
Zeszyty Problemowe – Maszyny Elektryczne Nr 83/2009 173

Filip Kutt, Michał Michna, Piotr Chrzan, Mieczysław Ronkowski 
Politechnika Gdańska, Gdańsk

NONLINEAR MODEL OF A SYNCHRONOUS GENERATOR FOR 
ANALYSIS OF MORE ELECTRIC AIRCRAFT POWER SYSTEMS
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NA POKŁADZIE NOWOCZESNEGO SAMOLOTU

Abstract: A nonlinear model for studying a variable-speed synchronous generator (SG) in more electric air-
craft (MEA) power system has been developed. The saturation effects of the SG magnetic circuit have been 
considered. The model has been implemented in the Synopys/Saber simulation environment. The modelling 
language MAST has been used to elaborate the SG model. The model exhibit a network with the same number 
of external terminals/ports as the real SG, and represents its behaviour in terms of the electrical (stator and ro-
tor windings) and mechanical (shaft) variables as well. The main advantage of the approach is the ease of de-
scribing MEA power system in terms of its topology. Thus, normal and fault operation of any MEA power 
system can be effectively investigated. The presented simulation results have proved that the proposed ap-
proach can be recommended for analysis of MEA power systems.

1. Introduction 
A lot of efforts are currently done into deve-
lopment on the concept of the more electric air-
craft (MEA) for the electrical design system of 
commercial aircraft, usable by the business and 
regional aircraft and rotorcraft as well. The fun-
damental MEA concept, which removes hyd-
raulic, pneumatic and gearbox driven subsys-
tems in favour of electrical driven subsystems, 
has necessitated the development of high per-
formance starter/generator systems and compact 
lightweight electric drives and servo subsys-
tems. As a consequence high power synchro-
nous generators (SG) are required to supply the 
increased electrical power needs on board
[4, 5, 9, 11, 12].
In MEA power systems SG are driven directly 
by variable speed prime movers (jet engines), 
and therefore, operate as variable frequency 
machines. Compared with the conventional 
constant frequency generator (50/60 Hz for uti-
lity grid and 400 Hz for aircraft systems), the 
GCU for the variable frequency system must 
deal with significant variations in operating 
points and associated dynamics due to a wide 
frequency range (greater than 2:1 in some MEA 
systems).
A typical electric power generator in MEA ap-
plications is actually composed of two synchro-
nous machines, a rectifier and a small perma-
nent magnet generator (PMG), on the same 
shaft [5, 10]. One synchronous machine is the 

main generator and the other smaller lower rat-
ing machine with its field winding on the stator
works as the brushless exciter. 
For the evaluation of aircraft on-board electric 
power systems and electric servo systems with 
regard to their weight, behaviour and reliability 
a novel modelling and simulation tools are 
being developed [2]. One essential requirement 
for a simulation environment of MEA power 
systems consisting of many nonlinear compo-
nents is mutliphysical modelling that allows to 
simulate all aircraft systems, which use diffe-
rent forms of power, in one integrated model. 
Different physical domains have to be consi-
dered in the simulation of complex aircraft sys-
tems with high computational efficiency. The 
integrated model uses component models, that 
are being delivered by the equipment manufac-
turers, to compose an integrated aircraft sys-
tems model.
A key technique in achieving this is the use of 
an advanced network solver such as Synop-
sys/Saber based on a mixed-signal hardware 
description language called MAST [13, 14].
While using the modelling language MAST you 
are not only able to develop the various mathe-
matical-based models you need, but are also 
able to develop mixed-signal and multi-physical 
(mixed-technology) models. Moreover, MAST 
models can be made at any level of abstraction 
– from simple transfer function descriptions, to 
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detailed physics-based descriptions. And they 
can be mixed throughout multiple levels of 
hierarchy.
The importance of SG in MEA power systems 
has been well recognized. They are highly 
nonlinear, complex electromechanical device, 
whose dynamic behaviour directly impacts the 
performance and reliability of the power system 
network [3, 5, 10, 11, 12]. To analyze the dy-
namic behaviour of the SG, an effective and ac-
curate simulation model is desired. However, it 
is difficult to develop such a model due to the
nonlinear inductances of the SG windings. Fur-
ther, the model needs to account for dynamics 
involving electrical and mechanical domains.
In the paper [9] a background has been dis-
cussed for using the MAST language to model 
a SG for investigating the multi-physical power 
behaviour of MEA power systems. However, 
the magnetic circuit saturation effects have not 
been considered. 
This paper describes the use of the Synop-
sys/Saber and MAST language for modelling
the SG magnetic saturation in both the q- and 
d-axis while keeping the terminal characteris-
tics of the machine in the physical domain. This 
approach simplifies the interconnection of the 
machine model with power electronic recti-
fiers/converters. It has been shown that this SG 
model is computationally efficient and suitable 
for dynamic time-domain MEA power system 
studies. 

1. SG modelling

1.1. Hypothesis and assumptions

A SG, according to its degree of freedom, can 
be represented as a multi-port electromechani-
cal converter with pair of terminals (ports), 
which are the windings and shaft terminals 
(ports).
The structure of a SG model depends upon the 
assumed modelling of the energy transforma-
tion, energy conversion, energy accumulation 
and energy dissipation processes in SG. 
For developing the SG model in terms of its 
ports/terminals variables, i.e., especially for 
MEA power system analysis and design, the 
general equations of motion of SG are recalled, 
and next a combined variables transformations
from the natural stator as bs cs axes to q d 0 
axes, and vice versa, are performed under the 
conventional assumptions [1, 3, 6, 7, 8, 9, 10,
11].

1.2. Model equations and its implementations 
into MAST language 

Voltages, currents and flux-linkages equa-
tions in terms of q d 0 axes variables:
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where, me p  ; p – number of pole pairs, 

m - angular rotor (mechanical) speed.

The above equations in terms of MAST lan-
guage:
iqs: vqs = Rs*iqs + we*phids + d_by_dt(phiqs) #
ids: vds = Rs*ids - we*phiqs + d_by_dt(phids) #
i0s: v0s = Rs*i0s + d_by_dt(phi0s)            #
ikq:   0 = Rkq*ikq + d_by_dt(phikq)           #
ifd: vfd = Rfd*ifd + d_by_dt(phifd)           #
ikd:   0 = Rkd*ikd + d_by_dt(phikd)           #

Torque and angular speed equations:
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The above equations in terms of MAST lan-
guage:
# torque equation
visc = Bm*wm
Te = 3/2*p*((phids*iqs)-(phiqs*ids))         
tq_Nm(rotor) += Te - visc – mom
mom= d_by_dt(Jw*wm)
alpha: wm=d_by_dt(alpha)

1.3. Modelling magnetic saturation effects

Most of the methods currently being used to 
calculate the saturated values of inductances are 
based on the open circuit saturation curve for 
magnetizing inductances, and on the short-
circuit saturation curve for leakage inductances 
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as a reference to find the saturation-dependent 
inductances in functional forms [1, 4, 7, 8, 11].
In general, for a given saturation curve 
 = (i), the inductances can be expressed as 

follows
i

L


 and 
i

L
_




 . Where, L is re-

ferred to as static (chord slope) saturated induc-

tance, and L as dynamic (tangent-slope or 
incremental) inductance. It should be noticed 
that when the flux linkage  is assumed as 
a state variable then the dynamic inductance is 
not necessary.
The model of saturation effects can be further 
developed by assuming a fictitious equivalent 
coil (i.e. the magnetic axis of the fictitious 
equivalent coil coincides with the resultant 
MMF due to the total current i) which carries 
a current i producing a flux-linkage  .
It should be noted that the approach making use 
of the unique magnetization characteristic can 
be applied directly to smooth-air-gap machine. 
In the salient-pole machine, because of the 
physical saliency, in general, the magnetizing 
flux-linkage space vector is not coaxial with the 
magnetizing current space vector (the resultant 
flux wave is not collinear with the resultant 
MMF wave). Thus it is more problematic to 
characterise the saturation level in the saturated 
salient-pole machine than in the saturated 
smooth-air-gap machine, where the magneti-
zing flux-linkage space vector is coaxial with 
the magnetizing-current vector and where the 
amplitude of the magnetizing flux-linkage 
space vector is a non-linear function of the 
magnetizing current. However, it may be as-
sumed that the pole tips and/or the teeth are the 
most saturated parts of the magnetic circuit, and 
therefore, as for the smooth-air-gap machine, in 
each axis the saturation level is determined by 
the amplitude of the magnetizing-current space 
vector.
According to the above consideration the mag-
netic saturation of the SG magnetic circuit can 
be represented by the following characteristic:

 mm if (10)

where, the total magnetizing current im is re-
ferred to the turns of field winding, and is de-
fined as following:
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The coefficient kfd refers the mutual stator–
field inductance Lsfd to the magnetizing induc-
tance Lmd.
To represent the characteristics  mm if for 

the q and d axes flux-linkages, in terms of the 
SG inductances, the following functions are 
used: 
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where, ksat – saturation coefficient, Lmd_sat, 
Lmq_sat – saturated magnetizing inductances in 
d and q axis respectively; Lmd, Lmq - unsaturated 
magnetizing inductances in d and q axis respec-
tively. It has been assumed that the coefficient 
ksat has the same value for the magnetic circuit 
in q and d axes, respectively.
Using the above relations the SG flux linkages, 
used in the equations (1)–(6) and (9), are de-
fined as following:

 kqqsmqsatqslsqs iiLkiL  (15)

  remkdfddsmdsatdslsds iiiLkiL   (16)

slss iL 00  (17)

 kqqsmqsatkqlkqkq iiLkiL  (18)

 kdfddsmdsatfdlfdfd iiiLkiL  (19)

 kdfddsmdsatkdlkdkd iiiLkiL  (20)

where, rem – remanence flux.

The saturation coefficient ksat is evaluated using 
the no-load voltage characteristic. This charac-
teristic is measured as following: open circuit 
terminal voltage Vq0 versus field current Ir (ac-
tual field current), and open circuit terminal 
voltage Vq0rem versus remanence flux rem . 

Using the equations (1) and (16) for the no-load 
case of the SG, we have:

dseqV 0 (21)
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remeremqV 0

remfdsatmdds iL   _ (22)

Using the equations (21) and (22) the saturated 
magnetizing inductance Lmd_sat and saturation 
coefficient ksat can be calculated as following:
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where, the value of the mutual inductance Lsfd is 
evaluated as  satmdsfd LL _max
To implement the no-load voltage characteristic
(saturation characteristic) of SG into the MAST 
language the table look-up tool (TLU) of the 
MAST language is used as aforeign routine. 
The fallowing assumptions are used for this ap-
proximations: (i) linear interpolation, (ii) linear 
extrapolation at low and high ends of the no-
load characteristic, respectively.
The data file containing the points of the no-
load characteristic is elaborated as follows:

field current(A)

0.000 6
0.300 17
0.400 23
0.575 29
…

no-load voltage RMS (V)

In the parameter section of the SG MAST 
model the following data preprocessing have 
been done:
# TLU data pre-processing (performs data check-
ing, sorting and grid filling.)

  datap=tlu(0,1,sat_file,"",sat_interp,sat_extrap)
# TLU returns the sample points array for the in-
dependent variable

  sp1=tlu(1,addr(datap),1,sat_density) Sample 
Point Array

In the values section the TLU function is called 
to return the output value of the function for the 
given input values as following:
#------TLU Function Evaluation
Vq0=tlu(2,addr(datap),im)
v_rem=tlu(2,addr(datap),0)

and
Lmdsat=sqrt(2)*vq0/(im*sat_rpm*math_pi*p/30) 
phifd_rem=sqrt(2)*v_rem/(sat_rpm*math_pi*p/30)
Ksat=Lmdsat/Lsfd# saturation coefficient

The flux linkages equations (15)-(20) of the SG 
in terms of MAST language are following:

phiqs = Lls*iqs + ksat*Lmq*(iqs+ikq)

phids = Lls*ids + ksat*Lmd*(ids + ifd + ikd)+
phifd_rem

phi0s = Lls*i0s

phikq = Llkq*ikq + ksat*Lmq*(iqs + ikq)

phifd = Llfd*ifd + ksat*Lmd*(ids + ifd + ikd)

phikd = Llkd*ikd + ksat*Lmd*(ids + ifd + ikd)

2. SG simulations using Synopsys/Saber
To verify the proposed SG modelling approach,
taking into account the saturation of magnetic 
circuit, the no-load and short circuit tests have 
been simulated. The tests have been carried out 
for a SG of the type GCe64o/1 produced by 
ELMOR. 

2.1. No-load test

The topology of the simulated SG circuits is 
shown in Fig. 1, where the machine model is 
denoted by “ref:SME2009”. The “inside” of 
this model contain the equations and formulae 
presented in section 2. The results of the no-
load test are shown in Fig. 2 and Fig. 3. 

Fig. 1. Topology of the simulated SG circuits
for no load test

2.2. 3-phase short circuit test

The topology of the simulated SG circuit is 
shown in Fig.4, where the machine model is 
denoted by “ref:SME2009”. The “inside” of 
this model contain the equations and formulae 
presented in section 2. The results of the short 
circuit test are shown in Fig. 5 and Fig. 6. The 
constant angular speed oeration of the SG has 
been assumed.
The simulation results have shown that mag-
netic saturation has an influence on the tested 
SG current values. The difference for the arma-
ture currents is about 6%. It has to be noticed 
that this relatively small difference refers to the 
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short circuit test, when the saturation level is 
low due to the armature demagnetization. The 
difference will be much lager for the SG tran-
sient states under loaded conditions.
The comparison of the simulation and measured 
results for the studied SG will be presented at 
the conference.

Fig. 2. Open circuit voltage versus field cur-
rent: measured (+) and simulation (-) results

Fig. 3. Coefficient ksat, saturated inductance 
Lmdsat and open circuit voltage versus field cur-
rent: measured (+) and simulation (-) results

Fig. 4. Topology of the simulated SG circuits 
for short circuit test

Fig. 5. Simulation results of the short circuit
test (ir – field current current, ias – armature 
current – at the time of the short circuit the ar-
mature voltage has maximum value: linear (red 
line) and nonlinear (green line) magnetic cir-
cuit

Fig. 6. Simulation results of the short circuit
test (ir – field current, ias – armature current –
at the time of the short circuit the armature 
voltage has zero value: linear (red line) and 
nonlinear (green line) magnetic circuit

3. Conclusions
A nonlinear model for studying a variable-
speed synchronous generator (SG) in more elec-
tric aircraft (MEA) power system has been de-
veloped. The saturation effects of the SG mag-
netic circuit have been considered. The model 
has been implemented in the Synopys/Saber 
simulation environment. The modelling lan-
guage MAST has been used to elaborate the SG 
model. The model exhibit a network with the 
same number of external terminals/ports as the 
real SG, and represents its behaviour in terms of 
the electrical (stator and rotor windings) and 
mechanical (shaft) variables as well. The main 
advantage of the approach is the ease of des-
cribing MEA power system in terms of its to-
pology. Thus, normal and fault operation of any 
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MEA power system can be effectively investi-
gated. The presented simulation results have 
proved that the proposed approach can be re-
commended for analysis of MEA power sys-
tems.
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