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The PMSM - like the ideal 3-phase load
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Mathematical Model — Voltage and Current

e The PMSM has: y

— a 3-phase winding, with resistance ?5 s

and inductance
— A back emf

|t can be described with the same

equation as the ideal 3-phase load — %

in the ROTOR reference frame (x,y)
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3-phase sampled vector control : 4
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L. R

s (k) = [?S + EJ' (NORNOE

L () =i, () )+

S

L. T
+7‘
2)

R,
I,
2

7~ N\

S

LS‘
— 4
[Rs

n=k—1

> (i (m) =i, ()

n=0

n=k—1

> (2 (n)— i, ()

n=0

_a)el Llsy(k)

+a)el 'L'isx(k)-i_esy(k)



Control in a rotating reference frame
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PMSM Torque Control
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Simplest, only y-axis current control
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Example: Rasmus Andersson’s ExSAM
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Torque & Stator Flux Linkage

Torque [Nm] Psis [Vs]
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Stator Voltage Iim(i))tation

(0,0,0)

| — 1 I ]
=ERg PEEECES NIRRT e

’
(1,1,1) (0,1,1) (0,0,1) (1,0,1)
K_L I I I ]
Rl ﬁ 1t ﬁ i ﬁ A ! ﬁ
- T T
i(0,1,0) GUL0) e

i(1,0,0) = %Udc =—ii(0,1,1)

2 ' T

27 [@”| | cos (—)

B 2 = 3 6
i(0,L0)= U qe - 3 =—ii(10,0) dc max
AT 2 V3 Uy,
i(0,0,1) = 2y, .63 =—ii(1,1,0) = |3 Upc—5=—F=
b 3 de > 3 2 \/7

i1(0,0,0)= 0 = i(LL1)

i(0,1,1) <




Stator Flux Linkage limitation : |

= . . \2 . .3\
|us| = \/(Rs “lsxy — Wrpel * Lsy ) lsy) + (Rs “lsy + Wrel * (lpm + Ly - lsx)) ~
. \2 ,
= \/(wr,el 1 Lsy : lsy) + (wr,el ' (lzbm + Lsx ’ lsx))
. \2 ,
= Wrels \/(Lsy 3 lsy) + (lpm + Ly - lsx)z =
Udc

= Wy el '\/(lpsy)z + (lpsx)z = Wrel* |l/jS| = \/7

2

Ugc /
Example:

|J})S| = \/E
S Uy, = 600 [V]
p = 6 [poles]
N,,.x = 15000 [rom]
Oy max = Nmay 27 pi/60*p/2 = 4 712 [rad/s] = 750 [Hz]
P sis_min = Udc/ S(]I’T(Z)/ a)el_ max ~ 0.09 [ VS]
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imitation : |l

Stator Flux Linkage |

Psis [Vs]
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Some Simulink
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Current Limitation

Limited by the
Converter or Motor

Torque [Nm]
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So, where do we position the current ... ?

Torque [Nm]

*  Minimize losses !

*  What losses?
— Resistive losses?
— Iron losses?
— Converter losses?
— Other losses?




Resistive losses

Ploss [W]

 Losses in the stator
winding only

* Not frequency
dependent

* Not temp dependent
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Resistive losses, Torque & Flux
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Find the best operating points ...

At low speed

— Minimal current for minimal
resistive losses

* In Voltage limitation

— Follow constant torque until max
current

e In Current limitation

— Drop torque to respect the voltage
limit

40047 &
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Repeat the search ...

Isx ref and Isy ref [A]

 For all possible
Torque levels

 For all possible flux
levels

 In doing so, for each
combination:

— always select the
lowest resistive
losses

— Always respect the
current limit

200

0.3 -200 Tref [Nm]

Psi limit [Vs]



The drive system performance

Stator Current Modulus [A]

. With the current references known
for all torque levels and all flux
levels: 200

. For each speed and torque

- 150
combination:

— Find the Stator flux linkage limit for 100

each speed. \\
— Select the best currents for the 50— il il I

torque & speed combination \\\\\\\\\W i M%%I; |

iy

— Calculate the losses and limitations i, 20% W%Z/ﬁlﬁ%}/&lllllﬂmﬂ

torque 100 \vl/II///’///I ~ 15000
— Plot the Torque Speed Characteristic 0 / 10000

efficiency etc -100 __— 5000

200 ¢

Torque Reference [Nm] Speed [rpm]



But, there are more than resistive losses ...

Ploss [W]

e.d.

Iron losses

— Here modelled as
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Converter losses
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Isx [A]
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Do you remember the Converter Efficiency ... ?

P out [kW] Efficiency [%]
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Introduce the new losses, and do it all again ...

Ploss [W]
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Find the best operating points ...

Torque [Nm]

This time:

e QOPTIMAL currents for
minimal total losses

« Speed differentiates

— Iron losses and
Converter losses are
speed or voltage
dependent

200
100

~" 200
200 sy [A]
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Repeat the search ...

Isy ref [A]

Isx ref [A]

[rpm] :
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lowest TOTAL

losses

— Always respect

the current limit
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The drive system performance

. With the current references
known for all torque levels and
all flux levels:

. For each speed and torque:

— Find the Stator flux linkage limit
for each speed.

— Select the best currents for the
torque & speed combination

— Calculate the losses and
limitations in torque

— Plot the Torque Speed
Characteristic, efficiency etc
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This is the energy optimal drive control !

|t accounts for all
losses

 Atall possible
speed and torque
combinations

e ...butwecando
more with this
information!
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Conclusions

Torque [Nm]

. A good control system for a PMSM requires:

— A Current Controller, either a PIE + Modulator
OR a Tolerance Band controller
— A field weakening controller.
. The proposed field weakening controller is an
extention of a loss minimisation strategy:

— Set the current references for lowest TOTAL
losses (includning resistive, inductive and
converter losses)

— When needed, respect the maximum flux
limitation and try to keep the torque up.

— Respect also the current limit and reduce
torque if needed.

. The same data that is the base for control is
also useful as base for modelling
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End of the PMSM story
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