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Abstract cost and add complexity to the drive structure.

. . . _ ) . However, phase numbers equal tbvdth integern are ex-
Electric machine theory and electric machine smulanogmded from the actual implementation. The reason for ex-

model_s are often Iir_nited to three phases. Up to_ t ﬁjding these phase numbers is that for example four or
Modelica Standard Libray (MSL) version 3.2 the provide ht phase machines have to be handled differently since

machine models were limited to three phases. Particulgffy, phase are separated 112, notrt. In general, two dif-

for large industrial drives and for redundancy reasons 4.+ philosophies of multi phase drives exist:
electric vehicles and aircrafts multi phase electric maesi '

are demanded. In the MSL 3.2.1 an extension of thdSt, the number of phases is divisible by two. In industry,
existing FundamentalWave library has been performedt¥®ically, six phase machines are used to overcome maxi-
cope with phase numbers greater than or equal to thf&im power limitations of power electronics supplying high
The developed machine models are fully incorporatilg@Wer machines in the Megawatt range [1]. In this case
the multi phase electric, magnetic, rotational and thernfdfXimum power of power electronics is doubled by using
domain. In this publication the theoretical background 0 three phase converters supplying a six phase machine.
the machines models, Modelica implementation details, tHgually, the phase winding orientations of the two three

parametrization of the models and simulation examples Rf¢se are spatially shifted by 3@ order to additionally
presented. reduce the magnitudes of space harmonics caused by the

winding magneto motive force (MMF) and to reduce the

Keywords: Modelica Standard Library, multi phase, eled@rdue ripple of the machine, respectively. The implemen-
tric machine models, induction machine, synchronous ngtion of a six phase winding does not significantly increase
chine, synchronous reluctance machine cost of the electric machine compared with a three phase
machine with the same power. Solely the additional wind-
ing ends have to be conducted to the terminal box. For six
1 Introduction phase drives, the cost of power electronics increases éue th
double number of power electronic switches for the addi-

Three phase induction, synchronous and synchronous refiff1a! egs. For doubling the power of industrial drives the
tance machines are state of the art solutions for industA&QuPIe cost of power electronics is in line with doubling the
applications, traction drives in electric vehicles, raijs, POWer. However, for traction machines six or nine phase
trams, and underground trains, as well as air craft motgr@chines are used for redundancy reasons [2, 3]. In this
and generators. If a full leg of the supplying three phaS@Se several state of the art thrge phase cqnverte_rs can be
converter fails, the machine cannot be operated any mateed- The redundancy concept is then realized with stan-
once stopped. In particular, the higher ambient tempe?’é‘-rd components_ which is cheaper than de5|gn|ng_the indi-
tures of traction machines may cause the power electronftd-al Iégs of the inverter. Yet, several three phase ievert

to fail. In order to overcome machine outage due to a sin@esmaller power rating are usually more expensive than a
converter leg failure, phase numbers greater than three Y€ phase inverter of the same total power. Due to the
be used for electric machines and power electronics. In fRéltiple three phase inverters installation space in@gas

following multi phase will indicate phase numbers greatff0- Yet, state of the art control for three phase drives can
than three. If it is referred to only three phases, this well P& adapted with relatively low effort due to modularly using
indicated explicitly. three phase converters.

Multi phase drives consist of the multi phase machine i8econd, the number of phases is not divisible by two. In this

cluding an inverter with power electronics plus control. Aase mostly five (or seven) phase drives are used [4-6]. The
phase number greater than three thus requires a higher ndrawback over a six phase inverter is that the modularity of

ber of power electronic switches, such as IGBTs or MO8 power electronics design is lower and thus cost may be
FETs, etc. The higher phase numbers, however, increbgger and more design space may be required.
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For the sake of completeness one more redundancy coni " Conpl ex magnetic flux";

will be discussed here, even though it is not related wiend MagneticPort;

multi phase electric machines. Redundant drives with three

phase machines may use modified topologies which eitirdgase note, that the potential and flow variable of the con-
use an additional leg or additional switches to operate tH@Ctor represent instantaneous quanties: ®re + jPiy
machine in case of a failure. These topologies have the 889V, = Vimre + [Vmim. The complex magnetic quantities
pability to be reconfigured when a failure occurs [7, 8]. Déepresent a spatial distribution of magnetic flux and mag-
pending on the actual topology even the full power ratiritgtic potential (difference):

may be provided to the electric machine.

For controlling multi phase electric drives it is advantage ®(0) = Re[(Pre —i—jCDim)e*Jq’}

to control current components which represent the funda- = ®recog ) + Pim SiN(P)
mental wave MMF and magnetic voltage, respectively [9]. B N b
The pulse width modulation scheme for multi phase con- V() = Re€{(Vmre + Vimim)€& ]
verters with phase numbers not divisible by three has to be = VimreCO}) + Vmim Sin(¢)

adapted so that a symmetrical supply can be achieved. A

technical paper dealing in more detail with analysis of ththe complex potential (differencej,, introduced in the
multi phase drive control is also submitted to the Modeli@nnector definition represents the total magnetic poten-
2014 conference and will be cited properly, in case it getal (difference) of all poles. This quantity can, thus,oals
accepted. be seen as the complex magnetic potential difference of an
In Modelica the first three phase electric machine modelguivalent two pole machine. Physical interpretations of
have been introduced with the MSL 2.1 in 2004 [10, 11the complex magnetic phasors are presented and discussed
An alternative implementation with magnetic fundameimn [12].

tal wave phasors was introduced in MSL 3.2 in 20hQtages and currents are instantaneous quantities, so ar-
[12]. Since then in these models copper loss, (eddy CHfrary waveforms and operating conditions are covered.
rent) core loss, friction loss, stray load loss, PM losgherefore, the machines can also be supplied with asym-
and brush loss are taken into account. Multi phase elggetric voltages or currents. It is yet assumed that only fun-
tric machine models have already been published decaggmental wave effects due to these asymmetries are consid-
ago [13,14]. Yet, in most computer simulations toolsred. Supply voltage or current imbalance give rise to time
there are currently only three phase machine models av@insient magnitudes of the magnetic flux and magnetic po-
able. However, in the MSL 3.2.1 version of the packaggntial (difference). Each of the spatial field distribuiso
Model i ca. Magnet i c. Fundament al Wave new multi phase can be interpreted as a forward and backward traveling fun-
electric machine models are introduced. In general, arggmental wave component. Those effect of the two waves
trary phase numbers for stator (and rotor) windings m@ycorrectly taken in account by the proposed approach.

be used — excluding phase numbers equal®ih in- b, e 1ar supply imbalances and certain asymmetries may
tegern. This article provides the theoretical backgroungause magnetic flux and magnetic potential (difference)

details about the implementation, parametrization SCBe'B?lasors which are not related with the fundamental wave.
and some examples. Those higher harmonic waves are not covered by the Fun-

damentalWave library. It is therefore the user’s responsi-

2  Fundamental Wave Theory bility to consider these model limitations — with particula
focus on the supply conditions.

Multi phase electric machine theory often relies on phag®fy higher harmonic wave effects are also not taken into
transformations of currents, voltages and magnetic flu@gsount by the FundamentalWave library. In case of higher
[15, 16]. A typical transformation is the symmetrical comparmonic waves an alternative implementation has to be
ponents of the instantaneous values. In case of fully sygensidered as presented in [17]. The impact of rotor
metrical supply the machine equations based on the sygalency on the fundamental wave components of magnetic
metrical components of instantaneous components carflgg and magnetic potential (difference) is, however, con-
simplified extensively. sidered in the presented implementation.

The FundamentalWave machine models only consider fl@encentrated windings and fractional slot windings, respe
damental wave effects so there is also a complex phasor tafly, are very common in PM synchronous machines due
resentation of the fundamental wave of the magnetic fluxbetter field weakening capabilities, higher pole numbers
and magnetic potential (difference), respectively. The-caand higher power density. Such fractional slot windings can
nector definition of the FundamentalWave library shows:be considered in the FundamentalWave library, as long as

connect or Magnet i cPort the main power exchanging harmonic component is inter-

" Conpl ex magnetic port" preted as fundamental wave. All higher harmonic waves
Model i ca. Sl uni ts. - cause by fractional slot windings are not explicitly consid
ol edbaie i L elrei sl [ e 2 Ul ersnes L ered, but the total effect of those higher harmonics can be
Conpl ex magnetic potential difference"; ) .
e Vedal [ &z S i s, taken into account by the total leakage inductance of the
Conpl exMagnet i cFl ux Phi stator winding.
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A )(;«,OQ Conpl ex(0, orientation))
. > " Conpl ex number of turns";
4 ARES
1 & g \ This complex quantity has the magnitude of the effective
RO number of turns and the phase angtéentation. The
o magnetic potential (difference) of the coupling modeh
arg@) and the current of the investigated winding are then re-
Re lated by:
V_m= (2.0/pi)*Nxi;
The factor. o/ pi is the consequence of averaging the sinu-

soidal fundamental wave flux waveform over one pole pair.

Figure 1: Coil of an equivalent two pole machine with ori3 3 |nduction Law

entation; complex magnetic potential (difference) phasor
V,,; complex magnetic flux phasdr Induction law describes the the relationship between the

time derivative of the magnetic flux and the induced volt-
. . age of the investigated winding. The projection of the com-
3 Electromagnetic Coupling plex magnetic flux onto ther i ent at i on times the effective
) ) _ number of turns is equal to the negative terminal voltage.
3.1 Single Phase Electromagnetic Coupling . = waerica complexwat b real(

The coupling of fundamental wave magnetic flu gﬁg: ;i?dggw%yghdg??%i’\?rm))-

and magnetic potential (difference) interacting with
instantaneous voltages and currents is elementary

modeled in the electro magnetic coupling mode®.4 Multi Phase Electromagnetic Coupling
Si ngl ePhaseEl ect roMagnet i cConverter . Figure 1

shows the magnetic phasors and a winding of an equivalég Multi phase electromagnetic coupling model is com-
two pole machine. In this case one magnetic pole coversed ofavecto.roﬁsmgle phase electromagnetic co_upllng
a spatial angle equal tm. The displayed coil is skewed”?Ode'Sy Wh?rWS the number of phasgs. Thﬁ_alectrlcal

and coil span is smaller tham The coil can actually alsoPinS of the single ph_ase electromag_netlc cogpllng model are
be seen as a distributed winding. Skewing and distributg@fnected to thepins of the electrical multi phases con-
windings with respect to the fundamental wave are cdigctor used by the multi phase coupling model..

sidered by the effective number of turns, represented Byemmagnetic fundamental wave ports of the single phase
the parametest fectiveTurns. The effective number 0felectromagn'etlc c.oupllng modelg are connected in series.
turns of a real machine is determined by the real numbgt® Magnetic series connection is a consequence of, first,
of turns, multiplied by the skewing factor and the chordirfg?ch winding being exposed to the same magnetic flux wave
factor. A more detail investigation on common windings Put being located spatially on different locations. Sec-
and the determination of winding factors is publishe?df!d; the total magnetic potential (difference) excited by a
in [10, 18]. A current through the investigated winding¥indings is determined by the sum of the magnetic poten-
gives rise to magnetic potential (difference) distribotidial (differences) of all individual windings.

which magnitude is equal effective number of turns times
the current. The peak of accessory sinusoidal magneAic
potential (difference) caused by the current is in line with

theori ent at i on of the winding axis. In the FundamentalWave library only symmetrioaphase

In an electric machine several windings of stator and ro%fndings are considered. For multi phase systems and
win_dings an_d pe_rmanent magnets c_ontribute the total m%ihdings with phase numbers greater than three two
netic potential difference — depending on the type of Magterent cases are distinguished, first, the number of

chine. In'the electromagnetic coupling model two.physi. ases is divisible by three and second, the number of
laws are implemented, i.e., Ampere’s law and the inducti3fl s e s not divisible by three. The general function

Phase Orientations — Winding Axes

law. symmet ri cOri ent at i on for determining the orientations of
windings of anm phase electric machine is located in the
3.2 Ampere’s Law packagewdel i ca. El ectrical . Ml ti Phase. Functi ons:

) . function symetricOientation
Ampere’s law states that the total exciting magneto moti ext ends Nbdel i ca. | cons. Funct i on:

force is equal to the magnetic potential difference. Fort  jnput Integer m"Nunber of phases”:
investigated single phase winding it is useful to define ti out put Mbdel i ca. Sl units. Angl e

complex number of turns: orientation[nj _
"Orientation of the resulting
final paranmeter Conpl ex fundanental wave field phasors";
N=ef f ect i veTur ns* Model i ca. Conpl exMat h. exp( i nport Model i ca. Const ants. pi ;
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plug_sn plug_sp . 9 2
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L N 4
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inertia
- 5 Rotor
Zaa\ L—éb_.g Figure 3: Winding axes of symmetrical (a) three phase
N4 =1 ¥&  winding and (b) five phase winding
groundR .
—m J rotorCage ) . 5
PN i N 13 .
i@r 2 @-— 1
permanent & N >
Magnet
il 7./1
SMPM
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> - internalsupport | thSTtiastator 4 . ZI'B
o i@ (a) 2 (b)
J=Js o

. ] h hi ith Figure 4: Symmetrical phase angles of voltages and cur-
F|gure 2: Permanent magnet synchronous machine wit Péhits, respectively, of (a) three phase winding and (b) five
tional damper cage

phase winding

al gorithm The winding orientations and the phase shifts of the supply-
't mod(m 2) == 0 then ing system have the same magnitudes for each phase index
/'l Even nunber of phases gsy : ’ o g P
if m== 2 then k, but different signs. This is a general property of symmet-
/I Special case two phase machine rical systems supplying symmetrical windings, see Figs. 3—
orientation[1] := O; 6
orientation[2] := +pi/2; ) . . - .
ol e In the following only symmetrical winding axes will be as-
orientation[1:integer(m2)] := sumed. The phase angles of symmetrical voltage and cur-
symetricQrientation(integer(ni2)); rent supply are also presented, even though symmetric sup-

orientation[integer(m2) + 1:n :=
symretricOrientation(integer(m 2))
- fill(pi/m integer(n2));
end if;

ply is not assumed in the FundamentalWave library.

el se 4.1 0Odd Phase Numbers
/1 Odd nunber of phases
orientation := {(k - 1)*2+pi/m For all odd phase numbens (not divisible by 2) the sym-
i for k in 1:n}; metrical orientations of the winding axes are
end if;
symmetricOrientation; 2T[(k— 1)
orientationy = ——.
So the function is designed recursively so that subsystems m

are modularly designed. In the following some examples §f his applies for the casa =3, m=5,m=7,m=29,
phase numbers will be discussed. Two, four, eight, sixtegq,_ 11,m= 13,m= 15, etc., see Fig. 3-4.

thirty-two, etc. phase windings are currently not suppiyrte

as in general phase numbers equaltaih integern are

not considered. 4.2 Even Phase Numbers

In order to summarize mathematical equations for d

ferent phase numbemn in the following, abbreviation . .
orientationk Will be used to indicate the angles of" phase system is separated into two subsystemsmith

. . o -~ “phases. The winding orientations of the second sub sys-
the orientation of the winding axes of a symmetrical . T e
phase winding. Sorientationg is the k-th element €M lags the first sub system by. This is then the
(phase index) of the result vector returned by functigroint where the recursive determination of phase angle
symmetricOri ent ati on, called with argument. is initiated. For each of the two sub systems functions
The symmetrically supply voltages and currents, respegametricOrientation is called, considering the lag angle
tively, have the phase angles % It is important to explicitly note that the phase shift be-

E_or even phase numbers unequal fonith integern, the

.2 N
@ = —orientationy tween the two sub systems is mranfe since in this case the
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Figure 5: Winding axes of symmetrical (a) six phase winérigure 7: Numbering of nine phase symmetrical winding
ing and (b) ten phase winding according to (a) an engineering approach using three three
phase inverters and (b) the scheme of the FundamentalWave
110 g library

5 . 14
6 24 ig . _ .
_ 6 numbered according to Fig. 7(b). Even though the num-
3! N bering is different the angles of the orientations are fully
identical.
) ig’i : For a fifteen phase a design engineer could always argue
() = ORI

whether such system can be seen as five three phase sys-
tems or as three five phase systems. However, from operat-
Figure 6: Symmetrical phase angles of voltages and cing conditions point of view, there is no difference between
rents, respectively, of (a) six phase winding and (b) téhese two cases. The numbering scheme of the Fundamen-
phase winding talWave follows a formal scheme and the user decides how
the machine phases are supplied.

two sub systems where alignedsatt which does not make
sense in a technical system for redundancy reasons. 5 Magnetic Components
A six phase systenis then separated into two three phase
systems. The winding orientations of the second sub sydl the existing magnetic components of the Fundamen-
tems lags the first sub system fy6, see Figs. 5-6. ThetalWave library can be re-used for the multi-phase ma-
phase sequences (1-2-3) and (4-5-6) of the two sub systelmge models, since the magnetic port representation did no
are equal. change. In the current implementation only linear magnetic
A ten phase systenconsists of two five phase systems witmaterials are considered. Saturation effects are not taken
the phase sequences (1-2-3-4-5) and (6-7-8-9-10). The $ai® account.
ond sub systems lags the first sub systeni%ysee Figs. 5— In all electric machine models of the FundamentalWave li-
6 brary the total magnetic reluctance is concentrated inithe a

' gap model. An example of permanent magnet synchronous

machine with optional damper cage is displayed in Fig. 2.

4.3 Phase Numbers Divisible by Three In the actual implementation of the FundamentalWave li-

_ . brary the magnetic reluctances of the stator, rotor and air
Phase numbers divisible by three are either covered by 5@'9;‘) are not individually modeled. Even the linear charac-

section 4.1 and 4.2. Therefore, from a formal point of vieistic of the permanent magnet is represent by the tatal ai
no additional explanations are required to handle, for g, rejuctance of the machine. The total reluctance takes
ample, nine phase machines. Yet, a typical engineering aps variable reluctance of the air gap lengtimto account.

proach and functiosynmet ri cori ent ati on for numbering p sketch of the air gap and the reciprocal functiod are
the phase numbers are different and may require some g

© _ Swn in Fig. 8.
ditional comments: The effect of variable magnetic reluctance due to the un-

Practically, in most technical cases, electrical machinggn shape of the air gap and the arrangement of magnets,
with phase numbers divisible by three will be supplied by @Bspectively, is called saliency. The effect of saliency on
appropriate number of three phase inverters. For six phgggamental wave forms is fully considered by unequal di-
systems this has already been demonstrated in subseclig gy and quadraturesf axis reluctances. For rotor fixed

4.2. Inthe FundamentalWave library nine phase systems gfgqnetic fluxehi and total magnetic potential difference
handled differently only in that sense, the sequence nun: ihe following relationship applies:

bering the phase windings is most likely different from an_ _
engineer who uses three three phase inverters. In the e{PI/2-0)*V_mre = Phi.re « R m d;
. . . (pi/2.0)*V_mim= Phi _im=* R.maq;
neering phases (1-2-3) are most likely assigned to the fiis
inverter, phases (4-5-6) are assigned to the second inveftee d andq axis are, however, fixed with the rotor struc-
and phases (7-8-9) are assigned to the third inverters, sge. Magnetic rotor excitation of synchronous machings is

Fig. 7(a). In the FundamentalWave library the phase drewever, always aligned with thteaxis.
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fm /54 Quantity | m=3 m>3
§ Stator resistance| R, | Rs= R‘;%I

1/ 0max] /\/\ Stator stray inductance Ll | Ley = Lby0
\ 1/6n1in' nig
D . 3

Main field inductance| L, Lm=Llm=

/

o . m
Re Main field inductanceg-axis | L/ 4 | Lmda= Lmd%
!

@
=

Main field inductanceg-axis | Lpg | Lmg=L

A mq§
(a) (b) w/2 m 3m/2 27 Table 2: Stator parameters of three ang> 3 phase ma-
. . . chines
Figure 8: (a) Variable air gap leng&of a synchronous ma-
chine and (b) reciprocal air gap functiofdversus spatial Quantity | m=3 | m> 3
angled of an equivalent two pole machine Induction machine with squirrel cage
, s
. Rotor cage resistance R =R —
Quantity | m=3 | ms>3 9 Ff/r R’r/ B
Nominal stator phase voltage V. Vsn = Vi Rotor stray inductancg  Lig | Lio = Lo
Nominal stator phase current Iy len = 'éNa Induction machine with slip ring rotor -
Nominal stator frequency fly fsn = fiy Rotor cage resistance Ry R = R/r?mr
Nominal electrical torque| Ty IN=Ty Rotor stray inductanceé L;; | Lig= L{c,?
Nominal electrical stator power| P%y Psn = Py All synchronous machines

amper cage resistanataxis | Ry Rd =Ry

amper cage resistanagaxis F§q Riq = R’,q

Damper cage

stray inductanced-axis | Li;4 | Lrod=Lyggq

In case that the saturation characteristics of the difteren Damper cage|

regions of the machine shall be considered in the future, stray inductanceg-axis | Ligq | Lrog=Lrgg
the magnetic equivalent circuit has to be adapted such way

that each region is then represented by one non-linearrell@Ple 3: Rotor parameters of machines with threeranzt
tance. 3 andm, > 3 phases

Table 1: Parameters of machines with phases numbers equag
and greater than three

6 Parametrization with salient rotor parameters with respect to the diregt (
and quadratureyj axis. So there is no difference between

Where do the parameters of a machine witfstator phases three and multi phase damper cage models and parameters.
come from? First, in the design stage of the machine, &Re rotor cage parameters of all machine types are summa-
engineer determines these parameters from finite eleméfd in Tab. 3.

analysis or any other electromagnetic design software. Sec

ond, the parameters of a three phase machine are known or

estimated and the users wants to determine the parameters Examples

of an equivalentn phase machine. The equivalence then )
often refers to equivalent speed, frequency, torque, pO\,\}grthe FundamentalWave library there are examples for all

phase voltage, power factor and efficiency. For the secdh@es of machines, comparing three phase and multi phase
case the exact calculations will be provided in the follo™= 5) machines. The three and five phase machines are
ing: operated with equal nominal phase voltages. The parame-
Assume, the nominal parameter of a three phase and ams of the five phase machine are parameterized such way
trarymphase machine as listed in Tab. 1. All the parametétiomatically that the phase number can be increased with-
of a three phase machine are indicated Withccording to Ut changing torques and powers for the multi phase ma-
the relationship between thephase nominal phase voltag€hines. In a duplicate example the phase numbers can be
and current, all resistances and inductances ahamase changed for from five to higher numbers.

machine are scaled with/3. A list of relevant parametersThe following examples are included in the Fundamental-
is summarized in Tab. 2. Wave library:

The rotor winding of squirrel cage induction machines are

implemented as equivalent phase windings —whems 7 1 |nduction Machine with Squirrel Cage

is the number of stator phases. Slip ring induction machines

may have different phases numbers of stator and rotoln— model Exanpl es. Al MC_ DOL_Mil t i Phase two
wheremy is the number of rotor phases. For synchronoasynchronous induction machines with squirrel cage rotor
machines with permanent magnets, electrical excitation are started directly on line (DOL) by means of an ideal
reluctance rotor, the optional damper cage is implemensatitch; see Figure 9. The machines start from standstill.
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Figure 9: Comparing a three and a multi phase={ 5)
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Figure 12: Comparing a three and a multi phase=(5)

permanent magnet synchronous machine, operated onngliction machine started directly on line , operated on an
idealized voltage inverter

600

400

200

0

torque (Nm)

-200

-400

111:3‘
- m=>5 |
\C
0 0.5 1
time (8)

idealized voltage inverter

The mechanical load is modeled by means of a quadratic
speed dependent load torque and an additional load inertia.
This example demonstrates equivalent dynamic behavior of
the three and five phase machine. Particularly, the elattric
torque, speed, and the particular losses are equal.

Both machines have the same nominal phase voltage, but
different nominal phase currents according to Tab. 1. In
Fig. 10 the two identical electric torques of the two ma-
chines are shown. The different quasi RMS currents of two
machines are displayed in Fig. 11. The currentratio is equal
to five over three.

Figure 10: Simulation result of electrical torque of a three
and five phase squirrel cage induction machines; the torques

are equal
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7.2 Induction Machine with Slip Ring Rotor

Model Exanpl es. Basi cMachi nes. AIMS _Start -

_Mul ti Phase compares a three and a five phase slip ring
induction machine, operating the stator direct on line; see
Fig. 12 The number of stator phasas= 5 and the number

of rotor phasesm, = 5, are equal. The multi phase ro-
tor windings of each machine are connected with a rheostat
which is shorted after a give time periddRheost at =

1. 0 second. The rheostat enables a greater starting torque
— but worse efficiency. Therefore, after one second, the
rheostats are shortened to achieve a higher efficiency and
speed of the machines. The user can copy the example and
change the rotor phase numlmr such way that it differs
from the stator phase numbens. This case is also sup-
ported the FundamentalWave library. In Fig. 13 and 14 the

Figure 11: Simulation result of the quasi RMS currents gfectromagnetic torques and the quasi RMS currents of the

a three and five phase squirrel cage induction machines;#f)g machines are compared. The torques are identical and
current ratio is five to three

the current ratio is five to three according to Tab. 1.
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Figure 13: Simulation result of electrical torque of a three
and five phase slip ring induction machines; the torques a
equal
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Figure 14: Simulation result of the quasi RMS currents of
a three and five phase slip ring induction machines; the cur- -300
rent ratio is five to three

Figure 16: Simulation result of electrical torque, compgri

groundR3

Figure 15: Comparing a three and a multi phase=(5)
permanent magnet synchronous machine, operated on an
idealized voltage inverter
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7.3 Synchronous Generator with Electrical @three and five phase

Excitation
200
S
In exampleExanpl es. SMPM_Gener at or two mains 5 150
supplied electrical excited synchronous machine withethre é’
and five stator phases are compared; see Fig. 16. For each =
. . . . o 100
machine shaft speed is constant and slightly different than
synchronous speed. In this experiment each rotor is forced Z
to make a full revolution relative to the magnetic field. In = = 50
Fig. 16 the generated torques versus load angle are shown
o'

for a fixed level of excitation. In addition to the sinusoidal 0
waveform of the torque a second harmonic component is
superimposed due to the saliency of the rotor. However, for
the investigated machines, the saliency effect is verylsmal
so that the torque waveform almost appears as a pure %n
wave. The quasi RMS currents of the two machines ar
compared in Fig. 17. The current ratios of the three and five
phase machine is five to three.
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excitation; the current ratio is five to three
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Jure 17: Simulation result of the qguasi RMS currents of
a three and five phase synchronous machine with electric
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8

Conclusions [7]

R. L. A. Ribeiro, C. B. Jacobina, A. M. N. Lima, and
E. R. C. da Silva, “A strategy for improving reliability

The paper presents an extension of the FundamentalWave of motor drive systems using a four-leg three-phase
library towards multi phase stator (and rotor) windingshwit
phase numbers greater or equal than three. This library is Electronic Conference and Expoition. APEC 2001
included in the MSL 3.2.1. Assumptions and limitations
of the presented implementation are explained. In the new
FundamentalWave library only symmetrical windings ard8] R. Errabelli and P. Mutschler, “Fault-tolerant voltage
supported. The structures of symmetrical multi phase wind-
ings and supplies are introduced.

The parametrization of the multi phase machines is dis-

cussed. Conversion tables for parameterizing multi pha
machines equivalent to three phase machines are presen

Simulation examples of three and equivalent five phase in-

duction and synchronous machines are presented and com-
pared.

9

[10]
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