Elektrotehniski vestnik 70(4): 190-195, 2003
Electrotechnical Review, Ljubljana, Sovenija
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Abstract. The paper presents a method for determination of the steady-state torque characteristics of the induction
motor in the case of rotor field-oriented control (RFOC) with nonlinear magnetizing characteristic of theiron core
included. The torque characteristics are determined for the constant stator current and the constant d-axis stator
current. The characteristics obtained at a constant stator current are used to maximize the torque capability of the

RFOC induction motor. The aim of the presented work isto obtain required steady-state torque with minimal
stator current. Experiments show that the proposed selection of a magnetizing reference is promising.
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Vpliv magnetnega nasicenja na stacionarne obr atovalne lastnosti

reguliranega asinhronskega motorja

Povzetek. V ¢&lanku je predstavljen postopek za doloCanje
navornih karakteristik pri stacionarnem obratovanju asinhron-
skega stroja v orientaciji rotorskega polja z upoStevanjem mag-
netnega nasienja zeleza. DoloCene so navorne karakteristike
pri konstantnem statorskem toku Is4 v d- os (enacbha (6) in
diki 1 in 2), izpostavljena pa je potreba upoStevanja nasicenja
pri doloCitvi navornih karakteristik pri konstantnem statorskem
toku I z enacbo (7) (diki 3 in 4). DoloCeni sta tudi krivulji
maksimalnega navora v primeru vodenja asinhronskega stroja
brez (9) in z (10) upostevanjem nasiCenja. Predlagan je algo-
ritem za primeren izbor referencne vrednosti toka 7,4, ki naj
bi omogocal tvorjenje zahtevanega navora z ngimanjSim sta-
torskim tokom (enachi (13) in (14)). Krivuljamaksimalnega na-
vorareguliranega asinhronskega stroja z upostevanjem nasicenja
jebilapotrjenatudi eksperimentalno (sliki 6 in 7). Podani rezul-
tati kazejo, daje smiselno spreminjati referencno vrednost toka
Isq,rey Na prediagani nacin, sgj s tem zagotovimo manjs sta-
torski tok in manjSe izgube.

Klju€nebesede: asinhronski stroj, navorne karakteristike, mag-
netno nasicenje

1 Introduction

Modelling of electrical machines is usually carried out
with assumption of linear magnetic conditions and irre-
spective of the iron core magnetic saturation. The latter
is accounted for only when modelling of induction mo-
tor is carried out for the purpose of control design. Ex-
ceptions can be found in [1], [2], [3], [4] where authors
developed complex dynamic models of a saturated induc-
tion motor, with no intention to use them in afurther con-
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trol synthesis. Pioneering efforts to include magnetic sat-
uration in control algorithms are found in literature [5],
[6], [7]. The adverse effects of magnetic saturation on the
field-oriented induction motor drives and especially their
torque production are addressed in [8], [9], [10].

Operation of the induction motor drive strongly de-
pends on a proper selection of the rotor flux linkage refer-
ence value which represents an additional degree of free-
dom in control design. Therefore, it can be used to opti-
mize some of the drive features subjected to the voltage
and current constraints. Authorsin [6], [11], [12] investi-
gate optimization of the induction motor torque in the re-
gion with or without field-weakening. Another approach
[13] deals with the reference selection in order to reduce
the motor active losses.

This paper islimited to the analysis of the steady-state
operation of the RFOC induction motor with the rotor
speed smaller than the base speed. Therefore, the voltage
limitations are neglected and only the current limitation
I2,+ 12, < IZ,,, is consdered. At the same time, as
frequently found in the literature, only magnetic satura-
tion of the mutual inductance istaken into account. Using
the equations of the induction motor in the RFOC torque
characteristics of theinduction motor with constant d-axis
stator current I, and constant stator current I, are devel-
oped. The obtained characteristics are used for determi-
nation of magnetizing current 1,4 which gives the maxi-
mal torque-stator current ratio. The curve of the maximal
torque, including magnetic saturation which determines
the ratio between the d-axis and the g-axis current for the
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peak torque-per-ampere operation, is analytically deter-
mined.

Correctness of the described anaytical method and
feasibility of the proposed d-axis stator current reference
selection are proven experimentally.

In section 2, an induction motor mode! in the rotor
field-oriented reference frame is presented. In section 3,
the torque characteristics of the controlled induction mo-
tor with I,; = const. and I, = const. are determined
as afunction of the ratio I, /I, with and without taking
into account magnetic saturation. Differences between
the characteristics are emphasized as they giveriseto fur-
ther differences when choosing an appropriate magnetiz-
ing reference in the form of the d-axis stator current 7,4
reference. The algorithm for the varying d-axis stator cur-
rent 1,4 reference in order to achieve the required torque
with minimal stator current I is presented in section 4.
Simulation and experimental results are presented in sec-
tion 5. In section 6 some concluding remarks are made.

2 A saturated induction motor model in RFOC

A saturated induction machine model is developed in the
same way as in [1]. In the case of rotor field-oriented
reference frame (¢, = 0) the dynamic induction motor
model has the following form:

. di
Usqg = Rgigg+ :ﬁtd - me/qu

. dis
Usq = Rszsq + dtq + me’(/}Sd

; drd _
Upg = Rypipqg+ % =0

_ M
Urqg = R’I‘Z’Fq + (wmr - Wr)wrd =0

.o . Lo .
te = me (quzrd - stzrq) = pL_Twrdlsq
Jdor = ¢, —t

. = le—Uu-— fwr

where us4 and u,, are the stator voltages, u,q and u,., are
the rotor voltages, i,4 and i, arethe d-axis and the g-axis
stator currents, 4,4 and i, are the d-axisand the g-axisro-
tor currents, ¢4 and 1, are the stator flux linkages, ;.4
and ¢, aretherotor flux linkages, R and R, arethe sta-
tor and the rotor resistance, L,, = V., /i., isthe mutual
static inductance, L = dV,, /di,, isthe mutual dynamic
inductance, L, and L, are the stator self-inductance and
the stator leakage inductance, L,. and L,; are the rotor
self-inductance and the rotor leakage inductance, w,, is
the angular speed of therotor flux linkage vector, w,. isthe
angular rotor speed, J isthe driveinertia, f is the coeffi-
cient of viscosefriction, ¢, and ¢; arethe electrical and the
load torque and p is the number of pole pairs. From here
on the steady-state quantities will be distinguished from
the corresponding instantaneous values by capital |etters.

In the induction motor model (1) magnetic saturation
is introduced by variable inductance L,,,, which is given
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by the nonlinear magnetizing curve ¥,,, = f(i,,), where
v, and i, represent the magnetizing flux linkage and the
magnetizing current.

3 Determination of thetorque characteristics

Therotor flux linkage ¥,.; and the g-axis rotor current i,
in a steady-state are defined by equations (2) and (3).

l:[/rd = LrIrd + LmIsd = L’ITLISd (2)

Ly,

l:["rq = LrIrq + LmIsq =0 = Irq = —L—

Iyq (3

The d-axis rotor current in steady-state I, iS ex-
pressed from the third equation in (1):

1d¥,y
R, dt

4

Ird =

Inserting (2) for the steady-state rotor flux linkage ¥ .4
into the torque equation (1) yields:

T—L—%L I 5
e—pL sdlsq ()

T
Rewriting the torque equation (5) to account for con-
stant d-axis stator current 14, the corresponding torque

characteristic 7, = () can be derived:

L?n L?n IS
T. ZPL— sdIsq = pL_ sals (I_q) (6)

Servo drives with the induction motor are usually op-
erating with I,; = const. to guarantee good dynamic
performance for al operating regimes. A set of torque
characteristics for several constant d-axis stator currents
14, without and with consideration of magnetic satura-
tion, are shown in Figs. 1 and 2, for the induction motor
with the data given in appendix B.

It is obvious from Fig. 1 that the calculated torque
without taking into account magnetic saturation is unusu-
ally high. Torque production when magnetic saturation is
taken into account is reduced in Fig. 2, because of the re-
duction of mutual inductance value L,,, in (6), according
to the magnetizing curvein Fig. 8.

The induction motor can operate with variable d-axis
stator current 1,4, too. The alowed induction motor drive
operation range is often limited by the stator current I, =

I2, + I2,. The torque characteristics of the controlled

induction motor, calculated by equation (5) when I, =
const., can be rewritten in the following form:

L2, Io\° (I,
rpmrh- () () o
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Figure 1. Torque characteristicsfor different 7,4 values (without
magnetic saturation)
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Figure 2. Torque characteristics for different I, values (with
magnetic saturation)
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Figure 3. Torque characteristics for different I, values (without
magnetic saturation)

Sets of the torque characteristics for several constant
stator currents I, without and with consideration of ma-
gnetic saturation, are shown in Figs. 3 and 4 for the same
induction motor.

The maximum value of the torque for a given value
of I, can be obtained by taking the first derivative of the
electromagnetic torque (7) with respect to the ratio r =
I4/1Is and by solving the maximum value of the ratio
T'mae (€QUation 8).

(dT€> =0 = Tmaz (8)
dr

Neglecting magnetic saturation, (8) reducesto thefol-
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Figure 4. Torque characteristics for different I, values (with
magnetic saturation)

lowing simple second order agebraic equation:

2
2rmam

—1=0 ©)

With roots r,,4:1,2 = £v/2/2. This means that the maxi-
mal torque of the controlled induction motor driveis pro-
ducedwhen I, /I, = 0,707, i.€. Isq = I,.

When (8) is solved, taking into account magnetic sat-
uration, the following fourth order algebraic equation is
obtained:

b4r;1n,am + b2rzn,(m? + bO =0 (10)
where
L2, 2
by = —(21‘;m — Z2)(2Lpm Ly — L2) (L — L)—
~2%n [~ L, (2L L, — L2)+
+(2Lm Ly — L2, — L?) (L — L)]
by = (2Lm — %2)(2Lpm Ly — L2)(Ly, — L)+

- (L, (2L Ly — L2,)+

+ @LmLy = L7, = L) (Lm — )] = 2L7, L

b = L2112
(11)
Coefficients by4,bo and by are calculated in ap-
pendix A. The maximal torque curve is shown in Fig. 4
and is marked with max T,.. The maximal torque curveis
drawn by changing the magnetizing current in the range
0 < I, < Limas Withthedesired step. Using the nonlin-
ear magnetizing curve given in Fig. 8, inductances L,,,, L
and L, are calculated for the corresponding level of sat-
uration. Then, equation (10) is solved for the root r,,, 4.
which satisfies 0 < 7,4, < 1. For the corresponding
value of magnetizing current 7,,,, theminimal steady-state
stator current is obtained according to (17) by equation
(12). .

Ismin:
Lm _ L3, Y .2
- o -5

The corresponding torqueis calculated by using equation
(7). The procedure is repeated for the whole range of the
magnetizing current given in Fig. 8.

(12)
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The described procedure, based on therelation (8), ac-
tually represents a mapping from the magnetizing curve
V,, = f(In) (the domain with coordinates ¥,,, I,,,) to
the torque characteristic 7. = f(Is,/Is) (the domain
with coordinates T, I, /I;). It is obvious that the linear
magnetizing curve with L,, = const. is mapped to the
vertical straight line I,,/I; = +/2/2, while the actual
nonlinear magnetizing curve ¥,,, = f(I,,,) is mapped to
the mentioned max T, curve, which is obtained by insert-
ing theroots r,,.,. (0 < r < 1) of agebraic equation (10)
to the torque equation (7). The max T, curvein Fig. (4)
startsat point (I5,/15)0 = V2/2.

Because of the shape of the torque characteristics
shown in Fig. 4, the peak torque for a given value of sta-
tor current I, can be produced by the decreased value of
the magnetizing current 1,4 indirectly, putting more stator
current in the torque command current I, [9].

In Fig. 5 the torque characteristics for three different
values of I,; = const. and two torque characteristics
for different values of maximal stator currents ;.02 =
const., taking into account magnetic saturation, are given.
Thetorque characteristics with I, = const. limitsthe
operating region of the induction motor drive, therefore
the torque production loss AT is evident when an un-
suitable value of the magnetizing reference current I, is
used.
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Figure 5. Torque characteristics for ;4 = const. and corre-
sponding current limitations Ispqx

4 Magnetizing reference for achieving the
steady-state peek torque-per-ampereratio

The induction motor drivesin RFOC usually operate with
a high enough constant value of stator current 1,4 which
guarantees excellent dynamic performances during the
accel eration/deaccel eration and load torque switching on.
However, the steady-state stator current I, is frequently
much higher than actually needed for the required load
torque. The results from the previous section show that
it is feasible and economically justified to use the torque
characteristics at I, = const. with consideration of mag-
netic saturation to assure the peak torque per ampereratio.
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The maximal torque curve maxT, showninFig. 4 can
be entered in a control algorithm in the form of alook-up
table with the load torque 7; as the input and the ratio
rmae 8Sthe output. For required load torque 7;, minimal
stator current I,,;, is calculated according to (7) with
equation (13).

Ly,
Ifmin = Tl/ l:p i3 -

T

1- Tgnaxrmaa::| (13)
The appropriate magnetizing stator current reference is
given by equation (14),

- ISQQ = Ismin

_ 2
1 Tmax

Isd,ref - Ifmm (14)
which provides steady-state operation of the induction
motor drive with aminimal stator current for the required

load torque.

5 Experimental results

The maximal torque curve max T, was experimentaly
determined for different load torque values. The RFOC
algorithm was executed on the dSpace DS1103 micro-
proccesor board. The rest of the equipment included:
Semikron IGBT Voltage Source Inverter, Sever 3 kW in-
duction motor with a wound rotor whose parameters are
giveninappendix B, and Mavilor M02000 DC motor with
an Infranor DC power converter as the dynamic load.

At the beginning of each test the magnetizing current
was set to I,q,.r=9,3 A. After acceleration to 50 rad/s,
the load torque with the value 7;=5 Nm, 7.5 Nm, 10 Nm,
12,5 Nm and 15 Nm was switched on. The stator cur-
rent reference value 4 .y Was slowly reduced to reach
the value of the minimal necessary stator current for the
corresponding load torque, while the speed controller in-
creased the current command I, to compensate the re-
duced motor magnetization. The aim wasto run the motor
at a constant rotor speed in the domain where the motor
torque is nearly equa to the load torque. The measured
stator currents for the load torque 7;=10 Nm are shown
in Fig. 6 and the best operation point is determined where
is,min 1S reached. Experimentally determined values of
theratio I,,/1, are shown in Fig. 7 by the symbol *. The
results of stator current reduction are shown in Table 1.

Figure 6. Diagram of stator currents isq, isq, 4s during the test
with 7;=10 Nm

As seen from Fig. 7, the test points are very close to
the analytically calculated maximal torque curve max T,
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Figure 7. Torque characteristics, maximal torque curve and
starting (o) and final (x) test points

thus confirming adequacy of the procedure proposed in
sections3and 4 .

| Ti(Nm) | 5 |75 |10 [125 |15
before searching for minimal I
La(A) | 93 9.3 9.3 9.3 9.3
I,(A) | 25 33 42 5.2 6.2
I,(A) 9.63 |987 | 1056 | 1065 | 11.18
at the end of searching for minimal I,

La(A) |33 435 | 475 |552 |59
I4(A) 37 4.6 5.7 6.65 7.76
Limin(A)| 495 | 6.3 7.4 862 | 9.75

Table 1. Stator currents values while changing the reference of
d-axis stator current 4

6 Conclusion

Inthis paper the steady-state torque characteristics of con-
trolled induction motor at both I,; = const. and Iy, =
const. are presented with and without taking into account
magnetic saturation. A method for determination of the
peak torque per ampere ratio curve with consideration
of magnetic saturation is developed and experimentally
proven. Application of the determined maximal torque
curvein RFO induction motor control contributes signifi-
cantly to the reduction of power losses under steady-state.
However, for the reason of the lower magnetizing refer-
ence current, an inadequate dynamic performance could
be expected in some applications.

Appendix A
Equation (15) is obtained by derivating (7).

dT Irm,a‘c = dar (p Wl 127,, Vv 1- r ) ‘Tmaz =
pjg[%(L_T ‘rma,_v""maa: vV1-— T'anaz"'

L2, 1-2¢2
() =0
s

(15)

Inductance derivative in (15) is caused by magnetic saturation
given by the magnetization curve in Fig.(8).

The steady-state rotor currents I, and I, in RFOC (¢ =
0) are:

a¥,q _
Lo = —z"32=0 s
g = —32Iy
The value of steady-state magnetizing current I,,, is according
to (16) calculated by the equation (17).
Im - \/(Isd+jrd) (Isq+Irq)2 =
== I\/1+(172Lm+_71)(19q) = (17)
= [s \/1 — Lré_l )7"2
Derivation of LZ, /L, in (15) yields (18):
d L2, 2Lp%wp, —depz oLm L dLm
a7, = L2 RSy R
(18)
because:
L=Ly+Ln = Ly _ dlm (29)
dr dr

Derivation of the mutual inductance L., with respect to the ratio
r yields the equation (20):

dLy, _  dLm dlm _ _d (\pm)dzm _
dr dIm dr dlm N I 7 dr
mr g (20
dI m~—Ym dl,, _ _ Lym—L dlm
- 12 dr Im dr

Derivation of I,,, with respect to the r, according to (17), yields
(21).

L
o= L - L= (2 — Ta)r?] =
T r
2\/17(2LLm 5 )r? '
— 2L d(sz Lfn) 9 (2Lm L12n,) _
= fsor, lTar\4T, T g2 )T T Ar 12 =
. IZ[ZLW,LT—L -L2? 7 dLy 2 _ 2Ler—Lm]
- In L3 dr L2

(21)
Equation (21) isinserted in (20) and equation (22) is obtained.

dLm _ _ Lpm—L I? [2LmLT7L?,,fL3 ALy .2 _
dr - I I L3 dr
" " (22
2Ly Lp—L%
L2 r

From equation (22) dL., /dr isexpressed as::

2 _ g2 2
1+ QL'mL'r'L*Lm*Lr (Lm — L) IS 7,2:| dLm _
3

12 dr
, m (23)
= mleba (L, — L)fr
i.e:
2L, Ly—L2 12

dLm mLz (L — L)[Tsr

d - 2L LCL2 —L2 - 12 (24

r 14 2Lm e = (L, — L) 1572

r

Theratio I2 /12, is determined from (17):

. 1 _ L}

L L




and inserted in (24) to obtain:

4w = [L,(2LmLr — L%) (L — L)r]/
{L3+[-(2LmLy — L2)L,+ (26)
+(2Lm L, — L2, — L3 (L., — L)]r?}
The equation (15) obtains the following form:
2
(2%_7: - i_?)(dg:l )‘rmazr'maz Vv 1-— r?nam"‘ ( )
27

2 2

+ —_—_mazx
Lr V 177‘2}1@3:

where (4£m), " isdefined by (26).

The ratio 7maee = Isq/1Is is solution of the fourth-order alge-
braic equation (28).

(2L — Y@L Ly — L2) (L — L)+

L2 b 2
+(2Ler - Lgn - Lg)(Lm - L)]}rfnaz‘F
2
+{(2Lm — E2)(2L Ly — L2)(Lm — L)+

"5 L
+72[-Lr(2Lm Ly — L7,)+
+(2Lm Ly — L2, — L?)(Lim — L)] — 202, L2}12 00+
+L212=0

(28)

Appendix B

Parameters of the 3 kW induction motor with the wound rotor
Sever ZPD112MK4:

Rs = 1.976Q R, = 291Q
L, = 0223H
L, = 0.233H L, = 0.2335H
J = 0.031 kgm?
f = 0.0007 Nms/rad
T, = 15Nm
The magnetizing curve is shown in Fig .8.
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Figure 8. Magnetizing curve
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