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Rotor Field Oriented Control with adaptive Iron Loss Compensation

H. Rasmussen
Aalborg University, Fredrik Bajers Vej 7
DK-9220 Aalborg, Denmark

Abstract—It is well known from the literature that
iron loses in an induction motor implies field angle esti-
mation errors and hence detuning problems. In this
paper a new method for estimating the iron loss resi-
stor in an induction motor is presented. The method
is based on a traditional dynamic model of the motor
referenced to the rotor magnetizing current, and with
the extension of an iron loss resistor added in parallel
to the magnetizing inductance. The resistor estimator
is based on the observation that the actual applied sta-
tor voltages deviates from the voltage estimated, when
a motor is current controlled in a Field Oriented Con-
trol scheme. This deviation is used to force a MIT-rule
based adaptive estimator. An adaptive compensator
containing the developed estimator is introduced and
verified by simulations and tested by real time experi-

ments.
NOMENCLATURE
tsA,B,c  Stator phase currents A,B and C
Usa,B,c Stator phase voltages A,B and C
;S stator current complex space vector
Ug stator voltages complex space vector
Res, Ry resistances of a stator and rotor phase winding
Lo, Ly self inductance of the stator and the rotor
Lm magnetizing inductance
Ty rotor time constant (Tr = L,/Ry)
o leakage factor (1 — L2, /(LsLy))
R! referred rotor resistance (R. = (Lm /Ly)2Ry)
L’ referred stator inductance (L, = o L)
L, referred magnetizing inductance (L], = (1 — o) Ls)
Zp number of pole pairs
Wmech angular speed of the rotor
WmR angular speed of the rotor flux
ImR rotor magnetizing current
o rotor flux angle
wy electrical rotor speed(wr = Zpwyech)
Wslip speed slip (wslip = WmR — Wr

I. INTRODUCTION

Field Oriented Control is a well established discipline. The
relevance is witnessed by a large numbers of investigations
carried out both from a theoretical and a practical point
of view [5]. The theory are based on the general theory of
electrical machines neglecting iron losses. The dominat-
ing part of the iron losses in an induction machine caused
by the stator may be modeled with a pair of equivalent
d-q axis windings [4]. This is equivalent to adding a resi-
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stor and an inductance in parallel to the magnetizing in-
ductance in the space vector dynamic equivalent circuit.
The equivalent iron loss inductance is a fictitious para-
meter modeling the eddy-current losses during transients
and the iron loss resistor models the power dissipation in
the stator core. In [4] the iron loss inductance is neglected
because it is claimed to have no impact in steady state,
but the resistor is estimated and used in a iron loss com-
pensating scheme [1], to eliminate one of the sources for
detuned operation of the field oriented controller.

In [2] and [3] it is shown how the iron loss leads to a
considerable error in the field angle estimated without iron
loss compensation. It is shown that both stator, air-gab
and rotor flux show very similar impact to omission of the
iron loss resistor in the control scheme. Because rotor flux
oriented control leads to a simple scheme for compensation
and 1s far the most popular for vector control, the analysis
in this paper is restricted to this scheme.

In the present paper a new method is introduced in order
to cope with the well known detuning problems caused by
the omission of iron loss compensation. The innovation in
the scheme used compared to traditional schemes is that
the iron loss resistor is continuously adapted and used for
compensation. The performance of the method is verified
both by simulations and by practical experiments.

II. MODEL OF THE INDUCTION MOTOR

In a reference frame fixed to the rotor magnetizing current
and the the angular definitions given in fig. 1, we have the
d-axis in the direction of the rotor magnetizing current
imre’? and the q-axis orthogonal to the d-axis. Defining
WmR = Z—f and the differential operator p = % the motor
model is given by:

Usd = (Rs + les)isd - meL;isq + pL;niMR
Usq = (Rsl+ les)isq + WmRLls teq + meL;n ImR
‘mR = 1+ Trplsd

Rl

m

(1)

with the developed electrical torque expressed by:

3 37, (ILimn)’
m, = §ZpL;nlmRqu _ %

Wslip



Rotor axis

Stator axis
Fig. 1 — Rotor field angle definition
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Fig. 2 Space vector equivalent circuit in a rotor flux oriented
reference frame

The electrical equivalent diagram of (1) is shown in fig. 2.

If an iron loss resistor is added to the space vector equi-
valent circuit as shown in fig. 3 the following equations
are obtained in a rotor flux oriented coordinate system.
The stator voltage equations are unchanged compared to
the loss less case

Usd = (Rs +pL{9)isd - WmRL;isq + pL;nimR
Usq = (Rs + pog)isq + meL;isd + WmRL;nimR
(2)
but the currents have to be redefined as seen from fig. 3.

(P + ijR)é_mimR

Fe

tFe =
J

2 = (P + j(me - wr))lé_y;:imR (3)
imR + Z.Fe + Z.T

1g =

The equation for i; gives by elimination of 2;
! !

. . . L, . . ™
s = tmR T+ (P + meR)ﬁlmR + (P + stlip)FlmR
€ r

S L’s(p+J %R)
{(G0G0}

i mR I FEJ;: R,Fe j (*)I'I_,mi mR

Fig. 3 — Space vector equivalent circuit in a rotor flux oriented
reference frame including transferred resistor

TABLE 1. Comparison of equations used for field oriented
control with and without modeling iron losses

Without iron loss With iron loss
Rlisq Rlisq R
Wslip = I rara— - . — Wm
T Lime Lhime " Rpe
. 1 . .
R I T+ p(Tr + Tre) ™
3Z,,(L;nzm3)2 3Zp(L;nimR)2
Mme = IR Wslip Twslip

estimated field direction

iy field direction

Fig. 4 Estimated and real rotor field coordinates

The imaginary part of this equation leads to

R! L
isq = (me_r + Wslip)

.mR
RFe

m
— 1
!
R!

From this expression w,y;;, becomes

Wslip =

Compared with 1 the slip frequency is now reduced due
to the introduction of the iron losses.
The real part of 3 gives

/ !

RFe + R_;-)ZmR

isd = imR +p(

Introduction of the time constant Tp, = % implies the
following expression for ¢,

. 1 .
ImR = T/ o~ ls
" 1 + p(Tr + TFe) ¢
The developed electrical torque is

3Z,(L imr)?
2R!

me = Wslip
The difference in formulas with and without iron loss
modeling is shown in the table 1.

ITII. TRON LOSS ESTIMATION

If the estimated value for the iron loss fipe deviates from
the correct value Rp. an error ¢ between the estimated
and the correct value of the rotor field angle as shown in
fig. 4 occurs. The slip frequency @,y computed by the



field oriented controller based on estimated parameters is
given as

I !
R I s, R R,
Wslip = I3 — WmR 3
mm Fe
For the real field we have
IS !
Ry, R,
Wslip = 7 s — WmR
Lm mR RFe

Using the quasi stationary assumptions wgyp, = wsyp and
wmpr = wmg the following equation is obtained

o . ’ ’
Isq lsq Lm Lm
— — —— =Wmp(=" — )
imR !mR R_pe RFe

Introduction of Ty, = Ing and Tpe = ém leads to

Fe

Ali - Zs—q = WmR(TFe - TFe)
imR 'mR
From fig. 4 we then get

tg(SD - 6) - tg(go) = me(TFe - TFe)
For |e| << 1 and |p| < m/2 we then have

2

H‘TS(QQO) TFe) (4)

£ = _me(Tf‘e -
and

Z.mR = (1 - je)imR
Fig. 3 then leads to

R;-RFe
R; + RFe

Ugqg =

(Rs + pL;)isd - WmRL{gisq +

+meL;nimR5
()
Due to the mentioned quasi stationary conditions pLiisq
can be neglected. The error between the measured sta-
tor voltage 454 and the value predicted using measured
currents is Usq given by

R;- RF@

m(isd—imﬁ) (6)

Usqg = Usqg— Rsisa+wmpLiisg—
Equation 5 and 6 then gives
Usd = Wmpg L, imRE
elimination of ¢ using 4 leads to the following linear rela-

tion between the estimation error Ty, — T, and a mea-
sured error iy

tisa = —ba(Tre — Tre) (7)
with ¢4 defined by

da = 0.5(1 + cos(20))w2 g Ll imR

(isd - imR)

SIMULATION: Rotor Speed
2000 T T

1800 b

1600 b

1400 4

12001 b
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1000 4

Nmech
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time [s]

Fig. 5 — Standard speed sequense

SIMULATION: Iron loss resistor used for simulation
3000 T T T T T

2500 b

500+ b

0 I I I I I
0 2 4 6 8 10 12

time [s]

Fig. 6 —Iron loss resistor used for simulation

For this kind of problem a modified MIT-rule can be ap-
plied in order to adapt the iron loss time constant Tp.

dTr.  ¢a a
it et

If the estimated Rpe = % is used in the calculation of
wsiip as expressed in table 1, the Field Oriented Controller
shown in fig. 11 may easily be modified to include iron
losses.

IV. SIMULATIONS

All simulations are based on the rotor field oriented
control scheme shown in fig. 11. The parameters used
for simulation are L!, = 0.37TH, R, = 3.5Q, R; = 5.0Q,
L = 0.022H and Z, = 2. Fig. 5 shows the rotor speed
used as test sequence both for simulations and experi-
ments on the motor test bench. Because the nominal
speed for the motor is 1420rpm the effect of field wea-
kening is also included. The iron loss resistor used for



SIMULATION: estimated prediction error
T

20 T T

u_tilde_sd [V]

-10 L L L L L
0

2 4 6 8 10 12
time [s]
Fig. 7 1i.q without iron loss compensation
SIMULATION: estimated and correct iron loss resistor
3000 T T T T T
2500 bl
2000 q
E
£
£.1500(~ q
°
&
1000 bl
500 Bl
o ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12
time [s]
Fig. 8 estimated and real iron loss resistor

simulation is simulated as

L -1

Ryl = sa00 L+ 200lwlrk)  for lwlmr > 10
—(14200/1 I
2800( + 00/ 0) else

and the resulting iron loss resistance for the test sequence
is shown in fig. 6. The error u4 in 7 is shown in fig.
7. The steady state value different from zero is due to
the fact that no iron loss compensation is performed in
this experiment. Fig. 8 and 9 shows the result of an
simulation with estimation of the iron loss resistor Rpg.
and compensation using table 1. For comparison fig. 8
show the correct value of the iron loss resistor too.

V. EXPERIMENTS

For the practical experiments an 1.5kW 2-pole motor
is used. The control scheme for traditional field oriented
control is shown in fig. 11, but an extension to the scheme

SIMULATION: estimated prediction error
20 T T T

15 : B

10- ‘ B

u_tilde_sd [V]
v

10 i i i i ‘
0 2 4 6 8 10 12
time [s]
Fig. 9 — 6154 with compensation using estimated iron loss resi-
stor

EXPERIMENT: rotor speed
2500 T T T

2000 b

time [s]

Fig. 10 — Rotor speed

compensating for iron losses is straight forward using table
1. The speed reference signal for the real system is equal
to the reference signal used for simulation and as it is seen
from fig. 10 compared to fig. 5 the resulting rotor speed
and simulated speed are nearly equal. Fig. 12 shows the
adapted iron loss resistor. In the figure the situation with
fast adaptation is shown, which results in a oscillating
estimate. This can be eliminated ba a reduction of the
adaptation gain 7. It is a trade off between stability and
adaptation speed. Fig. 13 shows the error signal with and
without iron loss compensation as expressed in 7.

VI. CONCLUSIONS

A iron loss resistor has been introduced in the traditional
scheme for rotor flux oriented control, and an estimator
for estimating this resistor has been developed based on
a parameter linear description between the parameter er-
ror and the calculated error between the measured stator
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EXPERIMENT: estimated iron loss resistor
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Fig. 12 — Estimated iron loss resistor

voltage and the estimated one. The reformulation process
is essential in order to get a simple adaptive scheme . A
MIT-rule has been chosen for simplicity, but other met-
hods like RLS and Kalman Filter approaches can be used
as well due to the parameter linear formulation. Simu-
lations have shown the validity of the method, it i1s able
to estimated the iron loss resistance correctly and for the
chosen parameters in the estimator rather fast, but it is a
balance between adaptation speed and the fulfillment of
the quasi stationary assumption. Practical experiments
show that the method via the compensation strategy is
able to improve the detuning problems observed in pra-
ctice when motors contain iron loses.

Field Oriented Control

EXPERIMENT: prediction error with/without compensation
35 T T T T T T T

301 q

™M

u_tilde_sd

-10 L L L L L L L L L
0

5
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Fig. 13 — Estimation error #%sq with and without compensation
for iron losses
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