EE595S: Class Lecture Notes
Chapter 2* / QD Models for Permanent
Magnet Synchronous Machines

S.D. Sudhoff
Fall 2005

*Analysis and Design of Permanent Magnet
Synchronous Machines

S.D. Sudhoff, S.P. Pekarek B. Fahimi



2.1 SMPM: Configuration
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2.1 Position Relationships

P P

O = 5 Orm WDy —Ewrm
P P

¢r :E¢rm ¢s :E¢sm
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2.1 Turns Distribution

Nas (Bsm) = Ny sin(s ) (2.1-7)
Nps (Gsm) = Ny Sin(¢s — 277/ 3) (2.1-8)
Nes (Psm) = Ny Sin(¢s + 272'/3) (2.1-9)
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2.1 Winding Function

Was (¢S) — COS(¢S ) (21-10)
Wiy (@) = COS(¢s -2713) (2.1-11)
Wes () = cos(¢S +27/3) (2.1-12)

Fall 2005 EE595S Electric Drive Systems 5



2.1 Comments on Winding Function

* Properties
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2.1 Comments on Winding Function

e Derivation
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2.2 ABC Model

* Voltage Equation

Vabes = Fslapes + PAapcs (2.2-1)

e Flux Linkage Equation

Mabes = Mabes,| T Mabes.m (2.2-2)

Fall 2005 EE595S Electric Drive Systems 8



2.2 ABC Model

o | eakage Flux

_I—Ip Lim I—Im_
labcs,l = Lim I—Ip Lim [tabcs (22-3)
_I—Im Lim I—Ip i
e Magnetizing Flux
Aas,m = IWas (45)B(4s)drs dgg, (2.2-4)
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2.2 ABC Model

* Magnetic Material

< >
Spacer
21 (I) r 0
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2.2 ABC Model

* In Magnetic Material B = xmuoHp + By
(2.2-5)

O 7T
pm
Bpm I < >

A
_| Hrs Hrp r Hrm

2n Oy 0
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2.2 ABC Model

» In the magnetic material: B = yrmuoHm + By (225
* Inthe gap: B=oHq (2.2-6)

e Thus Hyp=— (Hg—iBm]

e o (2.2-7)
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2.2 ABC Model

e Recall that MMF drop is defined as

stator
F= [Hdr (2.2-8)
rotor
e Thus
F=Hyg+Hpnudpy (2.2-9)
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2.2 ABC Model

« After Manipulation,

B = Cpt F + Bm,eff (2.2-10)
e where
HoHrm
Chi = (2.2-11)
of Ottym +dp
d
Bm eff — = Bm _
T e212)
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2.2 ABC Model

e Derivation:
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2.2 ABC Model

Bpm,eff

Chfs Chfm

21

Fall 2005

Oy
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Bm,eff
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2.2 ABC Model

 Note: we have

HoHy
Chfm = " (2.2-13)
Itp + Am
Hoktys
Pis Otirs +dm
d
Bomeff =————B (2.2-15)
Pme Otp + O b
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2.2 ABC Model

e Recapping
Aas,m = J.Was (45 )B(os)drs dogp, (2.2-4)
B = Cpt F + Bm,eff (2.2-10)
» Also, we have
F = Waslas + Whslps + Wesles (2.2-16)
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2.2 ABC Model

o Substituting (2.2-16) into (2.2-10) and result
Into (2.2-4)

2r
Aas,m = drs [Wag (be (Wasias +Whsibs +Wesics )+ By eff )d¢sm (2.2-17)
0
2r
Aas,m = Ars [ Wag (be (Wasias +Whsips +Wesics )+ By eff )d¢rm (2.2-18)
0
2P _ _ _
Aasm =ArsP - [Wag (be (Wasias +Whsibs +Wesics )+ By eff )d¢rm (2.2-19)
0
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2.2 ABC Model

e Evaluating (2.2-19) yields

Aas,m = Lasaslas T Lasbslbs T Lascslcs + Zas, pm (2.2-20)

Lasy = 2dr; IWaSWbef do, (2.2_21)
0

Aas, pm = 2015 [ WasBry eff ddby (2.2-22)
0
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2.2 ABC Model

e Inductance term

Vi
Lagy = 2dry ,[WasWbef dg, (2.2-21)
0
_ . _
. §(1+apm)7z
Lasy = 2drs| Cpfs ,[WasWyd¢r + (Cpfm — Cofs) IWasWyd¢r (2.2-23)
0 %(Jfapm)”
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2.2 ABC Model

 Self Inductance using (2.2-23)

4drgn

Lasas = P—[bes”+(cbfm bes)(”apm —sin(zar pm ) Cos(26; ))] (2.2-24)

Lasas = La + Lg €COS(26y)

47zn%drS
La= 52 (bes T O pm (Cpfm — bes))

4dr,
Lg = o2 (bes Cofm) SIN(7& pm )
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(2.2-26)

(2.2-27)
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2.2 ABC Model

« Mutual inductance using(2.2-23)
2
e _2":%{%% - _cbfs)[mpm _ Zsin(ﬁapm)cos(ZHr +§m (2.2-28)
Lashs = —% L +Lg cos(ZHr + %j (2.2-29)

Loses = —% Lo +Lg cos(zer —%} (2.2-30)
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2.2 ABC Model

* PM term
Aas, pm = 2015 [ Was By eff ddby (2.2-22)
0
Aas, pm = Am Sin(6;) (2.2-31)
L _8nyinByy (2.2-32)
as, pm = P
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2.2 Final ABC Model

e Finally, we arrive at

)"abcs,m — A

cos(26,) cos(26, + z13)

(2 -1 —1]
LA 1 2 -1
-1 -1 2

Lg| cos(26, + 7 13) co0s(26, +2x/3)

| cos(20, —x13)

Am
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cos(26,) cos(20, —2x13) |

sin(é, )
sin(6, —2x13)
sin(&y +27/3)

cos(26, —x13)

Lapes T

cos(26; ) labcs +

(2.2-33)
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2.2 ABC Model

e Comments on ABC Model
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2.3 Standard QDO Model

e As usual

fcgd 0s = Kefapcs (2.3-1)
fabes = [fas fs fCS]T (2.3-2)
2.3-3
féd 0s — [fqrs fdrs fOs]T ( )
o c?s(é?r) 093(0r —2r13) cos(6, +2r/ 3)\ (2.3-4)

K¢ =—|sin(6,) sin(6, —2x/3) cos(6, +2x/3)

)1 1 1
2 2 2 _
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2.3 Standard QDO Model

« Transformation of voltage equation

r T r r
Vados = lslgdos T @rSAqdos + PAgdos (2.3-5)
0 1 O]
S=-1 0 0 (2.3-6)
0 00
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2.3 Standard QDO Model

 Transformation of flux-linkage equation

Mabes = Mabes | T Mabes.m (2.2-2)
;”c:dOs :;“qrdOs,I +)“onOS,m (2.3-7)
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2.3 Standard QDO Model

« Transformation of leakage flux linkage

L

labcs,l = I—Im
I—Im

e In qdO variables

_Lls
hgdos) =| O
0

I—Im
Llp
I—Im

0
I—Is
0

Ljs = I—Ip —Lim (2.3-9)

I—Im

I—Im
Ly

0

0
Lo

P

Lapcs (2 : 2'3)

iad Os (23'8)

Lo=Lp+2Lm  (2.3-10)
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2.3 Standard QDO Model

« Transformation of magnetizing flux linkage

L 2 -1 -1
7"abcs,m:7A -1 2 -1 iapes +

2
-1 -1 2

cos(26,) cos(26, +713)  cos(26, —z/3)

Lg {cos(zer +713) cos(26, +2x13) cos(26,) ]iabcs + (2 . 2'33)

cos(26, - 13) cos(26,) cos(26, —2713)

sin(6;)
Am| Sin(@, —27/3)

sin(f, +2x13)

* In gdO variables

; 1 00 ; 1 0 O 0
;Vtrqus,m :ELA 010 iE|dOs "'ELB 0 -1 0 itrqus +4Am| 0 (23'11)
0 0O 0 0 O 0
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2.3 Standard QDO Model

 In qdO variables, It Is convenient to write

L, 0 O
;‘adOS =1 0 Ld 0 iadOS -I-im 1 (23'12)
0 0 Lg 0]
L = Lys +§(LA +Lg) (2.3-13)
Lg =Lis +5(La-Lg) (2.3-14)
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2.3 Standard QDO Model

Torque

12220@&_%%g (2.3-15)

See Chapter 5 of Techniques for Analysis
and Design of Electromechanical Systems,
S.D. Sudhoff, S. P. Pekarek, monograph in

preparation for publication.
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2.4 Steady State Operation

o Steady state voltage equations
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2.4 Steady State Operation

o Steady state torque equation
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2.4 Steady State Operation

 Steady state model summary:

Vas = rsi(;s + oy Lyigs + o Ay (2.4-1)
Vgs = Fsigs — @ Lqitgs (2.4-2)

. 3 P -r -r -r )
Te = EE(’%'qs +(Lg — Lg)lgslds (2.4-3)
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2.4 Steady State Operation

e QOperation from a VSI
Vas = 2Vs COS(6; + )
Vs = \/Evs cos(f, — 2713+ ¢,)
Veg = \/Evs cos(f, + 2z 13+ ¢,)

In qdO variables
Vs = 2Vs COS(dy)
Vs = = 2vg sin(gy)
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(2.4-4)
(2.4-5)
(2.4-6)

(2.4-7)
(2.4-8)
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2.4 Steady State Operation

 Solving for the gdO currents
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2.4 Steady State Operation

e Thus
r. (Vi —@p Aq) — @, L
ior|s: s ( q52 r2m) r=d (2.4_9)
I -I-C()rl_dl_q
Ly (Vi — @p Ay) + IV
i _Yr q( czls W Am ) + TsVgs (2.4-10)

r$ +oflyly
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2.4 Steady State Operation

e Other handy relationships

I : v —i\/(vr )2+(vr )2
A Y S AT
P,
ot p  >0,P, >0
P =L T Fin
out —Ewr e ol
77:<Pm Pout <0,Pn, <0
3(.r:r [.r oult
Fin =5 Vgslgs T Vds!ds 0 Rn>0Fyt <0

\
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2.4 Steady State Operation

e Consider a machine
> r=26 W
> L,=L4=12.4 mH
> A.,=286 Vs
> P=4
Rated values
» Current 3.3 Arms
» Voltage 230 V |-l rms
» Power: 746 W at 2000 rpm
» Speed: 5500 rpm (max)
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2.4 Steady State Operation

* Operationat w00
rated voltage =~ AN *
shift) T P38 T B s

_20 | ; | | | ; ; | | ; ;
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

Oy RPM
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2.4 Steady State Operation

e Operation from a CSI

i2s = /2ig cOS(O + ;) (2.4-11)
ine =+/2is cOS(6, — 2713+ ¢;) (2.4-12)
ics = +/2ig cOS(6; +27/3+¢,) (2.4-13)
* |In gdO variables
g = — 2ig sin(¢) (2.4-14)
(2.4-15)

s = +/2is cos(¢;)
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2.4 Steady State Operation

e QOperationat  @s

rated current . ]
(no phase y 8 O SO R N NS S
shift) A

I i i s A A e el S S S

| | | | | | ; ; ; ; ;
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
o, RPM
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2.5 Parameter Identification

e For no load conditions

1
VadOS = a)rﬂ,m O (25-1)
0
e Thus o
P VabCS‘ pk fnd (2.5-6)
m \/ga)r
P = 2round (&, / @) (2.5-7)
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2.5 Parameter Identification

e Derivation
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2.5 Parameter Identification

* Measurement of d-axis parameters

'as

= a
+
Impedance > Vg O, =ml2
Meter r )
r

b C

2y =2

'as
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2.5 Parameter Identification

 Pertinent relationships

_2Vap 2

A= —7 2.5-17
d 3 ias 3 m ( )
r, = Re(Zy4) (2.5-20)

Ly :£|m(zd) (2.5-21)

@
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2.5 Parameter Identification

« Comment on positioning the rotor
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2.5 Parameter Identification

e Derivation of d-axis results
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2.5 Parameter Identification

« Measurement of g-axis parameters

ibs

b
+
Impedance Vi a O, =7nl2
Meter r i
| C
Z = e
Ips
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2.5 Parameter Identification

e Pertinent results

Zo =z 1z (2.5-29)
2 s 2
1

Lq = ~ Re(Z,) (2.5-32)
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2.6 Simulation

e Derivation of state model

Fall 2005 EE595S Electric Drive Systems

53



Fall 2005

2.6 Simulation
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2.6 Simulation

e Model summary:

Vad =K£ Vabc,x
r 3 P( 1 T er )
D Te 55 Amlgs + (La — Lg)lgslds
Oy =W
2 T, - T
r 1 1 Py =— |
il = (Vgs —Tslgs) — @ Am J
as =
& pé —Ea)
: r= r
pil, = Vgs — Fsids 2
s »
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