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EECE 376
Electromechanics
Module 4: Stepper Motors (Chap. 9)

Spring 2015

Instructor: Dr. Juri Jatskevich
Class Webpage:
http://courses.ece.ubc.ca/eece376

Objectives and Important Concepts

» Types and construction of commonly used Stepper Motors

* Principle of torque production

* Permanent Magnet (PM), Multi-Stack, and Variable Reluctance Motors
e Full-, half-, and micro-stepping operation

» Torque-angle characteristics, static position error

» Driving circuits
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Typical Stepper Motors

Permanent Magnet
» Bipolar

* Unipolar
Variable Reluctance
* Multi-Stack

e Single-Stack

Note: Stepper motors are typically used for low speed applications
However, Variable Reluctance, known as Switched Reluctance Motors are used for very high speeds




Permanent Magnet (PM) Stepper Motor

O s

Consider 2-phases Ny =
2-pole, 2-rotor stack,
3-rotor teeth, 4-stator teeth

This type of stepper motor is also known as
hybrid because torque is produced due to PM &
reluctance effects

Tooth-Pitch (displacement between teeth) TP =

Step Length (SL) Og =
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Permanent Magnet (PM) Stepper Motor

Consider 2-phase configurations

2-pole, 2-rotor stack, 5-rotor teeth, 4-stator teeth
bs axis bs axis 1

—>| >

Front ¢ = 5 Z. ) Back
ibs //\/Abllm 7 /

& 7 Magnet Z
bs; 7/// /

LY
\Iron end caps

Cross-sectional view
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Stepping of PMStM

Assume basic commutating circuit
Tooth-Pitch

Full Stepping — one phase energized at a TP = 360° _

i ias. ibs  -ias, - ibs, ias, ...
ime (ias, ibs, -ias, - ibs, ias sequence) NT
fas -
ibs
em __________________________________________________________
--------------------------------------------------------- Step Length (SL)
--------------------------------------------------------- TP
_________________________________________________________ HSL - =
2N¢
’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’ . 180°

Stepping of PMStM

Assume basic commutating circuit

Step Length (SL)
Full Stepping — 2 phase energized at all times
(at+b, -a+b, -a-b, a-b, ... sequence)

I -
ibs
Om
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Os| =
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Stepping of PMStM

Assume basic commutating circuit

Step Length (SL) Og| s =
Half Stepping — allow up to 2 phase energized at a
time (a, atb, b, -a+b, -a, -a-b, -b, a-b, ... sequence)

Las -
Ibs
N D R T T
;
Stepper Motors Terminology
Number of phases N¢ Tooth-Pitch (displacement between teeth)
360° 2r
Number of Rotor Teeth  NRT TP = N— [deg] = N— [rad]
Number of Stator Teeth N ST T T
Step Length (SL —full step) Og, = ™ __ 7 [rad] = ﬂ[deg]
Steps  360° 27

Resolution (steps / revolution)

Rev. 6q [deg] 6q [rad]
Stepping frequency (pulses per-second per-phase) fstep = [pU|SE/SeC]
Rotor position (for no-load operation) ‘9rm = Qrm (O)+ 98L . Nsteps +c

05 [deg] fstep _ Os [rad]- fstep
360 27

Os [deg]- fstep _ 30 QSL[rad]' fstep
T 8

n[rev/sec]=

Speed

n[rev/min]=n[rpm]=
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2-Pole, 2-Stack, 4/5-]'eeth Pl\h/aImStM

Voltage equations

: as
Vas = Islas +
: dAps
Vps = Fglps +——2>
bs = 's'bs dt
: dkabs
Vahs = Felgpe +
abs — Ts'abs dt .
Flux linkage equations 'las tlbs
. + Vg - + Vps -
|:ﬂ“8.5} _ {Lasas Lasbs} . Eas :| + F*asm} “ bs
Aps Losas  Lbsbs | L Ibs Absm Neglect mutual inductances =
Laps = Lgigps + A Neglect reluctance torque
L. = Lasas 0
Flux linkage due to Permanent Magnet * 0 Lpshs
A= COS(NRT‘grm) _{Lls+|—ms 0 }
m—7'mj| .- -
sin(NrT6m ) 0 Ls+Llms
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2-Pole, 2-Stack, 4/5-Teeth PMStM

Electromagnetic Torque Te :M i?ns:;rn;isr?:r?]netlcally Wc :Wf
00,

2 1 .2 : i
Wy = > Lasaslas "'E Lpshslps + Aasmlas + Absmlbs

Te =—Ngr74m [ias Sin(N RTQrm)_ Ips COS(N RT Orm )]

. Note: Torque is proportional to
Mecha(rjncal System the number of teeth & the
@ strength of the PM!
m _
‘Jtotal dt + Dma)rm - Te _Tm

Rotor positon € =6 (O)—i— J o, dt

2
d Hrm_i_D dgrm

J M
total dt2 m dt

:Te _Tm

10




Motor Stepping Operation
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Electromagnetic Torque T = —N g Amias SiN(NRT Oy ) —Tps COS(NRT O )]

=Tebm

—

Maximum holding
torque

Tmax = I\lRT /Imias

+ T(d”l

Rotor position
Orm =051 - Nteps T &

Static position error

11

Practical

Bipolar winding
(2 separate windings, 4 wires)

as bs
QJW\_O o_fYY\_o

Bifilar winding
(2 separate windings for each
phase), 8 wires

as bs
Om_o O—{W\—O
O_f'YY,\_O O_KVW‘;\_O
as bs

Unipolar winding
(each phase has mid-point),
6 or 5 wires

as as'’

bs bs'
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Driver Circuits

=
+ Tl = T3 TS %= T7
as bs
vV,

de Iz = Ty Ts * Tg
-

>

+

Vax ¥
vdc 7 @
Tl as as T2

12
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Practical PM Stepper Motor

Consider 2-phase configurations Typical 2-phase motor

8-pole, 2-rotor stack,
18-rotor teeth, 16-stator teeth N RT = 50

Y

Stator

Step Length (SL)

Os. = & =1.8°

Cross-sectional view ’ NgTN ¢
13
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Practical Issues

d?6 do
Jtotal 2rm + Dm - :Te _Tm IQ‘S
dt dt
* Electromechanical
Resonance !
» Degradation of operation erm : ;
at high speeds'! § i
R ,——-

14
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Multi-Stack VR Stepper Motors (MSVRStM)

Stator

* One stack per
electrical “phase”

* “Phases” are
magnetically
decoupled

2-pole, 3-stack (phases)

VR Stepper Motor 5
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Basic Stepping of MSVRStM

Assume basic commutating circuit

+ . : ;

I‘T as Ibf bs I‘T cs
Vi g, S5 S5
N I I |

Full Stepping — only one phase energized at a time (as, bs, cs, ... sequence)
Sl: Z(H

SZ; ibs

S3, Ips

Oy,

-120
-180
-240
-300

16
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Basic Stepping of MSVRStM

Assume basic commutating circuit boaxs

M ) . ]

I'T as Ibr bs I‘T cs
Vil g S5 S5
N I | |

Half Stepping — allow 2 phase energized at a time (as, as+bs, bs, bc+cs, ... sequence)
Sl, Ia.s'

Sz, fbs
S3, ips
B

(120 [ — o —
-180 [ S : : e oo
D40 | ;

-300 ,,,,,,,,,,,,,,,,:,,,,,,,,,,,,,,,,,,,,,: ,,,,,,,,,,,,,,,,,,,,,: ,,,,,,,,,,,,,,,,,,,,,: R
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Multi-Stack Stepper Motors

4-pole, 3-stack (phases), 4-rotor teeth

bs1 axis

18
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Multi-Stack Stepper Motors

i Cutaway view

19
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Multi-Stack

Number of stacks (phases)

Nstack = N¢

Number of Rotor Teeth N RT
ForMsVRStM, Ng1 = NgT = Nt

Number of Rotor Teeth

NsT

itch (di 360° 2r
Tooth-Pitch (displacement _ _
between teeth) TP = NT [deg] - W [rad]

Step Length (SL)

TP TP 27 360
° Ny Nstacks NtNy rad] Nt Ny deg]

20
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brlaxis  cslais

Steps  360° 27

Resolution (steps / revolution)

Rev. Og [deg] Og [rad]

Stepping frequency

(pulses per-second per-phase) fstep - [DUISG/SEC]

Rotor position (for no-load operation) Qrm = 6’rm (O)-i- 6’S|_ . Nsteps t&

QSL[deg]' fstep _ QSL[rad]' fstep
360 27
05 |deg]- fstep _ 130 Os_[rad | fstep

T

Speed  n[rev/sec]=

n[rev/min]=n[rpm]=

21
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2-pole, 3-stack (phases), 2-rotor teeth

Multi-Stack Stepper

° ™ .
=" _180° O = =60

NT ¢ g s as axis
Steps  360° 6
Rev. 0g [deg]

Resolution =

4-pole, 3-stack (phases), 4-rotor teeth Z

° TP o
T|:>=ﬂ=90O Oy =—=30
Nt Ny
Steps  360°

= =12
Rev. QSL [deg]

Resolution =

° TP o
TP = —360 = 450 HSL == 15
Nt Ng
Steps 3607 24

Resolution = = =
Rev. 93|_ [deg]

. ste
For typical stepper motors one ma have Resolution = 24-~4OOFS 0. =0.9°---15°

22




2-Pole, 3-Stack Stgﬁooer Moto

Voltage equations

o dA,
Vas = r-slas + dt
. d
Vbs = r-slbs + st
dt
. dA
_ (5
Vcs - rslcs + dt
dr
Voo = Foll g +— 2
abcs s+ abcs dt
Resistance matrix
rs
I, = rs

For some constant L,, Lg
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&

Ny
+ Vgs - + Vps - + Veg -
Flux linkage equations
A L. O 0 %
Ao |=| O Losts 0 || lps | = Ll
A 0 0 Ll |l

L...=L,+L,+L;cos(2[6, )

asas (
Ly = Ls + Lo + L cos(2]6,, ~120°)
Lo = L + L, + Ly cos(2]6,, +120°))

€SCS
23

Voltage equations

- as
Vas - rslas +

dt
o dA,
Vbs = I’slbs + dts
. dA
Vcs = rslcs + d{:s
Vi = gy + s
abcs s abcs dt
Flux linkage equations
ﬂ‘as Lasas 0
ﬂ'bs = 0 Lbsbs
A 0 0 L

sC

Resistance matrix

Is
r, =
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+ Voo - + Vpg - + Ve -
Inductances
Lasas = Lls + I—A + I—B COS(4[0rm ])
i Lyas = Ly + L, + L cos(ale,, —60°)
| Leee = Ly + L, + L cos(4]g,, —120°))

For some constant L,, Lg

Pl

24
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4-Pole, 3-Stack, 8-Teeth Stepper_l\/lotor

Voltage equations

V, = -
as S as dt
. d
Vbs = rslbs + ﬂbs
dt
Iias lbs “cs
d +v(;s- +Vbs— + vCS_

Voo = Felgpes + % Inductances L, = Ly, + L, + Ly cos(8[6,,,])

Flux linkage equations Losss = Lis + La + Lg 005(8[9rm - 600])
A e 0 07Ty Lo = L + L, + L cos(8]g,, —120°))
Aos |=| 0 Locos 0 || s For number of teeth NT
2'3‘3 0 0 LCSCS ICS Lasas = I—Is + I-A + LB COS(N [erm ])
Resistance matrix . " , Losos = Lis +La+ L COS(N [9”“ +0s ])

) ) r Lcscs = Lls + LA + I‘B COS( T [grm + HSL ])

++ takes direction into accouny;
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3-Stack, N-Teeth Stepper Motor

For Number of Teeth NT and Step Length (SL) 9
GWC(i,Hrm) Assume magnetically W, =W

Electromagnetic Torque Te = 20 linear system

1 1 1
Wf:ZL i2 +2Lbsbsbs+2L

asas " as CSCS "Cs

Te:—%LB{ijssin(NT[Hrm])+i§Ssin( 6. +64])

m —

+j2 sin( [9 T 0, ])} Note: Torque is proportional to
e SL the number of teeth !
Mechanical System ,
do d<é déo
M rm m o _ T
‘Jtotal dt + D Oy Te _Tm ‘]total dtz Dm dt - Te Tm

Rotor positon &, =6, (O) + I @, dt

26
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Motor Stepping Operation

Electromagnetic Torque T

Maximum holding
torque

r Ny

max B as
2

\

N in( [0, ]+ i 6, £,

+ Iczs Sin(NT [erm + HSL )}

27
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Motor Stepping Under Load

Electromagnetic Torque Te

Rotor position
Orm =05 - Nsteps te

Position error

N2 in( [0, ]+ i 6, 20, )

+ Iczs Sin(NT [erm + HSL ])}

as
A

28
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Practical Driver Circuits

3 wires & 1 common ds
bs _
cs S1, las | |
n z :
as ibr bs icr cs | -
Ss S3
I |

3 separate windings, 6 wires
as bs cs

29

EECE 376, S15, M4

Single-Stack Variable Reluctance Motors
Also known as Switched Reluctance Motors

bs axis

2-pole, 3-phase, 6/4 - teeth
Nst =6 Ngr =4  Ngr #Ngr
Tooth Pitch 360° .
TP =—— =60

: Nst
TPst = Eﬂ - 90°

RT

Step Length (SL)
TPy  360°
Os| = =

What is the direction of rotation for N¢ N RT N¢
as, bs, cs (CCW) sequence ?

30°

=[TPgt —TPs1|=30°

30
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Single-Stack Variable Reluctance Motors

2-pole, 4-phase, 8/6 - teeth .
TPst =45

TPrt = 60°

31
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Single-Stack Variable Reluctance Motors
2-pole, 3-phase, 6/8 - teeth Ngt =6 NgrT =8  Ng1 #NRgT

bs axis

Tooth Pitch
rogy - 260" _go:
Nst
TPgrT = 300 _ e
NRrT
Step Length (SL)
oo = TPeT _ 360" o
What is the direction of rotation for N¢ N RT N¢

as, bs, cs (CCW) sequence ? .
=[TPgt —TPst|=15

32
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Single-Stack Variable Reluctance Motors
4-pole, 3-phase, 12/8 - teeth Ngt =12 Ngt =8  Ngt # NgT

Tooth Pitch
TPsT = 360 =30°
Nst
TPrT = —360 =45°
NRT

Step Length (SL)

bs2 axis

cs2 axis TPRT 3 6 OO )
What is the direction of rotation for ‘98L = = =15
N NpT N
as, bs, cs (CCW) sequence ? @ RT Ng

=[TPgt —TPs|=15°
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12/8 Variable Reluctance Motor

Cutaway view
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Practical Driver Circuits
as

3 wires & 1 common DS
CS

n
' i"f; as i ibr ? bs i i“f cs
V4 ¥ Fibx Fex
e Sg

ax
S A

Use current-control modulation
(recall Hysteresis Modulation)

S

3 separate windings, 6 wires

35
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Stepper Motors & Drives

36




