Torque Control of

Induction Machines ...

... as compared to PMSM
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The Induction Machine

Three Phase Stator
No Magnets in the Rotor
Rotor as Short Circuited ”"Cage”

The rotor current must be
induced

Three Phase Stator

Three phase power electronics
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A look under the hood

Lagerskold

Uttagslada
Kylflans

Kullager

Motoraxel

Statorlindning

Flakt

Rotor Statorplatpaket
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Advantages

« Self starting when connected to the

power grid
« Robust and reliable
« Cheap

. Low maintenance
« Standardized
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IM - dynamics

Start here ... Move the stator current one step
— what happens in the rotor?
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Consequences ;

Stator current vector
- Torque producing component

 The rotor current is - Magnetizing component

— Proportional to
The stator flux and
The speed difference (both
tangentially and radially)

— Inversely proportional to the rotor
resistance

— 90 degrees lag versus the flux

QY

Rotor current vector
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Torque properties
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Connection

A
Motor 3~ 50 Hz |IEC 34-1
No.
2.2 KW 2820 r/min
cos ¢ 0,89

coo] 380V 220V
Y P 47 A A 338 8.15 A

19.0 kg |IP54 | CI. F

777%

) ?o

w2| U2 v2

Ut V1 W1
|| | | /\ |
L1 L2 L3 L1 L2 L3 L1 L2 L3
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Single phase operation

Steinmetz connection

Shaded pole motor
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Summering AM

 Rotation
— With AC winding in the Stator

« Voltage
— Proportional to frequency
« Speed

— Also proportional to frequence, BUT WITH A SLIP

@ Non-Zero Torque
. Torque
— Proportional to y-axis current
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Mechanical design of IM

. Stator same as PMSM
. Rotor:

Cast aluminum Wound copper /Slip ring
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Slip ring rotor

breakdown torgue
/F’-’z- tm

%full load torque

The rotor can be:
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i . 100 80 60 40 20 0 %slip
1 Short circuited 0 20 40 60 8O 100 %Ns
2 Given an external rotor
resistance

3 Fed by power electronics

Y
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Mathematical model

. Stator
. Rotor _ d o
U, =R, i+ Vs
dt
! -~ dy
U, =R -i, + Vr
dt
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How does it work?

Imagqgine the following sequence :

1 A magnetizing stator
current is stationary vs.
the rotor.

2 The currentis
instantly moved and

increased.

3 The rotor conserves
the (rotor-)flux and thus
the stator flux
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Torque

Rotor flux orientation

. I L . L L = . -
T =Y Xlg =Y, X1, =—-— Ve X1, __m°l//erS:l//5Xls
LS LS

Stator flux orientation
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Vector control of Induction machines

«  Control usually made in EITHER:

— The stator flux oriented reference frame
OR

— The rotor flux oriented reference frame

. Control, independen of frame, is usually the
easiest

 Determining the reference frame is more
difficult.
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Rotor flux estimation 1

Rewriting the 2 (rotor and stator) vector
equations -> 4 scalar equations

« That can be expressed like this (rotor Bi
equations first, stator equations last)
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Rotor flux estimation 2

_ ) 1h
e' 1 ﬂs IS n
3 He
Sin
Cos Power-
amp.
.................................................................................................................... Controlsignad..
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Fu " F|UX Observer 1 (to estimate both rotor and stator flux in the same time)

. dy
U, =R i+ dtS
- dy .
0=R, i, + dl‘r —] Y,
U
ﬁS:RSO.T:g'_l_il);S_l_O 0 .‘;S
0 0 R, l_;» dt l,;,, 0 — ], l,;,,
RN
u—R1+dt+Q\|J
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Full Flux Observer 2

d—w:—(R-L'1 +Q)-ﬁ/+u+R-k-(iS—C-f|1)=

=—(R-L'1 +Q-R-k-C)-C|/+u +R-k-i; =
= Agps - W+B-u+R ki

where

Ro|® O L] e Vs | p=|!
0 R, L, L, v, 0

_ﬁs 1 0 0
u= ;C=L "(1,;); Q= .
0 0 —j o,
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Full Flux Observer 3

w(k+1)= Eypg- (k) + G - u(k,k+ D)+ K g ig(k,k +1)
F,, = erbS —(R L' +Q+R-k- 07,
(0N

—QT.2 —(RL'+RkCO)T, -QT,J/2
e - e - e =

[0 0 [0 0 |
:LO @ Tl2 'Fobs,wr=0‘LO e/'-cor-Ts/2J

r LT[ A T, 7
E)bS:L[_AObS'ES '|_]+A0bs'7sjz|_]+‘40bs ESJ
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Voltage measurement

« Estimation by software
— Error prone at low speeds

« Analogue filtering and sampling
— Slow

. Direct integration
— Needs galvanic isolation
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Split equation solving

:|:A0bs,ll Aobs,12:|. Vis _|_|:1:|ﬁ N Rs .kl.
Aot Ao | | W, 0| ° |R k-

dy

—

av,

dt

— Aobs,ll .l//s + Aobs,l2 .l//r +us + Rs .kl ) is

— obs,11 .Ws + Aobs,l2 .l//r +Rs .kl | ls +

Solved partly outside the microprocessor

— Aobs,Zl ) Ws + Aobs,22 ’ l//r + O + Rr i k2 i is

Solved entirely in the microprocessor
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Direct integration implemented

Software /microprocessor |  Real analogue world

D/A

\ 4

Ysa

D/A |

dy z o} -
5o — =
df b Aobill g w.s ks AGEJ.S'J.Z ’ WI' i H.s o ‘Rs : kl g I.s

n Aobs;ll g '7!/5 ik Aobs;lz ) WI' - R.s ) kl ) f.s +

Solved partly outsidethe microprocessor
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Stator Flux Oriented Vector Control of Torque and Flux

3 advantages:

* In a synchronously rotating
reference frame, there are no
stationary errors since all reference
values are constant in stationarity

* The stator flux vector can in most
cases be observed with high
accuracy and low parameter
sensitivity

» Direct flux control can be applied

Power Electronics / Induction Machine



Equations, but ony the stator equations this time

2 vector equation, i.e. 4 scalar equations,
rewritten gives :

dysq Ly 1 |_ digy
g g Ty Ve H [T Ty O Ol g | = = R i
di
¥ L. .—4 :
d‘gsl_LS lsgt 0 Ls- 1, o Usg—Rg-ig .
= ) — r
dt T, Weq—0-Lg 7004 Wsd
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Direct Flux Vector Control

« The stator flux can in this particular case be

controlled directly, without using a current u (6)=R. i (£)+ dy (1)

control loop: dt

— Use the d-axis stator voltage equation, and . _ W* (kY- _, (k)
integrated over one sampling period. (k) =R, -i,(kk+1)+=2 T = =

— Approximate the stator current to the s
stationary one. = {wsd =L_-i, in stationarity }z

— This leads to a p-controller for the stator flux k * () — k
modulus. ~ RS . WSZ( ) + l//sd( )T Wsd( )

 This is a possible, and somewhat beautiful s s

control concept, but suffers form the lack of
an inner current control loop to limit current
in case of failure (e.g. short circuit in a
winding)
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Control of the Torque producing current component : 1

« The remaining equations
can be combined into a
version of the g-axis
equation:

_ | Ji
. LS' lsq + ok LS' TI’" dStq

Usqg =R;- lsg T W Ysq T ) * Wsd
| b Ysd - O LS' O lsd |

 This whos that the g-axis
current controller is based

on exactly the same type of ~ disq

equation as a current Usg =Rs+R;.) iy +0 L T TOp Yeq ®
controller in the PMSM !

machine, just with different disq
parameters: R(Ry+R) lgg+(Lgg +Lyp) —+ 0 Wyy
— Stator+Roftor resistance dt

— Stator leakage+Rotor

. Power Electronics / Induction Machine
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Control of the Torque producing current component : 2

Use generic 1-phase load ...

Uy, * (k) =

{Lsﬂ Ly R *Rr]- (i (=7, (k) + ! -nf(i;;(w—iqm)) +
( R+R 2

]; 2 le + Lrﬂ. T:v ] n=0
+ a)r ) Wsd (k)
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Vector Control System
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DTC

« Compare to DCC.
— Replace igg with Vsa
— Replace lgq with T
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DTC system
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Simplified Stator Flux Model 1

- > d_’ - > d_’
Us =R-ig + ci'/f =R- (iS_iSO) T R-iy + ;{f

S = » . . Ino load running\ - . > .
%=-R—iso +[uS—R-(iS—iS0)]= =—R-@+us=—%0 + U

dt - Ly T
Pty
S s0 Ls
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Simplified Stator flux model 2

||C IIC
L U |l
Ve —T— ’—|R:1— —— 1
Vb —— P — ~R
VYsa Ve P Ysp
Va ——3 = Vb ——3 p~
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Simplified Stator Flux Model 3

dysq Ly . 1 [ d ' ]
ol =+ 0 L =00 Ly i =t R

L.-ig,+0o-L;, -7, —ZL -
dfy __° ™ U Msq mRstisg
= 4L = - w,
dt Ty Wsqg =0 Lg- 70 igy Ysd
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Simplified estimation error
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Relation iq/id in stator flux frame
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Gopinath Style Flux Observer

d¥ R,L,ll R,

r

dt L, L7
dy$ . .
dt =V — Rl
d¥;s . s
dt = Vs - RsIs

10
o0

>
>
Resl
P11
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DB-DTFC

Voltage time vectors q {(vs)

Voltage time space
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DB-DTFC

Voltage time space Voltage time space
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