EECE 376 S15, M6

EECE 376
Electromechanics

Module 6:

Synchronous Motors (Chap. 7)

Spring 2015
Instructor: Dr. Juri Jatskevich
Class Webpage: http://courses.ece.ubc.ca/376/

Learning Objective & Important Concepts

e Types and construction of Synchronous Motors

* Principle of torque production

» 2-phase Synchronous Motor model

* Model in gqd-Rotor Reference Frame (RRF)

» Steady-state analysis equivalent circuit and torque-angle characteristics
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Synchronous Motors (Machines)

t)g H I
ety o

+ Portable Diesel
Generators 0.5..

.10 kw

Brushless DC
and Servo Motors
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Rotating Magnetic Field

1. Given a set of ac currents shifted in time
2. Apply these currents to shifted in space stator windings

Produce MMF vector F, that 0, = ot

e Has constant magnitude

* Rotates in space How many phases

las = Im COS(a)et) can you have ?
ias = |1y COS(@et) i = I cos(a)et —120°)

Ips = Im Cos(wet - 900) ics = Im Cos(a)et +120°)
How do you

change direction
of rotation ?

Fs = F, 20,
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Type of Common Synchronous Motors

bs axis 4

Salient-rotor field-wound \faxis Round-rotor field-wound \ )
f axis Salient-rotor

e
bs axis ; reluctance
(Variable
reluctance)

Round-rotor PM
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Rotor Types

4-Pole Salient Rotor
Field flux

2-Pole Round Rotor

Number of Rotor Poles = Number of Stator Poles = P
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Excitation — Establishing Rotor Field

In order to establish the rotor field we need to pass DC
current through the field winding

Use Slip-Rings & Brushes to energize the field winding from external DC source
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Permanent Magnets (PM) Rotor Types

Use Permanent Magnets (PM) to establish the rotor field

Surface-Mounted PM Rotors
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Permanent Magnets (PM) Rotor Types

Use Permanent Magnets (PM) to establish the rotor field

Radial Buried Magnets Circumferential Buried Magnets

/3

Rotor
core

Non-magnetic
steel

Magnet
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P-Pole Rotating Magnetic Field

Op = et Electrical displacement ole

0o =027 One cycle of currents = 2/P revolution of
magnetic poles

2

Ogyn = — Vg Synchronous speed is the speed of rotation
y P of magnetic poles. This speed is 2/P of the
electrical speed

Nsyn :Qwsyn -9, fe [rpm]
T P

What are the rotor mechanical
speed & position ?

Orm =

Orm =

Wy
O

are referred to an equivalent 2-pole machine

Poles & Speed in Syn. Machines

2-Pole Round Rotor 2-Pole Salient Rotor 4-Pole Salient Rotor

q

For North America ;‘?gg%‘ﬂgggd ias (1) = V2 - | 1ps COS(@gt)
fe = 60 Hz system Ips (1) = V2. l'rms COS(a)et ~120°)|P Asyn | @syn
w, =27 f, [rad/s] _ pole
¢ ¢ ics () = V21 rms COS(a)et +120° )1 2 3600 | 120n
Synchronous Speed Ny = @a)s o= 603. f, [rpm] 4 1800 | 60n
in rev. per min. y r Y P 6 1200 | 40=n
P o (1. . 8 900 30x
Electromagnetic torque T, ® ——— —1TL(6’r)1 15 N N
5 200,12 7|7
E - is similar to gearbox ratio 64 1125 | 3.75¢n
How many magnetic poles can we have?
2,4,15,64...
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Poles & Speed |n Syn Machines

Speed N Torque T o — 823MVA H¥dl’0 Generator, Brazil
2

syn €

7500 HP, 16kV Syn. Motor 8-Pole Salient Rotor

64-Pole Salient Rotor Hydro Generator Generation & Utlllzatlon Of EleCtrICIty

Rotor llﬂles ——— » Use low number of poles (e.g. 2, 4, 8, etc)
WV g for high-speed (e.g. 3600 — 900 rpm) low

torque applications

— Steam & thermal turbine generators, high

speed motors, etc.

Use high number of poles (e.g. 64.. ) for
low-speed (e.g. 112.5 rpm) high torque
applications

— Hydro generators, direct-drive wind
generators, low speed motors, etc.
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Principle of Operation — Idle Mode

a) Assume no external torque T =0

) 0, = @,
* Rotor poles are synchronized >
with the stator field
N

* Rotor poles are aligned with
stator poles
* No torque produced Te =0

® ® .
@ @ g-axis
@ ®

12




EECE 376 S15, M6

Principle of Operation - Motoring

c) Apply external torque T _<0 ,= O,
in the direction opposite to rotation

* Rotor poles are synchronized
with the stator field

* Rotor poles lag stator poles

» Torque is produced Te

g-axis

B stator
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Principle of Operation - Generating

b) Apply external torque T _ >0 0, = O,

in the direction of rotation

* Rotor poles are synchronized T
with the stator field

* Rotor poles lead stator poles

e Torque is produced Te

g-axis

14
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Induced Voltage (Open-Circuit Voltage)
_da, _\ 9o,

e, =
dt dt
O, =D, sin(6,)

Let 0, =w,t
~da

e, dta =N, @, cos(6,)

In Steady-State @, = @, = 24f,

Na)rCDf 27T

SN RN

RMS value E

fNO, =4.44- f ND,
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Connecting Synchronous Motor/Generator to
Fixed Frequency Source (Grid)

3-Phase Source

o) Q (o]
A B c
Circuit
breaker

3-Phase AC Source

{ {

AN

Mech. Svnchronous
System Machine
Iy

Eqa~ Xmals ~ Kyoy

arwDdE

Make sure that phase sequence is the same (ABC & abc)
Bring the Syn. Machine speed corresponding to the desired frequency (60Hz) => f ,, ~ f;

Adjust the magnitudes (either by field current or by source voltage) such that => Eg, ~ V,
Adjust/make sure the phase difference is zero
Close the connecting switch
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2-Phase Synchronous Motor Model

\

J"fd
+ va
v : Vas = lslas
oltage equations dt
) dAps
Vhe = lelpe +———
bs s'bs dt
. ddg
Vid =Tfdlfd + dt
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Flux Linkages & Inductances

Flux linkage equations

Aas = Lasaslas + Lasbsibs + Lastd 1 d

Aps = Lpsaslas + Lbsbslbs + Lbsfd 1 fd

A1d = Ltdaslas + Ltdbslbs + L fafd 1 fd
Stator self inductances

Lasas = Lis + Lams (‘9r)

Lpsps = Lis + Loms (6r)

2
Ns g-axis magnetizing
Lams (O)_ R Lmg inductance
mq
g- and d-axis inductances N 2 : -
B L (900)_ S _ L d d-axis magnetizing
Lq = Lis + Limg ams Rng M inductance
Ly = Lis + Ling
I—mq Lmd
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Flux Linkages & Inductances

bs axis 4 Stator self inductances

2

1 N 1 1

2 ERmq Rmd
2

1 N 1 1

LB=—(|—md —Lmq): ° -
2 2 | Vg 9%mq

Lmg=La—Lg Lmg =La+Lg

\ Assume sinusoidal variations
Lasas (er ) =Ls+La—Lg COS(Zgr)
Losbs (‘9r ) =Ls+La+Llp COS(ZHr)

Rotor self inductance L grq = Lirq + Limfd

field winding N2,
magnetizing Linfg =—
inductance Rmd
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Flux Linkages & Inductances
Aas = Lasaslas + Lasbsibs + Lasfd i fd

Aps = Lpsaslas + Losbsibs + Losfd 1 fd

Stator mutual inductances ?

We should have Lgghs = Lpsas

Final expression Lpsas

Lasbs = Lbsas =—LB Sin(zer)
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Flux Linkages & Inductances
Summarize Inductances Stator Lasas = Lis + La—Lp cos(20r)
sl Lpshs = Lis + La + Lg c0s(26; )
Lashs = Lbsas = —Lg Sin(26; )

Rotor Ltafd = Lifd + Lmfd

Lasfd = Lstd Sin(‘gr)
Lpsfd =—Lefg €0S(6y)

Field-to-stator Lerg = NsN fg
mutual inductance S iRmd

/1as Lasas I—asbs Lasfd ias Pabs} {Ls Lsr } rabs}

Flux linkage equations

Abs |=| Lbsas  Lbsbs Lbstd || Ibs T :
. Atd Lsr Lidfd | | 11d
Atd | |Lidas Lfdbs Lidfd | | 11d
21
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Flux Linkages & Inductances

Recall 2
2 2 N N
N2 L _ Nfg (N L USG(NS] andN_de
Lng = S mfd R g N, md fd
md to refer rotor variables to
NgN¢ N the stator side
Lstq = = md
ERmd Ns
2
Result 2
' N ’ NS ! — NS
Lintd = Lmfd| ——| =Lmdg Lstd = Lstd N~ Lind Litd = Lid N
N fg fd fd
L. Lstg Sin(6;) T N Ling Sin(é;)
L! — L! + L I,:led _ sfd r S :|: md r - L
fd = =ifd ™ =md ['—bsfd ~Lstd €0S(0 ) |[Ngg |~ Lmgcos(gr)|

2
Ns o _o N Vg S A = Ay s

Py =gy | —— it =g Vid =Vid fd = 4fd

fd fd(NfdJ N N 4 N 4

22
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Machine Model Equations

by axis ¢ Stator inductance matrix
[ _[bstla-Ls cos(26; ) —Lg cos(26,)
> — Lg cos(26, ) Lis + L + Lg cos(26, )
Rotor-to-stator , [ Limasin(ér)
inductance matrix ST = Lyg cos(6 )

\d.m Flux linkage equation Pabs} _ { Ls Ly } ‘ rabs}

H i ’ - T ' H
in matrix form fd Ly L itg

Voltage equation

in matrix form Rotor self inductance

di Py
Vabs = T'sighs + ﬁ“ Ltd = Lifg + Lmd
' o=y d}"fd
Vg = rigifg +
fd =Tiaitd +—
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. Machine Model Equations

We (i, )

Electromagnetic Torque T :E.
2 06,

Assume magneticall _
linear s X Y WC _Wf
ystem

1 o . o1 Pz 1 12
Wy = > abs (Ls - LISI)'abs +igpsLisrltg +§' fd Lmd

General equation

for torque in Log — L
m mgll.2 .2 \. .
e =7 {Tq [('as ~lps )S'n(zgr)_z'as'bs cos(26; )]

+Lingi'g [ias COS(Hr )+ ips Sin(‘gr )]}

Syn. Machine T. = P

For Round-Rotor
PM Syn. Machine

24




EECE 376 S15, M6

Rotor Frame Reference (RRF)

gd-frame i.s fixed on the rotor Phases have variables f —j v 1 .
bs-axis 1V
! Define a vector fabs — [ fas fbs ]T
_ Define change of variables to gd-coordinate
q-axis i
0 fqu = _qu 1:ds]r
as-axis qu _ _COS(Qr) Siﬂ(@r) . fas
fas] Lsin(6r) —cos(6)] | fos
r
fqu = Ksfaps
d-axis

)

faps = \Ks fqu

Rotor position HrZQr(0)+Ia)rdt (Kryl K"
s] T®Bs

Express all equations in transformed variables !
25
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Voltage Equations in RRF

Original voltage equation Substitute the qd-variables

. d2 aps 1 1 d| 1 ]

Vabs = IFslaps + dt (KQT Vds :rS(K£T igds +E (Kgy Aqds
Vid = Tfdld +dﬂvfd r ( ryl. r d _( ryl |
dt Vads = Ksrs|Kg ) iggs +Ks at Ks| Agds

K %{(Kg Tllqu} = KE{% (Kg Tl}qus +KE (Kgfl dxdcids

} {_Sin(‘gr) cos(d )

{cos(&r) sin(6, ) } {0 1}
. =w
cos(6y) sin(6y) 1o Resulted voltage

sin(9,) —cos(,)|

i
0 1 o his | X equation
@y 10 qds = @r _kqs = Wrhdgs

d2qds
dt

Vqds =Tslgds + @rhdgs +

dA%qg

Vig = rfgifg +

26
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Flux Linkage Equations in RRF

Original equation Substitute the qd-variables
' . 1 1
)”a}bs - L’TS L,sr : l_?bs (KET Aqds =Ls(K£T igds T Lisritd
fd | |Lsr Lfd || It 1
r ry-. ryor o
hqds = KSLS(Ksy igds + KsLgrlfg
One of the major advantages , T ( ryl, o
of gd-reference frame that fd = Lsr\Ks ) igds +Lidld
we get =>
1
) r
1 [Lg+L 0 L(KT=[0 Ling ]
KgLs(KET _| Hls T =mg sr\™s L m
0 Lis + Limd o 0
KsLgr =
L
L =md |
Resulted flux 1. 7
linkage equation Ags Lis + Limg 0 0 lgs
Ads | = 0 Lis +Lmg Lmd | lds
At 0 Lmd  Litd +Lmd | | i7d |
Note: The inductance matrix is constant, and
g and d axes became magnetically decoupled !
27
Equivalent Circuit in RRF
Expanded Voltage Equations Expanded Flux Linkage Equations
dA T Co_
i qs Ags = Liclgs + Linglgs = Lgl

Ads = Lisigs + Lngids + Lmditd = Laids + Lmdi'd

H dﬂ/d !/ !/ ! ! H !/ ! H
Vds = Islgs — @r Ags + dts Atd = Lita11d +Lmd!'td +Lmdlde = Laltd + Lmdlds
, T These equations can be realized using
Vid =Ffdlfd + at the following equivalent circuits
: ¥ A L ) Vs (Dr?\' s Lls L'lfd r }‘d l}d
lgs o 5 TN Is Jds —— N~ A =~
i VN N/ + VA AN \ 4
Vs Lmq Vs Lmd de
- Stator - Stator Rotor
g-axis d-axis

Note: The circuits are coupled only through the “speed-voltage” courses

This Equivalent Circuit is our Dynamic Model of the Synchronous Machine!
28
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Electromagnetic Torque in RRF
P 8Wc(i"9r) Assume magnetically W, =W
- Y "7 C_

Electromagnetic Torque T, =—- linear system

2 00,

(. 1.
Wi = 5 labs( LIsI)labs '“absLsrI fd T 5 Ifd Lind

p P Jlg oLg. 1 dlg,
e 2 Zabséé’r abs T labs (%’r fd

= e (KS | S8 (K Tiggs + |
2 qds\"™s 2 90, S qds 06, fd

Torque in transformed variables

Te = g(’ldsiqs _ﬂqsids ): g[l—md (ids + i,fd )qs - I—mqiqsids ]:

_ ;[Lmd i%aigs + (Lind — Ling Jigsics
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Steady-State Operation

Derive SS equations in order to obtain SS equivalent circuit! In steady-state
. Wy = We
Expanded voltage equations
Balance of Torques

dA Te =Ttric + T

: gs _
Vo =i — o 4 Yds =Tslgs + Xglds + Xmd 't
ds = 's'ds rtgs dt Vds _ rslds _C‘)efiqs
dA'
Vi = Ifgifg + fd =T5lgs — Xqlgs
Vig =gl

Electromagnetic torque

Te = E[I-md (ids + i,fd )iqs - Lmqiqsids]: g[l—md i,fd iqs + (Lmd - I—mq )qsids]

P 1

"2 R [de g lgs + (de _qu)iqsids]

30
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Rotor Angle &

Assume applied voltages =0, -0,
Vas = /2 cos{a) = 01(0)-0(0)+ [ (o o

Vs = v/2Vs sin(wgt)

Vg =V £0°

Vs =V —90°
Rotor position

0; =0, (0)+ [ oyt

Electrical displacement

O = 05(0)+ [ et

How we can relate V4, and V4

31
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Steady-State Operation

Combine  /2V,ee ™19 =Vgs — 1Vds Vs =Fslgs + Xd lds + Xmd | T
We get Vs =Tsldgs — Xglgs
V66710 =il + X lgs + Ximna Ut = fs1ds + iXqlgs + Xqlds = Xqlds

=(rs + jqulqs ~ jlds)"'(xd _Xq)lds + Xmd | td

~

Then Vs =1y + X ) )as+j§[(xd—xq)lds+xmd|'fd]ej5

~

Excitation voltage  E,5 = %[(Xd — Xq )| ds T Xmd !l fd ]ej5

~

Final equation Vas ("s + jX ) as T E

32
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Steady-State Operation

Excitation voltage Ea = i[(xd — xq )lds + X md g }915
Back EMF J2

Z%[(Xd _Xq)lds + E&fd]ejé

Exid = Xmd I d

This would be
the open-circuit
voltage !

33

EECE 376 S15, M6

Per-Phase Steady-State Equivalent Circuit

~

Stator voltage equation V= (rs + Xq )ras +E,

I 17 K _%Y{?m r f/\_jaso
+ +
Ve X3 OF T

Rotor field winding Per-phase stator circuit

Looks like Separately Excited DC Machine, except with Phasors!
Back EMF

~

Ea=%[(xd—xq)lds+5§<fd]ej5 Extd = Xmd ! fd

34



EECE 376 S15, M6

Torque-Angle Characteristic

: P 1
Electromagnetic torque Te = [de fq | gs T (de _qu)lqslds]

Substitute for «/_V
Exta I + _—— («/_V )zsm 25
2 a)e Xd 2

currents & neglect T, =—— sin(5)+ =
I, we can get Xq

=£1
A_2 @,

/N /TN'/\

11' _Mﬂ MW PN

d, rad d, rad

Ela J2V,
Xa
i

\I‘
3
|
|
3
B3 | —

Torque due to rotor saliency
(This would be the torque of the salient-rotor

Torque due to the rotor field reluctance synchronous motor)
(This would be the torque of the round-rotor machine)
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Combined Torque-Angle Characteristic
o P1 Exid V2Vs sin(5)+ Eﬂi_il(ﬁvs)zsin(zg)
2| Xq Xy

What is the stable
7, region of operation ?
S
o
p>
i 1 1 T
™ e —
i Ly L

5 é,rad

&

LB

=

L)

Qo

36
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Syn. Motor Speed Control

Controlled

rectifier _ lnverter
Filter Vof
3¢ | N
y— & /
supply | * T )
Vi f Synchronous
control Control motor
[Gan ]
Speed ‘
VE, .
T | P, =Tay, = sin(o)
d
T — T —— 1
ax
R N
S
T \I Speed, n
I - +
0 nb 37
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Brushless DC Motor (Drive)

* Use PM Synchronous Machine & Variable Frequency Drive
» Use Hall-Effect or Electro-Optical sensors of the rotor position

. 4
—— 4

Synchronous
metor with
PM rotors

o |
1
; ~3 \
w 2 J
I~
1

IA

=

| |
1

e il o
o o .‘
* 4

T

Y
Contral and base < Rotor position
drive circuit sensor

38




