Why advanced control of electric
motors?

 The motors have the same topology since 1800
* The sychronous reluctance motor is invented in 1838

* The stepper motor is invented in 1930

* Development of digital system software and automatic
control

* Develpoment of the control of electric motors

* Non modelled dynamics



Field Oriented Control

The most exciting development in motor control
Unified control topology that works with all motors
The aim is to orient the motor fields

Invented in 1968

The control becomes very easy

Cascade control topology
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Field Oriented Control in real time

Axis of phase b

Rotor Flux
tator current vector \ /’

If the current vector is at 90°
(electrical) w.r.t. the rotor flux axis,
the motor will exhibit maximum
torque per amp.
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How Do You Control Torque
on a DC Motor?

N W W

Brush DC Motor

Desired Current + Error Szgna[ N =]} Power
> “|Controlle Stage
[ Measured Current |ADC 1” (I |

Commutator keeps
rotor and stator fields
properly aligned!

1. Measure current already flowing in the motor.
2. Compare the measured current with the desired current, and generate an error signal.
3. Amplify the error signal to generate a correction voltage.

4. Modulate the correction voltage onto the motor terminals.

Torque=K i



1. Measure currents already flowing in the motor.

A, B, and C axes are “fixed” with respect to

the motor housing. This reference frame is

also called the “stationary frame” or “stator
frame”.

Controller
with A/D

—




2. Compare the measured current (vector) with the desired
current (vector), and generate error signals.

The desired phase currents can be
calculated via these equations:

i =1 sin(0,)
i, =1 sin(@, +120°)

i =1 sin(0, — 120°)

I m is proportional to motor torque
@, is the angle of the rotor flux

So how do we get the rotor flux angle?



Compare the measured current (vector) with the desired
current (vector), and generate error signals.

Usually accomplished with a
resolver or encoder.



2. Compare the measured current (vector) with the desired
current (vector), and generate error signals.

The Concordia transform
allows us to convert three
vectors into two orthogonal
vectors that produce the
same net vector.

In other words, convert > A
a 3-phase motorinto a

2-phase motor.

Forward Clarke

a=A a p
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2-Phase stationary Frame Current Regulators

Torque Current

Flux Current

Wiilson )

)\ (Va

2 phase to
3-phase
transform
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2. Compare the measured current (vector) with the desired
current (vector), and generate error signals.

Jump up on the rotating
reference frame, whose .
x-axis is the rotor flux B 1
axis.

q axis

This is called the

Park Transform
C

o . .
P iy =i, cosd, +i,sing,
W |, =—1,SIn6, +1,C0s0,

10



2. Compare the measured current (vector) with the desired
current (vector), and generate error signals.

id and ‘iq are handled independently. Since the comparison is performed in
the synchronous frame, motor AC frequency is not seen. Thus, they are DC
quantities!

Under normal conditions, we have all

the flux we need Supplied by the id (commanded) + error, (t)
permanent magnets on the rotor. So , ’Q >
commanded i, is set to zero. -

L.d (measured) ‘

A 4

This is how much torque we want! Lo (commanded) -I;O error, (t)

iq (measured) I

1 4 can be used to weaken the field of the machine.
1 q controls the amount of torque generated by the motor
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3. Amplify the error signals to generate correction voltages.

Commanded Ig

Measured 1,

Commanded Ig

Measured |,

12



4. Modulate the correction voltages onto the motor terminals.

Xis
Before we can apply the voltages to qd
the motor windings, we must first

jump off of the rotating reference
frame.

~— Voltage vector

d axis rotoff lux aX8
0,

Part A. Transfer the voltage vectors back
to the stationary rectangular coordinate

system.

@ V, =V, €080, —V,SInb,
Vs(t
5 =VySIN0O, +v, CosO,

%) —
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4. Modulate the correction voltages onto the motor terminals.

Part B. Next, we transform the voltage
vectors from the rectangular coordinate B
system to three phase vectors.

Voltage Vector

C
Reverse Clarke Transformation
a f A=a A B C
B=—Za+ @ yéi
- —a-3p
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FOC in rotating frame

Va
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Reverse
Conco-Park
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Scientific point of view

 Any model is used

* How the Pl controllers are tuned?

* |Is the stability analysed?

* Are the time varying uncertainties considered?

* Not acceptable from scientific point of view and for
several industrial applications

 The machine model is needed for rigourous study

* Adavanced control strategies to compensate the lack
of modeling and the uncertainties




Field oriented control based on
machine model

Control the AC motors in same way as DC motors

The task is no easier but more secure

The problems related to the modelling and uncertainties is considered
Stability could be proven

Parameter tuning clear and easy to master

The model is needed also for the estimation (position, speed, torque,...)

Stator-field di- 4 Rotorfield
riented axis oriented axis




Modelling of AC machines

e Saturation and parameter changes are neglected
e Uniform air gap

* Uniformly distributed stator/rotor windings




Modelling of Induction machine

Three phase voltages

.\

(v, = vy cos(wt)

2T
vp = vycos(wt — ?)

T
V. = vy cos(wt — —

Three phase currents

.

(1, = I,; cos(wt — @)

2T
I, = Ijycos(wt — ¢ — ?)
41

&IC = Ipycos(wt — @ — ?)
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Modelling of Induction machine

Stator equations
(

. de
Vas = Rslas + d;s
) doy
< Ups = Rslbs + dts
d@cs
Ve = Rol.c +——
\ cs sles dt

Rotor equations

Var = Ryplgy + d;;r
d(pbr
\ Vbr = Ryipr + dt
d@cr
V.o = Rl +
\ cr rler dt



Modelling of Induction machine

Flux equations

Q4 = Self flux + Mutual flux

Pas = leas + Mglpyg + Mglcs + mqlgy + ms lbr"'mz Ler

m; = M cos(6)

2T
m, = Mcos| 0 —3

2T
my = Mcos| 0 +?

L, : is the self-inductance of a stator phase
mg : the mutual inductance between two stator phases
M : is the maximum of the mutual inductance between a stator phase and a rotor phase




Modelling of Induction machine

Flux equations

Qg = Self flux + Mutual flux

Par = Mylgs + Mmylpg + Mmslcs + Lrlar + mrlbr"'mrlcr

m,; = mg, cos(8)

2T
m, = M,-COS (9 — ?)

[2+5)
ms = mg,.cos| 0 +—

3

L, :is the self-inductance of a rotor phase
m,. : the mutual inductance between two rotor phases
Mg, : is the maximum of the mutual inductance between a stator phase and a rotor phase



Modelling of Induction machine

Compact presentation

V =[Vas Vps Ves Var Vbr Verl
I= [Ias Ibs Ics Iar Ibr Icr]

Vgs R, 0 0 0 0 071l L, mg mg my my[ s
Ups O Ry, 0 0 0 O mg Lg mg my, my mal| s
UVss] O O Rg 0O O O] a|lmg mg Lg m3g my, mgl|lg
Var| |0 O O R, 0 O||Igyl atlm; my my L. m, m.||I,
Ubr 0O 0 0 O R, Ol m3; my m, m, L. m.||[
Ver 0o 0 0 0 O R.ILI, m, mg m; m, m, L.llI.,




Modelling of Induction machine

Electromagnetic torque

_pdL
T, = 2I dHI

P: is the number of pole pairs

Mechanical equation

dw,
—=T,—-T
] dt e l
J: is the moment of inertia

T;: is the load torque
W, is the speed of the machine

dwm,
]7=T6_Tl_fwm

f : isviscous friction



Modelling of Induction machine

(a—b —c) to (a — ) Transformation

[ia]_zl "2 Tz

igl 3| V3 V3|
— ——] |t
2 2 |

1 0 7
la _1 ﬁ [
ib = ? 2 [la]
ic 1 V3| F
2 2



Modelling of Induction machine

Stator variables Vsa, Vshr Usc
Isar Isbr Isc

Rotor variables Vrar Urbr Vrc
Irar Irbr Irc

Induction machine model

d
V=RI+_

d
V=RI+—[LI]

Induction machine model in (¢ — B) frame

Vsaﬂ = CVsapc
Vraﬂ = CVrapc



Modelling of Induction machine

Induction machine model in (@ — B) frame

Isa[i’ = Clggpc ‘ Isocﬁ
Lap = CI lag = |
raf rabc rap

d
V= RI+—I[LI]

C'V,; =RCI +i[LC_1I ]
af — af dt af

_ d _
Vap = CRC™'yp + ¢ ILC op)

_ . d d . _
Vap = CRC ' Iyp + CLC 1a[laﬁ] + CE[LC igg

d d
— -1 -1 -1
Vap = CRC™ g + CLC™" —[lap] + C— [LIC Iap



Modelling of Induction machine

-1 1 4y -1
Vag = CRC M lap + CLC™ — [Iap] + € [L1C g

R0 R, 0 0 R, 0 0
R=[05 R], R,=|0 R, 0 R,=|0 R, O
r 0 0 R 0 0 R,

C 0”RS 0”5—1 0]:CRSC‘1 U
0 cll0 RJlLo (¢! 0 CR,.C™*

d do
Vaﬁ == Rlaﬁ + Lalga [Ia',B] + Galaﬂ

G :is the speed matrix



Modelling of Induction machine

d do
Vap = Rlap + Lap = |lap] + G —Iap

dt
] 3 3 _
L, —mg 0 EM cos(8) — EM sin(0)
3 3
0 L, —mg EM sin(0) EM cos(8)
Lap =1 3 3
§M cos(6) §M sin(6) L,—m, 0
3 3
_EM sin(0) EM cos(8) 0 L.—m,




Modelling of Induction machine

d do
Vap = Rlap + Lap = |lap] + G —Iap

dt
3 3 l
0 0 — EM sin(0) _EM cos(6)
3 3
0 0 EM cos(6) _EM sin(0)
G=1 3 3
_EM sin(0) EM cos(6) 0 0
3 3
—EM cos(8) — EM sin(0) 0 0




Modelling of Induction machine

A ﬁg - axis
] : B - axis i @
lar [ cos(0) sm(@) lar N | - |
I — sin(@) COS(G) N\ /—4 &, - axis

lar [cos(@) —sin(@) la,
sin(6) cos(@) ig,.

Main

windin .
g - axis

Aux.
winding

L —mq 0 °M 0
3
0 LlS — mg 0 —M
[ . = 2
ap
—M 0 LlT‘ m, 0
0 - M 0 LlT — M,




Modelling of Induction machine

Park transformation ﬁr

>

e q
I o ]

[xar] _ [COS(QT) — sin(@r)] [xdr]
X

Xgr]  |sin(6,) cos(8,
6, =0+ 06,
T d
[vdqs] = Rs ldqs + 0;P (E) [(qus + dt (qus
T d
[vdqr] — Rr ldqr + QTP (E) [qodqr] +— dt [deqr
L 0 Mg 07 Le = L —mg
<deS] _ 0 Ls 0 MST lqu L = LlT m,
Paqr My, O L, 0 [|iagr
0 M, 0 L, | Mg =M




Modelling of Induction machine

Electromagnetic torque expression

Te = p(¢dsiqs - ¢qsids)
Ty = p(¢qridr - (pdriqr)
Te = pMg, (iqsidr - idsiqr)

M . .
Te=p LST (¢drlqs - ¢quds)
r




Modelling of Induction machine

State space model

~ digg T
dt
digg [ —v Wy ba bp$2 Isd [ 1 Vsg |
dt | _ | —ws —7 —bp§2 ba isq | Vsgq
dord aMg, 0 —da (wg — ps2) Ord 0
dt | 0 aMy —(ws — pSs2) —a | | #rq 0
dPrg
L dt
ds? o o | I
ar = M(Qralsqg — Prqlsd) — c§2 — FTF
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Modelling of Induction machine

Nonlinear model

— digd
dt ~ _
disg —Yisd + Wsisqg + badrg + bpS2dyg “my 07
dt —Wslsd — Yisq — bpS2dra + bad,q 0 m
1oy : '
cord aMsrisqa — adrg + (wWs — P82)0rg
dt . + 0 0 Usd
dr_;}_,.q _ aMsr"S(} — (ws — p82)Ora — ﬂ'@rq 0 0 Usq
dt o o l
M(Gralsqg — Prqisd) — 82 — —1j 0 0
dS$2 J 0 0
dt i 0 1 - -
dT;
— dr -

a=Ry/L,, b=My/oLiL,. ¢= fy/]., v=(L;Rs+ M]R,)/(cLsL}),
o=1—(M2/LsL,), m= pM/JL,, mi =1/oLs.
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Vitesse (tr/mn)

Modelling of Induction machine
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Comparison between simulated model and experimental measurment
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Control of the induction machine

Field oriented control of induction machine

e Same principle as the FOC without model
e Stability

* Robustness

* FOCis atorque control

» Several approaches for the FOC

M
Te=p I (¢drlqs — ¢quds)
T
e Control the induction machine as DC machine

T, = ki



Control of the induction machine

M
Te = pL_ (¢driqs - (pq’rids) ‘ Te = ki
r

M

e — pL_r ¢driqs

39



Control of the induction machine

( . d(Pd
Vas = Rslgs 9599(15 + TS
S do
Vgs = Rslqs + 05045 + ;]5
: : dpar
Vgy = 0= R'}‘[dr Qr‘q)qu‘r‘ + dtT
. - dqur
L_UQT =0= Rqu-_;u + grfpd-_y + It
L 0 M 0]
[(pdqs] B 0 L 0 M ldqs]
(qur B M 0 Lr 0 ldqr
0 M 0 L]

Oy = Par

dl;s Mde
Vis = Rslyzs + ol I + L dt — wsc:rLSIqs
df M
T >+ Ws— L Oy + WLl s

I/E,S =R51q5+0'L
do
Ty di + @ = Mg
M

W, = Iqs

T,y
M
(e =p 1. (P:‘Iqs

40



Control of the induction machine

Vds — (RS + po_Ls)Ids +p Pr — wSO-LSICIS

Ly
M
Vqs = (RS + po_Ls)IqS + (‘)SL_(pr + a)SO-LSIdS

r

d |
Qr = ds
11\-4|-PT1~ ‘ (P'r'zMIds
W, = Iqs
TT'(pT
9—f(p[2+ )dt  ou I =(p_;"
(9 > M

41



Control of the induction machine

Q* + C. 2L iq‘-S + Vgs 1,“5*
e Reg 3pMo; Reg o
) ) -
o) =
c
Cz - \
. * V4 * * Z b
1 1ds + R as Ves E
- e
M ) -
Q
Mig, s s
7,0, Cos .
j(?'.s Ibs
0)5 I HS P (- 65) f
p




Simulation results
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Experimental results
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