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ABSTRACT A model for studying synchronous machine (SM)
dynamic behaviour in more electric aircraft (MEA) power system is
developed and implemented in the Synopys/Saber simulation
environment. The modelling language MAST has been used to
elaborate the SM model. The elaborated model exhibit a network with
the same number of external terminals/ports as the real SM, 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 describing MEA power
system in terms of its topology. Thus, normal and fault operation of any
MEA power system can be effectively investigated. The proposed model
was applied to study the short-circuit transients of a synchronous
generator. The simulation results have proved that the proposed
approach can be recommended for analysis of MEA power systems.
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1. INTRODUCTION

The advancement in power electronics, electric power systems, and electric
servosystems is expected to enhance the reliability, fault tolerance, power
density and performance of the concept of the more electric aircraft (MEA) for
the electrical design system of commercial aircraft, usable by the business and
regional aircraft and rotorcraft as well [4, 6, 7, 8].

For the evaluation of aircraft on-board electric power systems and electric
servosystems with regard to their weight, behaviour and reliability a novel
modelling and simulation tools are being developed. The tools are intended for
use in the analysis and conceptual design and of such electrical systems.
Diverse methodologies are integrated in the tools, to cover the mentioned
aspects at the same time. The tools consist of dedicated model libraries
containing object-oriented, physical models of electrical power system
components [2].

The model libraries are hierarchically structured to accommodate various
models of different complexity, such as interfaces (plugs, databuses, etc.), basic
electrical components (wiring, contactors, busbars, etc.), more integrated
electrical components (generators, rectifiers, converters, etc.), power users
(motor drives, heatings, etc.) and entire system architectures. Thus, the libraries
provide an infrastructure for the elaboration or adaptation of simulation models
of electrical system architectures.

The fundamental MEA concept, which removes hydraulic, pneumatic and
gearbox driven subsystems in favour of electrical driven and servo subsystems,
has necessitated the development of high performance starter/generator
systems and compact lightweight electric drives and servo subsystems [8].

The importance of synchronous machines (SM) 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 [1, 3, 5]. Apart from providing the
ultimate electricity source, they are also used to start the turbine engine. To
analyze the dynamic behaviour of the SM, an effective and accurate simulation
model is desired. However, it is difficult to develop such a model due to the
nonlinear inductances of the SM windings. Further, the model needs to account
for dynamics involving electrical and mechanical domains.

One essential requirement for a simulation environment of MEA power
systems consisting of many nonlinear components is high computational
efficiency. A key technique in achieving this is the use of an advanced network
solver such as Synopsys/Saber and the modelling language MAST [9, 10].
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The Synopsys/Saber simulation environment — originally developed by
Analogy, Inc., now owned by Synopsys [10] — based on a mixed-signal
hardware description language called MAST [9]. While using the modelling
language MAST you are not only able to develop the various mathematical-
based models you need, but are also able to develop mixed-signal and multi-
physical (mixed-technology) models. No more restrictive force-fitting of
mechanical effects into the electrical domain, but total freedom to use the
actual, physical mathematics that describe the desired behaviour — no matter
the technology. Moreover, MAST models can be made at any level of
abstraction — from simple transfer function descriptions, to detailed physics-
based descriptions. And they can be mixed throughout multiple levels of
hierarchy.

This paper discusses the background for using the MAST language to model
a SM for investigating the multi-physical power behaviour of MEA power
systems.

The organization of the paper is the following: in section 2 we present the
types of models required for MEA power system. In section 3 a general
structure of SM model is described. Section 4 is devoted to the basics of SM
model development using MAST language. Finally, as an example of model
application, a simulation of short-circuit transients of SM has been described in
section 5. And we conclude in section 6.

2. TYPES OF MODELS REQUIRED
FOR MEA POWER SYSTEM

Generally, considering the four modelling levels of MEA power system, the
four types of models can be characterized, as shown in Fig. 1. At the
architectural level the models represents the steady-state power consumptions
(no dynamic response). The models are usually used for power budget
studding.

At the functional level the models represents the steady-state power
consumptions and transient behaviour (inrush current, energy consumption
dynamics with regards to input voltage transients, etc.). Such models do not
include switching. The band frequency to be modelled is between 0 to 133 Hz
for periodic phenomena. The models are usually used for network logic and
network stability studying.
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At the behavioural level the
MODELLING LEVELS models are detailed functional
models. They represents the
actual dynamic waveforms, i.e.,

_> same representativeness as the
functional models ones, and
full representativeness of the

4>< FUNCTIONAL > waveforms (switching, HF
rejection, etc.). Nevertheless, the
phenomena above 250 kHz shall

not be included. The models are
usually used for network power
quality studding.

—> At the component level the

: models include a representative
: model of each single component

of the MEA system or sub-
system. The models are usually
used for verification of local
operation, and deep analysis of
each component behaviour.

Other general requirements for the equipment model are following.

The model must have links to external environment, i.e., input and output
power interfaces/ports representative of the real equipment in terms of electrical
and/or mechanical behaviour (steady state and transient response).

The model shall be easily integrated in a global network test bench at aircraft
level and shall not induce any specific parameters request which could be not
compatible with other equipment models.

The equipments models shall be fully representative of the electrical and/or
mechanical behaviour with regard to the electrical network and/or mechanical
characteristics, while building the global models of aircraft electrical networks.

The behaviour of AC 3-phase models shall be representative in case of
phase loss scenarios/faults.

In the following section a behavioural model of a SM will be considered.

< ISVIHONI ALIX31dINOD |

Fig. 1. Schematic of MEA power system modelling
levels

3. GENERAL STRUCTURE OF SM MODEL

A SM, according to its degree of freedom, can be represented as a multi-port
electromechanical converter (transducer) with pair of terminals (ports), which are
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the winding and shaft terminals (ports), as shown in Fig. 2. The machine dynamic
is described by two power parameters at each pair of terminals (ports). It is
assumed that fundamental port quantities (variables) of the SM model are:
voltages (vs — stator, v, — rotor in terms of vector), currents (is — stator, i, — rotor in
terms of vector), rotor angular velocity (), and external (load) torque (71,).

The internal structure of the model, shown in Fig. 2, depends upon the
assumed models of the energy transformation, energy conversion, energy
accumulation and energy dissipation processes in SM. The transformer
couplings represent the process of electromagnetic energy transformation, and
the electromechanical couplings represent the process of electromechanical
energy conversion, respectively.

is

, —— Model internal structure:

Electrical T
S

stator ports transformer couplings ©rm
) . Mechanical
; electromecahical couplings
Ir rotor port
_._‘
Electrical T energy accumualtors T,
rotor ports

energy dissipators

Fig. 2. General structure of synchronous machine model — direction of positive power
flows assumed for the motor operation

For developing the SM model in terms of its ports/terminals variables, i.e.,
especially for MEA power system analysis and design, the general equations of
motion of SM are recalled, and next a combined Park’s transformation of
variables is performed.

Circuit theory is utilized to establish the general voltage and torque
equations, expressed in terms of machine variables, for a SM shown in Fig. 2.
The voltage, and torque equations in machine variables may be expressed as [5]

v,=Ri +p} (1)

v,=R/i, +p) (2)

2 2
I, =J(— +B, (=)o,+1.
e (P)pa)r m(P)a)r e (3)
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where, the electromagnetic torque

P oW (i i 0
7, = (5 2L1.0)
2 o0

r

(4)

the electrical angular rotor displacement

6, =[w,(&)ds+0,00) (5)

0. =(PI2)0 (6)

rm

the electrical angular velocity of the rotor

o, =(Pl2)w,, (7)

In the above equations the used symbols denote: Rg — stator winding
resistance matrix, Ry — rotor windings resistance matrix, As — stator flux linkage
in terms of vector, A, — rotor flux linkage in terms of vector, W, — coenergy

stored in the magnetic coupling field, J — rotor inertia, P — number of poles,
@yrm — mechanical angular velocity of the rotor, 6,,, — mechanical angular rotor

displacement, By, — frictional constant, 7}, — rotational (load) torque, ¢ — time,

& — dummy variable, p — differential operator d/dt. The subscript s denotes
variables and parameters associated with the stator circuits, the subscript r
denotes variables and parameters associated with the rotor circuits.

Equations (1) — (5) cannot efficiently be represented by an behavioural model
for MEA power systems analysis because the flux linkages are functions of the
angular rotor displacement. To eliminate the rotor position dependent stator and
rotor flux linkages, the machine variables have to be transformed to a common
rotor qd0 reference frame (Park’s transformation). After performing the
transformation, the equations (1) — (3) become [5]

r _ . r r
quOs - RslquS + a)r;\‘dqs + p;\'quS (8)

ol
qur - erqdr

+pL, (9)

qdr
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3 P roer roer
T; =_(E)(2‘ l _//lqslds) (10)

2 ds”qs

where, the stator flux linkage matrix

(Ao =2 =4, O] (11)

dgs

The above equations (3) and (8) — (10) have to be linked with the network
equations of MEA power system. The linking equations interfacing the power
system network variables asbscs to the SM model variables ¢d0, may be
expressed as [5]

Vv, cosd, sing, 1| v,
v, |=|C0s8., sing, 1| v (12)
| v, cosd, sing, 1| v,
_i;S ) cos¢. cosd., cosé., | i,
i |==|sin@ sind, sinb, | i, (13)
lo, 1/2  1/2 1/2 i,
where
6,=6 +2r/3 6,=60 —-2r/3

If a magnetically linear system of SM is assumed then the flux linkage

equations in the ¢gd0 reference frame in expanded form become

- . . N2
Ay =Ly + L, (i +1;,)

qs — lIs‘gs

roo__ .F . 7 Iy
Agg = Lyt + L, (i + 13y + Lo

/105 = LISZOS

ro__ 1 oy .y .
ﬂkq - lkqlkq + Lmq (lqs + lkq)

ro_ g1 or .y gy
g = Ligatrg + Loy (G + i3y +i fd

(14)

(15)

(16)

(17)

(18)
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[/ r rr . of N
ﬂ/:j = Ll/dlfd +L,, @ + i+ l_/'; (19)

where the symbols used in the above equations denote:
Vigs » Vids + v0s » v7 £ — stator and field winding voltages,

Tgs +i"ds » 10s — stator currents,

kg i"kd » 1'd — damper and field windings currents,

Yo Vg V'kd » 7'fd — stator, damper and field windings resistances,

Lig, L'lkg » L'lkd » L'lfd — stator, damper and field windings leakage
inductances,

Lmg + Lmd — magnetizing inductances in ¢ and d axis
respectively.

The raised index r denotes variables referred to gd0 frame fixed in the rotor,
prim denotes values of variables and parameters referred to the stator circuits.

In the following section a behavioural model of a synchronous machine is
developed using MAST language.

4. SM MODEL DEVELOPMENT
USING MAST LANGUAGE

The library of the Synopsys/Saber simulator contains a SM model in terms
of gdO variables. However, the insight into the core part of the model, i.e., the
equation formulation, is protected for the user. Because of that is not possible to
verify the library SM model and make any modifications. Thus, for a specific
studies of a MEA power system you need to build-up your own model.

A behavioural model in MAST is considered to be a model whose behaviour
is described using the features of the language itself — not by simply connecting
pre-existing models together. A behavioural model may also include existing
models, but not to the exclusion of having language-based functionality directly
incorporated into the model description. The basic unit of system description in
MAST is the template. Templates are synonymous to models. Templates may
contain netlists, formulae, algorithms, or any combination of these.

The model was implemented with language MAST and tested with the
Synopsys/Saber simulator. The MAST file contains the following items, here
presented with examples:
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1t

#The name of the template, the name of the connection points, and the name of the arguments

#

™

template synchronous_generator_qd0_issue1 v230_a v230_b v230_c vna vnb vnc v24_fp v24_fm rotor =
Lls, Rs,

#
#

# Header

#

T

# Connection pins declaration

1t

electrical v230_a
electrical vna, vnb, vnc
electrical v24 fp
electrical v24_fm

rotational_vel rotor

1t

# Parameters declaration

#

™

number LIs=1.026m
struc { #initial condition

}ie=()

#

1t

# Beginning of the template

#

{

<consts.sin # constants used in mathematical calculations
number ang #[rad] phase shift
val | Lmd, Lmqg #[H] Stator d,q axis magnetizing inductance
# # Connections

branch ias=i(v230_a->vna), vas=v(v230_a,vna), # stator - phase as

struc{number bp,inc;}sp_alpha[*] # sample points definition for alpha

#
#

# Parameters section

#

T

parameters{

ang=2*math_pi/3 # phase shift
}

#
#

# Values section

#

1t

values{
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wm = w_radps(rotor) # mechanical angular velocity of the rotor
# - Flux linkages for level 0

phigs = Lls*igs + Lmqg*(iqs+ikq)

phikg = Likg*ikg + Lmq*(igs + ikq)

phifd = LIfd*ifd + Lmd*(ids + ifd + ikd)

Te = 3/2*p*((phids*igs)-(phigs*ids))

#
H

# control section
#

control_section{
newton_step(alpha,ns_alpha)

initial_condition(alpha,deg_to_rad*(ic->alpha))

#
T

# Equations section

#

m

equations{
# voltages qd0 -> abc
vas=vgs*cos(p*alpha)+vds*sin(p*alpha)+v0s
# currents abc -> qd0
igs=2/3*(ias*cos(p*alpha)+ibs*cos(p*alpha-ang)+ics*cos(p*alpha+ang))
# voltage equations
igs: vgs = Rs*igs + we*phids + d_by_dt(phigs) #
ikq: 0= Rkqg*ikq + d_by_dt(phikq) #
ifd: vfd = Rfd*ifd + d_by_dt(phifd) #
# mechanical equation
tq_Nm(rotor) += Te - visc - mom
mom=d_by_dt(Jw*wm)

alpha: wm=d_by_dt(alpha)

}

#
T

# End of the template

#

m

In the following section the elaborated behavioural model of a SM is used to
simulate the dynamic performance during faults (short-circuit) at the machine
terminals.
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5. SIMULATION OF SHORT-CIRCUIT
TRANSIENTS OF SM

To test our SM model
a dynamic performance during

ﬁ Properties of synchronous_generator_qd0_is... E

Edit Atfributes Hel

3-phase and 2-phase faults i AtrRuiEs hER

_ . N Yal
(short-circuit) at the machine ks e

. . . primitive gynchronous_aenerator_c . ﬂ =

terminals is simulated. The ref MiS2008
parameters of the simulated i (alpha=0) @
3-phase synchronous generator, :Id ;85214”" :

i . " I3 R=E N
shown in the window “symbol I 17.008m @
properties” of the Synopsys/Saber lsfd 130.218m @
simulator, are shown below. 2 gﬂ: :

. tkg }

The schematic diagram of the d 015 ®
simulated system is illustrated in p 2 ®
Fig. 3. Chosen simulation results LE Snnm :

. . I §

are shown in the Fig. 4 th.roug.h - 0115 ®
6. In each case the machine is Ipd 3.818m ®
connected to a RL load of :ppd ;Egm :

.. . |a]ulu} B53m —
a negllglble valug of resistance " > D8E o .
and inductance, i.e., before the
fault a no-load state of the uafer AR L) ﬂ
machine can be assumed. In ElE;
case of the 3-phase fault the OK |  Cancel | Aol |

field current is set-up to induce
a rated value of the voltage at the machine terminals. In turn, in case of the
2-phase fault the field current is reduced to set-up the voltage at the machine
terminals equal to 40% of its rated value. For both cases a constant angular
velocity of the rotor is assumed. The model parameters are assumed constant.
The total simulation time is about 1.5 seconds, and the initial integration step is 1e-5 s.
From the carried out simulations it can be noticed that results from the
SM behavioural model match closely to the results of analytical model [1], i.e.,
the validity of the proposed model has been verified. Therefore, the proposed
approach can be recommended for analysis of MEA power systems.

6. CONCLUSIONS

A model for studying SM dynamic behaviour in MEA power system was
developed and implemented in the Synopys/Saber simulation environment. The
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modelling language MAST has been used to elaborate the synchronous
machine model. The elaborated model exhibit a network with the same number
of external terminals/ports as the real synchronous machine, 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
describing MEA power system in terms of its topology. Thus, normal and fault
operation of any MEA power system can be effectively investigated. The
proposed model was applied to study the short-circuit transients of a synchronous
generator. The simulation results have proved that the proposed approach can
be recommended for analysis of MEA power systems.

a)
| swi_4 I-15u r10m
[ swi_l4 F15u r10m
) ' ref:MiS2008
swi_l4 E15u r10m
prbit_l4
-_ 0 (o] O f— angw_pwl
BIT v230_a v230_b 230 ¢ o
Sl vna vnb vnec .
-— O (o] — {
N
[(tx=0,bit=_07),(tx=0.1,bit=_1)]
| vedtp  v2a_fm - pwi[0,157.08]
-— O o]
v_pwl
pwi[0,10.25]
I15u r10m
| oswi 1150 r10m
ref:MiS2008
swi_l4 150 r10m
. -_— O [e] O |f— angw_pwl
prbit_l4 v230_a v230_b v230 ¢
- b v;: [r— rotor ,
vna vni T
BIT 4
STREAM - 0 e — £
[{bx=0,bit=_0),(tx=0.2485,bit=_1)] =] v24tp v24_fm — pwi:[0,157.08]
v_pwl

pwi[0,10.25]

Fig. 3. Example of power system for synchronous generator transients short-circuit
simulation using Synopsys/Saber: a) 3-phase fault b) 2-phase fault
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a)
J-phase fault
(A} 1(s)
30.0 -
N r
locpt: (011195, 23.882)
200t e T RRTRIN T L TP PR
=
0.0 Jfoememe oo b 0 R O O
: ; ; : (1.4,48237)
&
(0.05, 4.9137)
00
(A} 1(s)
400.0 -
: lag
locpt: (0114686, 261 66)
20004 e T RRTRIN T L TP PR
> ” loct: (1.4948, 34.337)
Ml
0.0 U ';
2000 i i i
I T T T T T 1
0.0 025 05 0.75 1.0 125 15
t(s)
b)
3-phase fault
(A) 1 t(s)
30.0 y

locpt: (0.11195, 23.982)

20.0
=
10,0 e F e s S TP SO
: : : : (1.4,408237)
&
(0,05, 46137
0.0
[ES]
200.0 - - )
. B 1as
0.0 i)
z : :
20004
& a :
locpt (010964, 31439 : :
-400.0- P | ) | T | T 1
0.0 025 05 075 1.0 1.25 15
ts)

Fig. 4. Simulation results of 3-phase short-circuit (ir — field windings current, ias — stator
phase current): a) stator voltage value at the time of fault v, = Vhax, b) stator voltage value at

the time of fault vos = 0
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a)
Line-o-line fault
(A) tis)
8.0 . )
! ' ir
! locpt (026541, 64TI6)
T 1
ST — | TPW S WSS S S —
‘ I : j lotpt: (1.4683, 2 235)
sadlee T L1y (i l““ HINRNER T oy
= ; i AR I Il I
(0.05, 1.6200) | : : : :
0.0
(A) 1 t(s)
1000 ‘ )
: las
|ocfp1: (14572, 18.782)
: <
£ 004 PR T
: |
locpt: (026800, -713141) :
-100.0 ‘ . ‘
[ T T T T T 1
0.0 025 05 0.75 1.0 125 15
tis)
b)
Line-to-ine fault
(A) t(s)
8.0 ‘ - - ‘ - B
(G- locpt: (0:2500, 711382) : § 5 E
2
3 ”” : locfit: (1.4654, 2 2278)
o | UUUTURTRRI L || ” 1 et |||||\ L anten AT iqp
& \ ; il Il I Nt
(0.0s, 1.6208) ! : ; :
04
(A HE)
100.0
I~ 5 5 s 5 ias
A locpt: (0.25057;88.478) : : :
Ioc;iﬁt' {1 4627, 18 796)
; ' )
= 04 L LA T U B L AL
-100.0 - . - .
[ T T T T T 1
0.0 025 05 0.75 1.0 125 15
t(s

Fig. 5. Simulation results of 2-phase short-circuit (ir - field windings current, ias — stator
phase current): a) stator voltage value at the time of fault v, = Vihax, b) stator voltage value at
the time of fault vos = 0
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Line-o-line fault

(8 1)

ir

(A

(v 11(s)

v

iA) s

ias

200
15.0 4
10.04

5.0

0.0
-5.0
-10.04
-15.0
-20.0

(A

1455 146 1465 147 1475 1.48 1.485 1.49 1.495 15
t(s)

Fig. 6. Simulation results of 2-phase short-circuit (ir - field windings current, vas,
vcs — stator phase voltages ias — stator phase current,): stator voltage value at the time
of fault vas = Vinax
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MODELOWANIE | ANALIZA GENERATORA
SYNCHRONICZNEGO W SYSTEMIE
ELEKTROENERGETYCZNYM NOWOCZESNEGO
SAMOLOTU. ZASTOSOWANIE SYMULATORA
SYNOPSYS/SABER

M. MICHNA, F. KUTT,
P. CHRZAN, M. RONKOWSKI

STRESZCZENIE W artykule przedstawiono model do badania
stanéw dynamicznych generatora synchronicznego (GS) w systemie
elektroenergetycznym nowoczesnego samolotu (ang. more electric
aircraft). Opracowany model GS implementowano do symulatora
Synopsys/Saber. Wykorzystano jezyk modelowania MAST tego sy-
mulatora do zapisu rownan modelu GS. Opracowany model repre-
zentuje siec o tej samej liczbie zaciskow/bram zewnetrznych co rze-
czywisty GS i jednoczesnie opisuje zachowanie GS w funkcji wielkos-
ci elektrycznych (uzwojen stajana i wirnika) oraz mechanicznych (watu).
Zasadniczg zaletq takiego podejscia jest tatwy sposob opisania syste-
mu elektroenergetycznym nowoczesnego samolotu w oparciu o jego
topologie. Stad badania pracy systemu w stanach normalnych i awa-
ryjnych sg bardziej efektywne. Opracowany model zastosowano do
badania procesu zwarcia udarowego GS. Przedstawione wyniki symu-
lacji wskazujg, Ze proponowane podejscie do modelowania mozna re-
komendowac od analizy systemu elektroenergetycznego nowoczes-
nego samolotu.



