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COMPARISON OF ELECTROMAGNETIC PERTURBATIONS AND SWITCHING
LOSSES BETWEEN SELF-SWITCHING AND PWM MODE OF CURRENT CONTROL
IN A SWITCHED RELUCTANCE MOTOR

P. LAURENT, M. GABSI, B. MULTON

LESIR, URA CNRS D1375
IENS de CACHAN 61 Avenue du Pdt WILSON 94235 CACHAN CEDEX. FRANCE

Abstract
In a previous paper [ 1] we have shown the interest of the bifilar winding in doubly
salient reluctance motor feed by low voltage (automaotive application). The inferest
is the munimization of switches number and of siliciwm area In ihis paper. we
prapase to confinue the study of a new control method with this feeding process
structure (hifilar winding with one swilch per phase [2] )
This method mimmizes electromagnelic perturbations ( by reducing current
eradient), commutation losses of switches, and allows the use of standard diodes
mstead of fast recovery diodes
Ife will compare this new control mode with the PWM one. We will show, for
example, al the same average lorgue value, that switching commulation losses are
motably lower than in PWM contral and that total losses of the motor + converter set
remains constant.

. INTRODUCTION
The aim of this study is to design an cconomical
siatic converter for a  low power swilched
reluctance molor (D.1Mm 3000 rpm) in an
automotive application. The following constraint
had 1o be considered:

- low level of conducted electromagnetic

perturbations.
- low level of switch losses,
- simple and low cost electronic circuils.

1.1. MACHINE AND CONVERTER
CHARACTERISTICS

The siudicd machine is doubly salient structure

having 3 phases, 6 stator poles and 4 rotor poles

(hgure 1):

figure | : molor structure: & stator poles, 4 rotor
poles

In our application, the air gap length is an
imporiani parameter and its value is large
Thercfore the magnetic circuit is never saturated (]
sat=20A).
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So, the molor torque for one phase can be wrilten
as lollow:

C(O) = 1 .I'i[.[_}_) i
2 do
where U s the electric angle, L{8) is the inductance
versus angle and 11 1s the phase current
Then, 1wo  machineconvener structures are
possible:
The first one 15 lo associale each motor phase with
an asymmetric half bridge (figure 2):

114~ D2
-lﬁ R,L

D1 A T2 -F-J

=

figure 2; cxumple of power converier with an
asymmetric hall bridge per phase.

The second one is to associale the power converier
with a bifilar winding machine (figure 3)

+Vee 1
L
2R
current
SEnse

Mgure 3: example of bifllar machine with ii's
power converter.

This economical power converier has only one
switch per phase but at the turning off, the voltage
across the MOS transistor may rise 10 over Iwice
the supply voltage plus an overvollage due to
leakeage inductance of coilll The main
disadvaniage of this structure lies in the inefMicient
use of the copper in the maclhine. Only one of the
bifilar windings carries current at any time

(magnetizing or demagnetizing moment). We will
compare these Iwo structures considering that
copper volume and silicium are stay constant. An
other disadvantage is the increasing of switching
losses because of storage energy in leakage
inductance of phases,

1.1. COPPER LOSSES IN THE MACHINE

At first, we consider the copper volume is constant.
R designates the total winding resistor for a single
coil phase. 2R will designates one winding resistor
in case of a bifilar one (figure 3). (the two
machine have the same flux ampere.lum
charactenstics),

1.2.1. ASYMMETRICAL HALF BRIDGE

To compare copper losses, we will consider the
nominal feeding mode corresponding to a full wave
voltage. (usually adopled in high speed conditions).
The corresponding idealised phase current wave-
forms are presented in figure 4.

AMagnelizingir
11 \_\ i e
4 : E R
>
I I

Demagnetizing
Migure 4: current modelling. Machine fed by u fall
wave vollage.

The sum of copper losses is:

_ 2
PF =q. i f_!
where q 15 the phase number.

1.2.2. BIFILAR WINDINGS

The comresponding current wave-forms are
presented in figure 5 (same supply conditions Lhan
figure 4).
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Magnetizing

1
A
y

2R

Demagnetizing

figure 5 current modelling (bifilar windings).
Machine fed by full wave of voltage.

Tlus e the sum of copper losses
2 1
Py S G2 R0 ¥ 1)

15 s 4
P, =2.Pju

L bafilir strictiire, copper losses are doubled in

comparison with a single coil machine

1.J. MOS CONDUCTION LOSSES

1.L1. ASYMETRICAL HALF BRIDGE

In our auwlomotve application. we have a low
voltage power supply (12V). Transistor are in
MOS technology. In the case where BVds<GOV
s " the silicium area is the same in the two
struciures, we can write the MOS conduction losses

as follow:
"’:-n i = 2 q [2 y Rdl on } "rxiuwuln.lﬂﬂﬂliﬂ

where Ry, 15 the MOS conducting resistor for
silicium  used wone phase converter (each

transistor has one hall of total area).
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1.3.2. BIFILAR WINDINGS

'H-ubqf =q-Rﬂw'f:awmmﬂ’
P =AP

So in asymelrical half bridge the conduction losses
are multiplied by 4.

1.3.3. CONCLUSION

For the same copper volume and the same silicium
area in the switching circuit, none of the above
circuits could be considered ideal. In our
automolive application, it's important (o minimize
the conduction losses because of the low vallage
feeding (12V) and to minimize the number of
swilches for economical reasons.

Al mominal speed (full wave contrgl), we have
computed copper and conduction losses al the same
global efficiency in the twice structure. At rated
point speed is 3000 rpm and torque is 0.iNm
MOS are [RFZ 44 (60V, Ryoqn=28mL)) and diodes
arc BYWRI1 PI 200 (200V, 15A).

Despite of the inefficiency use of copper in the
bifilar windings. we choose this last structure for
economical and rehiability reasons.

We obtain the converter of figure 6. For
cconomical reasons, the current measure is
performed by means of a 0.05£2 resistor connected
lo the magnetizing circuil,



=
phase | phase 2 |
- T =

SUIJPI}‘ _fcouplmd ) -
Vee=12VOC | [

MMIOIS]

F- = “ l.ll.mrl R
—| H 2N —‘ AN 4 q AN —
s - _

jrrent sense

fgure 6 : scheme of the power conyerier finely used.

2. CONTROL METHOD

2.1. PWM MODE

Al low speed, 1o control the lorque, we have 1o
control  the current magnitude in the phasc
winding. v & A :
Il we use a PWM method because of the Icakage T
Mux in the bifilar windings, switching losses may
be imporiant. To avoid, in a first time, lhe Total leakage == | ¢
transistor breakdown we wse a clamp circuil nduciance
{resistor, capacitor diode common to three phase
[n fact, at the MOS wum off instant, the electrical
equivalent circuit can be represented on figure 7

In any case we observe two supply conditions:
2.1.1. Energizing coil:

V= (R + Ry +28).1, + L(O) %H’

Y figare 7: mddnrmmnnhﬂnmn;umm

dind
2.1.2. Unernergizing tuil i

dL The snubber limits the MOS wurning off voltage to
— { _ .'-1—
Ve =(2R) ’l' +L “?’I I T deé ¥y Vi Value (Vbr<BVy.) The snubber is so
calculated to obtain:
w =2V +AV

this leads 1o

R - 2AVAV, +AV)
i N T
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‘el

a AV?

L{ 15 the total leakage inductance and a.AV the
voliage ripple across C

The corresponding loss power in the resistor clamp
is.

|
Pa =5 Lo !

e | v

1 g

Vi

2.2, SELFSWITCHING MODE

The problem of the PWM mode is the excess of
swilching losses in transistors and diodes because
of hard commutation conditions. Also, the
commultation gencrales conducied clectromagnetic
perturbations

The new control method has to realise a soft diode
turn ofT. Indeed. if the diode turn ofl is performed

edl

with a low —j the recovery charge is reduced .
{

This can be performed by scanning the zero
voltage swilching of the diode (example of control
scheme is presented on figure B). We obtain in fac
a ZV5 commutation

MOS control

figure 8 ; example of control circull for s ZVS
commatation in the diode

3. DIODES SWITCHING LOSSES

il. PWM MODE
In this control mode, the diode turn off can be
modelled by the following wave-forms (figure 9),
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dir
L .=
¥ M
Owr
>
Irm
WA
ey o
2. Ve
.2 Vee

flgure 9: model of dicde turm off junermeglelng
phase). C Is the over voltage coefMclent.
(rurrently (U=3). Here we suppose thai
2.0 Vee<¥rrm.

The magnetic energy is instantaneously transferred
from the secondary to the primary coil. So the
diode parameter for ils commutation are;

L
@V, +Vd) =L,
dl, . (2.V_ +Vd)
dt L
(LF=2uH)
This leads to a reverse recovery charge: Qrr=18nC
al Ti=100°C.

= ~12A /s

i case of PWM, the diode turn off energy is
Weg =2Vee O,

3.2. SELF SWITCHING MODE
If we decide to hold off the MOS until the complete

dl
demagetization, the ?‘r— term can be term can be

4
modelied by:
dl; 2. Vec+Vd

dt  L(B)+L,

where L{8) is the main inductive parameter of the
machine. In the worst case, {unaligned position
L{#)=Lo=0.3mH) this leads 1o0:




dl

=80 1073 A/ps

ot
Then we can reasonably consider that Qrr can be
mssed comparing 1o the above case (12 ASus).
S50 we can project the use ol standard diodes (low
cost). The second interest of this control mode is to
linut the swilching frequency, However, the low
frequency range of commutations leads (o an
audible noise wilch can be a nuisance and the
ripple torque is increased.
We present a compuling simulation for the current
wirve-forms in the case of PWM and self switching
coutrol - The control parameter is the current
relerence apphied (figures 10 and 11). In order ta
sinplify the PWM control, we choose to hold off
the MOS during a constant time (Toff=10pus) and
the current magnitude is controlled by scanning the
magnetizang carrent (voliage across Rsense Nligure
G The anpular supply window 15 120° [or each
prhiise

3.3 CURRENT WAVE-FORMS AT LOW

SPEED 500irpm
131 PWM MODE

—- - s i

?II: ' i (I

VvEYYY

CURRENT 'HaASI

CONDUCTION WINDOW

figure 10 = computing simulation of current wave
fevrnas i PWHA mode whih ToMecst=110ps and
sppeed= ﬁl}ﬂrpm:. difTerent current references from
SA to 15A.

3.3.2. SELF SWITCHING MODE

16 speed = 500 rpm |En:r=-|.‘- A
14
<12
=
é 10 +
e g il ;
= f
1 ]
6 .I IE
R
b | i
= ER1s :
3 B | | 2
el a1 bt
0 [y § [
2n3

CONDUCTTION WINDOW

figure 11: computing simulation of carrent wave-
forms in SELF SWITCLHING mode with
apecd=5rpm; dilferent current refercnces from
SA o 15A

J4. CURRENT WAVE-FORMS AT HIGH

SPEED 3000 pm
3.4.1. PWM MODE

-

i

.‘.-l""\
E \_'..-_-"" i 3
[In:t'=tl]A. .

CURRENT PHASE (&)

:- —'.
? ||n:f-5AI‘
'2 L
0
i3

CONDUCTION WINDOW

figure 12 :computing simulation of current wave-
Forms bn PWM mode with TofP=cst amd
spoed=3000rpm; diiferent current references
from 5A io 15A.
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3.4.2. SELF SWITCHING MODE 4,  COMPARISON OF SWITCHING
LOSSES,

B S 4.1. DIODES

I‘-‘F"““’ = S T elon 4.1.1. Switching on losses.

12 For the two supply mode we can consider thal
= =g swilching on commutation losses in the diode can
il lw be missed, Indeed, in PWM mode (worst case of
b, edl
= 8] - losses) the ha-":- lerim is low enough o reasonably
= t
'—

g missed this kind of losses. This can be Iwice
> 4 verified in the self switching mode.
D

2

L - 4.1.1, Switching off losses
i v e il o
2ni3 : . . .
biai that the foll
CONDHCTION WINDOW PR s ORED 6 T S 11D SoteneE
formula:

figure 13: computing stimulation of curren! wave- ;Fdﬂf = E-PCC-Q,,

fovrmis In SELF SWITCHING miode and
rud = B y different t references from 5A

bt e, SELF SWITCHING:

Wyg =0
In fact, the comparison seems to be very simple:
Selfl switching mode eliminate swilching off losses
thanks to the low rate of the corresponding Ohr,
We can observe this results on the real
commutations wave-forms in the two control mode
on figure 14, PWM and figure 15 SELF-
SWITCHING.

We ean observe on the above figures (12 and 13)
izt the nominal steady point (full wave of voliage)
is reached near a current reference of 12A. Then.
the two current controls become similar. This can
be shown if we use a trapeizoidal wave model for
the growth of the inductive parameter we obtain
the following formulae:

N b
‘IL{.HJ & M‘(H] = Lﬂllgﬂf > Luﬂrﬂ:gmd _\JD |
do A0 2.r - 1
3 faiv }
I DUE CAse: e e o
Lyligned=!-2mH and Lunaligneg™0-3mH
Soat N=3000 rpm (£2=314 rad/s el Imax=12A)
trig'e Te I-fﬂ
dL(®
R, =w ( }x[}.ﬂ'ﬂl oo
L
U, f |
vTROSR, !
where s designate the stator coil resistor (0.342). ., o AP - p— . e

6.86us 2us div e} 13, ddus

figure 14: real commutstion wave-forms in the
PWM mode. (fast recovery diode BY'WELPT 2040).
Average current=5S4,
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Clel-

|
]
|

tomy

Jary |

e

pLi]
Ml

=30, 45¥ -
- 3un

-

s e b — -

20qus fEy Tl

Ngure 15 resl commiuiathon wave-farms bn the

SELF SWITCHING nnde (Ffast recavers diade
TN W RE Pl 1005 Avernpr current= SA.

We can observe that the reverse recovery charge
decrease thanks 1o the low diffde in the self-
switching mode In thal case we can use standard
diade instend of Fast recovery one {IN5308 for
example). We also present on figures 16 and 17 the
same commutdtion wave-forms using  standard
dindes instead of fast ene. In classical PWM mode,
switching with standard diodes is very bad, Lhe
lmsses are excestine,

|
|
i

SR SE

2uss/div

figure 16 : real rommutstion wave-forms In PWM
misde with stand ard diodes (1 NS408). Avernge
current=54,

-1 0i5as 20948 /d1v

-------- '-.————-

L1
mgure 1/ real commistatlon wave-Torms in SELF

SWITCHING maede with standard
diodes{1 S108); Aversge current=54

Now the differcnce between the two  reverse
recovery charge is more evident. This difference is

valoe witch is

L
limited by Lf in PWM and Lo in sell switching
wiorsl case

mesnly dependant of the ?

421 MOS

4.2.1. Switching on losses

We alsa consider that this kind of losses can be

missed in the two mode of supply because of the

quickness of the MOS switching on (less than

100ns) and the serial inductanes LE They wall be

lower in the Self switching mode because of the

ZVS commutation. In facl the current increasing is

limited by the mean of the inductive parameter of
dl

the stator coil corresponding to a very low it

rale.

4.2.2. Switching ofT losses

Without clamping circuit, a breakdown voltage
appears across the MOS (corresponding 1o BVds).
If we want 1o study this kind of losses, we adopt the
following model:
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limos

Vds
BVds

2Vee ]

E

In the two case of supply moede we can wrile:

_— | 200
FT|
B\-’“ -2 Ve
W = Vg lgtg = E-B V-l o mas - Vo
W S El e
off — 2 7% ds man 1 Z.VL"C
BV,

An example of the real MOS commutation is
shown on figure 14,

i
|
i
TI‘JS 1
2oy W
Jdiv
1
!
£ e n . - 4 i
i
2 TH ] ‘
L1 l I H ﬁ i
| - ]
| - -
_lﬂ‘.‘ﬁu 2us/aiv ‘ Lii] 10.04un

figure 18: real commutatlon wave-forms
commutation for the MOS; Average
current=54

The same commutation wave forms can be
observed in the Sell switching mode. The number
of commutations between the two supply mode is
lower in the sell swilching one al the same rms
phase current.
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%

This can verified on figures 19 and 20 where we
compare the sum of the MOS swilching losses for
the two sort of supply for different averapge torque
value (figure 19 refers to 500 rpm and figure 20
refers to 3000 rpm).

2
PWH losses "
£ 16 s =5
g speed = 500 rpml
1.2 .
g 08 S-SW losses
E _'—-"’—’—P_-—f
«3_5_- 04
0 ——
a 002 0.04 0.06 rog

Mverage torque (Mm}

figure 19 ; compariaon of MOS switching losses
between FWA and SELF SWITCHING maode
(with fast recovery diodes) ai 500 rpm.

z e
0 ; ]
.-:J L
;; 08 +— e =
2 S-SW lnsscsl
2 04 =

0 . " ;

0 0.02 0.04 0.06 0.08
Average lorque [(Mm)

figure 20 : comparisan of the MOS commutstion
losses between PWM and SELF SWITCHING
mode (with fast recovery diodes) at JO0) rpm.

It is interesting to remark the junction of the two
curves on figure 20. This conveys the full wave
voltage mode in high speed. Then the two supply
mode become equivalent and so there is no more
difference of commulation losses in the MOS,




5. TORQUE CHARACTERISTIC

la the case of our low saturated machine we can
consider that the torgue value is expressed by the
fallowing forala.

C {B]al m.lI
= 2 _do

A numerical simulanon shows the corresponding
AVETARE LoTque versus current reference for the two
vase of power supply (figure 21}

serage Lorguee iNmi

1 e " ! - '
R - TR TR O RO ER . 5. |
el - (] ) [=_x] —_—

— - —_

24.2 4

currenl reference

figure 21 : comparison of average torgue
characteristic between 'WMN and SELF
SWITUHING mode versus current reference.
speed= 3000 rpm.

For the same average lorque we have Lo double the
current reference in Self Swilching supply. Despite
this maximun current increasing, the total joules
losses in the machine and the conducted losses in
the semi-conductors remain equal for the 1wo
supply. Indeed. this kind of losses is only

dL
dependant of E =5t wluch remain constant,

so the average lorque 1s proportional to the RMS
current square. This lead to write that the ration of
Copper losses/lorque is not dependant of the supply
mode

But we can remark too that the Self switching
torque characteristic is nol a monolonous onc
versus the currept reference. This could be a
problem concerning the torque regulation or
modelisation (the equivalent gain of lorgue versus
current reference may presenl sign invertions)
Tlus can be eliminate by using the advancen angle
value of 1he supply window We show on figure 12
the influence of this angle value on the average

tarque charactenstic for the same speed. The angle
is expressed in electncal degrees

0.14 —— —

012 ._|\;Ej']ﬂﬂl}rpm'.. .,

o)

(.08

average lorque (TNm)

curent reference ( A)

figure 12 : Influence of sdvance angle of the
supply window on the average torque
characteristic. speed =300 rpm and angle value
in rlectricul degrees.

The extremes value of the curve envelops could
give us a monotonous charactenstic of the torque
versus the current reference. So this could be a
methed by associaling variables such as current
refercnce, speed value and advance angle to obtain
the same characteristic than PWM one concerning
orque value.

6. ELECTROMAGNETIC

PERTURBATIONS
We have siudied the forms of conducted

electromagnetic perturbations usually found [5]:
differential mode and common mode = The
experimental measurement scheme is presented on
figure 23,

LEN POWER COMWVERTER
L
liﬂml r Wec o
}"n'nﬁ'l'mt 1 R
i T - i [
; l"\'qun'n: l
LT | g I
WMr—%,
l\.‘.
Sy groand ‘.wm

figure 13 : normalized experimental scheme for
electrical perfurbations measurement
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6.l. DIFFERENTIAL MODE

We obtain the two following wave-forms (PWM on
figure 24 and Sell swilching on figure 25) for the
samic rms current (10A rms) in the phase stator
coil

6.2. COMMON MODE

& OBy FolCON ]
an 0 arpen PhoH  SOa
groen PO 500 .

5.0

.9

B RV o
110 0 étien BOEE  S0a G.atd 2382

300 0 L I.

% i

802

"o 0 i

&0 0 l

0

el O i
0 'W :
1
Mo | | _____J_

0.0 i
Daphh  f0= Hili L H:L Het
g B STarr freg 10&Hz
figure 14 : PWM conducied perturbations in
diTerential mode measuremenis

L g8V L e a [
1100 Etien EEEE 40n TG off E282

‘I [
L] L|_ 1 | N |

Sipp Y=&@ 00wz

LR : : L i

a0 |

|
]
o -l-

ego-a

590

400

Jp.o

20 0

0.0

|

| !
L. |
Oapil 100 1% 10 100% 1
vy & Start freg 100HE

figure 25 :Self switching conducied perturbations in
differentlal mode measurenienle

We observe that electrical perturbations are notably
lower in Self switching mode (figure 25) (65dB p
V) than PWM one (figure 24) (95 dB pV) from
10kHz. We can find the Self switching spectral
perturbation from 100Hz to 1kHz due 10 increased
current level. If necessary this low frequency
perturbation seems 10 be easy to filter thanks 1o a
classic decoupling method.
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L] 10 100K
S:ap freg Y006HZ

25 0

20 @

18.4

g a

5.0 | 1 e i

5.8

-0.0 Wl | g
Oubbh  10R 100K i 10M
dvg 16 Start freg 10key Stop freg LOue:

fgire 26 1 PWM conducied perfurbations in
common mode measurements

a oy
aB O At

3.0

3.0

25.0

200

5.0 |

we | =
|

-5.0

=

-10.0
Oaped 100
avg 6 Stert freag 100HZ

fgure 27 ; Self swidiching conducied perturbations
In common mode measwrements

step freg 10h-z

We can see that the Self switching perturbations
are also notably lower than the PWM one at the
same current reference from 10kHz (Self switching
on figure 27 gives us 10dB pV and PWM on figure
26 with 35dB uV). lts interesting because the
common mode perturbations is hard to be filtered
by electronic method ( physical contact between
component and converter ground). Then we can
also observe the low frequency spectral
perturbations (starting from 100 Hz) of our Self
switching mode even in the common mode instead
of the PWM one witch starts from 10kHz.



7. CONCLUSION

We have scen that the main advantage of our new
supply mode was leing in the decreasing of
switchung  losses i the MOS and in lhe
demagnenzing diodes. This leads to reduce the
corresponding conducied penurbations either in
the differential and the common mode (important
point of our automotive apphcation). Bul we have
seen thal il was necessary lo hardly increase the
current reference for the same average torque value
than  the PWM mode. Despite this current
rancreasing, motor and converier losses remain at
e same level
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