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POLE ARCS OPTIMIZATION OF VERNIER RELUCTANCE
MOTORS SUPPLIED WITH SQUARE WAVE CURRENT

B. MULTON, S. HASSINE, AND J. Y. LE CHENADEC

L.E.Si.A. {Laboratoire d’'Electricité Slgnaux et Robotique)
URA CNRS D1375

Ecole Normale Superieure de Cachan

61, av. du President Wilson

F 84235 Cachan Cédex, France

Abstract : To maximize their performances, it is profitable to
supply vernier reluctance motors (V.R.Ms.) with square wave current,
but the converter has to switch this current successively Intc each
inductive phase. This ralses problems at high speeds. To cbtain a high
base speed, therefore a high power, we proposed to optimize pole arcs
which have a highly significant importance on the permeance wave of
V.R.Ms. The variatlon range of the angles is restricted by certain
conditions, but within these limlts optimization is possible. All
dimensional parameters were taken into account and used to calculate
average torgue in linear as well as in saturated mode. We neglected
the influence of mutual coupling between phases and this hypothesis
was justified by results obtained through measurements. Though we used
a model with linearized segments to minimize the number of parameters,
the same method can be applied to other more accurate models. A V.R.M.
with 6-4 structure was designed and realized ; it allowed wvalidation

of our theoretical model.

NOMENCLATURE
kF : stack factor.
stack length.
n : number of turns for one phase.
ni § amperes-turns.
Ns, Nr g number of teeth of stator, of roter.
q : number of phases.
<T> : average torgue.
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Upnax : maximal positive valtage.

Untaxi t maximal negative voltage.

a*, B° : pole pitches and arcs (radians or degrees].
Be, Br : reduced pole arecs.

@ g flux in magnetic circuit.

B : electrlc angle.

DBp I permeance varlation angle.

Bpo, Bpc : opposition and conjunction angles.
W : electric angular frequency (rad/s).
Q ; rotation (mechanical) angular speed.
b : base speed.

1- INTRODUCTION - MOTOR MODEL

Reluctance moters are promising in low cost appliances

{automotive, domestic ...) as well as in high performance drives /1,
2, 3/. As these motors are supplied by static converters, the price of
a complete drive is dependent on both moter and converter. Therefore
the whole motor-converter set has to be optimized.

To maximize average torque-copper losses ratio, a supply with
square wave current makes it possible to approach the optimal
value /4/. However reluctance motor phases are inductive and, to
inject pseudo-sguare currents, high switching wvoltage is required. It
is also possible to reduce the number of turns per phase, but with the
same voltage and when keeping the same torque, the current in the coil
and in the converter switches s higher. As the sizing power of the
converter increases or its size power ratio degrades, the lideal supply

is square wave voltage /5, 6/.

A phase is characterized with its flux ¢ curves which are
dependent on amperes-turns ni and electric angle 8. Figure 1 shows
these curves and their linearization ; 1t 1s profitable to use the
flux differential because it represents the instantaneous torque
shape. The given values concern a V.R.M. 6-4 whose dimensions are

shown in figure 2.
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We defined the elements of the linearized model as follows :

= permeances in aligned positien (or conjunction 8 = n) Fe in non
saturated zone and Ps slope in saturated zone, and P in unaligned
pesition (or opposition @ = 0), assuming there is no saturation for
this angle;

- saturatlion amperes—-turns nls;

- characteristic angles of permeance wave : Bpa (flat
opposition), D6p (linear variation) and @pe (flat conjunction). So,
they respect the following condition :

Bpo + 2.08p + Bpe = 21 [1.1]

Mg

flux hinkage
5.2mWh

i ISE NP A [ [ [P ST S 1 | | It | PAESRE ST ENUE | IR | | Ly (ST SR G B 1

Figure -1-
Fundamental characteristic curves for one V.R.M. phase
= == - linearized modsl

These parameters can be linked .to the dimensions of the magnetlc
circuit. Basic dimensional parameters are given in figure 2. To design
tooth wildth, we chose to use pole arc - pole pitch ratio because it
makes it easier to take into account winding problems in motor
optimization /7/. Angular parameters are defined as follows :

= u: and ¢; are stator and rotor pole pitches :

. g SR * = E
x ﬁ: and 1+ [1+2]

S r Nr
(N= and Nr are the numbers of stator and rotor teeth)
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- f* and B° are stator and rotor pole arcs and we defined reduced
= r

pole arcs as follows :

[1.3]
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Figure -2-
Dimensional parameters of magnetic circuit

The principle of current square supply will be found in figure 3.
Average torque <T> is calculated from converted energy per stroke W.

This energy is equal to the area defined by the path of point

{(p , ni). So :

<T> = q.’:—;,u [1.4]

[f current keeps a constant value during angle D8p and if it is
switched within interval Ope when rising and interval 6pc when falling
(in motor mode and vice versa in regenerating mode), converted energy
is :

Pe

%ﬁ. (nIn)® [1.5]

- nlx = nle W=

- nlk > nls W= % [{ﬁ—ﬁ}. (nIn)3- EP:—F-](nIH*nIa]E]

[1.6]
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Figure -3-

Square wave current supply and energy cycle

2- RELATIONS BETWEEN POLE ARCS AND PERMEANCE SHAPE

Professor LAWRENSON et al. have defined the “feasible triangle"

/87 which determines the range and limits of pole arcs values ﬂ; and

"

for stator and rotor.

Hence, it 1s preferable to choose ﬁ; greater than .B;. this

permits an inerease of the winding area. To minimize unaligned

permeance, it is necessary to respect the following condition :

0, <o -8

Figure 4 shows mechanic angles l::; and m; corresponding to flat

parts Bpo and Bpc in linearized permeance shape (figure 1).

Figure -4-
Flat zones of permeance in aligned and unaligned positions
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In these condlitlons, stator pole arc glves the value of DEp directly :

zn.ﬁa.&

Dep = Na

Angles :1; and cc: can be written :

o v} - B

B - B

L=}

(4

So, rotor pole arc defines 8po and Bpc angles :

Opo Nr,[(l - ﬂrn.gg - ﬂs-%g]

27 27
Bpc Mr. [Br.m = ﬁs.m]

3- LINEARIZED MAGNETIC CHARACTERISTICS

[2.11

(2.2]

[2.:3])

IN OFPOSITION AND

CONJUNCTION - AVERAGE TORQUE COHPUTATION

Formulae [1.5, 1.6] showed that It

Was

necessary to know

permeances Po, Pc and Ps as well as saturation amperes-turns nls. The

model was
dimensional parameters. Of course,

provide greater accuracy in predetermination.

B

bl

teslos

1.4

intenticnally simplified to permit better evaluatlon of

a more sophistlicated model would

-------- linearized

= 6000

Feal us = 40
Bgat = 1.3 T
>

8200 1200 1600 2000 2400 2800
ASm

Figure -5-

Real and linearized magnetic material characteristics




VERNIER RELUCTANCE MOTORS 701

In aligned position core saturatlon ocecurs, so we must take into
account characteristic b(h) of magnetic material. To have curve p(ni)
consist of linear segments, b(h) must be linearized : we deflned two
permeability slopes ui and ps as shown in figure 5. The present molor

is assembled with laminated steel UGINE NO 10 (0.1 mm thickness).

If we break up magnetic circult into sections with constant areas
regarding stator and rotor teeth and yoke, we can obtaln from the
various dimensions analytic expressions for permeances Fe and P=. For
the sake of clarity, we shall consider the particular case when the
area of the whole magnetic circuit is constant and equal to that under

a stator pole : Sr. Then we have :

Pe = .lt:“-i [3.11]
— + 7 @
K1
where : 5F = I.Ba.zﬁ'r,kr [3.2]

kFr is the ratio of effective length to iron length of laminated stack
(stack factor), and :
IF & (2 + 7). (Rext - 2°) [3.3]

When magnetic circuit is saturated, permeance slope value is :

Po = M5 [3.4]
— + 2.e
s
and saturation limit is defined by :
_ Bsat _1F
nle = o {ﬁI + 2.e) [3.5]

In the present example (with kF = 0.9), numerlcal values are :
Pe = 3.75 pH Fs = 0.12 pH nls = 126 A

Note : the value of ps must be determined in regard to the level of
iron saturation ; then, at low saturation levels, us ig greater than
at higher levels and the value of Ps 1is greater too. Then, If
nIx < 400 A, we can have, In our example, pus = 80 and Bsat = 1.1 T.

In unaligned position, we can calculate permeance with several
methods /9, 10/. The solution proposed by Tormey, Torrey and Levin
710/ 1s particularly profitable : it 1s based on the finite elements
method and requires knowledge of only two length raties : rotor
Inter.pa]ar arc [u: - .E:_] to stator pole arc [.8:] and rotor interpolar
arc length ( [a; = ﬂ:].r ) te rotor pole undercut (hr).
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In our particular case, we obtained :

Po = 0.3 pH

Flgure 6 shows ¢(ni) curves 1Iin opposition and conjunction
measured -- with 50 Hz sine wave supply by measuring current and
integrating Induced voltage in probe coll-- and linearized with our
method., Chart 1 compares measured (n = 40 turns per phase) and

computed values of linearized model :

- P/ | Po/pH| Ps/uH|nls A Prat |
nly < 4004  uy=6000 measure 3.3 |0.27 [0.21 100 (0.33
Mu W S0, Besr WL 0] itk 1ah 3.75] 0.3 |0.23 | 106 |0.4
nix < 1000A p1=6000 | measure 3.3 |0.27 |0.11 120 I!‘Zl_tl_
r- B AL Bt S Lo iRt ok 3.75| 0.3 |o0.12 | 126 |o.47
i A But";‘:‘?gﬂT eosparcEion 3.39| 0.3 |0.12 | 118 |0.4

Chart 1

computation
______ Beat = 1.1 T
ur = 4000
pe = 40
= == Bsat = 1.3 T
p1 = 6000
ps = 40

L T U T S T I S IR TR I T I |

Figure -6-
Measured and calculated conjunction and opposition ¢(ni) curves

For our model to be satisfactory, smaller values had to be chosen
for Bsat and p. This must be due to the mechanical strength of the
frame.
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4- DETERMINATION OF POLE ARCS

The value of Bs 15 chosen in relation to torque pulsations. To
achieve a regular torque with g phases, we can have :
Dip = — [4.1]
P~ q

In the case of 6-4 V.R.M., with [2.1, 4.1] : Bs = 0.5

The value of @s influences permeances Pe, Po, Ps.
So winding area is proportional to (1 - Bs), then copper losses -
average torque ratlo /7/ (or "torque per ampere") depends on fs. A

high wvalue for Be glves a greater flux in aligned position but

requires a higher current density for given amperes—turns.

After choosing Bs, we can determine the value of fr, this
influences oppesition permeance Po and permeance shape. In figure 7,

these influences are shown in the case of our example of motor with
Bs = 0.5.

ol ik ol
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ﬂl’ﬂﬂ!l;i

Figure =-7-
Br influence on unaligned permeance and permeance shape
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The varlation range of _B; is limited by g° and ,B;Mntsee &1)

. T TR =1 = Nr
sk ur ﬁs = Brmaxi = 1 Ei."g [4.2]
- L - - - Nr

ﬂrul.nl = Bs = Brminl = ﬁi.N—i [4.3]

Figure ®  describes V¥.R.M. basic converter [asymetrical
half-bridge).

To switch on current, maximal available voltage i= equal to ;
UrMax = Us - 2.8VE [4.4]
where Uo Is the D.C. voltage source supplylng the converter,

To switch off current, maximal avallable negative voltage is :
UNMax = Us - 2.8Va [4.5]
where &V and 8V4 are voltage drops of switches Ki K2 and dicdes D
Da. With medium voltages (greater than 100 V), voltage drops can be
neglected. Between switching on and off, current is regulated by
P.W.M.

il b & Ve + 8 Vs

- ¥ R
T UPMax T— 11— % —m=tire
AVATEEEE -V S
U | S
e 1 5 t}
- —
ZE D fe ;Z M1 T2 Ti D2
4, Di D~ 1 -
_U"MHL_I — e —%: ——
Ve Ve
Figure -8-

One-phase basic converter for V.R.Ms. and maximum switching voltage

To maximize motor power, the highest possible base speed is
required ; then nominal torque has to be maintained till that base
speed has been reached. Then at base speed, current phase has to be
switched on during angle @po and off during angle Bpc. Figure 9 shows
current and voltage in a phase at base speed ; we can see that current
falls with two slopes and that saturation enhances quick switching. We
can write (n 1s the number of turns for one phase) :
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- in unaligned position, current rise time is equal to :

e

_Bpo _n.Po.lIn

by = obe = B _Zohiesn
W UrHax

So, electric angular speed is : w = Ne.Q

 n®.Po. Nr.Ob. In

Then Hpo = e [4.6]

where (b is base angular speed and IM current amplitude corresponding

to required torque.

= in aligned position, with the same method, we obtained :
B if Iw = Is (saturation current)

n°.Pe.Ne, b, In

Bpe = UnMax [4.7]
Bif > I :
n . Nr. b
fpc = ~—ﬁ;;i;— FPe.le + P=_(In - Is]] [4.8]
or
n.Nr. Qb
Bpc = W plnlix)
M i
o _ UPMax N F A
dt rEPs w1 M "_A\Vﬂ_%_x_%_ﬂ\’_%__\
{ L
/
1
P W
1""..._‘.‘ I ..-.__ =4
LT L e 5
i
o
o<

Figure -9-
Current and voltage waveforms at base speed

In the case of our motor, we measured switching times in
opposition and conjunction and found that this calculatlon method is
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accurate enough :
Figure 10 shows current oscillograms. We can see that measured
current slopes are similar to computed di/dt, then voltage induced by

mutual coupling can be neglected.

=gt 4 |

- ——— o/ B - - T T T

CURRENT

CURRENT : ]
turn-—on . di _apa/fme turn—:a
L2

_— = BA/ms
14, J 1::.1 T
Dl_ a —
1 It 'y i
| I I
NS W SR LIPS, | | RE [ S| g e S [ i el e = ik A o e e A — L 4 d
Wwith UpMax = 27 V and Fo = 0.27 uH With UiHax = 29 V , Pz = 0.21 uH
di di
E]un= 63 A/ms E of 1 Bl
di
Pe = 3.3 pH ﬁ]urrﬁ 5.6 A/ms
TURN-ON TURN-OFF
Figure -10-

Switching slopes of phase current with magnetic saturation

With expressions (2.2, 2.3] , [4.2, 4.3] and [4.6, 4.7 or 4.8],

we can wWrite :

WifIns<Is Po = B s 7 [4.9)
®if In> Is Po = E‘j‘;r:lf: um::x [[?c - F-]:—II:: + ?.] [4.10]

So, when taking Iinto account both function Po versus Br (54,
figure 7) and current value Ix, we can determine the optimal value for
Br which permits to maximize base speed [b.
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When the value of B¢ has been determined, the number of turns n
can be obtained with [4.7] for instance. Chart II gives, in the case
of our motor, for wvarious IM wvalues, average torgue calculated with
[1.4, 1.5, 1.6], for optimal wvalue of Br, nuwmber of turns n and "size

power ratie" &" /5,6/ :

3t = Yo In (a.11)
q
nlus4 | 100 200 300 400 500 600 700 200
Br .643 | .635 625 | .617 .61 .603 .598 -593
PosuH | .267 .241 22 207 . 199 . 192 . 187 . 183
<T>/Nm| .033 | .11 2 .28 .36 .44 P s .6
nAsturnf| 71 53 51 49 46 45 42 41
8" 6.8 5.3 4.8 4.7 4.8 4.9 5.1 5.3

V.R.M. 6=-4 with B = 0.5, UrHaxt = 27 V, UMHaxi = 29 V at S000 rpm
Chart II

S.P.R. defines required "silicium power" to supply motor at given
power. Then, we can note the favourable Influence of magnetic
saturation on current swltching capablility of converter. S.P.R. can be

reduced signiflicantly.

é"r/\

11

T2

W s W@

Bs influence on Size Power Ratio and Torque
Figure -11-
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If we reduce stator teeth angle —— hence decrease f@s —— switching
angles @po and Bpe can be increased. So, for example, with the same
number of turns, the same voltage, the same current -- therefore the
same torque —- speed can be increased and S.P.E. is Improved. However
torque becomes more pulsating. Figure 11 shows S.P.R. and average

torque versus maximum amperes-turns nls with three values for Bs.

5- CONCLUSIONS

With a model with simplified magnetic characteristics, we showed
that we could optimize teeth angles to maximize maximum power of
V.R.M5. with a glven converter and square wave current. Then, with
permeance or inductance obtained waveforms, on one hand, we can
product relatively low torgue ripple with simple supply mode and low
resclution shaft sensor on a large speed range or, on the other hand,
it is easier to supply each phase with optimized current waveforms to
have lower torque ripple, but with complexier control of current and
higher resolution position sensor. We proposed a method to achieve
this optimization with as few parameters as possible. But a cont inuous
model for the 1iron magnetic characteristic could help Iincrease
computation accuracy /12, 13/.

As the choice of Bs 1s, essentially, guided by pulsating torque
constralnts, we showed that the choice of Br is determined by current
switching, hence by maximum average torque. Magnetic saturatlon is
highly profitable to Increase power. It is known that a small alrgap
allows an increase in torque at given copper losses /7/, but It is
profitable for the converter too. A diminution in stator angle allows
to increase convertible power with a given converter, but that means
an increase in ripple torgue.

In practice, at high saturation levels, permeance shape getls
distorted, particularly, 8pc angle (flat part in conjunction)
increases. So we can advance switch-off angle.

Beyond base speed, supply with full wave voltage and control of
switching angles1alluw3 to increase maximum power and extend constant
power operating zone/8, 11/. But, in this case, ripple torque will

increase.
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