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Chapter 10
SYNCHRONOUS MOTORS FOR DRIVES

10.1. INTRODUCTION

Synchronous motors (SMs) are, in general, three-phase AC fed in the
stator and DC (or PM) excited in the rotor. As the stator currents produce an
m.m.f. traveling at the electric speed

(ON :27T'f1, (101)
the rotor m.m.f. (or PM) is fixed to the rotor. The rotor electrical speed o, is
O, =0, =2nnp, (102)

in order to obtain two m.m.f. waves at standstill with each other. It is a
known fact that only in this situation is a nonzero average torque per
revolution obtained.

Yet, in an alternative interpretation, nonzero average torque is produced
when the magnetic coenergy in the machine W, varies with rotor position

T_(awmj o do, o,
Lo, )~ d p

(10.3)

0, is the geometrical rotor position angle.

Thus a magnetically anisotropic (reluctance) — exciterless — rotor may
also be used. In all cases the number of pole pairs is the same on the stator
and on the rotor.

PM or reluctance rotors are preferred, in general, for low (even medium)
power motors (up to 50 - 300 kW in general) and excited rotors are used for
medium and high power (hundreds of kW, MW and tens of MWs)
applications.

As the SM speed is rigidly related to the stator frequency only the
development of PECs — variable voltage and frequency sources — has made
the SM suitable for variable speed drives.

The higher efficiency, power density and power levels per unit have thus
become the main assets of variable speed synchronous motor drives.

10.2. CONSTRUCTION ASPECTS

As with any electrical motor, the SM has a stator and a rotor. The stator
is made of a laminated core with uniform slotting. The stator slots
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286  Synchronous motors for drives

accommodate, in general, a three-phase, single- or double-layer winding
made like for induction motors.

In general, the number of slots per pole and phase q > 2 and thus the
coupling inductances vary sinusoidally with rotor position. However, in
small power PM-SMs, concentrated windings may be used (q = 1 slot per
pole per phase) when the sinusoidality is lost [1,2].

On the other hand, the SM rotors may be:

e active: - excited
- with PMs
e passive: - highly anisotropic (variable reluctance)

The excited and PM rotors may be with salient or nonsalient poles, that
is magnetically anisotropic or isotropic.

Also excited-rotor SMs may have a squirrel cage on the rotor to reduce
the commutation inductance in current source PEC variable speed drives.

Figure 10.1 shows salient pole SMs with excited and PM rotors while
Figure 10.2 exhibits nonsalient pole SMs.
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Figure 10.1. Salient pole active rotor SMs with a.) excited rotor, b.) interior PMs

The high energy PMs have a rather linear demagnetization characteristic
in the second quadrant (Figure 10.1b) and thus such PMs may be considered
as constant current ideal field coils or artificial superconducting coils at room
temperature.

Once magnetized with a few high current pulses (milliseconds long),
capable to produce (2 to 3) H. and (2 to 3) B, (see Figure 10.1), the magnetic
energy stored in the PMs stays there for years if accidental demagnetization
through ultrahigh stator currents is avoided.

The energy required to magnetize the PMs is much smaller than the
power losses in an equivalent field winding over the active life of the PMs
(4-5 years or more). However, the cost of PMs is notably higher than the
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field winding costs. If the capitalized cost of losses is considered however,
the extra cost of PMs is paid back in less than 2-3 years.
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Figure 10.2. Nonsalient pole active rotors of SMs: a.) excited, b.) with surface PM

While the nonsalient pole configuration is more suitable for high
peripheral speeds for excited rotors, with PM rotors the opposite is true; that
is, interior PMs are, in general, preferred for high speed as PM “protection”
against large centrifugal and radial electromagnetic forces are implicitly
provided. Radial — attraction — forces between the PM rotor and the stator
core are exerted through the surface PMs and through the laminated poles
(for the interior PM rotors). Note that all PMs are rather severely temperature
limited (100°C for NdFeB, 150°C for SmCos, etc) and thus, in adverse
environments, the PMs are a liability.

Passive rotors are characterized by high magnetic anisotropy (or
saliency). They may be made of conventional or of axial laminations (Figure
10.3a, b). Multiple flux barriers are provided to increase the saliency for the
conventional rotor (Figure 10.3a). The same scope is served easily by
alternating axial laminations with insulation layers (Figure 10.3b).

Special measures need to be taken to reduce the rotor core harmonics
losses in the axially laminated anisotropic rotor [3].

Saliency ratios (for rated conditions) above 10 to 1 have been obtained,
thus pushing the performance of reluctance synchronous motors (RSMs) to
the level of IMs [3]. Obviously the absence of the rotor cage makes both PM-
SMs and RSMs fully dependent on power electronic converters (PECs).

The insulation layers may be replaced by PMs along q axis (Figure
10.3b), in order to improve the torque density. Also, in the presence of a
rotor cage on both PM rotor or variable reluctance rotor, the same motors
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may be line-started and could operate at constant speed for constant voltage-
frequency conditions.
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Figure 10.3. Passive-anisotropic (reluctance)-rotors for SMs: a.) multiple flux barrier

rotor, b.) axially-laminated-anisotropic (ALA) rotor

10.3. PULSATING TORQUE

It is a known fact that an ideal SM, with sinusoidal m.m.f. and constant
airgap — when fed with sinusoidal symmetric currents in the stator at
frequency ; = ®; (®; - rotor speed) — produces a constant torque.

In reality, pulsating torques may occur due to:

a. stator (and rotor) slot openings;

b. magnetic saturation caused by flux harmonics;

c. current waveforms;

d. PM field pulsations due to stator slot openings (cogging torque).

Items a to ¢ cause the so-called electromagnetic pulsating torques while
d causes the zero stator current (or cogging) torque.

Rotor pole (or PM) span correlation with stator slot openings, stator slot
inclination or PM pole inclination, fractional q (slots per pole and phase) and,
finally, special current waveform shaping through PEC control are all
methods to reduce these, basically reluctance, parasitic torques [4] to less
than 1% of rated torques. High performance smooth torque drives capable of
operating below 20 rpm in sensorless control or under 1 rpm with position
sensor control are thus obtained.

Note: Pulsating torque investigation requires, in most cases, FEM
analysis - two-, quasi-two or three-dimensional [4].

10.4. THE PHASE COORDINATE MODEL

The phase coordinate model is based on phase equations using stator and
rotor circuits. For q > 2 (slots per pole per phase) - distributed windings - the
inductance matrix contains sinusoidal terms. We will take the case of the
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salient pole rotor as the nonsalient pole rotor is a particular case of the
former.
The phase inductance matrix [L] is (see Figures 10.1 and 10.2)

[ a b c f d, q, |
a L, L, L, L; L, L,
b L, L, L, Ly Lbd, qur
[L]: c L, L, L. Ly Ly L
f Ly Ly Lg Ly Ly 0
d. Ly Lw Lag Li Lig 0
4, L, Ly Loy O 0 L., | (10.4)

For distributed windings (q = 2) all the stator self, mutual, and stator-
rotor inductances are rotor position, 6, dependent

L,=Ly+L,+L,cos20,

Ly, =Ly +L,+L,cos(26,, +2n/3)

L.=L,+L,+L, cos(Zeer -2n/ 3)
L,=-L,/2+L,cos20,,

L, =-L,/2+L,cos(20,, +2n/3)

L, =-L,/2+L,cos(20, —27/3) (10.5)

Ly =Ly cosb,, Ly, =Ly cos(@er -2n/ 3),
L, =L, cos(0, +2m/3)
Laf = Lsf COSOer’ Lbf = Lsf Cos(eer - ZTE / 3)’
L;=Lg cos(eer +2m/ 3)
L, =-Ly sinb,, L, =-L sin(eer -2n/ 3),
L, =-L, sin(6, +2m/3)

er?

Rotor inductances are evidently independent of rotor position as the
saliency is on the rotor itself

Ly=Ly+Lg,
Ldrd| = Ld,l +Ldrm9 Lqrqr = Lqu +Lq,m (106)

where Lﬂ’Ldrl’L

main flux path.

On the other hand, for concentrated windings (q = 1), when nonsalient
pole PM rotors are used, all stator inductances are independent of rotor
position, the rotor cage is eliminated.

a! are leakage inductances while the others are related to
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Only the motion-related inductances between the constant field-current
PM equivalent circuit and the stator windings depend on rotor position.

LS Lab L Laf(eer)

| Ly L, L Lbf(ecr)

[L]gﬂ - L Lab Ls ch eer
Le(6.) Ly(6.) Lg(6,) 0 (10.7)

The stator self-inductance L, and the stator-stator mutual inductances L,
are all equal to each other but different from -L, / 2 (as they would become
for nonsalient rotors (L, = 0)). To a first approximation, L., =-Lo/ 3 [1].

The voltage-current matrix equation in phase coordinates (stator
coordinates for stator, rotor coordinates for rotor) are

V)= {1+ 22

dt (10.8)

with (1= [Lle. )]0 (10.9)
[i]:[ia’ib’ic’ifn] (10.10)

[r]=Diaglr,.1.1,,0] (10.11)

=Dk 200] (10.12)

Finally, the electromagnetic torque T. may be calculated from the
coenergy derivative with respect to rotor position

W, __d_ ey

T =
©de,) d(e) (10.13)

After neglecting magnetic saturation, we multiply (10.8) by [il"

d
Tt

ﬁ[mm}-m-d(e

V] G0+ S L)+

(10.14)
The last term is the electromagnetic power Py,
T, =-m'P P P p[ er][l]
©, (10.15)

The motion equations are
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J do, d(eer) o
- = Te _Tload;
p dt dt p (10.16)

I

As for the induction motor, we ended up with a set of eight nonlinear
differential equations with time varying coefficients (basically, inductances).
As such, these equations are used for special cases for machines with some
asymmetry or for unbalanced supply voltage operation.

Also, for the concentrated stator winding (q = 1) and the PM nonsalient
cageless rotor, the phase variable model is the only one to be used as L,(0.,),
Lp(0er) and L «(O,,) are far from sinusoidal functions. In order to get rid of the
inductance dependence on rotor position for q > 2, the space-phasor (d-q)
model is used.

10.5. THE SPACE-PHASOR (d-q) MODEL

Proceeding as for the induction motor, we may define the stator current

space-phasor, is in stator coordinates

i =3-(ia +a-i, +a’ i)
3 (10.17)

On the other hand, from (10.9) with (10.4), the phase a flux linkage A, is
A, =L, 1, +L, i, +L i, +L i+ Lad,ia, + Laq,iq, (10.18)
Making use of the inductance definition of (10.5) we find
A, =L, Re(is )+ %LO Re(is )+ %Lz Re(is*em" )+

L, Re(i lel% )+ L, Re(idrrejeﬂ )_ Re(jqu’ ri;rejem )

(10.19)
The stator flux space-phasor T
- 2
re ==, +an, +a%,)
3 (10.20)
Making use of (10.18) for Ay, A, (10.20) yields
R TR PR S AL
‘ 2 2
Lyig'e™ + Ly i, 'e™ + L ji, e (10.21)

Multiplying (10.21) by e = we obtain
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- 3 - 3 - o\
Ase 1 = (le +5L0)isseﬂe” +EL2<isse’JS") +

+ L+ Lsd,id,r + jLSqriqr'
We should now note that
Ao= e e g =qe
are space-phasors in rotor coordinates (aligned with rotor d axis).

With (10.23), (10.22) becomes

T = (le J%Lojis +%L2L* +Lyi, + Ly iy + L

i r
84 "4

Next, the stator-phase equations in stator coordinates are

rSiB _VEI == d?\‘a
dt
dr
ri, -V, =——2>
s'b b dt
ri, -V, =- dr,
dt

We may translate them in space-phasors as
ooo. A ds o dhs
ris = Vs =— :——(Kseje“):—eje“ ——jo,
dt dt dt

The final form of (10.26) is

o< dh o do
Lis—=Vs=————jo As; ®, =—=
dt dt
di
V, =1, +L,—>; i, =(i, +i, +i.)/3
and 0 st0 sl dt 0 ( b )

Xseje“

(10.22)

(10.23)

(10.24)

(10.25)

(10.26)

(10.27)

(10.28)

Equation (10.27) is, in fact, identical to that for the induction machine.

Only the flux expression (10.24) is different.
As=Ag+ihgs Ay =Lyig+A

dm;

. . . o
g =Lgig + Ay Agn =Lgnls + L iy

qm>

- - -
Mom =Lamla +Lgip + Ly

(10.29)

(10.30)
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L ==|L,-L
with an ( 0 2) (10.31)
Lam and Ly are called the d-q magnetizing inductances.
We may reduce the rotor to stator currents
.l_fr La £ .dr = =K .lqr = =2 =K
iy Lim 1y, Lim 1, Lm (10.32)
Mim = Lamlams  Tam = 1g +ig "‘idr

Y P
kqm—Lqmlqm, Ly =14 +1g 3 1m—1hdm gy (1033)

Magnetic saturation may be determined by unique Agm(im) and Aqm(im)
functions to be either calculated or measured [5].
The stator equation (10.27) in d-q coordinates becomes

v B
=ri g+ -
S T (10.34)

o
V, =ri, +—+ ok,
dt (10.35)

Now we should add the rotor equations in rotor d-q coordinates (as along
axes d and q, the rotor windings are not at all symmetric)

. da .
V; =1l +d—tf; Ae=Lgi; +Ay, (10.36)
0ri, + 5 3 S i 4
=r,1, + -~ = Iy + A4
d 1, dt d, ditd, d (10.37)
0 i dq A L i +A
=1 i +—"; =L i, +A.n
a4 dt q, a1 q, q (10.38)
The torque, T, is
T =3pRe(jX L*)zép(k i )
<2 P/ P\Tde e (10.39)

Finally, the d-q variables are related to the abc variables by the Park
transformation
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) 2 B o
Vi=Vy+jV, = E(V“ +aV, +a2VC)e e s g = gd?/3 (10.40)

Field circuit st Ty =Ly/1e

Iist, 1/(1+sty),

e

d axis rotor cage |

L, L
T, =Lg/r, Tor=Tqe'+ fj:"; Ty'= 4L

I+st, 1/(1+st,)

Aqm L i T iq
! > L >
qm ,
q axis rotor cage
7“61
|y
e Lu
Ty
iy
Figure 10.4. Signal flow diagram of SMs
Note also that all rotor variables are reduced to the stator
r r 2 r 2
Vf =Vf /Kf; I =1; /Kf N Lﬂ =Lﬂ /Kf (10'41)
r 2 r 2
Ty =Tg /K75 Loy =Lt /K, (10.42)

r 2, _ r 2
rqr :rqr /Kq N Lqu —Lqu /Kq (10.43)

The motion equations (10.16) are to be added.
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The d-q model is also of 8" order and basically nonlinear, but the
coefficients are position (time) independent. The signal flow diagram of the
d-q model is shown in Figure 10.4.

PM or reluctance rotor SMs used for variable speed lack the excitation
winding and ir = const. (zero for RSM).

They also lack the damper cage (T = Trd” = Tqr = T’ = 0) (Figure 10.5).

i
Adm 1 l -y

T —(—>

hq
1

>

iy

Figure 10.5. Flow signal diagram of PM and reluctance SMs (no rotor damper cage)

The signal flow diagrams may be arranged into equivalent circuits
(Figure 10.6).

e sl iy

q Ty s
PPy PR R .
i“.i_' ﬁl.;.
Slgm 2 = far
shy I shy L
Vi ! 5 sLgy
v
M/ v
») .

Figure 10.6. SM equivalent circuits
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For the PM-SM (Figure 10.6), the field winding circuit is replaced by an
ideal (constant) current source ig; i = 0 for the RSM.

Finally, for the cageless rotor, 14 = I, = o (i = iqr = 0). For steady-state,
simply s = 0 as we will demonstrate in the following section.

10.6. STEADY-STATE OPERATION

For steady-state the stator phase voltages are given by

2n
Vabc = \/EV COS|:('0 1t - (1 - 1)_:|, i= 1,2,3
3 (10.44)

where ®; = const., and thus the rotor position 0., is

0, = | o,dt=[odi =0+,
(10.45)

Note that o, = @,y = ®, for steady-state.
Using (10.40) the d-q voltage components Vg, V in rotor coordinates are

V, = V,+iV, = V\/ECOSOO - jV\/ESineo (10.46)

As Vg, V4 are time independent so will be the currents in the stator ig, i,

Also d/dt = 0 (s = 0) and thus from (10.38), '¢. 1o, = 0 (zero damper cage
currents) and i¢ = igy = V¢ / 1y = const.

The space-phasor diagram follows from ((10.34)-(10.35)) which may be
written in space-phasor form as the stator is symmetric electrically and
magnetically (Figure 10.7).

Vi =ris +jo,As; ©, =0, (10.47)

i LiLy L
_ Lq:le+Lqm
4
Iglg (N XS
il il f
jork s s iLgiq
N6 e d
iy Limit
a.) b.)

Figure 10.7. SM - steady-state - with excitation or PMs a.) d-q axis model,
b.) space-phasor diagram
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For steady-state all variables in the space-phasor (or d-q) model are DC
quantities. Space angles translate into time-phase shift angles between stator
quantities (like @, - the power factor angle) in phase coordinates.

Using the d-q model for speed control is thus ideal, as steady-state means
DC

10.7. TO VARY SPEED VARIABLE FREQUENCY IS MANDATORY

SMs keep a tight relationship between speed and frequency as the rotor
m.m.f. (if any) is of DC (or PM) character

n="f/p; o,=0; Q =0,/p (10.48)

Varying the number of pole pairs p is unusual so, in fact, to vary speed
variable frequency is mandatory. How to vary frequency in relation to stator
voltage V, and field current ir (or voltage V) — if any — to obtain steady-
state and (or) transient performance suitable for various applications is the
key to SM drives control.

While this problem will be dealt with in detail in the following chapters,
the main principles will be illustrated through three numerical examples.

Example 10.1. Unity power factor and constant stator flux.
Let us consider an excited synchronous motor with the data: V, = 660V

(line voltage, rms, star connection), I, = 500/ \/E (rms), r; = 0.016Q2, L4 =
2L4=0.0056H, Ly = 0.1Lg4, o, = 2n60rad/s, p = 2 pole pairs.
Determine:
e  The steady-state space-phasor diagram for unity power factor (¢, = 0)
e Calculate the values of i, i4, iq for unity power factor and rated phase
current, L.
e (Calculate the torque for @, = 0.
e Derive and plot the torque/speed curve for rated and half-rated stator
flux for variable frequency and constant stator voltage.
Solution:
a. The required space-phasor diagram comes from Figure 10.7b with

(P]:O.

tia

Vi .

- AjVy
Il Y XS
Jorks 4 iy .

i iLgiq
e 5 Llde
Vy g Lanit y=2

Figure 10.8. Space-phasor diagram for unity power factor
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b. From Figure 10.8 we have

V,=ri +o,A,
Ay =Ag +jhy = Lyiy + Lyyis + L,

For no-load Vio = @ Lanles (ld "l T 0); ®r =0

66042 500
V. = ——=—=53792V; i =i 2 = —=+/2 = 500A
s ﬁ 1s ln ﬁ \/_

From (10.49) the rated stator flux A, is

L _Vooni, $3792-0016:500
ST o 2760 o Wb

T

i, =i cosd

L, =X sind

Thus A tand =L
s Lei 00028500
MO= T 1406 T TC7
i 500

hg =Lyig + Lyl
The field current i; (reduced to the stator) is

. Ay-Li, 0997-00056-(-354.61)
i, = = =591.82
L,-L, 0.0056(1-0.1) A

The electromagnetic torque T, is

3 ) )
T, :Ep(kdlq —qud) =

3
= 5-2-(0.997-354.61 ~0997-(=354.61)) =2121 Nm

(10.49)

(10.50)

(10.51)

(10.52)

(10.53)
(10.54)
(10.55)

(10.56)

(10.57)

(10.58)

(10.59)

(10.60)

(10.61)

(10.62)
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Note that for cosp; = 1 the torque expression (10.39) may be written as

3

T =P (10.63)

The stator flux and current space-phasors are rectangular, as in a DC
motor. Consequently, for constant stator flux A, the torque is proportional to
stator current.

Varying the frequency ®; = ®,, such that A; = const and cosp; = 1
appears as an optimum way to speed control.

The torque/speed curve may be derived from (10.49) with (10.63) by
eliminating the stator current i

o om
" 3pa, (10.64)
V.= A -i—2rSTe
B 8 (10.65)

As o) = o,, varying speed means, implicitly, that the frequency changes.
The torque/speed curve is a straight line as in a separately excited DC
brush motor. The ideal no-load speed (T. = 0) @, is

A (10.66)

generating motoring

v

motoring generating

-(Db
Asn

hgn/2

Figure 10.9. Speed/torque curves for constant flux and unity power factor

For rated flux and full voltage, Vj,, the base speed w, is obtained. Above
the base speed, w0 may be modified only through flux weakening as in a DC
brush motor. Halving the flux doubles the ideal no-load speed ;. The
torque speed curves are illustrated on Figure 10.9.
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Four-quadrant operation is implicit as negative frequency ®; = ®, means
negative order (a ¢ > b instead of a > b = ¢) of stator phases fed from a
PEC.

Note that in order to maintain unity power factor, the field current has to
be increased with torque (power) — Figure 10.9.

A tight coordination of stator and rotor currents control is required to
maintain the above conditions, but once this is done — through vector
control — ideal (linear) torque/speed curves are obtained.

Low speed, large power, SMs for cement mills or the like, fed from
cycloconverters, operate, in general, under such conditions (Chapter 14).

Example 10.2. Leading power factor and constant stator flux.
Consider an excited SM with the same data as in example 10.1.
Determine:

e The steady-state-space-phasor diagram for a leading power factor angle
¢ =-12"

e Calculate the values of iy, i4, iq for rated current and ¢, = -12".

e Calculate the stator flux A, its components Aq and A, and the
corresponding electromagnetic torque Te.

e (Calculate the value of field current for half the rated torque and same
(base) speed m, = 27160 rad/s.

e Plot the torque/speed curve for rated and half-rated stator flux and
o=-12".
Solution:
The space-phasor diagram of Figure 10.7b is redrawn with ¢; = —12

(leading) as in Figure 10.10.
From Figure 10.10 we may write approximately

V, # 1, cosp, + oA, (10.67)

v ;
.. {. .
R JL(]‘q
=125 8 Lig  d
(loading) iy ‘ Lanif (i<0)

Figure 10.10. Leading power factor and constant stator flux

The torque T, is

3 — s\ 3 3
T, ==pRe|jAsis |==pA i, cosd=—pA,i,cos
=5 PRe(i )= Z b 2 PRLESP o68)
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%~ V, —ri cos@,
y——ss o
Q)

T

537.92-500-0.016-cos(=12°) _ 0 v
560 (10.69)

The corresponding torque T, is

T, = ;-2 -1.4068-500-0.978 = 2063.83

Nm (10.70)
i, =i, cos(5 +]o,) (10.71)
Lqiq =7\,Ssin8 (1072)
Consequently,
i L. .
sind Ll 0.0028-500 099
cos(8+]p,[) %, 14068 10.73)

& =39° (it was 45" for cosp; = 1 in example 10.1)

Now iy =500 cos(39°+12°)= 413.66 , (10.74)
iy =—-500-sin(39°+12°) = —388.57 (10.75)

hog =Lyi, =0.0028-314.66 = 0.881 y (10.76)

Ly =X, cos6=1.4068c0s39°=1.09388 w, (10.77)

Finally, from (10.58) the field current is obtained

—L.i 1.09388 — 0.0056-(— 388.57
i =taLals ( ) _ 64878

This value has to be compared with iy = 591.82A for cosg; = 1 in
(10.61).

The torque/speed curve may be obtained from (10.67)-(10.68) under the
form

V=0, + 25
3pA, (10.79)

Thus the torque curve is quite similar to that of (10.65) for cosp; = 1.

The main difference is that for the same stator current, the same stator
voltage and speed, we obtain slightly less torque and we need a higher field
current to provide for leading power factor angle ¢;<0. This value of ¢, =
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—12 < 0 might be preserved for various loads if the field current is
continuously adjusted. This type of coordinated frequency-stator flux-field
current change method is currently used in high speed high power excited-
rotor SM drives with current-source inverters. It will be detailed in the
chapter dedicated to large power drives (Chapter 14).

Example 10.3. PM-SM, operation for constant ig.

A nonsalient pole rotor PM-SM has the data: V, = 180V (rms, line
voltage, star connection of phases), Ly = 0.4L; = 0.05H 1, = 1€2, no-load line
voltage (rms) at n, = 1500rpm (f; = 60Hz), V,, = 180V (rms).

Determine:

e The PM flux linkage Apy;

e The torque/speed curve for iy = 0, iy = £5A and the ideal no-load speed
in the three cases, stator flux and torque for i; = 10A;

e Draw d-q equivalent circuits for steady-state and introduce the iron
losses in the model.

Solution:

The no-load voltage V,, “translated” into space-vector terms, Vy

VY2 18042

V, =146.7

BENE) V3 % (10.80)
According to (10.50)
(kd)idzo = Lynlro = Apm (10.81)
(r,) =0
i =0 (10.82)
VsO = mrLdmifO = wrkPM (1083)
Ve 14670 ey

™ 2160 T W (10.84)
As Ay =Lyig+Apy hg =Ly (10.85)

the electromagnetic torque T, is
T, = Ep(kdi -\ id) = Ep[?\’PM +(Ld -L )id]i
2 @ 2 d d (10.86)
The d-q voltage components ((10.34)-(10.35)), with d/dt = 0, are
Vi =1, —oA,

Vq :rsiq +0‘)r}\‘d (1087)
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Now we replace iq from (10.86) into (10.87). Thus we have
Vi+Vz2i=V72= rsz(id2 +iq2)+2mrrs(kdiq —kqid)+

+o>r2[<Ldid +7\,PM)2 +(Lqiq)2}

(10.88)
or
4 T2 1
V72=r1k,’ +(rs2 +(or2Lq2)-§ 3 T+
P +(Ld —Lq)id]
4 o, 5 . 2
+7— 1T +o, (Ldld +XPM)
3p (10.89)
The ideal no-load (T.= 0) speed m, is
VAR
Oo=—"T >
’ Lyig+Apy (10.90)
Forig=0

(0:0), , = Vo 180V2 37713

T Ay 038943 rad/s (10.91)
() 146.30* —(15)° 054
@ ij=—5A = =

Also, (005-(-5)+0389) rad/s (10.92)

(0,) .. = 146.30* - (1.5)" 220
PASA T (0.05-5+0.389) rad/s (10.93)

Note that iy < 0 means a demagnetizing effect. However, the torque
expression (10.86) shows that as Lq < Lg only ig < 0 produces a positive
torque contribution.

A positive torque contribution for iy< 0 is accompanied by a reduction in
the stator flux as

(., )iji?m =Ay =Lyiy +Apy =—0.05-5+0.389 = 0.149Wb (10.94)

(A =0 =0.05-5+0.389=0.639
ia=5A Wb (10.95)

The torque for iy = 0, -5A, +5A, iy = 10A is
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(T, Ji-o =3pxPMiq=3-2.0.389~10:11.67
Ll 2 2 Nm (10.96)
(T, Ji=-sa =3.2-(0.389+(0.05—o.125).(— 5))-10=22.92
WA 2 Nm(10.97)
(T, Jiu=sa =3-2-(0.389+(0.05—0.125)-5)-10=o.42
L0A 2 Nm  (10.98)

Positive iy values are to be avoided as they increase the flux level and
decrease the torque considerably.

The d-q equivalent circuits for steady-state (s = 0) reflect, in fact,
Equations (10.87) - Figure 10.11.

Though the core losses are related to the main flux components we may
assume them to be produced by the stator flux.

ig T
o——NNNN—

s
{ Lare

Vi S (Dol v, 0(Lligigr)

Figure 10.11. Steady-state d-q equivalent circuits of PM-SM with core losses

included

The core losses occurring in the stator are considered produced in a
resistance 1., to be determined through measurements.

Now, with core losses included, Equations (10.87) are no longer strictly
valid but they may be modified simply based on the equivalent circuit.
Introduced in parallel with e.m.fs, rg. should not vary dramatically with
frequency.

Example 10.4. The reluctance synchronous motor (RSM) steady-state

A high performance RSM has the data: Ly =10 L, =0.1 H,p=2,1, =
1Q, f; = 60 Hz.

Determine:

a. The space-phasor diagram;

b. The maximum torque per given stator current and for given stator
flux;

c. Introduce a PM along axis q to reduce the q axis flux. Draw the new
space-phasor diagram and discuss it. Calculate the torque for iy = 3A, iy =
15A without and with PM flux Apy = -Lgi,.

d. Calculate the stator flux to produce the respective torques.

Solution:
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The space-phasor diagram is obtained simply from the general one

(Figure 10.7) with i= 0 and Ly>> L, (Figure 10.12).

A~
qu

Figure 10.12. RSM - space-phasor diagram

The torque expression (10.86) with ig=0 and L4>> L, is

3 .
T, = EP(Ld -L, )1511q
The voltage equations (10.87) become

Vi =riy-o, L,

V, =ri,+o L,

The stator flux s and stator current Is are

Ao =Ay +jh, = Lyiy +jL,i

q

iy =1, +ji,
The maximum torque for given stator current, i
may be obtained from (10.99) and (10.103)

o,
diy

After eliminating i, we get

2

1y =1y =1 /\/E; T, =%p(Ld _Lq)%

Consequently, y = 45° in Figure 10.12.

(10.99)

(10.100)

(10.101)

(10.102)

(10.103)

(10.104)

(10.105)
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If iy = i, (rated current) lai = i / \5 the machine is driven into heavy
saturation as ig is too high in comparison with the rated no-load phase
current iy, with the exception of very low power motors when i, / i, > 0.707.
Though it leads to maximum torque per ampere it may be used for torques
lower than 50-60% of rated torque. This may be the case for low speed
operation in some variable speed drive applications.

On the other hand, for given stator flux (10.101), the maximum torque is
obtained for

Ly =igLy =2 /V2 (10.106)
The maximum torque is

T, = 2p(L, L)
LA RV ETIND

g (10.107)

This time the d-q flux angle is & = 45° in Figure 10.12.

As it provides maximum torque per given flux, this is the limit condition
at high speeds when the flux is limited (flux weakening zone).

Introducing the PM in axis q

Ay =L, —Apyes Ay =Ly (10.108)

In (10.108) Momtq 2 Lol max to avoid PM demagnetization. The torque
expression (10.86) becomes

i i '/x/ET3[(L L)'k'
Ly =1g =1 s Le =5 Pl\ba kg 1+ Apy |l (10.109)

This time, to change the torque sign (for regenerative braking) the sign
of iq (rather than ig) has to be changed in variable speed drives. The space-
phasor diagram of PM-RSM is shown in Figure 10.13.

Note that for motoring & < 0 (the flux vector is lagging (not leading) the
d axis) and the power factor has been increased, together with torque.

Only low remnant flux density (moderate cost) PMs are required as Ly,
is still a small flux (Lq/ Lg>>1).

Let us now calculate the torque and stator flux for the two situations

(L), :%p(Ld ~L i, =%-2-0.1.(1—%j3.15=12.15
: Nm (10.110)
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Figure 10.13. PM-SRM - space-phasor diagram

o1 )
_ 2: 2 2: 2 2 A2 Rt _
A, = Lg% + L, ‘J01'3+(uf1g = 0335

Wb (10.111)

() =2 m(llJlsgiw 3=1315
o "2 2\ U TT0) P T )T

Ao=L4iy =01-3=03yy (10.113)

Nm (10.112)

So, the PMs in axis q produce almost a 10% torque increase for a 10%
decrease in flux level.

The improvements are more spectacular in lower saliency machines (Lg /
L, = 5-8), which are easier to build.

10.8. COGGING TORQUE AND TOOTH-WOUND PMSMs

PMSMs develop a pulsating torque at zero stator current due to the PM
magnetic coenergy variation with rotor position in the presence of stator slot
openings.

This zero current torque which has a zero average value per 360° is
called cogging torque.

Cogging torque stems from the PM airgap flux density variation due to
stator slot openings and depends also on other factors such as:

e PM shape and placement
e The number of stator slots Ns and rotor poles 2p

Figure 10.14 shows the PM airgap flux density obtained from Finite
Element Analysis (FEA) at the center of airgap for a 27 stator slot 6 rotor PM
poles PMSM [6].
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b

surface-radial

o
@

Flux density (T)
o
@

2
o

o
LX)

k=]

20 40 &0
Along the center of the airgap (0-180 degree)

(a) (b)
Figure 10.14. PM shapes (a) and their airgap flux density (b) [6]

The cogging torque may be calculated, within FEA by the coenergy
method or by the Maxwell stress tensor method.

There is also a relationship between the e.m.f. harmonics content and the
cogging torque as evident in Table 10.1 for the same Ns = 27 slot, 2p = 6
pole PMSM and surface radial (SR), surface parallel (SP) and bread-loaf
(BL) shape PMs (Figure 10.14).

(=]

Table 10.1 Cogging torque and e.m.f. harmonics [6]

PM Tcoggpp Line to line emf at 1000 rpm [RMS]
shape (mNm) 1% (V) 5% (V) 7" (V)
SR 47.88 2.857 0.05604 0.012256
SP 15.63 2.8681 0.00648 0.008132
BL 5.562 2.8691 0.03459 0.004897

While the emf fundamental and consequently the electromagnetic torque
for given sinusoidal current would be the same for all three shapes, the
cogging torque is notably smaller for the bread-loaf PMs. The e.m.f.
waveform and cogging torque versus position curves depend also on the
number of slots per pole per phase q. For g=1 (Ng=24, 2p;=8 poles) the
e.m.f., cogging torque and electromagnetic torque for sinusoidal current are
all shown in Figure 10.15.

4 Load Torque
A

2

Cogging Torque

Static Electromagnetic Torque

S
Rotor Position ()
T T : T T
2'0 40 60 a0 100

Figure 10.15. E.m.f., cogging torque, total torque (for Ny=24, 2p;=8 poles)
versus rotor position for sinusoidal current [7]
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It is evident that the number of cogging torque fundamental periods N is
the lowest common multiplier of Ny and 2p:

N =LCM(N,,2p) (10.114)

The larger N, the smaller the peak value of cogging torque. In the case
on Figure 10.15, N =N, = 24,

There are applications such as automotive power steering where the total
torque pulsations should be well less than 1% of peak electromagnetic torque
of the motor.

Torque pulsations include cogging torque but also refer to e.m.f. and
current time harmonics; magnetic saturation of the magnetic circuit plays an
important role [6].

Among the many ways to reduce the cogging torque we mention here:

e A higher N=LCM (N;, 2p)
e PM shape and span optimization (Figure 10.16)
e Rotor or stator skewing (the electromagnetic torque is also reduced)

€0 —&— cogging torque 05
» —=— 5th harmonic | 0.45

50 } —— Tth harmonic L 0.4

40 &0 0.35

+03
0.25

CINA N s
o0 A W A 5
i Y - V g.os

45 47 49 51 53 55 57 859
Magnet angle (mDeg.)

P-P cogging torque (mMN.m
% of fundamental

Figure 10.16. Cogging torque and line e.m.f. harmonics content with PM angle

for surface PM rotor poles (Ng, 2p=6)

There are two PM span angles for which the cogging torque is zero; the
e.m.f. harmonics are not zero for those situations, but also small.

The slot-wound stator windings have been introduced to reduce stator
cogging losses by reducing the end-connection length and to reduce the
copper torque by increasing the value of N = LCM (N, 2p). They may also
be called factionary windings as q (slot/pole/phase) < 1.

They may be built in one layer or two layers (Figure 10.18).
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Table 10.2 Winding factor / single layer winding [8]

p
Q 2 4 6 8 10 12 14 16
6 * 0,866 * 0.866 0,500 * * *
9 * 0,736 0,667 0960 0,960 0667 0218 0177
12 * R * 0.866 0,966 * 0,966  0.866
15 * * 0.247 0383 0866 0808 0,957 0957
18 * * * 0.473  0.676 0,866 0844 0,960
21 * * * 0,248 0,397  0.622 0806 0,793
24 * B * * 0,430 * 0,561  0.866
Table 10.3 Winding factor/double layer winding [8]
p
Q 2 4 6 8 10 12 14 16
3 0,866  0.866 * * * * * *
6 * 0,866 * 0.866 0,500 * * *
9 * 0.617 0,866 0945 0945 0764 0473  0.175
12 * * * 0.866 0,933 * 0,933 0.806
15 = * 0.481 0,621 0866 0,906 0,951 0,951
18 = * * 0,543 0,647  0.806 0,902 0,931
21 * * * 0.408 0,505 0,521 0866 0.851
24 * * * * 0,463 * 0,760 0.866
Table 10.4 Dimension and proprieties of the 2 layer winding 6 slot/4 pole PMSM
Parameter value | unit
Topology Inner rotor IPMSM
Number of phases 3 -
Number of stator slots 6 -
Number of rotor poles 4 -
Geometry
Stator outer diameter 56 mm
Stator inner diameter 28 mm
Airgap (minimal) 0.5 mm
Stack length 45 mm
Magnet width 12 mm
Magnet height 3.5 mm
Winding
Nb. slots/pole/phase 0.5 -
Nb. winding layer 2 -
Nb. turns per phase 20 -
Materials
Core material MS800-50A
Magnet type NdFeB (1.2 T)

The e.m.f. waveform and cogging torque of a 6/4 slot/pole combination
PMSM is shown in Figure 10.17. The e.m.f. is almost sinusoidal. The
complete geometrical data are given in Table 10.4 [9].
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(a) Cross-section of IPMSM

Back-emf @ 955 rpm
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(b) Shape of the back e.m.f. at 955 rpm

Cogging torque vs. rotor position
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(c) Cogging torque vs. rotor position angle

Figure 10.17. E.m.f. of a 2 layer winding 6 slot/ 4 poles PMSM

T_cogg [m\n

Angle [mech.deg]

Despite the fact that the PM airgap flux density has a rather rectangular
distribution in the airgap the e.m.f. may be rather sinusoidal by geometrical
optimization, either with surface PM or with interior PMs on the rotor [9].

It is also feasible to produce a trapezoidal e.m.f. waveform, in general,
for unilayer windings with nonuniform slots [9, 10].
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Figure 10.18. Windings for a 2p; = 10 pole machine: a) conventional: Ny = 30, q =
0.4, b) one layer tooth wound: N = 12, q = 0.4, ¢) two layer tooth-wound, Ny =12, q
=04

To secure a large enough e.m.f. fundamental the winding factor K,
should be large enough (> 0.866).

For fractionary q and N / 2pm = z/n slots/pole/phase, the space
harmonics that occurs with these windings are:

1
v=1t—(2mg+2);g=0,+1,£2,+£3
n - for n an even number;

V= il(ng +1);g=0,£1,2,43
n - for n an odd number.

Integer and fractionary (sub)harmonics may be present.

The magnetomotive force (m.m.f.) space harmonics produce additional
components in the linkage inductance of the slot-wound PMSM while
subharmonics may also produce torque pulsations of low frequency.

Double layer such windings are known to having lower subharmonics.

The fundamental winding — factor for some main stator slot N, pole
number 2p; combinations for single layer and double layer slot-wound
PMSMs are shown in Tables 10.2, 10.3.

Consequently slot-wound PMSM, not only enjoy larger efficiency
(because of shorter coil end-turns) but also may be controlled for either
sinusoidal current or for rectangular current.

They are already applied in industry, from hard disks to servodrives,
automotive wheel steering or low speed high torque motor/generators.

Note: Other nonoverlapping coil winding PM brushless motor
configurations have been proposed recently but have not reached the markets
yet.

They are:

- Transverse flux PM brushless machines (TFM) [11, 12, 13] (with

ring shape coil for a large number of poles)

- Claw pole stator composite magnetic core PM brushless machines

[14] to cut the manufacturing costs in small motors.
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- Flux reversal PM brushless machines (FRM) [15] with standard
laminations and stator PMs (in general) to cut manufacturing costs
in medium — large torque low speed applications.

- Axial - airgap PMSM, have been introduced to increase torque /
volume for various applications [16].

10.9. THE SINGLE-PHASE PMSM

For low power (say below 500 W) home and automotive actuator
applications, the single phase PMSM is sometimes used in order to cut the
costs of the power electronics converter for variable speed, by reducing the
number of power switches.

A typical cylindrical type single phase PMSM is shown in Figure 10.19.

rotor position
—— bi.lan starting

y ’;

/ /
\\V}_‘E{ notch in the

stator pole
bifilar w mdm" for self starting

Figure 10.19. Single phase PMSM with bifilar stator winding.

The stator magnetic core is made of silicon laminations (0.5 mm or less
in thickness).

There are two semicoils for the positive polarity of current and other two
semicoils for the negative polarity of current. The bifilar winding is thus
obtained. Though it leads to an increase of copper losses it allows for a low
power switch count controller (Chapter 11).

The 2 slot / 2 pole configuration leads to a 2 period cogging torque per
revolution.

The machine will not start as the initial position sees the PMs aligned to
the stator poles where the electromagnetic (interaction) torque is zero.

To produce a nonzero electromagnetic torque position a few solutions
may be applied: a parking magnet pair is placed off-settled between the main
poles (Figure 10.11) or a notch is placed asymmetrically on the stator pole
towards airgap; alternatively, a stepped airgap under the stator pole solution
may be applied.

In all cases only motion in one direction is provided. But once the motor
has started in one direction it may be braked and then moved eventually into
the opposite direction based on a Hall proximity sensor signal (Chapter 10),
if the PEC allows for AC current in the phase coils.
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10.10. STEADY STATE PERFORMANCE OF SINGLE PHASE PMSM

At least for sinusoidal e.m.f., the single phase PM brushess motor is, in
fact, a synchronous machine. So all the equations already developed in this
chapter apply here, but for a single stator electric circuit.

For steady state the phasor form of stator voltage equation is
straightforward:

V. =R, +E +joLJI;E =jo,Ayy, (10.115)

— s=s?

With a sinusoidal e.m.f. Eq:
E (t) = E cos(w,1) (10.116)

and Vj, I, stator voltage and current, L — stator inductance (independent of
rotor position for surface PM rotors), Apy — the PM flux linkage, Ry — in the
stator resistance.

For steady state:

L (t) = I cos(w,t —v) (10.117)
The electromagnetic (interaction) torque is:
E. (D)1 E I
p s(t) (t) — P sl sl(t) (COSY+COS(2@,t_Y))
o, o 2 (10.118)

As for the single phase IM or for the AC brush motor the
electromagnetic torque pulsates at double stator current frequency (speed).

Now the cogging torque, with Ny = 2 slots, 2p = 2 poles, has N = LCM
(2, 2) =2 periods:

T:

€

Tcogg ~ Tcogmax COS(20)rt - Ycog) (101 19)

It may be feasible that with such a cogging torque variation to secure Yoo
= v and, for a certain load torque:
pE. I

_ sl sl

T 20, (10.120)

This way the torque pulsations are cancelled (the large cogging torque
(10.120) may be used for rotor parking at a proper angle to secure safe
starting).

At lower load, pulsations occur into the total torque as their complete
elimination is performed only for the rated load.

The phasor diagram that corresponds to equation (10.115) is shown in
Figure 10.20.
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Figure 10.20. The steady state phasor diagram of the single phase PMSM

The core losses pion may be expressed as proportional to speed and stator
flux squared:

e
o Piron (1 0 1 2 1 )
Rion may be measured or calculated at the design stage.
In general the copper losses are larger than the iron losses and may be
calculated afterwards and added to the efficiency formula.
To calculate the steady state performance for given voltage power angle
d,, stator voltage Vi, and o, (Es = o,Apy — given also) we obtain:

JVZ +E? —2VE, cos3,

I_ =
’ Z (10.122)
Z =R +jo L’ ;tan ¢ = ——;cos(¢ + &) =£sin6V
oL, I-Z (10.123)
7\,25 = 7\'21’M +Lilz _Z}LPMLsis COS(8V —(p) (10124)

The mechanical power P is:

242
Pmec ~ VsIs COS @ — Isst _(Dr_}\‘s ~ Pmec
core (10.125)
P....= mechanical losses.
Efficiency 1 is:
,rl — V I mec
sis COSQ (10.126)

The electromagnetic torque Te versus power angle for a 150 W single
phase PMSM is shown in Figure 10.21 in P.U. for zero and nonzero stator
resistance Rs.
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Figure 10.21. Torque versus power (voltage) angle
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Figure 10.22. Efficiency and power factor versus output power Py (W)

It is evident that the stator resistance should not be neglected because
otherwise the peak torque (at 3, = 90°) is grossly overestimated.

In V/f scalar control variable speed drives the torque should not surpass
the real peak torque, but better be notably smaller (by 30 — 40%) to secure
rather stable operation to moderate load torque perturbation. Typical
efficiency and power factor curves for a 150 W motor [17] show mildly good
performance (Figure 10.22).

Example 10.5:
A single phase PMSM is fed at Vsn = 120 V (RMS) at the frequency f;=

60 Hz and has two rotor poles 2p = 2. At the corresponding speed, the no
load voltage E, when the motor is driven by a drive is: E=0.95V,. The
stator resistance R= 5 Q and the stator inductance L= 0.05 H. Calculate:

a) The speed at f;= 60 Hz;

b) The stator current for d,= 0,450, 90°.

c¢) The power factor versus ..

d) The average torque for the voltage power angle 6,=0,45°, 90°, with
core and mechanical losses neglected.

Solution:
a) The speed n is:
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n = fi/p =60/1 = 60 rps = 3600 rpm
b) The stator current from (10.122) is:

- N/VS2 +E; -2V.E cosd,
s 7 -
= J120% +(120-0.95)> =2-120-120-0.95-cos 3, =

18/19.5=0.92A, 6,=0
86.583

= —4.44A, 5, =45°
19.5
15749 _g 07, 5, =90°
19.5

with: Z =45 +(2160-0.05} =19.5Q

c¢) The power factor angle ¢ comes from (10.123) with:

E=tan" Ry ' — > 1430
oL, 377-0.05
cos(p+§&)=—"sind
(@+8)=— p Sinos
For 8,=0:  (¢+E) = 90°, =90 -1438=7532°;

8,=45° cos(¢t+E) = 0.833,(¢+E) = 33.6°, ¢ =33.6 -14.38 = 19.20%;
8,=90°: cos(¢tE) = 0.648,(p+E) = 49.59°, ¢ = 49.59-14.38 = 35.21°;

d) The electromagnetic torque T, is:

Te = PELscos(d, —¢) _
()

T

5,=0,Te= #102 +0.92-cos(0—75.62) =0.0618Nm

5, =45°Te= %102 +4.44 - cos(45-19.20) =1.0815Nm

5, =90°Te = %102 -8.07-cos(90—-35.21) =1.2589Nm

From 8,=45° to 6,=90° the torque increases by less than 25%, in part due
to the stator resistance presence (the increase would be 30% with zero
resistance).
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10.11. SUMMARY

Synchronous motors (SMs) are, in general, three-phase AC motors with
DC excited or PM excited or variable reluctance rotors.

Because the stator m.m.f. travels along the periphery with a speed n; = f}
/ p (f] - stator frequency, p - pole pairs), the rotor will rotate at the same
speed as only two m.m.f.s at relative standstill to produce nonzero
average torque.

Changing the speed means changing frequency.

Excited rotor SMs require copper-rings and brushes to be connected to a
DC controlled power supply. Alternatively, a rotary transformer with
diodes on the rotor (secondary) side may provide for brushless
energization of the excitation (field) windings.

From all variable frequency-fed SMs only excited rotor SMs, fed from
current-source PECs (as shown in Chapter 14) have a squirrel cage on
the rotor, to reduce the machine commutation inductance.

Unity or leading power factor operation at variable speed and torque is
possible only with excited-rotor SMs based on continuous field current
control, to nullify the input reactive power to the machine. For this case,
if the stator flux is also constant, the speed/torque curve becomes linear,
as for a DC brush motor with separate excitation. Flux weakening is
performed above base speed.

PM-rotor SMs may be operated at variable speeds by their control in d-q
orthogonal axes coordinates, through adequate coordination of ig-iq
relationship with torque and speed requirements. Negative
(demagnetizing) i4 is required for positive reluctance torque as Ly <L,
Multiple flux barrier rotors with conventional or axial laminations,
eventually with PMs in axis q (of highest reluctance, Ls > L), have been
shown to produce power factors and efficiencies similar to those of
induction machines in the same stator.

The d-q (space-phasor) model of SMs seems the most adequate vehicle
for the design and analysis of variable speed drives with SMs.

To reduce copper losses and frame size tooth wound PMSMs have been
introduced for various applications: from hard disks, through industrial
servodrives to active power steering.

Single phase PMSM are recommended for low power, low system cost
home appliance or automotive electric actuation technologies.

The next chapter will deal only with PM and reluctance SM drives —
low and medium powers (up to hundreds of kW), fed from PWM-IGBT
converters. Large power industrial drives with excited rotor SMs will be
treated in Chapter 14 as they require special PECs.
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10.12. PROBLEMS

10.1. A PM-SM with interior PMs (L4 < L,) is fed with a step voltage along
the q axis, AV, while V4 = constant and the speed is constant. Using
(10.34)-(10.35) and Figure 10.5, determine the Laplace form of the
current Aiq, Aiq and torque responses.

10.2. A PM-SM with surface PMs and q > 2 has the data: Ly =Ly = 0.01H, 1,
= 0.5Q, p = 2 (pole pairs), rated current (rms, phase current), no-load
voltage (at ny = 1800rpm), V, = 80V (rms, phase voltage).

Calculate:

a. The PM flux linkage in the d-q model Apy;

b. The torque at rated current with iy = 0 and the corresponding rated
terminal voltage for n = 1800 rpm;

c. The ideal no-load speed for i = 0 and i4 corresponding to rated
current;

d. The torque at rated current and voltage for n’ = 3600 rpm.

10.3. An RSM has the data: rated voltage V, = 120V (rms, phase voltage),
01, = 120rad/s, iz, = 20A (rms, phase current) and the inductances lg, 14
in relative units: 4= 3 p.u., I;=0.3 p.u., r;= 0.5 p.u., p = 2 pole pairs.
Calculate:

-1
I(P.U.) = L( Va j
a. Ld, Lq, I in O lf In('oln ;

b. For ¢ fig = VL /Lq and rated current and voltage determine the
base speed my, torque, input power and power factor angle @;.

c. AddaPM in axis q (acting against iy) such that the no-load voltage,
at base speed wy, €g = 0.15 and calculate the ideal no-load speed for

iq = isn.
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