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1. Permanent magnet synchronous machines as “brushless
DC drives”

1.1.5 Equivalent circuit of PM synchronous machine

Source: Siemens AG, Germany
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Equivalent circuit of PM synchronous machines

RS is(t)
—§—o

ug(t)

;? -
Voltage equation per phase: - dig (t)

0F SRR PP Us (1) = Ry s () + Lg ==+ Up ()

- back EMF u(t) !
- self-induced voltage ~ di/dt Synchronous inductance: Ld = Lh + LO.
- resistive voltage drop main and leakage inductance:
- voltage from feeding inverter: ug(t) Leakage:

Q: slot; b: overhang, o: harmonic
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Air gap flux density excited by the
distributed stator winding

+U - W +V —-U +W -V +U

P Resulting air-gap:

N A o —Ores =5 +hg +hy
e 2O ) /QX 9/ ) mechanic air gap
1U o

/}J}Q léﬁfﬂf’/}i \//E% bandage thickness

D o ;1/2 — B‘SSO,?;%];XS)QV magnet height

— - - X
\_H @ oC ||1|| e

Fundamental of this flux density induces back into stator winding, thus linking phases U,
V, W, generating a self-inductance (main inductance) L,, which is equal for all three
phases (here is shown flux excited by phase V, linked with coil of phase U)

U Zm T ||:
Ly =—— = 1 - (Ng Kys)* - b=
ws - | ° ‘P Ores

T
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Fundamental air gap flux linkage between the three
phases — Consideration for phase U

Yo =Hu + v +Fow = Luphlu + Myyly + Mgy iy

ﬁvself :Lphi~d§ Tmutual :M |~—@/2 M :—Lph/Z
D c"" D oc"-1/2"

Lh — (3/2) ‘ Lph
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Alternative derivation: Self inductance of the stator
fundamental air gap field wave
Self induced voltage:

2 : .
U s,v=1(t) = @5 - Ng - Ky T z'pIFe Bs 1 - SIN(@gt) = \/E'Us,s -sin(a;t)

Fundamental stator field amplitude, excited by the stator sine current I:
o V2 M

Ores 7T P

Bé,v:1: 'Ns'kwl'ls

Fundamental stator field winding factor: K1 = Kys

Self inductance L;, of the fundamental stator field:

L — Us _ N k)2 2m, Tpl Fe
h = | Ho - (Ng -Kys)® - 5 S
Ws g T~ P Ores
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Schematic drawing of stray flux lines

Slot leakage flux Winding overhang leakage flux
S L L L LA
L 7???%
2/& — > B, (y) C%
/B(/I —~——
? LS 7
“ i
118 |7 %\ §
g N1, “ ]
2 \ VTR
AP {7 |ba oW
! B,
' Leakage flux density of winding

Slot leakage flux, rising overhangs
linear from bottom to top of

slot according to Ampere’s

law
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Equivalent circuit per phase of
synchronous PM machine

up(t) <

\j

Ly Rs ig(t)
— |—<e—

L0'Q+b+o

) ug(t)

V

us(t) —

di, (1)
dt

R, -ig (t) + L +u (t)

« Considering only time fundamentals = use complex phasors U, U, and | !

« Field oriented operation = current in phase with back EMF: g-axis current |

« Surface magnets: inductivity for d- and g-axis identical (Ly = L, = L)

U =

—3S

Ryl + Jolyl, +U
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Phasor diagram per phase of synchronous PM machine

at operation with sinusoidal voltage and current

A9
A4

> > C
¥p
> » d
¥p
arbitrary current phase shift field-oriented control = current in phase
between back EMF U and with back EMF U, (" brushless DC
phase current drive”)

b ——  —————————>—>—>Dn0nmnmnmnmmmDmDmm
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1. Permanent magnet synchronous machines as “brushless
DC drives”

1.1.6 Stator current generation

Source: Siemens AG, Germany
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Stator current generation

DC— EA J} ‘(% DC link voltage source inverter with switching

Supply ' El' i oM transistors and free-wheeling diodes

) ) R, neglected:
Aﬁ} | Aﬁ}ﬁ} Ud _Up,LLzLS°diS/dt

T LT

»| Gate Drives

| Us LL, is A a) Equivalent switching
tranSIj\t/Or is JsLL scheme of DC link voltage
v 7z source inverter, connected to
L A TNATNAIN e
Ug |+ sl g BaE é_ N the two phases with
d free A 7 S . . :
wheeling l Y switching transistor and free-
diode Up LL Ton /] . .
- - wheeling diode,
1/"_“'1, o t b) Current ripple and
2) b) P chopped inverter voltage

s
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Hysteresis band current control

rrent

block commutation sine wave commutation
is Shaping of cu
‘ +Ud 4 i :
! us(t) with hysteresis
; — J ) band

—

A A A
Lz A 7 7 7 7 7 4 a4 7 /]
L /2 bV 72 7 7 7 7 ZSab /s 7/ J

0 I >t
0 T/2

Current commutation from phase U to V etc.:

~-Ugq Determination of current phase shift (= firing
V w angle) by encoder to get rotor position. Current
shall be in phase with back EMF !

SEensors

/

Block commutation: Six step encoder:

A rotor disc and three stator-fixed sensors U, V, W, spaced by
~120°/p (p: number of pole pairs), are sufficient for rotor
disc position sensing for block commutation (here: 2p = 4)
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Measuring rotor position for sine wave
commutated synchronous PM machine

Rotor position must be known at every moment,
as frequency might change at every moment,
hence changing sine wave shape !

Position measurement:

a) Resolver: Continuous measurement of
position (analogue electromagnetic device)

~ | b) Incremental encoder: High resolution
Source: Heidenhain, Traunreut,Germany necessary (eg 1024 X 4 counts per revolution),

Optical incremental encoder,  hence optical sensors !

to be mounted on motor non-
drive shaft end
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Rotor position encoder at NDE motor side

i

Stator

Encoder

L

PM rotor

Source: Engel
Elektroantriebe GmbH,
Germany

bearing
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Inverter operation with g-current

At a given current we get the maximum possible torque at
we do not have a reluctance torque component!

M

M, :Q—-(Up Agg+(Xg = Xq) - lsg -1y )
syn

No reluctance difference between d-
and g-axis: Xy = X, IR 1 Xp 1

lg =lsq, lsg =01 if

Me=mg U, -l / Qg Xsols

The torque is at I = I, at maximum,
because due to L, = L, only the g-
current |, produces a torque.

Back EMF of PM machine: U , = Jas ¥ /2

Me:p-ms-sup-lsq/«@

Is=1q

» d
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Air gap power at g-current operation

Ad

=q

Ps=ms-Uy,-lgqg=Mg -y,

* Atlg-current operation current | and back EMF U, are in phase.
®* The air gap power is therefore at maximum.

Hence also the torque is for a given current at maximum: Maximum Torque per Ampere MTPA
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Inverter-operated PM synchronous machine

Ad
Ld = Lq
LRA Hnls| Us = (@sLglgq)? + (Rglgq + 0,7, 12)?
Xsols Uy, =P
U, - For not too small stator angular frequency o, we get:
?IT 3s~1q
T U, =212+ (7, 1N2)°
> > d
¥p
Us ~ o
Control law for the inverter Us A

(similar to induction machine operation):

U,

Influence of stator resistance R, at low /

stator frequency:

:\/(a)SLd )’ + (Relgg + 0¥, 142)? 07 "

Y» TECHNISCHE

UNIVERSITAT

<* DARMSTADT

Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische ﬂ
ans>

1.2/16 Energiewandlung « FB 18

st



L% DARMSTADT Energiewandlung « FB 18 e

1. Permanent magnet synchronous machines as “brushless
DC drives”

1.1.7 Operating limits of brushless DC drives

Source: Siemens AG, Germany
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Operating limits of brushless DC drive

jWquS

Phasor diagram per phase of synchronous PM machine at
high speed with neglected stator resistance; field-oriented
control with current in phase with back EMF, no saliency
assumed Ly =1L,

| _demagnetization limit
inverter current limit Y
Mmax
short time inverter voltage
limit ..
overload Speed-torque curve limit for
influence of iron synchronous PM machine with
continuous duty and friction losses  fie|d-oriented control (current in
Mop———==om oo oo ———— phase with back EMF)
AVYc, =constant Mn
0
nN
0
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Operation limits for brushless DC drive

- Steady state torque: temperature limit of insulation material of stator winding.

E.g.. Temperature limit (IEC 34-1): 105 K for insulation class F (ambient
temperature 40°C).

Stand-still torque: M, at n = 0: only resistive losses

Rated torque an rates speed: My, at ny: Resistive losses, friction and iron losses,
additional losses.

For constant temperature and self-cooled machine: Total losses must be constant
= Resistive losses must decrease at ny, hence current decreases: My < M.

- Dynamic torque (Overload up to about 4M, ): Accelerating and braking: short time
operation (several seconds). Temperature rise according to thermal time constant
T, of the motor winding stays below temperature limit. So dynamic torque overload
up to about 4M, is only possible for.

- Maximum torque: inverter current limit.

- Demagnetization limit: Inverter current limit must be below the critical motor current
which would cause irreversible demagnetization of the hot rotor magnets (at 150°C).

- Mechanical maximum speed limit n._, > rated speed n !

- Inverter voltage limit: Internal motor voltage reaches inverter voltage limit, hence
current input and torque decreases

111y
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No-load and load radial air gap field component

- Stator slot opening influence INCLUDED, constant air gap

e
\ gi )
N\ 79

4/,. ——,

(A >
/ N
7 / 7 oy v
]/ N/ 1 ’ /

! \ y \
A SN il
{ff = bl 1)
L NN bty dil
i) B HIYYN Y { (A

:

/ ~ i1
‘f«"” ' \‘i‘-;\\\'-
/f ( % ’\J |

edge N
Source: 2D Finite element program FEMAG,
1: 1r ETH Zurich
05} 05l
E’ Of % & >
] @ :
-05¢ -05¢
_1 1 I I J _1 1 L L J
0 50 100 150 200 0 50 100 150 200
Distance (Degrees) Distance (Degrees)
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Surface mounted PM synchronous machines:
Load dependent saturation

A— d A
1o FluXk loss al | \% Iq
w] Noadl=0 olfofiofiotiotiodd
Load /.= I, Y ' 140
1 ! ! rhM
0,4 - b = .
. g : 2
B‘ ’ J | 2 \_ O¢ I 2 = X
o,r 0.0 ‘H
T | Source. ° AT
2 ; 2D Finite element \ ?p/ (6+hy)
0.4 - program ANSYS
06 gHchy /(6+hy)
04 3 0 ™ o
0] ‘|‘Flux loss 2 2
0,00 0,;)2 I (),:)4‘I l 0,;)6 l 0,:)8 O,EIO ] ]
Circumference coordinate x / m Increase of field at leading magnet
edge may cause load-dependent
Flux linkage is dependent on load current: saturation of stator teeth

w(1.)<¥(I, =0)

This causes a loss in flux there.
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Example: Load dependent saturation = Loss in torque

Source: TU Darmstadt, Germany

Iy= 94.6 A
M= 477.4Nm
2l = 189.2 A M-I-characteristic
Man= 695.1Nm 800 - Calculation FEMAG
700 - ermmmrm e i :
600 i
’ T :
900 4. Measurement :
£ . :
Z, 400 - . '
= 300 ' E
200 M — m . p .Tp—(ls?_. I
] e ; q
2
100 - \/_ :
0 \ \ \ \ \ \ \ * \ \
0 25 50 75 100 125 150 175 200 225
I[A]
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Torque formula from air gap power at g-current operation

P; P _m-U I

M, = _ _ p'sq
2m o, lp olp
M- (0, (15)/2) - 1, 7y (1)
e: :m.p. -Iq
| p V2
jwLgls
% (I
Me:m.p T/(ES).ICI
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Voltage limit for brushless DC drive

e Inverter-output voltage U, .., defines maximum

possible motor speed n

maxX

max-

Jwlgls At high speed neglect R << Xq:
Up 1 N
v | == . U2 — (. ¥, 2 2
s,lim o Ld \/ S,Max ( > P )
Is=Isq yjp
Miim =M- p-—=ljim (N)

J2

e Maximum possible motor speed = No-load speed at voltage limit:

_ )
Us max = @5 max e /2 Nmax = NN Umax
PN

L1l
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Typical M(n) characteristic of a PM servo drive

MM/Nm
: 100
Different number of turns per 90 ALT AFT]  AH7
. NI NN
phase: 80 NN N
variants AC7, AF7, AH7 70 NIERN <
60
%M max :; ————————————————————————— -\\"—'—'— ———————
. . . M Grenz - Pl \
Admissible torque: | 10 = < ;@_25%*_
- S1 steady state operation, 30 A — S {s340% |
- ] I 0/, —|
- S3 short term operation R $3-60%
1 | ~— =i 51 (100K »
. /BL i S1(60K)
Continuous duty torque must 0 1000| 2000 3000 4000 5000 6000
stay below S1-line Mm=1100min""  ny=3000min~"  ny/min~! —p

For acceleration maximum

possible torque is used, but only

for short time ! Source: GroRR/Hamann/Wiegértner: Elektrische
Vorschubantriebe in der Automatisierungstechnik,
Publicis Verlag, Munich, Germany
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Different ,Number of turns” for one motor

- ldentical are: Motor A

Copper mass
Iron mass
Motor size
Torque

Current density
I°’R-losses
Magnet flux

Number of turns per phase:
Conductor cross section:
Current:

Back EMF at speed n:
Maximum speed:

Inverter power at n,,.,:
ﬁ‘ TECHNISCHE
©."y UNIVERSITAT

- DARMSTADT

Motor B
lot cros
section 50 A
100 A
Conductor
Cross 50 A
section
N 2N
Acu qcu/2
| |./2
U ~Nno 2U, ~2Nn- @
Nmax ~ Umax/(N'¢) r]max/2 - Umax/(ZN'¢)
S = 33U, s S/2 =3U,,,,1./2
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The same

a) External fan for forced cooling

Example: M(n) characteristic of a PM servo drive

closed motor, but

Source: Siemens motor catalogue SIMODRIVE,
Erlangen, Germany

b) Self-cooling = no fan
My My
Nm Nm
300 - Ugq=575V 300 -
200 200
M=
0 145Nrr;(A19(;u—100 Myn=135Nm
ont. o
100 - 100 528 m(Ascy=100k) [, | My=82Nm
cont. duty
0 nN=1200/min nN=1200/min
0 400 800 1200 H/L 0 400 800 1200 n/l_
min min
7 TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems
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1. Permanent magnet synchronous machines as “brushless
DC drives”

1.1.8 Use of reluctance torque to increase the torque

Source: Siemens AG, Germany
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No-load rotor air gap field with parallel PM magnetization -
No reluctance variation

- Surface mounted magnets, stator slot opening influence neglected
Pole coverage ratio o, = 1

Rotor air gap field amplitudes:

08 u=1 3,57, ..
U BHIT
06+
1 0.8829 = 100%
3 0.1992f232/2
04 : 00864 - &%
9 0.0362 = 4%
0.2
i o =
= X
0.2
- Parallel magnetization yields at low pole
. . . 04r
count considerable difference to radial Source:
. . 2D Finite element
magnetization 08L 1o oram FEMAG.
. ] . . i i ETH Zurich
- A better approximation of sinusoidal field is s, - - - o

achieved, higher harmonics B, are reduced Distance(Degree)s
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No-load rotor air gap field with buried magnets —
Rotor reluctance variation occurs

- Stator slot opening influence neglected, constant air gap

Pole coverage ratio o, < 1 Rotor air gap field amplitudes:
u=1,3,5717, ..
7] B“/T
0.8¢
1 0.7690 = 100%
0.6} : o5t = 5%
S
0.4+ 11 0.0439 = 6%
| 0.2}
Ny = e SRS L S
IlH / IIII‘ .'/ Ilf‘ '."/-‘ 4 / ,.ll\\l \.I ‘\,.II \"| "][ x,]\ \ m ‘1 X
Lt [ f(] v/ RN -0.2
- Depending 0.4} Source:
. 2D Finite element
a) on the shape of air gap 0.6 Program FEMAG, |
b) on the saturation of iron bridge ETH zurich
the air gap flux density may vary:. 08 50 100 150 200

Distance (Degrees)

- Numerical calculation is recommended.

. TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische ﬁ

% 3 UNIVERSITAT 1.2/30 : . ;3
Y DARMSTADT Energiewandlung « FB 18 4t

L1l




Torque from power balance at Ly # L,

A d A d

Stator flux excited in Stator flux excited in

direction of the d direction of the g-axis
~ f\\§ 4 - f’@

A% /e
l//d(t)=5”p+|—did(t) / | Wq (1) = Lglg (t)

Electromagnetic torque at Ly # L, m = 3 phases

Me(t)=p-m-(pq (14 (1) -y (O)ig (1) /2
M () = p-m-(Zyiq — (Lq — Lg)igig)/2

J U
Y Y

PMtorque reluctance torque

b ——  —————————>—>—>Dn0nmnmnmnmmmDmDmm
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Example: Rotor geometries A, B, C for a stator with distributed
Integer slot winding

Rotor A Rotor B Rotor C

%\\

SR

“@}.’?’r ) _"‘:f\\\
§ ‘“____r >

Motor A:

Surface magnet motor A (three phases m = 3, four poles 2p = 4, 15000/min, over-speed:
18000/min)

Source:
Me=p-m-(Fplg - (Lg—Lg)lglg)/2 | mpmesemen
ETH Zurich
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Numerically calculated torque for motors A, B, C

Motor | Average torque M, PM torque Reluctance torgque
(Nm) (Nm) / (percent %) Me- M,
(Nm) / (percent %)
A 7.95 7.95/100% 0/ 0%
B /.88 6.14/ 78% 1.74 | 22%
C 7.76 5.42 1 70% 2.34 | 30%

Comparison of
- the average total torque,
- the PM torque and

- the reluctance torque of motors A, B, C for the same stator geometry, winding,
sinusoidal current 44.5 A rms per phase, calculated with FEMAG.
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Reduction of PM material due to reluctance torque

Motor | Voltage ph. | Angle | Inductances App. Power S Less magnet
U,/ Vrms Jé) Ly / Ly (1H) (kVA | %) volume
A 95.17 0) 127.5/136.0 12.7 -
B 99.7 -26° | 198.0/575.0 | 13.31/+5.0% -34%
C 99.92 -30° | 200.0/650.0 13.39/+5.5% -53.1%

- Comparison of inverter and motor data of motors A, B, C for the same stator
geometry, winding

- Calculated with FEMAG.

- Motors B, C have for the same torque 7.5 Nm less winding losses and
temperature rise than motor A.
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1. Permanent magnet synchronous machines as “brushless
DC drives”

1.2 Brushless DC drive systems

speed & current control
power electronics

position

H T
control M N
commutation
speed
position
-\

Source:
Lehmann R.: Technik birstenloser Servoantriebe, Elektrotechnik 21: 96-101, 1989
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speed & current control
power electronics

position
control

Block current commutated
drive system

commutation

speed

position

- Inner loop current control as in
DC machines (“brushless DC
drive”)

I

- QOuter loop speed control
- Master position control
- PWM inverter with block phase

currents
- wt

| | | |
30 60 90 120 150 180

120°

1 |
360°

- Simple rotor position
measurement (H : Hall sensors),

» ot additional speed sensor (T: Tacho)
and high resolution position sensor
(E: encoder) for position control

p ot

Source:

Lehmann R.: Technik burstenloser Servoantriebe, Elektrotechnik 21: 96-101, 1989
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d
233V i
7% pwu Sine wave
I max ‘ measurement .
setopoint o | g I L commutated drive
spee
PID |—< v ] system
i
current ] B
Us~n limit w
N | | Pt current - Inner loop space
sin cos l. .
— ot ) vector current control in
Logic ® rotor reference frame
to position control position (d-q-SyStem)
a) Source:
Lehmann R.: Technik burstenloser Servoantriebe, Elektrotechnik 21: 96-101, 1989 - Outer |00p Speed
control
ly ri - PWM inverter with
T T~ Wt o
30 60 90 120 150 180 360° sinusoidal phase
iy SN currents
o Tt = 12300 e~ = vt - Resolver (R ) or
: ~ encoder for high
w | . .
e~ e ot resolution rotor position
0 measurement
b)
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Application of PM servo drive in milling machine

inclination
o

FAbd —> Milling
pp, Mgr Fry —» 4
* | i 7 / 777 |
n2 1.4 | AV MSL
- - 77 VA7
* TI A r 1 RSIL
ds
p d
Teto mlL hsp 7sSM | o
| 1Sp
: : working piece  movable table screw ball spindle
: : L, Mg; Jat Transmission wheels and belt n, <n;
= [y T PMServomotor i inatsemsec Pk veras tonch comany
= " o () o |
Ia Transfer of rotating high speed motor to linear low
M; JLtl My, Iy speed movement via belts and screw spindle

gyt

¥
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1. Permanent magnet synchronous machines as “brushless
DC drives”

1.2.1 Comparison of block and sine wave commutated
motors

speed & current control
power electronics

position M -
control N
commutation
speed
position
-\

Source:
Lehmann R.: Technik blrstenloser Servoantriebe, Elektrotechnik 21: 96-101, 1989
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Steady state torque of block and sine commutated motors
» For same thermal limit, only copper losses, same stator geometry, identical

winding, identical magnet material and magnet height:

« Sine wave and block commutated motors give for the same copper losses the
same output power.

PM machine | Block commutation (B) Sine wave commutation (S)

Air gap flux density Bs = BIO 4B
amplitude B5,1 -
Back EMF \ Ups =2Ng -2 fz-

Stator copper losses

Pe =(3/2)-U

2
= s w:—7Tpl
/A
| Poy = (3/2)-Rg - 1% |

Alr gap power I

N

pS'IsS

Equal copper losses:

I,\Sslll\SB :2/\/§

V3.2
_ Ky,
T

7* UNIVERSITAT
~ DARMSTADT
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Comparison of block and sine wave commutated motors
Example A: Operation at same copper losses :

Winding factor k, = 0.933, pole coverage ratio «, = 0.85:

P _ V32 -0.933-sin(0'85'”j —1.00035
Pd3 /A 2

Example B:

Operation at inverter current limit Ig .., : Block or sine wave commutated motor
delivers the higher short term torque ?

Me,S:PéS:(S/Z)U s, max \/§'2.k -Sin(aeﬂj-\/gz 1
Meg Ps  2:Ugg-l T " 2 ) 2 115

B Is,max

The block commutated motor is able to deliver at the SAME current
amplitude 15% higher maximum torque, whereas for the same copper losses

the thermal steady state torque for block and sine wave commutated PM
machine is equal.

%75 TECHNISCHE  Prof. A. Binder : Motor Development for Electrical Drive Systems  |nstitut fur Elektrische E
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1. Permanent magnet synchronous machines as “brushless

DC drives”

1.2.2 Torque ripple of brushless DC motors

speed & current control
power electronics

position M -
control N
commutation
speed
position
-\

Source:
Lehmann R.: Technik birstenloser Servoantriebe, Elektrotechnik 21: 96-101, 1989
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Torque ripple of brushless DC motors

 Electromagnetic air gap torque m(t): May exhibit a considerable ripple,
which might be also visible at the shaft as a torque ripple of the shaft torque

mg(t)

« Cogging torque: No-load torque ripple due to rotor magnets and stator slot
openings. The stator current is zero.

 Pulsating torque at ideal sine wave current: Torque variation at load due to
Interaction between stator and rotor field. Step-like stator m.m.f. distribution due
to distributed stator winding may be regarded as FOURIER sum of space
harmonics (ordinal number v), causing pulsating torque components with the
rotor magnet field space harmonics.

 Pulsating torque due to current ripple: Inverter switching causes current
ripple = current time harmonics. Each current harmonic causes a stator
fundamental field, which interacts with rotor PM fundamental field = 1.

r > E’Ji(l:\I/—IENFgﬁ_I—:_Er Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fir Elektrische ﬁa
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Cogging torque M., and pulsating load torque
Me(t) A

stator
tooth

\(%)f )

/,) rotor

Fy{ —[

g
magnet

Cogging torque frequency:

sznQS

Cogging effect at no-load (i, = 0):
Unaligned position: rotor tangential
magnetic pull F, on stator tooth sides
generates torque,

Aligned position: sum F, = 0, no torque

Typical good values: Wy, ~ 0.5%...1%

N

Mcog

Mmax

Mmin Mav

0
Pulsating load torque:
Quantification of torque ripple from
measured torque time function,
e.g. measured with strain gauge
torque-meter:

e

WM:

_ (Mmax_Mmin)/2

& ; TECHNISCHE
249 UNIVERSITAT
"~ DARMSTADT
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Load torque of fundamental fields, calculated via internal
power

* Internal power varies with time, leading to torque and speed variation

« Speed variation much smaller than torque variation due to rotor inertia,
hence we assume CONSTANT speed

» Internal power gives electromagnetic torque:
M (t) = (Upu ) iy ) +Upy () -y (©) +Upw )iy ©)/(220)

 |deal sine wave current feeding: NO rotor field space harmonics =
Back EMF is ideally sinusoidal; NO inverter current ripple:

ps(t) = U o COS(at) - fcos(a)t) +U o COS(at —27/3)- fcos(a)t =27 13)+ U o COS(awt —47/3)- fcos(a)t —4r/3)

N Pa N N

u,l U,l U,l
ps(t) = ——[cos(2wt) +1]+ ——. COS(Za)t—4—7Z)+1 1 -[cos(Za)t—S—”)H}
2 2 3 2 3
J.i (3/2).L]IO a No load torque ripple occurs
ps(t) =m——=const. |M¢ = — const.| due to ideally sinusoidal back
2 2-7-N EMF & current time function !

&7 TECHNISCHE  prof. A. Binder : Motor Development for Electrical Drive Systems  |nstitut fiir Elektrische ﬁ‘
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Load torque of fundamental fields, calculated via air gap fields

Z
Air gap torque: M (t) =z Fo(t) - dg /2= Y ig (x5,) - By (Xj,t) -1 -dg; /2

j:]- 2
P7p
Air gap torque via current loading: M, t)~1- J'AS (Xs 1) - B, (Xs 1) dXs
Determination of stator current loading from 0

stator air gap field:

B (Xs,t) = tigH 5 (X5, 1) = 1oV (X5, 1) 6 = g 'jA%(Xs't)'dXs /o
As(Xs,t) = (01 11p) - dB (X5, )/ dXg

Air gap torque of stator and rotor fundamental field wave v=1and ¢ =1 for I =1
2prp

M, (t) ~ j Aq COS(Xe7r T, — ) - Bry COS(Xg7 /7y — ct) - dxg
0

Air gap torque is constant: |M¢ (t) ~ AgB,; - pr, =const.= M,

&7 TECHNISCHE  prof. A. Binder : Motor Development for Electrical Drive Systems  |nstitut fiir Elektrische ﬁ‘
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N

7,
OO0 RS Q00
oz L V(x)
c]
]
—

0,866 @
0,866 @

02003 RRe® 0 0@®®
e/

_\_\_I_I_

m.m.f. moves to the left

positive
© direction

t=T/6:
jU:jw:
iV=—I

2

Torque ripple due to space
harmonics (1)

e Current supply is purely sinusoidal
e Field wave changes shape six times per

period T = 1/f,
Torque pulsates with 6f,

Torque [Nm] total

line: Maxwell, stars: |dPsi/dalpha

10.0
AT ATA AT AT
Example: 7.5
4-pole motor, g =3,
: 5.0
semi-closed slots,
surface magnets 1807
2.5
Source:
2D Finite element
program FEMAG, 0
ETH Zurich L 100 200

Rotor position [Dgr]:

UNIVERSITAT
- DARMSTADT
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Torque ripple due to space harmonics (2)

Air gap torque of stator and rotor 5-th field wave v=-5and =5 for I = I
2pzp
M 5 (t) ~ j A5 COS(5X, 7/ 7, + at) - Bys cOS(5Xs 7/ 7y —Sat) - dxg
0 2pt
Mg 5(t) ~ (AssBr5/2) - ijOS(lOXSﬂ/Tp —4ot) + cos(6a)t)]- dx;
0

Me5(t) ~ AssBys - Pz - COS(B0ot)

Air gap torque of stator and rotor 7-th field wave v=7 and u =7 for Ig = |
2p2'p
M 7 () ~ j Ag7 COS(TX7 | 7 — ) - Byy COS(TXg 7w 7y — Taot) - dxg
0 2Pt
me 7 (t) ~ (As7B;7/2)- _..[Z:os(l4xs7z/rp —8at) + cos(6a)t)]- dx;

0
Mg 7 (t) ~ As7By7 - Py -coS(6at)

Air gap torque of 5th and 7th space harmonics add to a pulsating torque with 6f..

g l TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische ﬁ=
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Alternative torque ripple calculation via air gap power
Rotor 5-th field wave x = 5 induces stator back EMF with 5fg: U, 5(t) = U o5 * COS(Swt)

Pss (1) = U 05 COS(Sat) - fcos(a)t) +U 05 cos(Sa)t -5. 2{) : IAcos(a)t - 2?7[) +U 05 cos(Sa)t -5. 4?7[) : IAcos(a)t - 4—”)
Pss () = U 05 COS(Sat) - fcos(a)t) +U 05 cos(Sa)t E 4%) : IAcos(a)t = 2?”) +U 05 cos(Sa)t E 2%) : fcos(a)t - 4{)

Pss (1) = : {cos(6a)t) + cos(4at) + cos(bat) + cos(4cot — 2{} + cos(6at) + cos(4cot - %ﬂ

~ ~

U s -

3 55
Pss(t) = > -CoS(bat) = M5 (t) - 270

Rotor 7-th field wave x = 7 induces stator back EMF with 7f: u, 7 (t) = U 07 - COS(7 wt)

Ps7(t) = u 07 COS(7at) - | cos(at) +U 07 cos(hot —7 2?”) : IACOS(a)t — 2?”) +U 05 cos(?a)t -7 4{) : fcos(a)t — 4?”)

~ ~

U,
Ps7(t) =

7
2
=

[~ X

: ( cos(8mt) + cos(bat) + cos(8cot — 4?”) + cos(bat) + cos(8a)t — 2?7[) + cos(6a)t)}

Ps7(t) = > -cos(6at) = mg (t) - 27n

Air gap torque of 5th and 7th space harmonics
add to a pulsating torque with 6f..
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Load torque ripple in block commutated
brushless DC machines

Oy Yi Generation of load
A r I torque ripple due to
// N\\ Qg block current
04— P - = commutation with
[ I || I Wi 0 c 0
I Y y finite current rise time
mp} t (corresponding
\if .\./ v V \/ \/ \/~ angle «,)
5 Typical block
| | | _ commutation torque
0 m <m  «t ripple values:
Facit: w,, ~ 3%...5%
The generated load torque ripple is with six times fundamental frequency.
fs -2 TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische ﬂ=
207" UNIVERSITAT : g
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Two typical reasons for load torque ripple with
block commutated brushless DC motors

» _ N _ a) deviation of block current from
. - ideal rectangular shape (finite rise
T ———  timet),
| L - .
| | b) deviation of trapezoidal back
1 &% =+ %% EMF from ideal shape (slope
12 6 12 6

Increased by t,)

ut ul Facit:
|‘| N The sine wave commutated motor
:\/: 2t h_as a lower load dependent torque
L e ripple (~ 1%) than the block
ik _ Lt |, commutated brushless DC drive
a) 0 e 5 ! b) 0 iz 5 (Ca. 4 ... 5%)

Prof. A. Binder : Motor Development for Electrical Drive Systems  |nstitut fiir Elektrische ﬂ=
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Pulsating torque due to current ripple

* |nverter switching causes current ripple = current time harmonics.
Each current harmonic causes a stator fundamental field, which

interacts with rotor fundamental PM field = 1.

. . . _ . _1
Influence of inverter switching and current a) np=200min

controller time constant b) n=2000min !
(1) (1 N}
A A
5

) c) ny=6000min~!
5 J J
A
0 > 0 > 0 g
50ms \ t 5ms t 1,6ms t
O - —51 L‘J\J —51

8 b) C) Source:
Henneberger G, Schleuter W (1989) Elektrotechn. Z. 110: 274-279

Measured block wave commutated stator phase current at low, medium and
rated speed.

> N
>

r > E’Ji(l:\I/—IENFgﬁ_I—:_Er Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fir Elektrische ﬁa
1.2/52 : . J
~ DARMSTADT Energiewandlung « FB 18 NS




Block commutated PM servo: Torque ripple at voltage limit

- At very high speed and frequency f,, when voltage limit is reached, only six-

step operation is possible, if inverter switching frequency is too low with respect

to maximum f..

- Phase current a) loses block shape, and torgue b) shows MAXIMUM ripple
with 6f !

A
40

T 30
H 20
10
0
~10
~20

~30
~40

Z\

/\/

/

14,3msl

0 3]

10 /

/

T=1/fs=1/70=\_
— N

N

=|14,31TIIS

—

t/ms

Nm

N

Source:
Huth G, etz-Archiv 11:
401-408, 1989

b)

v - (34—-25)/2 15304
(34+25)/2

39

A AN AN

VA \VAVA VA VAV

20

o n=1400/min

10 2p=6 T fs=70Hz

5) 6fs=420Hz

0 L

0 2,9 ) 7,9 10 12,5 15
—
t/ms
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Block commutated PM servo: Torque ripple at very low speed

- At very low speed and frequency f,, due to fast switching with respect to f,
phase current looks perfectly block-like.

- Torgue ripple is MINIMUM, being determined by (1) cogging with slot

frequency, (2) current commutation with 6f; !

| | | | |
— ~(t) 0,08s —19%

80
T 60 [ l(t) _3,75% T Mcog V’\\/M — 3.6%
40 H —2,5% Mav
l/fQ
50 U ‘1,25%
0 \/ = L
w — no—load: slot frequency
] 20
1/(6f ) fQ=n-Q= 55« 36=12Hz

load: commutation

3>

| I I I R || frequency: f=6fg=6Hz

I=51,5A; fs=1Hz; n=fs /p=20/min; 2p=6 Source: Siemens AG, Germany

LI

< TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fir Elektrische ﬁ
M

3 UNIVERSITAT 1.2/54 : .
© DARMSTADT Energiewandlung « FB 18




Comparison of torque ripple of block and sine wave

commutated PM motors at low speed
- Measured FFT-analysis of torque signal m.(t) at 20/min

- Block commutated motor has higher torque ripple due to 6f, component

6Hz <«

R Block commutation Sine wave commutation

My

Mav Slot harmonic coggin i, Single layer fractional slot winding
o - instead of more expensive two-layer
—_ MaV . .
2 2p=6 winding g = 3/2
l Q=36 Q=2 . 2p=8 :

18Hz fs=1Hz (k=1) oHr = Q=36 k=
12 6fs =6Hz (k=6) fs=1,33Hz S
fq=12Hz (k=12) l fo=12Hz
W,, = 3.6%

W, =1.0%

2
48 54 60 g¢ 50
72 78 g4 7Y 96

PR —y _—

— —
f/Hz b) Source: Siemens AG, Germany f/Hz
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1. Permanent magnet synchronous machines as “brushless
DC drives”

1.2.3 Significance of torque ripple for motor and drive
performance

speed & current control
power electronics

position

H
control M N
commutation
speed
position
-\

Source:
Lehmann R.: Technik birstenloser Servoantriebe, Elektrotechnik 21: 96-101, 1989
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Torsion resonance

— — in mech. dearees! - Rotor of motor coupled to
Y=rm 7L - degrees: rotating load via an elastic
71 - TM coupling
6 — [ - Coupling stiffness ¢
—4 Iy \_A - Inertia of motor and load J,,, J,
ms(t) M esin wt - Exciting k-th harmonic air gap
Jr torque mg
Jyyp-mg=0 , dmrm Mg =mg mg=c-(ym —7)
.. .. .. .. 1 l me’k
yo=msg/d  ym =M —mg)/ Iy = ym—VL=- ] +J -mS+J
M L M

Differential equation: Homogeneous solution leads to

.. C-(JM +J|_) M, torsion resonance frequency:
7+ Y=
Juv - J J 1 N
M v fo = wp /(27) = — - [c- ML
27 ‘]M .‘]L
Y» TECHNISCHE
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~ Excitation of torsion vibrations

INg ‘ |
M-Jp | Pulsating torque excites
| : . . _
Ji+dy L3 | torsion V|bratA|ons.
| A, Me & () = M -sin(at)
<" |\ w=k-(27-n-p)
|
1 | © Lisge Solution of differential equation
: @0 with exciting torque ripple yields
0f==—=== _i 3 > ~0° vibration angle yand oscillating
0 L~ ” 180 Shaft torque m, :
M1 M c |
y(t) = IR I, -sin(at) mg(t) =c-y(t) = — —5——sin(at)
M @y —@ Jv of -

1. It must be avoided that the dominant pulsating torque frequency excites the torsion
resonance of the drive system. This can be achieved by designing the drive with a stiff coupling
(c: high value) to stay with the pulsating torque frequency below the resonance.

2. The high frequency pulsating air gap torque (o > @) Is filtered and not visible in the shaft
torque ripple.
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Speed ripple due to torque pulsation
Speed ripple definition: n(t) = n+ An(t)

From solution of torsion oscillation we know oscillation angle:

Angular acceleration is: m(t) = Me (1) —ms (1) = b .(1_ CZ/‘]MZJ-sin(a)t)

J J _
Speed ripple: M ) M @o —
. M c/ Iy
An(t) =y (1) /(27) A()=— 27 Jy (1_ 02 _wzj'cos(wt)
0]

Staying below the resonance ¢ << Wy ~We observe that especially at low speed the
speed ripple amplitude, expressed as percentage of actual speed, increases with

DECREASING speed:

AN M 11 c/Jdy
(27)*-k-p-n®-J,, W, — @°

n
At low speed (servo operation !) the speed ripple is big and of importance!

VoS

M 1
T (@2r)?k-p-n?-(J, +3,) n?

&7 TECHNISCHE  prof. A. Binder : Motor Development for Electrical Drive Systems  |nstitut fiir Elektrische ﬁ‘
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<* DARMSTADT

Block commutated brushless DC drive systems

- permanent magnet motor with three phase, single layer winding,
skewed slots and 100% pole coverage ratio for the rotor magnets

- simple rotor position sensor with rotor disc according to pole number,
- brushless DC tachometer for speed measurement,

- encoder with high resolution for precise positioning,

- voltage source inverter system (power transistors), speed and current
control, implemented in a micro-computer system; motor current
measurement devices such as shunts or DC transformers with Hall-
Sensors,

- motion control system, implemented in a second microcomputer. It
allows position control, but also different motion control such as special
velocity profiles according to the needs of the driven load.

7 TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische
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Sine commutated brushless DC drive systems

- permanent magnet motor with three phase, double layer winding
(or special single layer winding with non-integer q), skewed slots
and 80%...85% pole coverage ratio for the rotor magnets,

- high resolution rotor position sensor (optical encoder or magnetic
resolver), which acts also as speed sensor and sometimes as
position sensor for precise positioning,

- voltage source inverter system (power transistors), speed and
current control, implemented in a micro-computer system and
motor current measurement devices such as shunts or DC
transformers with Hall-sensors,

- motion control system, which is implemented in a second
microcomputer and allows position control, but also different motion
control such as special velocity profiles according to the needs of
the driven load.

£iliitg
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Block and sine commutated brushless DC drives

Block commutation Sine commutation

Advantages
cheap rotor position and speed sensor,
cheap motor winding

- 10% ... 15% reduced amount of magnets,
- very low torgue ripple below 1%,
15% higher overload at inverter current limit - reduced additional losses at high speed,

- reduced torque ripple sensitivity due to
misalignment of rotor position sensor.

Disadvantages

- extra encoder for accurate drive positioning, -~ SXPENsSIVE ecr;codezjfor CLIECIE CEID-
- higher minimum torque ripple (2% ... 4% at mutatlop and Speet measgrement,
low speed) - expensive stator winding, if two layer
- increased additional losses in the motor due to \’1\”52?'?9 'S used,l ; -
extra eddy currents especially in the rotor due - Lovolower overl_oq Capabiiity at
to the rapid chance of stator flux at commutation Tl curr:ent |m|tr,] cal model
- Strongly increased load torque ripple at mis- SOOI IR T gl
_ N for motor control.
aligned rotor position sensor.
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