9 Permanent-Magnet Synchronous and
Brushless DC Motor Drives

e Two developments contributed to PM
synchronous and brushless DC machines:

1. Armature placed on stator;

2. Excitation field on rotor with the PM poles




9.2 Permanent magnets and

characteristics
e Permanent magnets
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Figure 9.3 Simple layoul of the stator and rotor of a machine




 If the mmf requirement of stator and rotor
Iron Is considered negligible. Then

Hmly + Hgly =0
e The operating flux density on the
demagnetization characteristic

Bm =B+ HOMrmHm
e Bh=B+ HOHgHrm('Ig/Im) =B - Berm('Ig/Im)
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An operating point defined by Bm and Hm

Bm =B+ HOMrmHm 'HOMch

The permeance coefficient Is derived as

_ r _ B MOMreHm
K _Hon —Hm = _HOH M = B =B

The variations In the remnant flux density are
due to temperature changes and to the impact
of the applied magnetic field intensity (pi)

In hard permanent magnets, the external
permeability Is on the order of from 1 to 10.




e The maximum energy density for a hard high

grade permanent magnet Is
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Figure 9.4 Energy product and preferred operating characteristics




The flux density at the maximum energy
density available is at 0.5B;.

The magnet volume
Bglg = MOHmIm
BnAm = BgAg

From these ideal relationships, magnet
volume Is
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The maximum operating energy density

point of the magnet will yield the magnet
with the minimum volume: cost.
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9.3 Synchronous machines with PMs

e Classified on the direction of field flux

1. Radial field
2. Axial field
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Figure 9.6 Flux distribution in the machine at no-load
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figure 9.7 Radial air-gap flux-density profile in the machine at no-load
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Figure 9.8 PM dc brushless-motor waveforms




o Let IIps and Ip be the peak values

=—= (in the synchronous)

(in DC brushless machine)
* Equating the copper losses
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e The ratio of their power outputs
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9.4 Vector control pf PMSM

e Model of the PMSM

The stator flux-linkage equations

r i r r
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e The g axis winding faces the interpolar path
In the rotor, where the flux path encounters
no magnet.

e Then the flux linkage
Ny = L

q'as
r_q ar -
Ags = Lalgs + Ly

e The stator equations:
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e The electromagnetic torque

3P rosr rosr 3P i AT A7
Tezga{k I — Al }=§E{kaf|qs+(Ld—Lq)| |

ds"qgs gs'ds gs’ds

where the rotor flux linkage linking the stator
}\“af = I—mifr
e The vector control of the PMSM is derived
from Its dynamic model.

e Consider the inputs, three phase current

I, =1.sin(w, t+0)

I, =1 .sin(w, t+ S—Z—n)

I, =1 .sIn(w t+d+ %)




e The g and d axes stator currents in the rotor
reference frame are

2T 21, i
{iﬂ ACSA cos(wrt—?) cos(wrt+?) _
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sinw,t sin(w t— 2?71:) sin(w, t+ %n)

. Substifuting i, ins and ics into the above
equation gives

i, | . [sind|
i' | °|cosd
e The g and d axes currents are constant,
since o Is a constant for a given load torque.




The electromagnetic torque then becomes

3P I - 3P 1 9 - o
T, = EE{U_O' — Lq)lqslds + Al )= EE[E(LO' — Lq)IS SIN20 + A1, SINJ]

For o = /2,

3P. . :
Te = Ezkafls — Kl}‘afls’ (N ’ m)

The above equation is similar to that of the
torque generated In the dc motor.

If the torque angle Is maintained at 90° and
flux 1s kept constant, then the torque Is
controlled by stator current.




The phasor diagram for an arbitrary torque
angle o:




Torque-producing component of stator
current = It = g
Flux-producing component of stator current

— If_ Ids

The torque angle o = 0.

The mutual flux linkage
o=y O + L) + (L i)’
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Figure 9.10 Veclor-controllec




* The function generator on the speed
f(m) =1

e The air gap power

o T for the constant - torque region
w, T~ for the constant - power region

* The stator-current phasor magnitude and the
torque angle

s = (i) + (i7)?

S = tanl{'_—l}
If

Pa = (DmTe — (Dmf ((Dbm)T = {




* The Instantaneous position of the stator-

current command
0.=0 +8 = t+§

* The stator-phase current commands

cosO. sino, sin(0, +87)
2T : 2n | iz | . 2T
cos(0. ——) sIin(0. —— siIn(0. +06 ——
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9.5 Control strategies

e Some key control strategies

(1) constant torque angle control or zero-direct-
axis-current control

(11) unity power-factor control

(111) constant mutual air gap flux-linkage control
(Iv) optimum-torque-per-ampere control

(v) flux-weakening control




9.7 Speed-controller design

e The motor g axis voltage equation
Vi = (R, + Lop)il + oy

e The electromagnetic equation

where T :g-gkafias




e |If T) =B, then
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0.8 sensorless control

e The following assumption are made

1 Motor parameters and rotor PM flux are
constant

2 Induced emfs In the machine are sinusoidal

3 The drive operates in the constant-torque
region, and flux-weakening operation is not
considered.




The basic control schematic diagram
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Figure 9.38 Control schematic diagram of the sensorless PMSM
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e Assume that the rotor position 6., lags behind

the actual rotor position 6, by 66 radian
0, = joordt

0, = J-(Drmdt
80 =0, —0,, = [ (o —0,,)dt
e The stator current carried out In a reference
frame at an assumed rotor speed.
* The reference frames are oo and 3 axes.




* The machine equations in rotor-speed
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e Discretize the two sets of model and actual
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* The actual rotor speed Is obtained as

L
o ———L 15 [KT]+o.
dog T

* The error rotor-speed
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e The rotor position then is
Or = Oy + 00

00
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9.10 PM Brushless DC Motor

e The couple circuit equations
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e The peak value of induced emfs E,
E, = (BIV)N = N(Blrom) = Ndaom = Apon,
e The air gap flux ¢gq

¢, = Blr :iBnIr = 1<1>g
T

T

e The Instantaneous Iinduced emfs
€as = Tas(Or) Apodm
s = Tus(0r) Apon,
€ps = Tos(Or)Apodm




e The electromagnetic torque
Te = [€aslas + €pslbs + Ecsles]/Om

= kp[fas(er)ias + 1:bs(er)ibs T be(er)iCS]
e The motion equation

do,,
dt - - -
* The relationship between electrical rotor

Speed and position
de, P
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e The system In state-space form
X =AXx+Bu

where L; = L — e [ias ibs ics Wm er]t
U = [Vas Vbs Ves TI]t
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