Staged modelling: a methodology for developing real-lifelectrical systems
Application to the transient behaviour of a PM servo motor
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Abstract — This paper presents a methodology to achieve a The goal of the analysis is to dimension the motor (ge-
global dynamic model of an electrical system that consistsfo ometry, magnets and coils) in order to fulfill a set of tech-
a battery, an inverter, a permanent magnet servo motor and a  njcal specifications concerning tlilynamics of the system
turbine. The stress is placed upon the fact that a classical-fi (ramp-up time, acceleration, . ..) andtit®rmal robustness
nite element model would not be able to provide a satisfactor ¢ can pe noted that the specifications concern non-magnetic
representation of the transient behaviour of the whole sysm. properties of the system, whereas the design parameters are
A staged modelling is proposed instead, which succeeds ingr . ' . L
. . . . related with the electro-magnetic functioning of the motor
viding a complete picture of the system and which relies on hi . learl . | |
numerous finite element computations. T is separation a}dvocates clear y.to adopting a global mod-
Keywords — Electrical machines, modelling, design. elling a_pproach, i.e. a model that involves not qnly the mo-
tor, as is usually the case, but also the supply (invertat) an
_ the load (turbine).
1. Introduction In this context, a classicéihite element (FE) analysis
. . not the most appropriate approach. Indeed, even if one man-
One _ha_ls to analyse the transient behaviour of the systegyes to solve all equations together (magneto-dynamie, the
consisting of : mal, power electronics and mechanical), the model would
o abatter anyhow be so heavy and slow that it would be of no practi-
Y _ _ cal use for design, because designing means exploring thor-
o athree-phase inverter bridge, oughly a large domain of parameters. On the other hand, a
© a permanent magnet (PM) servo motor and simplified analysis based on analytical modebf the mo-
¢ aturbine (mechanical load). tor would fail to provide a sufficiently accurate descriptio
) ) . of the system, because of the critical importance of losses
As this system is foreseen for mass production, all elements, 4 «aturation in this application.

are kept as simple and cheap as possible, €.g. very sim- s naper presents a methodology which, by doing a
ple inverter with minimum control, standard magnetic IroNjimited number of simplifications, allows to combine the

(high iron losses), low DC supply voltage. Consequentlyyqncisenessf analytical modelswith the accuracyof dis-
the system under consideration is characterised by a strongaa modelgfinite element models, time stepping in cir-

interrelation between: cuit equations, ...). The provided model is exactly what is

the different components (e.g. the waveshapes of the irp_eeded atthe design stage.

verted currents depend on the back-emf level, and conse-

quently on the speed, whereas in turn, the torque (and con- 2. Towards staged modelling
sequently the speed again) depends critically on those-wave

shapes); A. Finite element modelling

the different physical fields involved (e.g. temperature deThe reasons of the success of the finite element method are
pendency and magnetic saturation of the cores); probably its wide applicability and flexibility, as well aset
the different time scale (on the one hand the small time corfact that the discretisation error can be theoretically enad
stant that characterises the electromagnetic phenomenaas small as wished. In view of the development of comput-
the motor and the commutations in the inverter bridge ; orers and numerical techniques in the recent years, one might
the other hand the large time scale that characterises all mgzel free to imagine that there exist no limit to the power
chanical and thermal phenomena). of representation of FE models and that all the various as-
*This text presents research results of the Belgian progeimmin- PeCts of any system COUId. be .taken at.once into considera-
teruniversity Poles of Attraction initiated by the BelgiState, Prime Min-  tION. Therefore, FE modelling is sometimes seen as the end
ister's Office, Science Policy Programming. of empirical modellingwhich is the kind of modelling that




consists in making simplifications and approximations, in 3. Preliminary computations
carefully selecting the representative quantities of e s
tem and finding out the relationships between them. A. The flux plot

) BUI. the majgr trepds In FE, modgllmg of eIe_ctngaI (_je' The key pointin the realisation of a staged model is to define
vices (i.e. multlphysms, couphpg with elgctronlc cireyl carefully the interface quantities between the differemhe
3D.geometr|es, accurate materlfil modelling, etc.) have reﬁonents of the system. Between the inverter and the motor,
mained unchanged for quite a time now (Hameyer, 1999} interfacing quantities are the electrical quantitesoai-
The development and validation of large FE models of COM3ted with the three stator phases. In particular, to reptese

plex electrical systems has become a common academic ¥ 4 ck-embf the phase (Miller, 1989), we will pay atten-
ercise, which requires months and which is nowadays a typiﬂon to the so-calledlux plot

cal PhD thesis subject. Experience shows however that, even

if such ambitious projects turn out to be successful at the ' .

end, the developed models lack generality, and they are very ¢(0,1) = /s b(0,1) -7t dS @)
heavy and hardly reusable. Moreover, their accuracy can not o

be controlled, unless by experimental means in a limited sathich gives the total flux embraced by one stator phase as a
of particular situations. function of the angular position of the rotéiand the current

in that phasd. If the motor works in an equilibrate state,
the flux plot of one phase is sufficient, as the flux plot for
the other phases are obtained by a simple angle shift. If the
machine works off saturation, the dependencd @an be

Let us consider the problem from another point of view. gpnneglected. The flux plot gathers in one table all the needed
gineers think in terms of a limited set of variables, eveninformation concerning the motor, seen from the point of
in presence of complex systems. The purposdesignis ~ View Of the inverter.

to build or to modify a system in order to make the inter-

relations between those variables match predefined techr. core losses parameters

cal specifications. Now, thmodelis the exploratory tool

that should help in doing so, i.e. a thing one may interrogaté1 a PM motor, core losses are mostly located in the stator
at will instead of doing measurements. core. At high speeds, they may override copper losses and
need therefore to be estimated carefully over a wide range
)?f frequencies. A difficulty in the calculation of core losse

Is that the magnetic flux density not only varies in time but
also varies widely in space (Hendershot, 1994). One may
distinguishhysteresis lossewhich are proportional to the

On the other hand, in order to be able to play a significan requency aneéddy current losseshich are proportional to

role in a modern design process, the model has to accoum .
. : o e square of the frequency. One will therefore assume that
for all important aspects of the system, including interac-

) o ore losses can be expressed accurately by the formula
tions with its input and output systems. It must also be flex-

ible and open to gradual enrichment and improvements as Quore(I,w) = C1(I) w + Co(I) w? @)
the development progresses. Finally, its computationlshou

require a reasonable amount of time and its accuracy shoulghare therequency independeconstants’; (1) andCs (I)
always stay under control. These are principles of what weg, o expressed by

call staged modellingan intellectual construction, based on
well-argued simplifications, and intended to help answegerin 2m

pre-defined technical questions. Although FE computations Ci(I) / _ (/ h 0b(6, 1) de) ’
play an important role in building staged models, they are stator 270
not themselves the kind of model we are looking for. Co(I)

B. Design of electrical systems

But at R&D stage, designers are still essentially con
cerned with qualitative questions and they must usuall
work on basis of incomplete, not yet fixed or inaccurate dat
sets.

®3)

2
| (Som [T emio.nkas).
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The staged modelling of the system under consideration stator 0

in this paper is described in the following sections. A setThis assumption is one of the simplifications of the staged
of preliminary computationare first presented in section 3modelling.

The‘over one period stationary’ analysis then presented  One sees that the flux plot (1) as well as the core losses
in section 4. and theansient analysig section 5. As thisis  parameters (3) and (4) depend o9, I) and dyb(0, ).
essentially a paper about methodology, rather than an-apprhey can therefore be computed beforehand for a given ge-
cation paper, the data and parameters might be incompleggnetry of the motor, by postprocessing adequately a series
at some places. The authors apologizes for that. of 2D static FE computations, and then stored into tables.



TABLE |
COEFFICIENT FOR THE DISTRIBUTION OF THE BATTERY
VOLTAGE OVER THE DIFFERENT PHASESWYE-CONNECTION).

One starts from the relation between the electric quanti-
ties associated with each stator phase:

phased phaseB phaseC Ve = Rele +0i9¢ » €=AB,C ()
+1 — +1 -1—0 0— -1 L .
0 OFEE 0 wherege is given by (1). Theotal resistance of the phase
1/2 OFF /2 R is computed analytically. It may be augmented by extra
-1/3 2/3 -1/3 resistance due to the electronic components.tdtad phase
1/3 1/3 -2/3 voltageV, is equal to the battery voltag@a:se,y distributed
150 0—+1 -1——1 over the different phases, according to the particularltopo
OFF 0 0 ogy at each instant of time of the inverter and to the connec-
OFF 12 -1/2 tion type (here a Wye-connection) (Hendershot, 1994). One
-2/3 1/3 1/3 writes
-1/3 2/3 -1/3 Ve = AVhattery )
0——-1 +1—+1 -1—0
0 0 OFF where is the coefficient taken from Tab. I.
-1/2 1/2 OFF . . . .
13 13 23 The table has six sections, which correspond to the six
/3 1/3 1/3 periods between the switching-on of two successive phases.
= 1 150 ) For instance, let us can|der the. last group of four lines in
) OFF ) the table. In the considered period, the phdskas to be
12 OFF 12 switched on( — +1) and the phasé’ has to be switched
1/3 2/3 1/3 off (+1 — 0), the phaseB remaining in the same state
-1/3 1/3 2/3 (-1 — —1). Immediately after sending the switch-on sig-
150 0> -1 41— +1 nal to phased, all three phases are conducting. The inverter
OFF 0 0 topologies corresponding with the last two lines of the grou
OFF -1/2 1/2 are then used. In both of them, the voltage is positive in the
2/3 -1/3 -1/3 switched on phase (i.e. phadg, the voltage is negative in
1/3 -2/3 1/3 the switched off phase (i.e. pha&®, and the voltage is ei-
0—+1 —-1-—-1 +1—0 ther positive or negative in phagg which allows to control
0 0 OFF the currentin that phase. After a while, the current in phase
1/2 -172 OFF C'reaches zero and the phase ceases to be conducting. From
173 173 -2/3 that instant on, the first two lines of the group are used, the

213 -1/3 -1/3 first one to let the current decreageéwheeliny and the

second one to make it increase in the loop formed by the
phasesA andB.

Starting from (5), the following explicit time-stepping
scheme can be written :

4. The ‘over one period stationary’ analysis

Because of the big difference in scale between one elektrica Ve —w0gde — Rele(0)
period and the time needed by the motor to reach its nomi- L(0+Af) = Lc(0) + wOr e

nal speed, a classical transient analysis would requierakv

ten thousands of time steps. The transient analysis is-therand applied until the achievement of a stationary waveshape
fore split up into two parts. The first part consists in calcu-I(¢) over one period-.

lating ‘over one period’the stationary current waveshapes Fig. 1 and Fig. 2 show examples of the computed station-

for a fixed speed, a fixed commutation angle and fixed  ary waveshapes of the phase currents and of the voltages that
temperatures. The second part is tlemsient dynamic and  are the different terms of (5).

thermal analysisThis splitting is one of the simplifications
of the staged modelling.

During the ‘over one period stationary’ analysis, the in- 2 Qcore(I,w)
ductances, resistances and back-emf’s of the phases,the éx» @) = Py /0 —0p9(0 — 0, 0)1(0) df — ————

A0 (7)

The mean torque is now computed by

w
tra voltages and resistances due to the electronic componen (8)

and the switching strategy of the inverter bridge are akttak with Q... given by (2). This first part of the staged model
into consideration for the computation of the waveshapes afan then be seen as a procedure that gives the torque for
the phase currents and voltages. given speed, commutation angle and temperatures.
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Fig. 1. Stationary waveshapes of the phase currents (ithafigs) Fig. 2.  Stationary waveshapes of the phase currents (in all

and of the voltages (in one phase) at low speee-(1000 [rad/s]) phases) and of the voltages (in one phase) at a higher speed (

and witha = 0. 2500 [rad/s]) and withaw = 55°

5. The transient analysis One can now write evolutionary equations for the tempera-

tures
The transient analysis of the system can now be described.
Actually, two transient analysis are carried over in pafall 8 (C1Tr) + Z Qi) = P 9)
One for the temperatures and one for the speed. 7

Qry = —Kp;(T;—-1Tr). (10)
A. The thermal analysis

Temperature has a strong influence on the behaviour of PMd. The dynamic analysis
motors (through the temperature dependency of the ma
n rengths and the electrical con ivity). Knowing th . : .

.et strengths and the elect ca_ conductivity) . ° gt_ namic analysiof the speed of the motor, according to the
different losses (Joule losses in the stator coils, stator i . . . o

o . ordinary differential equation in time

losses and power dissipated by the power electronics com-
ponents) and their location in the different regions of the
system, an elementary transient thermal model can be built
up in order to estimate the temperature level of the differ-
ent parts of the machine (Hamdi, 1994). The thermal model <‘Pc (AP, <‘PJ (’s
(Fig. 3) associates one node with each region of the model v,

gI'_he second part of the transient analysis istthasient dy-

Jow + f(w) =T (w, @) (11)

I— A K, | . 1
(e.g. coils, yoke, cooling fluid, power electronics compo- Te —— . /0 n] T
nents, ambient air around the motor, etc.). Each node is

associated with a temperatufg, a heat sourcé’; and a

thermal capacityC;. The nodes are linked with branches.

Each branch is associated with a heat fipix; and a ther- T, T,

mal conductivityK;;. All those parameters are estimated
analytically or by means of dedicated thermal FE analysis. Fig. 3. Sketch of a thermal model with six nodes.



where J is the inertia of the rotating parf,(w) is the re-

Conclusion

action torque exerted by the turbine and friction forces and

whereT (w, ) is given by (8).
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Fig. 4. Plot of the torque vs speed characteristic, with aitkdout
flux weakening.

Different strategies oflux weakeningi.e. modification
of a as a function ofu, can now be analysed easily, Fig. 4
and Fig. 5.
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Fig. 5. Plot of the torque as a function of the spee@nd the
commutation anglex. Flux weakening consists in selecting, at
each speed, the commutation angle that maximizes the torque.

C. Combination with the ‘over one period stationary’ anal-
ysis

Building the staged model has implied doing simplifica-
tions. In counterpart, the staged model has the big advan-
tage of providing at a reasonable computational cost a-faith
ful dynamic description of the overall system. As the de-
velopment goes along, the staged model is open to gradual
enrichment and improvements, thanks to further FE investi-
gations aiming at determining its different parameterstor a
estimating the influence of the simplifications that havenbee
done.
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At each time step of the transient analysis, one ‘over one

period stationary’ analysis is done with the current valfes
the speed, of the commutation angle and of the tempera-

turesT (which affect the values of all resistances and of the

flux plot). The outcome of the ‘over one period stationary’
analysis is the value of the torqi&w, «) and the values of
all lossesP; in the different regions of the system. With this
values, the speed and the temperaturdg are updated by
the explicit schemes described in the previous sections.



