE
analysis of the brushless exciter machine. Then the obtained
data sets of the current- flux linkage relationships are saved into
2-D tables. In addition, a method to determine the commutation
inductance is proposed.
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Current-Flux Linkage Relations Identification

(1)

In order to identify current-flux linkage nonlinear relationships,
a FE model of a 12 pole brushless exciter has been built. The
FE model is shown in Fig. 2. The modelled brushless exciter
contains a single-phase field winding (stator) and three-phase
armature windings (rotor).

(2)
(3)

where V, i, and λ, are the instantaneous voltage, current, and
flux linkage of the machine windings, respectively. R is the
resistance of the machine windings.

In order to consider the saturation effects, each winding is fed
by a range of current whereas other windings are open. For each
value of the injected current, the flux linkages are calculated for
a complete electric period (rotor angular position changes from
0̊ to 360̊ electrical degrees). Then, the obtained data sets are
saved in LUTs.

In (3), the “a”, “b” and “c” indexes indicate three phases of
armature windings and “e” index indicates field winding
(excitation winding); ϑ is rotor position of the machine and f
indicates the nonlinear current-flux linkage function. Actually,
the flux linkages are nonlinear functions of the rotor position
and machine currents. In this paper, to describe the nonlinear
current-flux linkage functions, Look-Up Tables (LUT) with
linear interpolation method are used. Data set of the LUTs are
directly determined from a FE model, using Flux-2D software.
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Figure 2: Brushless exciter FE model.
Using phase variable model, geometry space harmonics and
saturation effects are taken into account. The only assumption
in the modelling is that inductance saturation of each winding
depends on its own current.
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With this assumption, some of the saturation effects are not
considered even though, since exciter machines are usually
operating in their linear operating region, this assumption does
not have a significant effect [5].
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Fig. 3.a shows the flux linkage of the armature phase a winding
caused by magnetizing the field winding (λa,e). Fig 3.b shows
flux linkage of the field winding induced by its current (λ e,e).

(b)
Figure 3: Current-flux linkage profiles obtained from FE
analysis. (a) variation of λa,e with increasing of ie, (b) variation
of λe,e with increasing of ie.

Identification of the Commutating Inductance
In this section, the commutation inductance (Lc) to be used in
the Simulink model is calculated. During the commutation
interval, the finite commutation time interval of the rectifier
diodes makes line-to-line short-circuit between armature
phases of the exciter. Therefore, the inductance which
contributes in equivalent circuit of exciter and the rotating
rectifier (Fig. 4) is not the one of the exciter steady-state
inductances.

according to the constant flux linkage theory [12]. In this case,
the flux changes during the commutation intervals remain
inside the rotor (since short-circuits occur between rotor
windings). Hence, the inductance which contributes in
equivalent circuits during commutation can be considered as
sub-transient inductance.
To estimate the commutation inductance using FE analysis, two
methods can be used: the magneto-static method and the
transient analysis method. In this paper, the magneto-static FE
technique is performed. The proposed magneto-static technique
exploits the simplification method presented in [13], therefore
is more optimal in terms of the required computation time.

Since the commutation interval is very short, Lc may be
assumed as one of the sub-transient inductances of the machine.
Because the rotating rectifier is connected to the rotor windings
of the exciter, once a commutation short-circuit occurs between
the armature phases, the air-gap flux cannot change
instantaneously and remains constant,
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Figure 5: Brushless exciter’s armature windings currents.
Figure 4: Equivalent circuit of exciter-rectifier during
commutation interval.

Since the commutation inductance is realized as an inductance
defined at specific instants of the machine transient response to
an applied short-circuit occurs during diodes current
commutation, instead of solving the transient equations in a
large time span, only an instant of time which is of interest for
commutation inductance estimation is concerned. Thus, using
boundary conditions, regions of the problem domain which
contribute in the commutation inductance estimation were
isolated from other regions to simplify the problem. Based on
the constant flux linkage theory, these regions for the
commutation inductance estimation are rotor of the brushless
exciter and its windings.
Fig. 5 shows the brushless exciter’s armature winding currents.
As can be derived from Fig. 5, the indicated instant at the
middle of a commutation interval can be referred to the
condition which the direct axis (d-axis) of the armature currents
(and mmf) coincides with phase a axis (a-axis). To simulate
this condition in FE simulation model, the armature windings
currents should be set as:
ia  I d

ib  

Id
2

ic  

Id
2

Figure 6: Flux distribution based on implemented
commutation inductance identification technique.
Fig. 6 shows flux distributions during the commutation
interval. Since the implemented FE model was a 2D model, at
the end the value of end-winding was added to the implemented
model. The end-winding inductance has been calculated based
on equations in [14]. The calculated end-winding inductance
and commutation inductance are reported in Table. I.

(4)

where Id is the d-axis current and is set for a value range from
5 to 15 A.
Table I: Calculated end-winding and commutation
inductances.

The rotor position is set so that the d-axis takes up the same
place as the a-axis. The stator winding is not fed. Therefore, the
commutation inductance can be considered as the d-axis
inductance during commutation interval and is calculated as:

Lc  L d 

a
Id

Parameter

(5)
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Abbreviation

Value

Unit

Commutation
Inductance

Lc

2.32

µH

End-Winding
Inductance

Lew

5.1

µH
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Figure 7: Stator flux-based Simulink block.

Figure 8: Simulink implementation of the developed brushless exciter model.
Implementation
To implement exciter’s rotor and stator blocks, current or flux
linkage can be chosen as the state variable. The developed
model uses flux linkage as the state variable for stator model
and the winding currents for rotor model. The advantages of
these choices are described in the following sections.

field winding. Therefore, the input of the stator flux-based
block is the excitation voltage (Ve), while the output of the
block is the excitation current (Ie). The developed stator model
uses the following formulae:

e 

Implementation of the brushless exciter’s Stator Block
The schematic of the implemented flux-based block of the
stator is shown in Fig. 7, where the linkage flux of the field
winding is the state variable. Choosing the linkage flux as the
state variable provides direct interface between input of the
stator block and the power electronics part which feeds the

 V

e

 Re  i e 

(6)

 e,e  e  e,a  e,b  e,c 

(7)

ie  e,e  Le,e  , ie 1

(8)

where Le,e(ϑ,ie)-1 is the inverse of the apparent self-inductance
of the stator winding.
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Figure 9: Armature fluxes obtained by the Simulink model and FE analysis. (a) Armature phase a linkage flux, λa (Wb), (b)
Armature phase b linkage flux, λb (Wb), (c) Armature phase c linkage flux, λc (Wb), (d) Zoom of λa in time interval between 0.51
s to 0.55 s.

Since the flux is chosen as a state variable, the inverse of the
apparent inductance is required to obtain the current. Apparent
inductances can be calculated from the current-flux linkage
data sets as follows.

L j ,k  , i k  

 j ,k
ik

j, k  a, b, c, e

inductance (Lew) are modelled as constant parts of the machine
inductances. The armature windings’ back-emf is calculated as
follows.

ej 
(9)

d j
dt





d
 j , e   j , a   j ,b   j , c
dt



j  a, b, c, e (10)

Results and Performance Comparison between Simulink
and FE Models

Implementation of the Rotating Components Block
In order to provide a direct interface with the rotating rectifier
which is modelled using Simulink SimPowerSystem toolbox
block, rotor currents are chosen as the state variables. This
makes direct connection between output of the rotor block and
the rotating rectifier possible. A complete schematic of the
implemented brushless exciter PD block is shown in Fig. 8.

In this section, the performance of the developed exciter
Simulink model is proven by comparing its results with a
transient magnetic simulation carried out by Flux-2D FE
software. The characteristics of the FE simulation are reported
in Table. II. The comprised parameters are: armature windings
fluxes, armature windings induced voltages, and output voltage
and current of the rotating rectifier.

The outputs of the rotor block are the induced voltages in
armature windings which are modelled as controlled voltage
sources. The commutation inductance (Lc) and end-winding
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Figure 10: Armature voltages obtained by FE analysis and the developed Simulink model.
(a) Armature phase a voltage Va (V), (b) Armature phase b voltage Vb (V), (c) Armature phase c voltage, Vc (V), (d) Zoom of Va in
time interval between 0.51 s to 0.55 s.

Table II: FE transient magnetic simulation parameters
FE simulation
Parameters

Value

Unit

Field winding current of
the brushless exciter

3·sin(400·π·t*)

A

Rotation speed

250·t

RPM

Simulation time interval

1.2

s

Simulation time step
value

1e-4

s

Number of computation
steps

12001

In addition, the computational efficiency of the developed
phase variable Simulink model and the implemented FE have
been compared using a computer with intel core i7-3.6 GHz
processor and 8 GB RAM. The developed Simulink model
takes 5.1 s to complete 1.2 second simulation with a time step
of 1e-6 s.
The FE model, however, needs 800 min to perform the
simulation for the same time period with time step of 1e-4 s
(12001 computation steps).

Armature Flux-Linkages
The flux linkages of the armature winding obtained from the
FE analysis and Simulink model are shown in Fig. 9.a, 9.b, and
9.c. Fig. 9.d shows magnification of a part of the Fig. 9a. From
these figures, it can be derived that the flux linkage waveforms
obtained by the Simulink model are very close to those
obtained by the FE simulation. This justifies that the developed
Simulink model is capable of precisely representing the
nonlinear current-flux linkage relationships.

* t is the simulation time
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Figure 11: The rotating rectifier outputs. (a) Rotating rectifier output voltage obtained by FE analysis and the Simulink model
(Vd). (b) Zoom of Vd in time interval between 0.51 s to 0.55 s. (c) Rotating rectifier output current (Field current of the main
generator if). Zoom of if in time interval between 0.51 s to 0.55 s.

Armature Induced Voltages

REFERENCES

The induced voltages in armature windings from the FE
simulation and the developed Simulink model are plotted in
Fig. 10.a, 10.b, and 10.c. Magnified waveform of Fig. 10.a in
time interval between 0.51 to 0.55 s is shown in Fig. 10.d.

[1]

S. Nadarajan, S. K. Panda, B. Bhangu, and A. K.
Gupta, "Online Model-Based Condition Monitoring
for Brushless Wound-Field Synchronous Generator to
Detect and Diagnose Stator Windings Turn-to-Turn
Shorts Using Extended Kalman Filter," IEEE Trans.
Ind. Elec., vol. 63, no. 5, pp. 3228-3241, May 2016.

[2]

S. Nadarajan, S. K. Panda, B. Bhangu, and A. K.
Gupta, "Hybrid Model for Wound-Rotor Synchronous
Generator to Detect and Diagnose Turn-to-Turn
Short-Circuit Fault in Stator Windings," IEEE Trans.
Ind. Elec., vol. 62, no. 3, pp. 1888-1900, March 2015.

[3]

C. Anghel, “A novel start system for an aircraft
auxiliary power unit”, Conf. Rec. 35th Intersociety
Energy Conversion Engineering Conf. and Exhibit,
Las Vegas, NV, USA, 24-28 July 2000, Volume: 1,
pp. 7 – 11.

[4]

N. Mohan, T.M. Undeland, W.P. Robbins, “Power
electronics: converters, applications and design”, New
Jersey, John Wiley & Sons, INC, 2003.

[5]

A. Darabi and C. Tindall, "Brushless exciter modeling
for small salient pole alternators using finite
elements," in IEEE Transactions on Energy
Conversion, vol. 17, no. 3, pp. 306-312, Sep 2002.

Rotating rectifier outputs
Fig. 11 shows the rotating rectifier output voltage and current.
The magnification of the waveforms in Fig. 11.b and Fig. 11d
show the accuracy of the developed phase variable Simulink
model.

CONCLUSION
A phase variable model of brushless exciter machines is
proposed. Its parameters are obtained from FE analysis of the
machine. Simulink implementation details of the proposed
model are given. The main contribution of the developed model
is taking into account the commutation inductance. A simple
FE analysis method has been proposed to calculate the
commutation inductance. The developed phase variable
Simulink model provides an accuracy that is very close to FE
model while its simulation speed is much faster. Verification of
the developed Simulink model was carried out by comparing
its results with FE simulation.

1245

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 2 (2018) pp. 1238-1246
© Research India Publications. http://www.ripublication.com
[6]

V. Ruuskanen, M. Niemela, J. Pyrhonen, S. Kanerva
and J. Kaukonen, "Modelling the brushless excitation
system for a synchronous machine," in IET Electric
Power Applications, vol. 3, no. 3, pp. 231-239, May
2009.

[7]

Y. Zhang and A. M. Cramer, "Numerical AverageValue Modeling of Rotating Rectifiers in Brushless
Excitation Systems," in IEEE Transactions on Energy
Conversion, vol. 32, no. 4, pp. 1592-1601, Dec. 2017.

[8]

J. Jatskevich, S. D. Pekarek and A. Davoudi, "Fast
procedure for constructing an accurate dynamic
average-value model of synchronous machinerectifier systems," in IEEE Transactions on Energy
Conversion, vol. 21, no. 2, pp. 435-441, June 2006.

[9]

J. Jatskevich, S. D. Pekarek and A. Davoudi,
"Parametric average-value model of synchronous
machine-rectifier systems," in IEEE Transactions on
Energy Conversion, vol. 21, no. 1, pp. 9-18, March
2006.

[10]

J. Jatskevich and S. D. Pekarek, "Numerical
Validation of Parametric Average-Value Modeling of
Synchronous Machine–Rectifier Systems for Variable
Frequency Operation," in IEEE Transactions on
Energy Conversion, vol. 23, no. 1, pp. 342-344, March
2008.

[11]

N. Jiao, W. Liu, Z. Zhang, T. Meng, J. Peng and Y.
Jiang, "Field Current Estimation for Wound-Rotor
Synchronous Starter–Generator With Asynchronous
Brushless Exciters," in IEEE Transactions on Energy
Conversion, vol. 32, no. 4, pp. 1554-1561, Dec. 2017.

[12]

A. Bernard, G. Ronald, Pr. Harley, “The General
Theory of Alternating Current Machines: Application
to Practical Problems”, Springer Netherlands, 1978.

[13]

C. N. Ashtiani and D. A. Lowther, "Simulation of the
Transient and Subtransient Reactances of a Large
Hydrogenerator by Finite Elements," IEEE
Transactions on Power Apparatus and Systems, vol.
PAS-103, no. 7, pp. 1788-1794, July 1984.

[14]

A. Boglietti, A. Cavagnino and M. Lazzari,
"Computational Algorithms for Induction-Motor
Equivalent Circuit Parameter Determination—Part I:
Resistances and Leakage Reactances," in IEEE
Transactions on Industrial Electronics, vol. 58, no. 9,
pp. 3723-3733, Sept. 2011.

1246

