Principles of Electromechanical Energy
Conversion

 \Why do we study this?

— Electromechanical energy conversion theory isthe
cornerstone for the analysis of electromechanical motion
devices.

— The theory allows us to express the electromagnetic force
or torgue in terms of the device variables such as the
currents and the displacement of the mechanical system.

— Since numerous types of electromechanical devices are
used in motion systems, it is desirable to establish methods
of analysis which may be applied to avariety of
electromechanical devices rather than just eectric
machines.
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o P

— Establish analytically the relationships which can be used
to express the electromagnetic force or torque.

— Develop ageneral set of formulas which are applicable to
all electromechanical systems with a single mechanical
INput.

— Detailed analysis of:

* Elementary electromagnet
» Elementary single-phase reluctance machine

« Windings in relative motion
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Lumped Parameters vs. Distributed Parameters

 |f the physical size of adeviceissmall compared to
the wavelength associated with the signal
propagation, the device may be considered lumped
and a lumped (network) model employed.

" | = wavelength (distance/cycle)
| =¥ J v=vdoc ty of wave propagation (distance/second)
T | f=signal frequency (H2)

» Consider the electrical portion of an audio system:

— 2010 20,000 Hz isthe audio range
|- 186,000 miles/second
20,000 cycles/second

=9.3 miles/cycle
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Conservative Force Field

o A forcefield acting on an object is called
conservative If the work done in moving the object
from one point to another is independent of the path

joining the two points. A A .
F=FI +F] +EkK

_>—>

d: isindependent of path if and only if N” F= 0 or F=Nf

F>dr isan exact differential
Fdx + Fdy + Fdz =df wheref (X,y,2)

(Xz Yo 22) X2.:Y2,Z 2)

Qxlylzl) Fodr = QMZl df —f(xz,yz, ) f(Xl,yl,zl)
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Energy Balance Relationships

» Electromechanical System
— Comprises
 Electric system
e Mechanical system
* Means whereby the electric and mechanical systems can interact
— Interactions can take place through any and all
el ectromagnetic and electrostatic fields which are common
to both systems, and energy is transferred as a result of this
Interaction.

— Both electrostatic and el ectromagnetic coupling fields may

exist ssimultaneously and the system may have any number
of electric and mechanical subsystems.
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» Electromechanical System in Simplified Form:

Electric
System

)

Coupling
Field

)

— Neglect electromagnetic radiation

— Assume that the electric system operates at a frequency
sufficiently low so that the electric system may be

considered as a lumped-parameter system
e Energy Distribution

M echanical
System

W =W, +W, +W
WM :Wm +WmL +WmS

— W¢ = total energy supplied by the electric source (+)
— W,, = total energy supplied by the mechanical source (+)

Actuators & Sensorsin Mechatronics
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— W = energy stored in the electric or magnetic fields which
are not coupled with the mechanical system

— W, = heat |loss associated with the electric system,
excluding the coupling field losses, which occurs due to:
* the resistance of the current-carrying conductors

* the energy dissipated in the form of heat owing to hysteresis, eddy
currents, and dielectric losses external to the coupling field

— W, = energy transferred to the coupling field by the electric
system

— W, = energy stored in the moving member and the
compliances of the mechanical system

— W, = energy loss of the mechanical system in the form of
heat dueto friction

— W, = energy transferred to the coupling field by the
mechanical system
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e W=W,+ W, =tota energy transferred to the
coupling field
— W; = energy stored in the coupling field

— W, = energy dissipated in the form of heat due to losses
within the coupling field (eddy current, hysteresis, or
dielectric losses)

: = - W, - W)+
» Conservation of Energy Wi + Wy =(We - W, - W)

(WM B WmL - WmS)
Wf +WfL :We +Wm

Zy— Ly )
~LH.f1':‘. H.‘m ]

W 7
}-c— Electric system —)F— Coupling field —)-leh‘.[echanical system 431
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The actual process of converting electric energy to
mechanical energy (or vice versa) is independent of:

— Theloss of energy in ether the eectric or the mechanical
systems (W, and W, )

— The energies stored in the electric or magnetic fields which
are not in common to both systems (W)

— The energies stored in the mechanical system (W, o)

If the losses of the coupling field are neglected, then
the field isconservativeand W, =W _+ W, .

Consider two examples of elementary
el ectromechanical systems
— Magnetic coupling field
— Electric field as a means of transferring energy
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Vv = voltage of electric source

f = externally-applied mechanical
force

f, = electromagnetic or
electrostatic force

I = resistance of the current-
carrying conductor

¢ = inductance of alinear
(conservative)
electromagnetic system
which does not couple
the mechanical system

M = mass of moveable member

K = gpring constant

D = damping coefficient

X, = zero force or equilibrium

position of the mechanical

system (f,=0, f = 0)

Actuators & Sensors in Mechatronics
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i voltage equation that describes the
VErHi e electric systems; & is the voltage drop
due to the coupling field

2
f =M d )2(+ %+K(x X ) f, Newton’s Law of Motion
dt dt
W, = fvi)dt 7y Since power isthetime rate of

- energy transfer, thisisthe total
s _ & dxo energy supplied by the electric
W, = ¢ff )ax _O?d__gd

D and mechanical sources
coodi ) s dio
Vv=ri+/—+e W, = t+/c —_dt+ el )t
dt - Qi) &' o )
W, =jvi)dt =W, +W_+W,
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\

2
f:Md)Z(+ %+K(x X, )- .
dt dt -
T . |
WM_df)dx_O?dtéjt )
2
W,, =M a&:ﬂgd +D aEdXOdHde Xo )ax - Y fe)dx

W

m

dt g
WmS WmL

_ N < total energy transferred to
Wy =W, +W, = geijdt- gfjx ) the ngplingfield
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These equations may be readily extended to include
an electromechanical system with any number of
electrical and mechanical inputs and any number of

coupling fields.

We wi
Input,
Cases,

wrl i wml
W,z W."HI
T e —r

: Coupling fields l

| |

I |

I |
wg_f | I WMK

| consider devices with only one mechanical
out with possibly multiple electric inputs. In all

nowever, the multiple electric inputs have a

common coupling field.
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J K
(o] (o)

W, =a Wy +a W,
=1 k=1

J
o]

J
-
W, = efjljdt
i=1 i=1
& Ny
A W, =- A fadXx,
K= k=1

1

J
W, = (‘ﬁ &l ;dt- (f.dx
ji=1
s .
dw; = a ;i dt- fdx
=1

Actuators & Sensorsin Mechatronics
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Total energy supplied to the

coupling field

Total energy supplied to
the coupling field from the

electric inputs

Total energy supplied to
the coupling field from the

mechanical inputs

With one mechanical input
and multiple electric inputs,
the energy supplied to the
coupling field, in both
Integral and differential form
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Energy in Coupling Field

We need to derive an expression for the energy stored
In the coupling field before we can solve for the
electromagnetic forcef..

We will neglect all losses associated with the electric
or magnetic coupling field, whereupon thefield is
assumed to be conservative and the energy stored
therein is afunction of the state of the electrical and
mechanical variables and not the manner in which the
variables reached that state.

This assumption is not as restrictive as it might first
appear.
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— The ferromagnetic material is selected and arranged in
laminations so as to minimize the hysteresis and eddy
current |osses.

— Nearly all of the energy stored in the coupling field is
stored in the air gap of the electromechanical device. Airis
a conservative medium and all of the energy stored therein
can be returned to the electric or mechanical systems.
 We will take advantage of the conservative field
assumption in developing a mathematical expression
for the field energy. We will fix mathematically the
position of the mechanical system associated with the
coupling field and then excite the electric system with
the displacement of the mechanical system held fixed.
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During the excitation of the electric inputs, dx = 0,
hence, IV Is zero even though electromagnetic and
electrostatic forces occur.

Therefore, with the displacement held fixed, the
energy stored in the coupling field during the
excitation of the electric inputs is equal to the energy
supplied to the coupling field by the electric inputs.

With dx = 0, the energy supplied from the electric

system s. J 0
W, = 3 & ct- (‘je}&
N
W = g dt
j=1
Actuators & Sensorsin Mechatronics Kevin Craig
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e For asingly excited electromagnetic system:

_dl For alinear magnetic system:

A

& = m Curveisastraight line and
— i : — W 1 .
W, = fi)d  withdx =0 | / W, =W, ZEI |
d%
Wi = d')dl % /

Arearepresents energy stored / W = X1 \di
in thefield at the instant / © d )
when!| =1 _andi =i, | Areals called

A w coenergy
Graph /
Stored energy and coenergy in / | | = W, + W,
amagnetic field of asingly /
excited electromagnetic ; | / |
device J,- " '
Actuators & Sensors in Mechatronics Kevin Craig
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Thel i relationship need not be linear, it need only be
single-valued, a property which is characteristic to a
conservative or lossless field.

Also, since the coupling field is conservative, the
energy stored inthefieldwithl =1 _andi =i, is
Independent of the excursion of the electrical and
mechanical variables before reaching this state.

The displacement x defines completely the influence
of the mechanical system upon the coupling field;
however, sincel andi arerelated, only one is needed
In addition to x In order to describe the state of the
electromechanical system.
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o |f ;i and x are selected as the independent variables, it
IS convenient to express the field energy and the flux
linkagesas W, =W, (i,x)

| =] (i,x)
il :‘HI (|.,x) di+ﬂ| (I’X)dx
il 1x
a =X G ithax =0
1l Energy stored
- O (i,x) i T (xx inthefield of a
W, :d|)d| =0 Sﬁ )d| = QX STX )dx singly excited
system
Actuators & Sensorsin Mechatronics Kevin Craig
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e The coenergy intermsof i and x may be evaluated as
W, (i,x) = (i.x)di = (x,x)ax

o For alinear electromagnetic system, thel i plots are
straightline relationships. Thus, for the singly excited
magnetically linear system, | (i,x) =L (x)i , where
L(x) i1sthe inductance.

+ Let'sevaluate W((i,x). ¢ = f”'i’x) di withdx=0

dl =L (x)di

W, (i x) = L (x)dx :%L (x)i?
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Thefield energy is astate function and the expression
describing the field energy in terms of the state
variablesis valid regardless of the variationsin the
system variables.

W, expresses the field energy regardless of the
variations in L(x) and i. The fixing of the mechanical
system so as to obtain an expression for the field
energy I1samathematical convenience and not a
restriction upon the resullt.

W, (i) = XL (x)dx :%L (x)i?
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In the case of a multiexcited electromagnetic system,
an expression for the field energy may be obtained by
evaluating the following relation with dx = O:

J
\9 .
W, :C_ﬁlljdl j
J:

Since the coupling field is considered conservative,
this expression may be evaluated independent of the
order in which the flux linkages or currents are
brought to their final values.

Let’s consider a doubly excited electric system with
one mechanical input.

W, (i, %) = ¢ghdl ; (i, %) +i,dl , (iy,i,,X)§  withdx =0
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e Theresultis:

a Ty (X, 0, X)

W, (i35, %) = Q X o dx +

€ M o(inxx) T, (inxx)

u
+ X X
08 w " g

e Thefirst integral results from the first step of the
evaluation with i, as the variable of integration and
with i, = 0 and di, = 0. The second integral comes
from the second step of the evaluation with i, equal to
itsfinal value (di;, = 0) and i, asthe variable of
Integration. The order of allowing the currents to
reach their final state isirrelevant.
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Let’s now evaluate the energy stored in a
magnetically linear electromechanical system with
two electrical inputs and one mechanical input.

|1 (ip,15,%) =Lgp (X)i; +L o, (X)i,
|, (ip,i5,X) =Ly (X)iy + Lo (X)i,

The sdlf-inductances L, ,(x) and L,,(x) include the
|leakage inductances.

With the mechanical displacement held constant (dx

= 0): . . .
) dl , (iy,i,,%) =Ly (x)di, +Ly, (x)di,
dl 5 (iy,ipx) =Ly, (X)di, + L, (X)di,
Actuators & Sensorsin Mechatronics Kevin Craig
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e Substitution Into:

W, (iy,i,,X) = dxﬂl 1(%()’(0 X)dx+
€ M o(inxx) T, (ipxx)u
Q gl X X 11X (‘Ljﬂx

W, (iy,i,,X) = élell(x)dx + (‘5 6L, (X)+xL, (x)grx
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|t followsthat the total field energy of alinear
el ectromagnetic system with J electric inputs may be
expressed as.

. . 10
Wi iy, ) = zaaqu
p=1 o1
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Electromagnetic and Electrostatic Forces

» Energy Balance Equation: 3 . N
W, = A &i;dt- ¢§.dx
ji=1

J
dW, = Q e dt- fdx

=1

J
fdx=gq eidt- dw,

=1

e Toobtain an expression for f,, it isfirst necessary to
express ¥,and then take its total derivative. The total
differential of the field energy isrequired here.
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The force or torgue in any electromechanical system
may be evaluated by employing: dwW, =dwW, +dW,,
We will derive the force equations for electro-

mechanical systems with one mechanical input andJ
electrical inputs.

J
o .

For an electromagnetic system:  fedx=a I;dl ;- dW,
J=1

Select [ and x as independent variables: W, =W, (T,x)

2 €W, (.x) U qw, (7.x) =1 ()
dw, =g € _ di, U+ dx b
lee ﬂlj U ﬂx
e u
g e (Tx) U @ (ix)
d.=g¢€ _ di U+ dx
J n:]_é ﬂln nu TIX
e u
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 The summation index » I1s used so asto avoid
confusion with the subscript j since each dl ; must be
evaluated for changes in all currents to account for
mutual coupling between electric systems.

e Substitution:
, B into
5] ?ﬂWf(I1X) l;I ﬂWf(I X)
dw, =g € : di, U+ adx
=€ gv I
& u >
J eql (i, u q . 5
ééﬂ’( )d| u+ﬂ ( )dx fedx:éljdlj-dwf
e i "0 X » j=1
e u
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g hgemj(ix) uom (Tx) 0
fe(l,x)dx—%lj%glé i dln§+ o dxi;
-égﬂwf(l’x)dijg+ﬂwf(l’x)dx
1:18 ir, H X

. Lo q (T.x)u qw, (i,x)H
fe(|,x)d)(::'é 91 J( )l:I- f( )i'/dX

< j=1 é ﬂx U ﬂx I
1™ e u b

sLogeq (i,x) U qw,(i,x] U

+.é‘ :, Ilé g Jﬂl ) d na' fﬂg )dIJi/

e - T u J b
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e Thiseguation is satisfied provided that:

f(7.x)=4 6,1 ’(TX)H i 1)
j:18 fix H T
_oJ'\I,'.cs]g"JTX).l:JﬂVVf(T’X).lLJ
O—%%lj%é i dlné- i dl%

* Thefirst equation can be used to evaluate the force on

the mechanical system with i and x selected as
Independent variables.
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* We can incorporate an expression for coenergy and

obtain a second force eguation: J
W. =gl jI i W,
=1
e Sincei and x are independent variables, the partial
derivative with respect to x IS:
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* Note:
— Positive f, and positive dx are in the same direction
— If the magnetic system islinear, W_ = W;.

o Summary:
Cg & m(Tx)u aw (7.x)
f(l x)—%g o é- o

TR rg-d g Ll Ml
1:18 19 H 19

e-Te
X E) q

T (7.q) =Ml
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By asimilar procedure, force equations may be derived
with flux linkages| 4, ..., | ; of the Jwindings and X as
Independent variables. The relations, given without
proof, are:

NPE-
A ’X)=-a§ i

; g € fij{Ia)u Iw(r,
T.( ’q):'élg" IJSTq q)HJr ﬂ(q )
e u
T.(I.a)=- vaﬂ(c; 9
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e One may prefer to determine the electromagnetic
force or torque by starting with the relationship

dw, =dw, +dW,_
rather than by selecting aformula

e Example:
— Given: | =gl+a(x)gi’
— Find f (i ,X)
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Elementary Electromagnet

* The system consists of:
— stationary core with awinding of N turns

— block of magnetic material isfreeto dliderelative to the
stationary member

.
NN

-

X
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V=ri+ da voltage equation that describes the electric system

dt
— ™
| =Nf flux linkages
P=t +t, (the magnetizing flux is common to
f, = leakage flux both stationary and rotating members)
f . = magnetizing fluxj
R
f,= ﬁ If the magnetic system is considered to be
A, . linear (saturation neglected), then, asin the
- NI case of stationary coupled circuits, we can
mTA express the fluxes in terms of reluctances.
m _J
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| _8A i flux linkages
L, = leakage inductance

:(L£+Lm)| L
L . = magnetizing inductance
A=A +2A, reluctance of the magnetizing path
A {total reluctance of the magnetic material
| of the stationary and movable members
A . reluctance of one of the air gaps
. /. )
A= mmA. Assume that the cross-sectional areas of
A X = the dtati onary and movable members are
A, = equal and of the same material
mAg
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A =A Thismay be somewhat of an oversimplification,
but it Is sufficient for our purposes.

m i g
-1 & +2x9
- mA, &m,
, Assume that the |eakage inductance
| = N IS constant.
1 e, +2 6 The magnetizing inductance is
mA. &m. - clearly afunction of displacement.

Xx=x(t)and L, =L (X)

When dealing with linear magnetic circuits wherein mechanical
motion is not present, as in the case of atransformer, the change
of flux linkages with respect to time was simply L(di/dt). Thisis

not the case here.
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| (i,%) = L(x)i =[L, +L,(X)]i
dl (i,x) _ 9l di 91 dx
dt i dt T dt

di .dL_(x)dx

v=ri+|L, +Lm(x)]a+| o
N2

| 6
1 &, 0

”BAi gmi 1]

L (%) 3

K 2
3 /

+ X _
0 k, = ——

Ln(¥) =2

Actuators & Sensorsin Mechatronics
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Theinductanceis a
function of x(t).

The voltage equation is
anonlinear differential
equation.

Let’slook at the magnetizing
Inductance again.

k N A
Lo (0) ==~
) .

L..(X) @5 forx>0
X
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Detailed diagram of electromagnet
for further analysis

¢

W/ 22222
- P s = K V
I T Arr U —
+ \ﬂ-f N +{Ir g
Sl
v €rq | M
a T \f_}f é
% f,"' = g
== D1
77 //ff#” //’
1
x .
Electromagnet
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L. (X) @Ii forx >0 Use this approximation
X

L(X) @, +L, (x) =L, +5  forx>0

| (i,%) = L()i =[L, +L, (X))

The system is magnetically linear: W, (i,x) =W, (i, x) :%L(x)iz

-
()= %jﬂl j(i,x)g_ 1w, (7.x) )2 1 1)
=& o4 WX . ° 2 . X
- ki
fe(T,x):ﬂWC(I’X) 2
i ~
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* Theforcef,isaways negative; it pullsthe moving
member to the stationary member. In other words, an
electromagnetic force Is set up so as to minimize the

reluctance (maximize the inductance) of the magnetic
system.

« Equations of motion:
~ Steady-State Operation

v:ri+€d—|t+ef (if v and f'are constant)
2 V=i
=M Ik (x- x,)- 1 s
dt dt
f =K (x- X,)- f,
_
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Steady-State Operation Stable Operation: points 1 and 2
of an . Unstable Operation: points 1" and 2’

Electromagnet
f — ( ) f ' ~f, fori =0.5A

[
[
N
X
N
] I
Force, N

Parameters.
r=10W

K = 2667 N/m

X =3 mMm
k=6.283E-5H m
v=5V

|1=05A
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Single-Phase Reluctance Machine

* The machine consists of:
— stationary core with a
winding of N turns
— moveable member which

rotates

g, = angular displacement iz

w. = angular velocity <

Q. = Qw, (x)dx+q, (0) 24l
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v=ri+t & voltage equation

f=f, +f_
f, = leakage flux
f = magnetizing flux

It is convenient to express the flux
| = (L +L )i linkages as the product of the sum of the
Lo |eakage inductance and the magnetizing

Inductance and the current in the winding.

L, = constant (independent of q,)
L . = periodic function of q,
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L..(0) =

apo__ N°

&2 Amaegg
&2 5

An(0) '
D

Lm

<

“A_ismaximum
_ L., Isminimum

IS mMinimum

/Am
(L, Ismaximum

The magnetizing inductance varies between maximum and
minimum positive values twice per revolution of the rotating
member.
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Assume that this variation may
be adequately approximated
by asinusoidal function.

I-m (qr) = I—A B I—B COS(qu)

Lo (
L(a)=L, +L(a) Lo e =

"&2;
=L, +L, - Lycos(2q,) L >l

L, = averagevalue

=L, +Lg

0)=1

V=ri +[|_€ + Lm(qr)] dl + dL(;" (qr) ddC:r voltage equation
g

r
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* This elementary two-pole single-phase reluctance
machine is shown in asightly different form.
Winding 1 is now winding as and the stator has been
changed to depict more accurately the configuration
common for this device.

(*)as’' o Te : dl s
[ V.. .=TIl .+

as sas?

| as:Lasaslas

L =L,+L,- Lgcos(2q,)

t
d, = QW (x)dx +q, (0)
I, = resistance of as winding _
L. = self-inductance of as winding L =leakageinductance
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 Electromagnetic torque:
— Magnetic system islinear, hence W; = W..

WC (ias’qr) :%(L€5+LA ) LBCOS(qu))igs

(. q)=ég M (a)s (i)
1:18 19 8 19

T (7.q) =Ml

T, (i40,)=Lgi%sin(2q,)
Valid for both transient and steady-state operation

Actuators & Sensorsin Mechatronics Kevin Craig
Electromechanical Motion Fundamentals 137




» Consider steady-state operation: I IS constant
T,=Ksin(2q,)
K=Lg2

<N
/'% \ 2\/

stabl e operating point unstable operating point

Electromagnetic torque versus angular displacement of a
single-phase reluctance machine with constant stator current

T, = K sin 26,
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 Although the operation of a single-phase reluctance
machine with a constant current is impracticable, it
provides a basic understanding of reluctance torque,
which is the operating principle of variable-reluctance
stepper motors.

In its simplest form, a variable-reluctance stepper
motor consists of three cascaded, single-phase
reluctance motors with rotors on a common shaft and
arranged so that their minimum reluctance paths are
displaced from each other.
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Windings in Relative Motion

 Therotational device shown will be used to illustrate
windings in relative motion.

Winding 1: N, turns on stator Assume that the turns are
Winding 2: N, turns on rotor concentrated in one position.

Stator

Stator

I €« 7

=
o]
A AT

Rotor : . .
>0 0 4 Air-gap sizeis
Em /) exaggerated.
o R B e R e
P TFITITT LTSI TTTS

@ endview (b) cross-sectional view
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. d
= 4+ 1 _
R dt voltage equations

. d,
V, =hl, +

dt
I =Lyl Ly,

|, =Ll + L0,

The magnetic system is assumed linear.

L, =L,+Lm | Thesdf-inductances L, and L, are
N2 .\ N2 constants and may be expressed in
- A, A terms of |eakage and magnetizing
" inductances.
L, =L,+L, L
5 5 A _ Isthe reluctance of the complete
N> \Nol magnetic path of j -, andj ., , which
A, An|l isthrough the rotor and stator iron and

twice across the air gap.
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Let’s now consider L ,,.
g, = angular displacement
w. = angular velocity

q, = Qw, (x)ax+q, (0)

When ¢, Is zero, then the coupling between

windings 1 and 2 is maximum. The magnetic N.N
. . . . . —_ 1 72
system of winding 1 aids that of winding 2 Ly, (0) A
with positive currents assumed. Hence the m

mutual inductance is positive.

When g, isp/2, thewindings are orthogonal. | 8P 0_ 4
The mutual coupling is zero. 2%
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Assume that the mutual L, (qr) =L, Cos(qr)
Inductance may be adequately . NN
predicted by: L, =—2
. A m
o . L, Isthe amplitude of the
Vil o sinusoidal mutual inductance
between the stator and rotor
V, =hi, +—= indi
2 =22 T windings.
In writi ng the voltage equa_tlons, th_e | =Ly, + (|_Sr cosq, ) i
total derivative of the flux linkagesis _
required. |, =Ly, +(Lgcosq, )i,
di di,
v,=ni,+L,—+L, cosq —=- i,w.L,sin
11 dt qr dt 2 qr
. di di, . .
Vo =l + Ly d_’[2 +L cosq, d_tl - LW Lgsing,
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/1 ml

L cosq, uél_. U
sl g COSQ; L£2+Lm2ugbsH

Since the magnetic system is assumed to be linear:

Wf(il’iZ’qr):

\

(S

Te{i-)= Ma

Actuators & Sensorsin Mechatronics
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3 ]

> Te(il’iZ’qr):_

1. . .1 . .
§L11|f +L 0, +§'—22'§ =W, ('1’|2’Qr)

i1i2|—sr Sinqr

Kevin Craig
144



» Consider the case where i, and I, are both positive
and constant: T.=-Ksing,
K =i,i,L,

T,=—Ksin 6,

/ stable operation

1

raly -

Electromagnetic torque versus angular displacement with constant winding currents
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 Although operation with constant winding currentsis
somewhat impracticable, it doesillustrate the
principle of positioning of stepper motors with a
permanent-magnet rotor which, in many respects, I1s
analogous to holding i, constant on the elementary
device considered here.
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