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Induction Motor Vector and Direct Torque
Control Improvement during the
Flux Weakening Phase

Kasmieh Tarek
Higher Institute for Applied Sciences and Technology
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1. Introduction

Some industrial applications, such as spindle, traction, and electric vehicles, need a high
speed for the fixed rating power, Fig. 1. To achieve this goal a suitable control method based
on the flux weakening is usually applied. This gives an economic solution for the power
converter and the motor (Grotstollen, H. & Wiesing, J, 1995).

Togue
Fixed torque

Rated togue

Fixed rated power

Speed

Rated speed Maximum speed

Fig. 1. Motor torque according to speed range

For the induction motor, its magnetic state changes during the flux weakening phase. It goes
from the saturation to the linear region, since the rating magnetic point is at the knee of the
magnetizing curve of the iron. Therefore, the change of the magnetic state of the motor
should be taken into account in the control law.

Field Oriented Control (FOC) and Direct Torque Control (DTC) are based on a linear two-
phase model of the induction motor (Vas, P. & Alakula, M. 1990). This model considers that
the magnetic state of the motor is fixed, and all control parameters are calculated according
to this state. When decreasing the flux level, the motor inductances increase. The change of
real inductances values of the motor influences the desired current and speed dynamics.

In this chapter, the linear two-phase model of the induction motor is re-examined, and a
new non linear two-phase model of the induction motor is developed. This model takes into
account the variation of the saturation level (Kasmieh, T. & Lefevre, Y, 1998). The calculation
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84 Torque Control

of this model needs the motor inductances values at each calculation step. The inductances
curves, as functions of the magnetic state of the motor, can be obtained using a finite
elements calculation program.

Unlike many models developed for the induction motor that take into account the variation
of the saturation level (Vas, P, 1981), the model presented in this chapter does not introduce
the inductances time derivatives. This leads to an easy computation algorithm, using
iteration method at each calculation step. The derived model is validated by comparing its
dynamic behavior to the dynamic behavior of a finite elements model.

Based on the new model, a complete sensitivity study of the classical FOC and DTC techniques
is presented. The FOC is highly dependent on the motor parameters. During the flux
weakening phase, the inductances values increase. This influences the dynamic behavior fixed
by the controllers, which is calculated for the rating inductances values. To overcome this
problem an adaptive FOC is introduced. At each sampling period, the magnetic state of the
motor is calculated by iteration, and then the controllers are tuned to this new magnetic state.
Concerning the DTC, this control law is less sensitive to the variation of the saturation level
(Kasmieh, T, 2008). The DTC is based on applying the good voltage stator vector in order to
achieve the desired stator fluxes and torque variations. The main problem of the DTC lies in is
the accuracy of the stator fluxes calculation at each sampling period. Usually, this calculation is
easily done by using the stator electric equation. The performance of this estimator is highly
dependent on the value of the stator winding resistor, which varies with the motor
temperature. A more complicated flux estimator can be derived from the rotor electric
equation (Kasmieh, T, 2008). This estimator is less sensitive to the variation of the rotor
resistor, but more sensitive to the variation of the saturation level. To overcome this problem,
an adaptive flux estimator is presented in this chapter. The estimator parameters are tuned
according to the saturation level of the motor. This new estimation method increases the
computation time of the DTC, but it remains smaller than the computation time of the FOC.

2. Magnetic state study of the induction motor using finite elements
calculation program

The goal is to determine the main variable that influences the magnetic state of the induction
motor, and to establish new flux-current relationships in the two-phase reference that take
into account the influence of the magnetic saturation level variation. The study is done for a
two pole pairs (p=2) 45(KW) induction motor using a finite elements calculation program.
Fig. 2 shows the cross section of the studied 45(KW) induction motor. The motor has two
cages of 40 bars each.

~

Fig. 2. Cross section of the studied 45(KW) induction motor
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The induction motor is modeled as a magnetic circuit of 3 stator phases and m rotor phases,
(m=10 in the case of the 45(KW) induction motor), Fig. 3.
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Fig. 3 Axes of multi-phase model of an induction motor

The flux-current relationships can be written as follows:

[L55]33 [MST(G)]P’m
= : Al
[¢]m+3 [Mrs (e)]m/3 [er ]m/m [ ]m+3 (1)

The elements of the vector [(1)]m+ , are the stator and rotor fluxes, the elements of the vector
[1],,.,, are the stator and rotor currents, [L,], , is the stator inductance matrix, [L,,] is the
rotor inductance matrix, [M, ()] ,mis the stator to rotor mutual inductance matrix,
[M(0)], ,is the rotor to stator mutual inductance matrix and [L,] = is the rotor
inductance matrix.

For the non-linear case where the magnetic saturation effect is taken into account, the stator

and rotor fluxes are functions of the motor angle 6, the stator and the rotor currents.

[¢]m+3 = [¢]m+3 (e’[l]m+3) 2)

In this case, it is difficult to find the fluxes analytically, but they can be calculated using a
finite elements calculation program, in which the magnetic characteristics of the motor
material can be introduced, Fig. 4. The calculation of the fluxes as functions of the motor
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Fig. 4. Iron magnetic characteristics of the 45(KW) motor
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86 Torque Control

angle 0 and the currents is possible using the concept of equivalent saturated inductances
deduced from the saturation curve of the motor material.

A finite elements calculation program is used to determine the main variable that influences
the magnetic state of the induction motor in a two-phase reference related to the rotor, Fig. 5.

sh
Fig. 5. Two-phase reference related to the rotor

The currents are applied in the two-phase reference, and then the currents [I] . are
calculated using the inversed Park transformation. These currents are injected in the motor
finite elements model, and the program calculates the fluxes[¢] .. The fluxes in the two-
phase reference are finally calculated by applying the Park transformation. The calculation

procedure is shown in Fig. 6.

i, P(p8)T Finite T, . P(pb) O
iy —__E)_._i;[[ue)]ﬂ Elements {[4)5(6)]3}____33_'_3)____) g
i, T [(0)] Program [0.(0)] T rg
i, A - 2m g

[ \ 1 0
1 0 COS(E) sin(2—n)
m m
Where T,,= 2L ﬁ , Tm2=‘f£ . . are the
’ 31 2 2 ’ m
1 3
1 o
L 2 ] cos((m-1)—) sin((m-1)—)
L m m ]

cos(y)  sin(y)
—sin(y) cos(y)
The simulations show that the magnetic state of the induction motor depends on the
modulus of the magnetizing current vector ‘Im‘ =\/(isd +i,4)* + (i +1y)° - The magnetizing

Concordia matrices, and P(y)= { } is the rotation matrix.
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current vector can be written wusing complex representation as follows:
L, =(iq +i4)+](iy T1y)- Fig. 7 shows the magnetic state of the motor for different two-

m

phase currents that give the same value of ‘K‘ .

(isdl, Ird, Isq. Irq) = (S0{4), 380(A), 28{A), 353{A}} [Im| = 100 {A)

{isd, brd, kg, Irg) =([35{A), 30A], 40(A), 450{A)) [Im] = 100 [A)

Fig. 7. Magnetic state of the motor for different two-phase currents of the same ‘E‘
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The flux-current relationship can then be written, in the two-phase reference, as follows:

O
¥sq
rq
brq

M(L,.)
0

0

L)
0

L(

M(L,.)

ML, )
0

0

ML)

0

L.(

L)

< =[o]=[M(T.)] (1]

3)

It is possible to obtain the cyclic inductances curves as functions of ‘E‘ , by injecting one

two-phase current. Fig. 8 shows the cyclic inductances curves as function of this injected

current.
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Fig. 8. Cyclic inductances curves

From these curves, inductances lookup tables are established. The values of the injected
current can be associated to E (Kasmieh, T. & Lefevre, Y. 1998).

It is important to mention that the saturation harmonics disappear from the two-phase
fluxes. This issue can be demonstrated taking into accounts the saturation third harmonics
of the fluxes:
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b, = a.cos(pO) + b.cos(3p0)
¢, = a.cos(pb- 2?75) + b.cos(3p6 - %)
¢, = a.cos(pb— 4?“) +b.cos(3p6 — uTn)

Two-phase stator fluxes can be obtained by applying Park transformation of an angle p6:

0 cos(pb)  cos(pb— E) cos(pb — 4_n) Py
|: sd:| _ % 3 3 (I)

= *| Ysb

b 3 —sin(pB) —sin(po - %) —sin(p0 — 4;)_7r) o |

373‘ L2 b (cos(2p0) + cos(2p6 — 43_7c) +cos(2p6 — 8?71)) +
b E(cos(4p€)) + cos(4pf — 8_75) +cos(4pb - 16_rc)) 3
{ sd} _[2]2 3 3 -1\2
Pgq 3 b ; a (sin(2p0) + sin(2p0 — 4—;) +sin(2p6 — 8?71)) + 0

—g(sin(4p6) +sin(4p6 — 8?“) +sin(4p6 — 16Tn))

The demonstration can be extended to the general expressions of the saturated fluxes.

The next paragraph presents a new dynamic model of the induction motor that takes into
account the variation of the saturation level. The resolution of the non-linear equations of
the model is done by iteration.

3. Establishment of a saturated two-phase model of the induction motor

Since the magnetic state of the induction motor depends on the modulus of the magnetizing
current vector, thus, the new equations that describe the dynamic behavior of a variable
saturation level motor in the two-phase reference are:

The electric equations:

. dd, dy
Vea = Rs'lsd * dtd _E sq
do — _ do \ >
v =R 4 AV g V=R +9%s ;4 &
B 1 dt dt Tt dt dt 4
A, dv-po) .~ do, d(y —pb) — ¥
0 = Rr‘lrd + - (qu 0 = Rr‘Ir + u + ] W p .CDr
dt dt dt
do _
0=R,i, +—+ d(v —pb) D,
4 dt dt

The flux-current relationships:

53: LS.E+M.E

[#1=M{p} 1 o @, =L,I, +MlI,
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The mechanical equation: jc(ii—? =T, -T

where
M- - M . .
Tem = pL_(q)r A Is) = pL_(q)rd‘lsd - q)rq'lsd)

r r

6)

is the electromagnetic torque and T, is the resistive torque. Rs and R, are the stator and the
rotor windings resistances. Vsq and Vq are the stator two-phase voltages and ] is the rotor
inertia.

The resistive torque is the sum of the viscosity resistive torque, and a resistive torque
T,: T, =£.0Q+T,, where f is the viscosity factor. Usually, the variations of T, are considered
smaller than the variation of the velocity when controlling the motor. Note that the complex
quantity X = x, + j-x, is used to represents the vectors in the D, Q reference.

The numeric resolution of the new saturated two-phase model equations is done avoiding
the complicated development of the equations as currents deferential equations. The
following differential equations can simply be written.

d[®] i
L8] AT (@1=[v] ?
[ R, 0 MR 0 ]
oL, oL.L,
R MR
0 . 0 —_—
A ‘I—‘ _ G.Ls G.LS.Lr ‘I—‘ )
(b= . e () ®
oL.L, oL, dt
0 ~ MR, d(pb) R,
oL,L, dt oL, |

The matrix A is written for a two-phase reference related to the stator ¥=0.
c=1-M"/(L.L,) is the dispersion factor which is never equal to zero because the leakage
inductances.

The new non-linear model of the induction motor is described by equations (3), (7) and the
expression of the electromagnetic torque. This model is called the saturated two-phase
model.

The numeric resolution procedure of these equations starts from an initial state. At each
calculation step equation (7) is solved using for example Runge-Kutta 4 (RK4) method. This
will give a new flux vector that describes a new magnetic state of the motor. Then, the
corresponding current vector must be determined by resolving equation (3). In fact,
equation (3) is a non-linear equation. The matrix M depends on the modulus magnetizing
current vector. The resolution of this equation can be done by a non-linear iterative
resolution method, like substitution method.

Equation (7) can be written as follows:
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0L 1r o), 1 1-[F], )

where [F]t is a function of the two-phase fluxes and currents.

The RK4 method gives an approximated numerical solution of equation (9). The fluxes at the
instant t+At are calculated using equation (10).

[0],.,,=[@], + b.F], (10
where [
[©], =[], +}[F], =[0], + S[F],
(@], =[], +ZH{F], =[], + ;[F (@], [1],)]
[@], =[], + 5 [F], =[0], + S [F(@], [1],)]
[@], =[], + 5 [F], =[], + Az[F (@], 11,)]
and b, -1, b, -1, 5,1 b, L

To be able to calculate [®]. , the currents [I]. must be calculated by solving the non-linear

equation |¢| =|M K Il . Finally, Fig. 9 shows the calculation procedure of the
q ; . ; y g P

saturated two-phase model of the induction motor.
The resolution of the non-linear equations of the flux-current relationships can be done
using a non-linear iterative resolution method. The substitution method searches the

intersection point between ([ ‘I H I])(t and[(l)] starting from the first iteration
[1], =[1], - The next iteration is calculated from the previous iteration: [I]. =[I] +A[I],

where A[I]= [ ‘I ‘ J (@Mt—M(‘EL).[I]i). In fact the Inductance matrix can be

inversed, since the leakage inductances cannot be zero:

L o M 0
oL, oL,.L,
1 M
[M — T 0 G, 0 GL.L, —
(‘ mM B M, 0 1 0 (‘ m‘)
GL.L, oL,
M 1
I 0 GL.L, 0 oL, |

Fig. 10. shows the substitution calculation procedure for vectors dimension equal to one.
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New instant t+!_\t:[c:I>]t and [I]t are known

(@), calculation: [@], =[], + =[F]

t

[1], calculation: resolution of [4], :[M(‘IEL)J.[IL (Substitution), then [F], =[F([®]1,[I]1)]

i

[®], calculation: [2] =[Z]

+ S]]

1 1

[1], calculation: resolution of [¢], = [L-I(|I_ML )].[I]2 (Substitution) , then [F|, = [F([@]z ,[I]Q)]

A

(@], caleulation: [@], =[@], + S1{F],

[1], calculation: resolution of [¢], =[M(‘£L)].[I]s (Substitution) , then [F], =[F([cI>]3 ,[I]s)]

A

(@], caleulation: [@], =[], + SH{F],

[1], calculation: resolution of [4’]4:[1\'1(‘1_111‘4)}[1]4 (Substitution) , then [FLz[F([@L,[Ihﬂ

A

calculation: [$], , =[T],+ ibi.ﬂ.t[F]

teat
i1

(]

t+ at i

Fig. 9. Calculation procedure of the saturated two-phase model of the induction motor

‘ [ (I)]th&t - M( ‘Iﬂ‘l ) [I]i '

[ (I)] t+at /

27

[ [ [1]
Fig. 10. Substitution calculation procedure

The iteration procedure is stopped when achieving a suitable error of the modulus of the
flux vector.
The execution of the calculation procedure of the Fig. 9 gives the results shown in Fig. 11.
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Fig. 11. Dynamic behavior of the saturated two-phase model of the induction motor

The comparison between the saturated two-phase model and the finite elements model is
shown in Fig. 12. It is clear that it gives closer results to the finite elements model results
than the results of the linear model.

T00 300

i Nomn-line 4 .

1 Cem(NM) S ] ia(A)
650 — Linear model 200 ‘)n.[m! ar model
800 100
seo - b 'm T AE- ek TEE EE 0] /

. I 1 l " i .

. . R 1t L Ik ]
500 ) l | l -100 -] "
450 g -200 - A

Finite elements model  g) 7 I— Finite elements model " s
b R e s S e e s e e S SR e e e S =300 N e e SN [ S e e e e e
0.36 0.37 0.38 0.39 0.40 0.36 0.37 0.8 0.329 0.40

Fig. 12. Saturated two-phase model, linear model and finite element model results
comparison

4. Field oriented control law improvement during the flux weakening phase

The vector control law or field-oriented control (FOC) law of an induction motor has
become a powerful and frequently adopted technique world-wide. It is based on the two-
phase model, Park model. The aim of this control is to give the induction motor a dynamic
behavior like the dynamic behavior of a direct current motor. This can be done by
controlling separately the modulus and the phase angle of the flux (Blaschke, F. 1972).

Using this control technique, the electrical and mechanical dynamic responses of the
induction motor are determined by fixing the coefficients of the current loops controllers,
flux loop controller and the velocity loop controller. Usually, these coefficients are calculated
for the rating values of the cyclic inductances, which correspond to the rating saturation
level. In fact, this level is achieved by applying the rating flux value as a reference value to
the flux loop.

Some industrial applications require the induction motor to operate at a high speed over the
rating speed. The method used to reach this speed is to decrease the reference value of the
flux in order to work at the rating power. This decrease can cause a coupling between the
two-phase axes D and Q, so FOC does not work properly (Kasmieh, T. & Lefevre, Y. 1998).
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Many published papers have studied the effects of the variation of the saturation level on
FOC law (Vas, P. & Alakula, M. 1990) (Vas, P. 1981), but few attempts have been made to
develop a FOC law that takes into account this variation.

In this paragraph the sensitivity of the classical FOC law to the variation of saturation level
of an induction motor is studied. Then, a new indirect vector control law in accordance to
the rotor flux vector that takes into account this variation is developed. This law is based on
the saturated two-phase model found in the previous sections.

The simulations are done using an electromechanical simulation program called "A_MOS",
Asynchronous Motor Open Simulator, (Kasmieh, T. 2002), Fig. 13.

fEiA_MOS main menu [ [E] %]
Choose devices  Motor connection  Parameters  Configuration file  Control - Simulation Plot Goto MATLAE  Help  Exit
Irvverter »

Motor - »

Senzorz k

Fosition

Welocity

References Y Y Y'Y
Cantral ‘

PersonalContral.cpp

Selected dewvices and simulation parameters

Stark time: 0.0

Inverter; |deal Stop time: 1.0

hotor: Saturated Simulation step:  100E-B
Sampling periode: 100E-6
Resolution methad: R4

Senzors: |deal

Connection: Star

Config file: Maon

Mon linear resolution method:  Substitution
Felative ermor: 0.0001

Fig. 13. The main window of “A-MOS” Software

The resolution algorithm of the non-linear model is implemented in this programmed. The
user can write his own control algorithm.

4.1 Classical FOC law

The strategy of the FOC in accordance with the rotor flux vector is adopted. This strategy
leads to simpler equations than those obtained with the axis D aligned on the stator flux
vector or with the magnetizing flux vector (Vas, P. & Alakula, M. 1990).

The development of the FOC equations in accordance to the rotor flux vector can be done by
supposing ¢, = [(I)rd,(l)rq}t = [(I)r,O]t , Fig. 14. The expression of the motor torque is reduced to:

r]‘-‘em = pLM'CDr'isd (11)

r

Since the rotor flux vector turns at the synchronized speed o, , the electric equations become:
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s sq
v, =R +—2+0,.D,
0=R,i4+—
dt
de
0=R,i, +(0,—p—).
rUrq ( S pdt) T

£y PEI rSa

Fig. 14. Two-phase reference in accordance with the rotor flux vector

4.1.1 Stator voltages and stator fluxes equations
The stator voltages of equation (12), and the stator fluxes expressions can be written using

complex representation (Y =X )X, )

VoRI+9% i @
dt

55 :LS.E+M.E

. . M? —. .
By adding and subtracting the term L—.IS in the stator flux vector expression, the

T

magnetizing rotor current vector is introduced I, :

Since the rotor flux vector is aligned on the magnetizing rotor current vector:
® =d =L .I +MI =MI,_,, the stator flux vector can be written as a function of the stator

mr /

current vector and the rotor flux.

O =oL I +—.® (13)

r

Hg

Substituting (13) in the expression of the stator voltage vector:
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V.=R.I +oL_. dl, M do, jo,. D, (14)
dt L, dt

4.1.2 Rotor voltages and rotor fluxes equations
The pulsation (o, — p%) is the rotor pulsation o, , thus the rotor electric equations become:
0=R,i4+ 4o,
dt (15)
0=R,i,+0,.P,

From the rotor fluxes expressions, the rotor currents are expressed as functions of the rotor
flux and the stator currents:

(I)rd = Lr'ird + M'isd d)r = Lr'ird + M'isd

0 =L, i, +Mig 0=L,i,+Mi,
M
i,=—"F-—1 16
rd Lr Lr sd ( )
M .
rq = —L—.lSq (17)

4.1.3 Transfer functions of the induction motor

In order to establish the FOC strategy, the transfer functions of the motor are developed.
The inputs of the transfer functions arev,andv, , and the outputs the variables that
determine the motor torque ®, and i,.

Transfer functions on D axis:

It is possible to control the rotor flux via the stator current on the D axis. This can be
demonstrated from the rotor electric equation on the D axis and from equation (16):

Ao, _ R o +r.Mj (18)
L

r r

dt L

Developing equation (14) on the axis D yields to:

i ()
v, =R i, +c5LS.%+M o, _

. 0,.D,
dt L, dt a

By substituting equation (17) in the expression of ®_ , the following equation is obtained:

: . . M M2 M?
by =Li, +Mi, =L —L—.lsq =(L,——)i, =L,.(1- T 1

r r r S

)i, =L,.oldg .

The D stator voltage expression becomes:
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diy M AP 1 oi (19)

vy =R i, +0L,. % L @ s-Lgoldg

By replacing (18) in (19), the stator voltage of the D axis can be written as follows:

v,=R_i,+oL.. d;d +E, (20)

2
where R =R+ Rr.(LMj , and the electrical force E, = —Rr.%ﬁbr - o,.L,.ci, represents

r r

the coupling between the two axes D and Q.
Transfer functions on Q axis:

By developing equation (14) on the axis Q, the stator voltage of the same axis is obtained:
iy

v =R, +oL,.

+ 0, D,

From equation (13) the D stator flux is:®, =GLs.isd+LM.d)r. By replacing @, in the

previous expression, VSq becomes:

(21)

r

. di, _ M
v, =R.i_ +oL,.—1+w oLl i,+0,.—.
a a dt L,

®_ can be written as a function of the stator current on the Q axis by substituting the

expression of ir, equation (17), in the rotor electric equation on the Q axis:

o = Rr.mNi iy, (22)

r r

By replacing (22) in (21) :

sq

di ’
v, =R, +oL,.—1+w oL i, + 2 M R, i,
. dt o, (L i

2
di o+o, (M
_ . sq . o
Vo =Ry + GLS.EwL ool i, + =l — 1 R

Finally v, can be written as follows:

sq sr'lsq sr '1sq q

. di, (M) . di,
v, =R,i_ +oL,.—r+w.cL.i,+0|—]| R.i, =R, i +ocL.—L+E (23)
dt L 4 dt

r

The electrical force E4 represents the coupling between the two axes D and Q.
The equations (18), (20) and ( 23) describe the transfer functions of the induction motor if the
D axis is aligned on the rotor flux vector, Fig. 15.
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E Gy (p) G,(p)
- ‘ ‘I‘/ Rsr 5 h('[ (I)
.\" ad —L ]'sd ————— r
+ c.L, L, —
1+ R P 1+ R P
E, Gy (p)
A% ‘I‘/ Rsr ]_
= + : c.L S SN
1+ T Sp
\SI"

Fig. 15. Transfer functions of the induction motor (D axis is aligned on the rotor flux vector)

4.1.4 Establishment of the classical FOC law

It is important to mention that the transfer functions shown on Fig. 15 are valid if the axis D
is rotating with the rotor flux vector. Taking into account this hypothesis the control scheme
of Fig. 16 can be built.

The two axes D and Q are decoupled by estimating the electric forces Eq and Eg;

2
E;=-R .%.Cbe -o.L,.cil and E=w .cL i}y +wm.(MJ R, i} . The index e is for the
r L r s* s sq q s s*'s L r*7sq

r r

estimated variables, and the index m is for the measured variables.
®; is calculated by solving numerically the equation ( 18). The value of @ is also used as a

r

feedback for the rotor flux control closed loop.

. . M . .
o; is calculated from equation (18): of=0"+R,.—/—ij.0" =pQ™ =p.d6/dtis the
electric speed of the motor that can be measured using a speed sensor, and p is the pole
pairs number.

For the induction motor, L, /R, is ten times bigger thanc.L, /R, , so it is possible to do

poles separation by doing an inner closed loop for the current and an outer closed loop for
the rotor flux.

From Fig. 16, it is clear that the D axis closed loops are for controlling the amplitude of the
rotor flux, and the closed loop of the Q axis is for controlling the stator current, thus for
controlling the motor torque, equation (11).

In practice, the three phase currents are measured, and then the two phase currents are
calculated using Park transformation of an angle '¥. The angle ¥ is estimated by integrating

M

DL,

control variables v

e _.m
o, =0" +R,.

iy, . After calculating the control variables v and v, the three phase

v,, and v_ are found using the inversed Park transformation.

sa’

4.2 Sensitivity of the classical FOC law to the variation of the saturation level

the FOC algorithm is implemented in “A_MOS” program. The controller parameters are
fixed according to rating values of the induction motor cyclic inductances. The simulation
results of fig. 17 show that during the flux weakening phase, the rotor flux does not follow
its reference and the dynamic response of the speed is disturbed. This due to the fact that the
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Fig. 16. FOC law scheme
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Fig. 17. Simulation results of the dynamic behavior of the induction motor modeled by the
saturated two-phase model, and controlled by the classical FOC law

cyclic inductances values of the motor become different from the cyclic inductances values

introduced in the controllers.

In the next paragraph, the classical FOC law is developed in order to take into account the
variation of the saturation level. The new control law is called the saturated FOC law.

4.3 New saturated FOC law

To simplify the study, stator and rotor leakage inductances (L and L ), are supposed to be
constant. Only the mutual cyclic inductance M is considered to be variable with the
modulus of magnetizing current vector, where L, =M +L; andL =M +L
From expression (13), The derivative of the stator flux vector is:

do dl, M d®, —d(oL,) L
*=ocl,—+——F+1I. =+, s
dt dt L, dt dt dt

r
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Finally the expression of the stator flux vector derivative is:

do, di, M do, L, dM

*=olL,.—2 +(ILL,+®,)=E — 24
dt O L de (L. Lo r)Lzr dt @9
The stator voltage vector is then modified to:
V.=R_I +cL.. dl, - M do, +(LL,+®.) Lgf d—M +i0,. D, (25)
dt L, dt L. dt

As previous, the resistance R can be introduced. The stator voltages on the D and Q axes
are:

di, M o
d — —oL o, + (4L +‘CI)

R,.—[®,

r'y2
Lr

L, dM

2 dt

vy=R,i,4+0.L,.

)

T

(26)

sr*"sd

R, +oL YL E
dt

di 2 di
v, =R i_+clL, . —2 +03.M.|d)r +i, .L;f .d—M+c.Ls.(os.isd =R_ i +ocL.—3+E_ (27)
1 1 dt L, — 12 dt 1 dt 1

where E4 and E are electrical forces and equal to:

— o — L, dM
E, :Rr.L—zr.‘CI)r tol o i, — (4L +‘CI)r )- 2 a
M — 12, dM
Eq = —(D.L—r.‘q)r —G.LS.OJS.ISd _lsq' L2r I .

The obtained transfer functions are approximately the same as in the linear case. The main
difference is that the parameters of these transfer functions are time variant. Terms containing

r

S appear in the expressions of Eq and E;. Anyhow, this term can be neglected since —= is

dt

T

oL

bi than 10
igger than R

S

for induction machines, so the expressions of Eq and E4 become:

S

M
?.

B, ~R,.25.[®,

+o.L., .o,

s*'sq /

M | — .
E ~ —m.L—.‘d)r -oL,.o.i,.

The idea of the saturated FOC is to tune the coefficients of the controllers according to the
value of ‘H‘ . At each sampling period|L,|is calculated, and the corresponding cyclic

inductances are found from look up tables to update the controller’s coefficients.

The expression of ‘Im‘ is‘Im‘ :\/(iSd +iy)’ + (g i )’ . isa and isq can be measured at each

sampling period. iq can be calculated from the first rotor equation ( 15), and i;q from the
equation (17) using a non-linear resolution method as the substitution method.
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Fig. 18 shows the strategy of the new FOC law. The blocks with dashed lines are the blocks
necessary for calculating the modulus of magnetizing current vector. At each sampling
period the controller’s coefficients are updated according to the new values of the cyclic
inductances.
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\Ilr |

7777777777 =l
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'[I@:I v T=is ¥
dl®d R, s (Ls, Li, M) Saturated
di =1, M oD . two-phase
1 model of
. 7f7 - r;f 77777777 | Eq the induction
3 / Cri:m " 1sq 2 + - machine
* RO 2 oMiod T 2 T REF>
h ¥ ¥ T Isq ¥

Fig. 18. Saturated FOC law

Fig. 19 presents simulation results of the dynamic response of the 45KW induction motor
controlled by the new saturated FOC control. This simulation is done for the same inputs of
figure 5. It is clear that the performance of the machine is clearly improved.
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Fig. 20. Simulation results with saturated FOC

5. Stator flux estimation improvement during the flux weakening phase for
the Direct Torque Control Law

Thirteen years after developing the FOC law by F. Blaschke in 1971 (Blaschke, F. 1972), L.
Takahashi and M. Depenbrock presented a new technique for the induction motor torque
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control called Direct Torque Control (DTC), (Noguchi, T. & Takahashi, I. 1984), Depenbrock,
M. & Steimel A. 1990). DTC is based on applying the appropriate voltage space vector in
order to achieve the desired flux and torque variations.

DTC permits to have very fast dynamics without any intermediate current control loops.
The DTC is based on the fact that the variations of the stator flux vector are directly
controlled by the stator voltage vector for high speed:

do, do, 08)

~

V. = RS.E -+
dt dt

S

5.1 Direct Torque Control Law for an induction machine with a voltage source inverter
drive

A small variation of the stator flux vector is in fact the product of the stator voltage vector
and the sampling period AT :

A®_ =V AT (29)

Usually, the motor is driven by a voltage source inverter. The stator voltage vector for such
an inverted has only 8 positions, Fig. 21. From Fig. 21 If the stator flux vector is in sector i,
then its magnitude is increased when applyingV,, V., or V,_, . To decrease ®_, the vector
V..,, V., or V., can be applied.

" 7 H V(110
@ induction V3(010) 2(110)
T1 N
motor

P (O
+

T3 T5
T e a {
Vi N b .
Vy(011) p-D
T2 T4 Té V1(100)
. V7(000)

Vg(111)

\3(001) \76(101)

Fig. 21. Stator Voltage space vector for a voltage source inverter

In order to search what does the stator voltage space vector act on the motor torque, its
expression can be rewritten starting from equation ( 6) and taking into account the flux-
current relationships as follows:

T, =p®, Al (30)

M
"Ls.Lr—-M2

[o||®

— M T AD-p
Ls.Lr—-M2

T.=p .sin 0, (31)

r

where 6__ is the angle difference between ®_and ®, .
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It is important to mention that the rotor flux vector time constant is bigger than the time
constant of the stator flux vector. This can be demonstrated by writing the transfer function
from the stator flux vector to the rotor flux vector. For a two-phase reference related to the

r

rotor: y =pbO, the rotor electric equation becomes: 0= RI.E+ . From the flux-current

!
oL, olL.L,

equation, the following transfer function is obtained:

r

relationships: E = qTS . By substituting the expression of E in the rotor electric

o, M/L

=—71 Tt (32)
®, l+or.p
where 1, =R, /L, is the rotor time constant. From equation (32), it is clear that the stator flux

vector changes slowly compared to the stator flux vector.
Going back to the expression of the motor torque, equation (31), if the stator flux vector
modulus is maintained constant, then the motor torque can be rapidly changed and

controlled by changing the angle 6., . Thus the tangential component of A®_ = V_AT is for
controlling the torque, and its radial component is for controlling ‘(i‘ .

For a stator flux vector existing in sector i, the following stator voltage vector can is applied
in order to have the desired variations of the stator flux vector modulus and the motor
torque.

V, Increase Decrease
‘q)s Vi,V or V,, Vi, Vi,or V
Tem Vi, orV, Vi,orV,

Table 1. Stator voltage vector for the desired variations of \qTS and Tem

The vectors Vl and V,,; are not considered for controlling the torque because they increase

the torque for the positive 30 degree half sector, and decrease it for the negative 30 degree
half sector. They can be used if 12 sectors are considered for dividing the total locus.

By analyzing Table 1, it is possible to do a decoupled control of \qTS and Tem. For all the six

sectors, Table 2 shows the good stator voltage vector that gives the desired variations of
‘QTS and Tem.

Fig. 22 shows the scheme of the DTC.
There are two different loops for controlling the stator flux vector modulus and the motor

torque. The reference values of \i\ and Tem are compared with the estimated values. The

resulting errors are fed into the two-level and three-level hysteresis comparators
respectively. The outputs of the hysteresis comparators and the position of the stator flux
vector are used as inputs for the look up table (selection table of Table 2).
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o, Tem s1 s2 s3 S4 S5 S6
TI v, v, V, Vs Vs Vi
FI = Vo V; Vo V; Vo V;
D Vi \4 \£ \A \ Vs
TI Vs Vi Vs Ve \% v,
FD = V; Vo V; Vo V; Vo
TD Vs Ve \4 v, \8 Vi
Table 2. Stator voltage vector for the desired variations of qTS and Temin all sectors

—ref
‘(Ds ——
> > o
_’ -
T o + , /
I e :
» - | \
0
Stator flux sector
—m
VSl [state
L(I)s — Stator flux estitnator
t+at
—|° o =(V,-R.L} At+tI)‘
| (I)S — El eoat LS - . st
144t
Motor torque estimator
3 — _
N =—p.®,| ~nl
=140 P 2 8 + 3 +

Fig. 22. Scheme of the DTC law

Usually, the estimation of the stator flux vector is done using the stator electric equation:

)

S

e

(33)

=(V.-R,I)

At+ D
t

tAt t
The accuracy of this flux estimator is highly dependent on the value of the stator winding
resistor, which varies with the motor temperature.

This chapter proposes a new estimation technique that uses the rotor electric equation. It
shows that it is less sensitive to the variation of the rotor resistor, but more sensitive to the

variation of the saturation level. To overcome this problem, an adaptive estimator is
proposed, based on a previous saturation phenomenon study.
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5.2 Direct Torque Control Law for an induction machine for a fixed chopping
frequency voltage source inverter
It is possible to develop the expression of a continuous optimal stator voltage vector that

gives the desired variations of ‘as‘ and Tem (C.A, Martins.; T.A, Meynard.; X, Roboam. &

A.S, Carvalho2, 1999). The control voltages voy' and v that give the desired ATDSS /At

— Des
and A‘(Ds At are searched.

The expression of the motor torque derivative is:

dTem dq)sd : disq d(DSq : di sd

= dgg + Dgy. —— iy D —= 34

a P et Pyt T ey (534)
. ddyy ch)sq . . .

The expressions of dts and 5 can be found from the stator electric equations in the

fixed reference:

(35)

By writing the expressions of isq and isq from the flux-current relationships, the derivatives
of these currents versus time are:

digg |1 [d(DSd M d(DrdJ

dt oL\ dt Lr dt
. (36)
diggy 1 [dDg M do,,
dt oL dt Lr dt

The rotor electric equations give the expressions of the rotor fluxes derivatives versus time:

do, _ d(po) DR, Z_M@r _&,(cpsd ~L.iy)

dt de =™ d® M (37)
d®,  d(pd) . d(p) . R, .

& dr O Reb =g P —M-(Qq “Loi)

The final expressions of the stator fluxes derivatives can be obtained by substituting @, , and

@, by their expressions using stator variables:

dj)trd - _ d(dpte) .(qu — Rr'ird = —%,%(@Sq — G'Ls'isq) - I;/} '(chd - Ls'isd)

(39)
dd,,  d(ph) . _d(po) L, - R i
g PRy == (@ o L) (0 - Ly )

By replacing (38) in (36), the stator currents derivatives become:
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diyy _ 1 [dDy M d(pb) L, R, .
- : T o, —-L.i
dt oL, ( & Ll a MO Lodsg) =34 —(@gg ~Lyigq) "
digg, 1 (dPg M (d(po) L, R, _
= : . () olL.1 Db —-L.1
dt G.LS ( dt Lr dt M( sd — S* sd) M ( sq S sq)

The motor torque derivative is finally obtained as a function of stator voltage, stator current
and stator flux components.

dT,
cm > p(VSd'qu T VSq'KSd + Kl) (40)

dt
2
\/7 \/ ®y ) and

) CI)
st:isd—Gid , Ky =igg — L , R, =R +—
* S

| 3,99
R ’ .dt —2 do . .
Ki=—2-T,, - O +p—(DPyiyg — P lyg) =
1 GLS-p > LS S p dt( sd-'sd sq sq)

| 5, d0

Re ¢ _Pa ‘@
em * S

oL p 20l

do . .
+ p.a(d)sd.(dbsd —0.Ligq) = Dyq . (Dyq —0.Lgidgq))

D, =\/g\/(d)sd)2 +(CDsq)2 can be

Using the stator electric equations, the derivative of

found:

2 . .
- —(CDSd.VSd + D Ve — R (Dygigg + Py g )) (41)

opt

Finally, the optimal control v} and Vg are obtained by replacing the desired variations

TDes

during the sampling period A /At in equations (40) and (41) instead of

-, dT
the derivatives dem and

3.¢S.(A
opt _ 2

Ved =

dt

—— Des . . Des
|7 /A K + ReK gy igg + Bygiigg) + @Sq.((ATem /At) /p- Kl)

Dy Ky + Oy Ko

(42)

At each sampling period the stator currents are measured and the stator fluxes are estimated
from the stator electric equations. Actual values of \55\ and Ten, are then calculated. Using

the reference values for the motor torque and for the modulus of the stator flux vector, the
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desired variations during a period of At are calculated and used in equation (42) to find the

opt

optimal values of the control vir' and vgr*

sq °
This control strategy can be implemented using a fixed chopping frequency source voltage
inverter.

5.3 Sensitivity study of the DTC stator flux estimator to the variation of the stator
resistor
The classical stator flux estimator used generally for the DTC is based on the stator electric

()
equation written in a fixed two-phase reference: ¥=0, V,=RI +d— — It is clear that this
— = dt

estimator is highly affected by the stator resistor variations, due to the motor temperature
variations, especially for low speed applications.

The DTC for fixed chopping frequency of the voltage source inverter is implemented in
A_MOS program. Fig. 23 shows simulation results of a 45(KW) induction machine
controlled by the DTC law with the previous estimator. A difference of 15% between the
motor stator resistor and its value implemented in the control estimator is considered.

(VWb
" A L S P
VATV ) 0
Stator flux |
Desired statorﬂuxi
0 EDDE 'I.EIDDE
o i i
I LT LR SRR
A0t
Motor speed (rdis)
Ao
204
A0 -y Fooonneoes
0 500 ms
04— i (ms)
o Ty pepey ey ey
ol o
R Ay T
} Motor speed (rd/s) i
A R EE LR PP L EEERE PR
E| L (Zoom) E
S e oo (ms)
| | | |
0 200 400 B0

Fig. 23. Stator electric equation estimator results with 15% increase for the stator resistor

The difference may cause oscillations to the motor speed, and this problem is more
important for low speed.

6. New stator flux estimator for the DTC

If the motor speed is available, the stator fluxes can be calculated from the flux currents
relationships:
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) M
(I)Sd = GLS.lSd +L—.(Drd
T
43
N @)

CDSq = GLS.iSq + L—(qu
T

At each sampling period the stator currents are measured and the rotor fluxes are calculated
using the rotor electric equations:

%:_Rrird_mq) =—Rr{q)5d _Lsi j_d(PB)q)

dt r M o dt .
do d(pH) ) L d(po) ( )
I p S O T p
_trq__Rr-qu"'_(Drd __Rr-[ sq __g'lsqj'i'_tq)rd

The calculation of the stator fluxes using equations ( 43) and ( 44) does not require the stator
resistor, thus any change in its value has no influence. In fact, the estimator uses the value of
the rotor resistor which determines the time constant of the rotor flux. It is obvious that the
accuracy in measuring the rotor resistor has no big effect on estimating the stator flux vector
using the two previous equations. This is due to the fact that the stator fluxes time constant
is smaller than the time constant of the rotor fluxes, as it was shown previously. Fig. 24
shows that for an increase of 15% in the rotor resistor value, the DTC with the new estimator
gives better results.

Stator flux

Desired stator flux

0 1,000 (ms)
|

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S0
' (ms)
7% I S
| iMotor speed (Rdfsj
51 l S GRRCLECEEEETEPEERE P E-
| {Zoom)
0 | e T T LTI
3 i — {ms)
o 200 400

Fig. 24. New estimator results with 15% increase for the rotor resistor
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The new method of estimating the stator fluxes requires the knowledge of a greater number
of motor parameters. It is clear that the new estimator will be more sensitive to the variation
of the induction motor saturation level, since it uses the cyclic inductances.

Fig. 25 shows simulation results of the induction motor controlled by the DTC with the new
stator fluxes estimator. During the flux weakening phase a big difference between the
desired stator flux and the real one was obtained. This influences the dynamic behavior of
the speed when applying a load torque of 110(Nm) at 3(s).

Flux wealkening

Stator flux : \75

Desired stator flux

200 N N
0 Motor speed (Rdfs)
B0t
; Load torgue (Nm}
L R GRCEEEEEE F EEEE R terrre e

l i
2,000 3,000

Fig. 25. New estimator sensitivity to the variation of saturation level

It is possible to overcome this problem by tuning the new estimator parameters at each
sampling period according to the magnetizing current modulus that can be estimated as
described in the section of the saturated FOC.

The scheme of the DTC using this estimator is presented in Fig. 26.

Fig. 27 shows the improvement of dynamic behavior of the induction motor after
implementing the adaptive estimator of Fig. 26.
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Fig. 27. 45(KW) motor behavior with the adaptive stator flux estimator
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It is possible to combine the two previous estimators. The first one can be used for high
speed, while the second estimator can be used for low speed range. In this case, there is no
need to program the adaptive estimator of the stator fluxes, since it will not work during the
flux weakening phase.

7. Conclusion

This chapter has presented a full study of the magnetic state variation of the induction
motor. Using a finite elements calculation program, it was possible to establish a two-phase
model that takes into account the variation of the saturation level. A very simple resolution
method of this new model was presented. The dynamic response of the new model was
validated by comparing it to the dynamic response of the induction motor given by the
finite element calculation program. After establishing the new model it was possible to
review the advanced control laws like the FOC and the DTC laws. A new saturated FOC law
was developed in order to enhance the dynamic behavior of the motor during the flux
weakening phase, because of the difference between the motor cyclic inductances values
and the values of the cyclic inductances introduced in the controllers. Concerning the DTC
law, it was shown that a small error in the stator resistor value will highly influence the
stator flux estimation, which is done using the stator electric equation. A new stator fluxes
estimator was developed using rotor electric equations. This estimator is less sensitive to the
motor temperature variation, but it is more sensitive to the variation of the saturation level.
An adaptive solution was proposed to tune the estimator parameters according to the
saturation level of the motor. Nevertheless the adaptive part added to the DTC algorithm,
its computation time remains very small comparing to the FOC algorithm that takes into
account the variation of the saturation level. It is important to mention that it is possible to
combine the classical estimator and the new estimator according to the speed range. The
classical estimator can be used at high speed, but at low speed, it is better to use the new
stator flux estimator.
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