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EXPERIMENTAL COMPARISON OF LAMINATION MATERIAL
CASE OF SWITCHING FLUX SYNCHRONOUS MACHINE WITH HYBR EXCITATION

Emmanuel WWANG, Sami H.ioul, Michel LECRIVAIN, Mohamed @BsI

SATIE - ENS Cachan, UMR CNRS 8029, Cach&afcE
Phone number: (33) 1 47 40 21 11
E-mail: hoang@satie.ens-cachan.fr

Abstract: The aim of this paper is to compare the experinhggggformances of a new hybrid flux
switching synchronous machine built with two typdslamination materials (3% silicon iron steel
M330-50 and NO-20). This machine uses the flux @viiig principle where all the active parts are
located on the stator (armature windings and peemtamagnets). However DC excitation coils where
added in the stator and gives a supplementary dexdrieeedom used control the total excitation flux
The rotor is only a salient passive rotor and camdbust and made with a low cost technology. This
new machine can be supplied by means of a tradititmee-phase voltage converter or can be associ-
ated with a diode rectifier.

Keywords: Synchronous machine, permanent magnet, flux bimigg flux weakening, hybrid excita-
tion, magnetic losses.

1 Introduction

In a previous article [1], we introduced a new $yonoous machine [2] called hybrid flux switching
synchronous machine. It has two excitation fluxrees: permanent magnets and DC excitation coils.
The advantages and opportunities of such strudturaew applications, where operating points are
highly variable, were presented.

The first advantage of this machine’s topologytsspassive rotor. Indeed, it only consists of aksts
ferromagnetic steel, thus allows high rotationaexfs. The second advantage is that all the active
parts are located on the static part of the machill@ving better heat transfer.

Moreover, this machine has a high normalised irsha in the ‘d’ axis (L), so has good flux weak-
ening capabilities when it is fed by a voltage mee Indeed, the ratio between the short-circurt ¢
rent density and thermal current density may be tlegn unity.

In this paper, all the points presented previowslybe firstly identified. After that, the influese of

the quality of lamination material choice is stui@-5] by using two identical machines with two
different 3% silicon steel types. The first onemade with quality sheets M330-50 (thickness 0.50
mm), and the second one with steel NO-20 (thickBe&3 mm).

2 Machine presentation

In order to explain the operating principle of thigorid flux switching synchronous machine with a
hybrid excitation [1], an elementary magnetic ¢elised (Fig. 1). From this elementary cell, a @rot
type was developed as shown on Fig. 2 (mechanicheectrical characteristics are given in appen-
dix). One can notice that this structure useslthedwitching and flux concentration principals.

Machine’s stator includes armature coils, permameagnets and a wound inductor and its salient
rotor is simply made of stacked, soft iron she&te prototype is a three-phase machine containing
twelve magnets, with each phase composed of fognata and four concentric coils. The rotor con-
tains N teeth (N = 10), and the relation between the mechanicatiost frequency F and the electri-
cal frequency f can be expressed as: {£N
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Fig.1: Elementary cell of the machine Fig.2: Cross section of a three-phase prototype

3 Experimental test bench presentation

The assembly experimental test bench is showngomefi3. An induction machine, MAS (3000 rpm —
5 kW), supplied with an inverter can be used inanatode or in generator mode. Tibe-bus voltage
(Upc= 300 V) is the same for the two converters. Witd ¢ontactors lgas and Kys and with the cou-
pling A, we can have different possibility to tés¢ prototype, MS. For example, WhepA and Kys
are conducting and MS and MAS coupled, the totalggdUscXlor) is equal to the sum of all losses.
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Fig. 3: Experimental test bench
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4 Measurement presentation

On figure 4, we specify the experimental measurésndmat were made.
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Fig. 4: Diagram of current regulated - machine drive

By virtue of its passive rotor, this machine diggldighly robust qualities. Moreover, it is capabfe
attaining a good level of performance (continudwsmal specific torque). In association with a ¢hre
phase voltage converter, this machine can work witlonstant maximum power over a theoretically
infinite range of speeds in the flux weakening mfg]e[9] and [10].



We have examined the machine's power capabilititls respect to thec-bus voltage converter

(Upc) and the values of iron losses.

To quantify mechanical power, the torque is meabuigh a mechanical assembly balance.
Currents are controlled with hysteresis comparateith the regulation technique diagrammed below

in Fig. 5.

| ]
<Al>
Ilmes

Ll

<Al=

<Al>

coml

com2

com3

Fig.5: Current control by hysteresis regulator

At low speeds, the current is well-regulated (F6y. However, in flux weakening mode, at high
speeds, we apply the maximum voltage and the duisdimited by both the EMF and the machine's
impedances (Fig. 7). In this case, the conversads are only conduction losses.
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Fig. 7: Experimental voltage and current at high sped

To obtain the value of iron losses, the methoas$ Iseparation is applied:

Piron = l)in - l)conv - Pco - l)mech - Pout

Piron: Iron losses

Pin: Input power measured at the€ bus (Uc X lomg

Poonv:  Converter losses (mosfet transistgjsoy = 0.22@T;=125°C)
Peo: Copper losses (Phase resistor =@@T.,~100°C)

Pmech: Mechanical losses (bearing losses and air drnidivsses, cf. Fig. 8)

Output mechanical power (Torgueotation speed)



The mechanical losses are measured in open anagle, the permanent magnets are removed and the
field current is null.
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Fig. 8: Bearing and air friction losses

To make a comparison, at the rated armature cukgent110 W and B,,= 55 W.

5 Magnetic material presentation

For both types of steel, the characteristics ofmeéigation are almost similar (Fig.9).

2 T

w
w
o

18+ —-————— =

1.6

v
NN
, .

B@50Hz (T)

o
)
,

H (A/m)

Fig. 9: characteristics of magnetization

However, Specific iron losses for this two laminbtgeels are different and are given on the table
below.

Iron losses (W/kg)

Bw (T) f (Hz) M330-50 NO-20
15 50 3.2 2.9
15 400 76 38
15 700 233 98

Table n° 1: Specific iron losses

6 Characteristics

The adjustable part of the excitation, with the &Citation coils, permit to adjust the amplitudetod

flux (cf. table n°® 2), the level of the maximum wentible power and the level of iron losses (cf.Fi
10-11-12). We have demonstrated, experimentaléy, ttie iron losses change the efficiency value, but
also the maximum convertible power by the machgsmeiated with a voltage inverter (cf. Fig. 10).



Excitation current No load voltage at 3000 rpm£V/
n le (At) M330-50 NO-20
0 53 52
4800 91 88

Table n°® 2: No-load voltage

There are three areas in the characteristic cablepower — speed rotation (Fig.10).
In area®, currents are limited and it's a torque command.

In area®, voltages are limited by converter capability d@fwa power command with flux-weakening
mode. Difference between the two characteristmsafsame excitation level and two different mag-
netic materials, is nearly constant.

For steel NO-20, mechanical power is greater thidim M330-50 lamination steelss6 %). This dif-
ference can be explained by the characteristitheobteel (Fig. 9), but perhaps by the realizagbn
mechanical differences. Indeed, the size of thehinag(Inner diameter = 80 mm) is not enough to be
insensitive to mechanical tolerances.

In area®, hence the voltage is limited by the inverter @ng a power command with the flux-
weakening mode. The difference between the twoesufer the same excitation and two different
materials increases when the rotational speeddsere Indeed, it was shown [1] that for this type o
machine, reducing the maximum power convertibleanly due to iron losses. Accordingly, for the
machine with steel M330-50, this decrease is mopoitant.

We have also shown that the iron losses in loadnaddad are almost the same. We can check this,
with the curves of iron losses in no-load condit{eee Fig. 11 and Fig. 12) and that the difference
between the actually maximum converted power inaltea® and effectively converted power de-
crease due to losses iron.

Indeed, the machine with steel NO-20 can convegreater power over a greater speed range.
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Fig. 10: Mechanical power for two different excitaton levels

This machine, with a significant poles pairs numiger N =10), does not seem suitable for use in
high rotational speeds (i.e. N=3000 rpm f=500 Hz). However, experimentally, we have obsdrv
that the magnetic material has fewer losses thasetindicated by models (cf. Fig. 13 and Fig. 14).
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Fig. 11: Iron losses in no load condition @ nel= 0 At

We have to determine experimentally using a maoel losses where it is assumed that the induction
is uniform across the machine, both stator andrrdtbis allows us to compare the experimental

Fig. 12: Iron losses in no load condition @ l. = 4800 At

model average specific iron losses determinednidudtion sinusoidal amplitude defined.

We can observe that:

* On the speed range considered (N=15000 pmf=2500 Hz), average losses are lower
than the specific iron losses in the case of $330-50 and above the specific iron losses

in the case of NO-20.
* In both cases the variation of loss in functionha frequency is lower.

» The hysteresis term in iron losses is greater th bases compared with the specific iron

losses.
0.35 e
=o=Specific Iron Losses M330-50 @ 1T
0.30 || =2—M330-50 nle=4800At

==M330-50 nle=2400At
| =©=M330-50 nle=0At

o

)

a
,

)
e
3
>
2
@ 0.20
=]
o
(g}
£ 015
(%]
[}
9 0.10 :
S ‘
5005 !
0.00 : : . ; |
o 500 1000 1500 2000 2500
f (H2)
Fig. 13: Comparison of iron losses for M330-50 stee

7 Conclusion
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Fig. 14: Comparison of iron losses for NO-20 steel

In this article we compared the effects of the myalf lamination material for a new flux switching

synchronous machine with hybrid excitation. We shbat they have a first order of importance on
the possibility of energy conversion. We show dglsbehaviour of these steel in high frequency, and

we show that the iron loss is fewer than those ebggifor this new structure of machine.
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9 Appendix
Mechanical characteristics Electrical charactexssti
External diameter : 130 mm Flux linkage (rated &itimn) : 42 mWhb
Inner diameter : 80 mm Rated armature current A8.5
Airgap length : 0.2 mm Rated excitation currend Al
Stack length : 30 mm Rated excitation ampere-td800 At
Stator iron mass : 1.05 kg Inductance : 5 mH
Rotor iron mass : 0.86 kg Phase resistor (B.5
Permanent magnet .NB—-B =12T Excitation resistor : 1Q3
Permanent magnet volume : 18°ca0.135 kg
Armature copper mass : 0.29 kg
Excitation copper mass : 0.33 kg




