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Vector Control Using Series Iron Loss Model of
Induction, Motors and Power Loss Minimization
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Abstract—The iron loss is a source of detuning in vector controlled
induction motor drives if the classical rotor vector controller is used for
decoupling. In fact, the field orientation will not be satisfied and the
output torque will not truck the reference torque mostly used by Loss
Model Controllers (LMCs). In addition, this component of loss, among
others, may be excessive if the vector controlled induction motor is
driving light loads. In this paper, the series iron loss model is used to
develop a vector controller immune to iron loss effect and then an LMC
to minimize the total power loss using the torque generated by the speed
controller.
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[. INTRODUCTION

HE induction motor is designed to operate under constant

voltage and frequency [1, 2]. That means when it is used as a
variable speed drive, the motor will operate far from the optimum
operating point. In fact, if the field oriented controller is used as a
controller that is mostly used, the oriented flux will be
maintained to its rated value which increases the power loss
when the motor drives light loads. Energy saving in inductions
motor drives aims at controlling the motor to match the load
requirements but with minimum power loss. So far, two mains
methods have been used to minimize the power loss within the
induction motor drive whatever the decoupling control technique;
search controllers [3, 4, 5] (SC) and loss model controllers [1,6, 7,
8] (LMC). The SCs offers the advantage to be robust against the
parameters variation but have a very sluggish response whereas
the LMCs are very fast but parameters dependent. In other hand,
for the LMCs to be more accurate, the model that will be used to
derive the LMC algorithm must be extended to include all the
power loss components, such as: stator and rotor iron losses,
stray load losses, etc. For this reason, many papers have used the
extended dq model that includes the iron loss components, which
dominates the stray load losses, in order the get more precise
LMCs. In this model, the iron loss is modelled by a resistance
connected in parallel to the magnetizing inductance, however this
approaches has added two extras differential equations which
needs extras calculations. In the present work, a series iron loss
model is used to derive the field oriented controller and the LMC
algorithm. A program is developed to testify the effectiveness of
the proposed architecture in which the LMC feeds the modified
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field oriented controller by the optimal flux level and receives the
required electrical speed of the oriented flux from it.

The paper is organized as follows, after a general introduction;
the modelling of the induction motor is presented in section II
where the series iron model is emphasized. The next section uses
this model to derive to rotor field oriented controller equations.
In section 1V, the principal of Loss model controller is applied.
First the total loss is quantified using the dq model and the field
oriented control then the equation that generates the optimal flux
as function of the operating point variables is derived. The
obtained simulation results using MATLAB/SIMULINK
package are discussed in section V. Finally we end up by a
general conclusion and some suggestions for the future.

II. DQ MODELLING OF INDUCTION MOTORS

A dynamic modelling of the induction motor has been widely
studied in the literature. The six differential equations relating the
stator and rotor voltages to the stator and rotor currents are
reduced to four equations by wusing the famous park
transformation. This transformation offers, besides simplification,
the advantage to eliminate completely the time varying
parameters. It’s based on a set of hypothesis assumptions, among
others symmetrical three phase machine and neglected saturation
[2, 9]. In this model the iron loss has not been considered. As the
present paper is focusing on the power loss minimization, this
power loss component cannot be ignored. According to the
literature, one can find two main approaches of modelling
induction machine taking into account the iron loss, namely:
parallel and series iron loss models.

A) Parallel Iron Loss Modeling

In this model, the iron loss, including the loss due to eddy
current and to hysteresis current, is represented by a resistance
Rfe. The classical DQ model, represented by four differential
equations, of the induction motor is modified by connecting this
resistance in parallel to the magnetizing inductance. This
modification results in a new dq model with six order differential
equations, as explained in Levi et al. [10].

B) Series Iron Loss Modelling

The series iron loss model has been derived from the parallel
model by introducing some simplifications and assuming that the
change rate of magnetizing current is ignored in comparison with
that of stator current and rotor current as well [11], it follows
that:

va© = Riig + Lidiy/dt- nglsiqje +LMd(idse+idre)/df

'weLM (iqse +iqre) +Rms (idse+ idre) ( 1 )
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Fig. 1 IM modelling with series iron loss resistance

0 = R, ig+ Ly, dig/dt- @y Lyiy, + Ly d(ia’ +ig°)/dt
'wleM(iqse+iqre) +Rmr (idre+idse) (3)

0= Rr iqre+ L[r diqre/dt- O()X[Llrl'dre+ LMd(iqse+iqre)/dt

+ @uLly(ias’ +ig") TRy (ig) +igs’) 4)
Where:
L, (w.5) = Ly (3)
Rys (00,5) = 0,°(5*+1) Ly /Ry (6)
Ry (00,5) = 0y 0(s*+1) Ly /Ry ©)

The equivalent circuit for series iron loss model of the IM in
the rotating reference frame is represented in Fig. 1.

III. FIELD ORIENTED CONTROL USING SERIES IRON LOSS MODEL

To apply the rotor field oriented control principal, the state
vector must contain the rotor flux components. Thus the above
equations of the induction motor are arranged by introducing the
rotor flux defined by the followings:

/ldr: Lridr+LMids (8)

)“qr: Lriqr+ LMiqs (9)

By eliminating the rotor current components using (8) and (9)
and replacing them in the induction motor model, we obtain the
following:

Vdsg = (Rv + Llr/Lr Rms+ O—va) id.ve - weO—Lsiqx+ Rmx/Lrj-dre

+ Ly/L, dAg/dt - . Ly/Ly Ag)° (10)
qu(’ = (Rv + Ll;/Lr Rms+ O'Lip) iqSe+ w(’ULSidSJr R"‘S/L’j'qre
+ Ly/L, dhg,/dt + @, Ly/L, Jg an

Ly —L.T

rmr
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We We

y
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Fig. 2 Block diagram of the FOC derived from the series iron loss model

0= (p+ RARu)/L ) da - Othgy +
[Ror — La/L (R, +R,,)] ias (12)
0= (p+ RARWI/L,) 2+ W +
[Rus— Lud/Ly Ry +R0)] iy (13)

Where: p = d/dt and ¢ = (1- LMZ/L,LS). By letting A,,°= dA,,"/dt
= 0, A4° = a constant [6, 7] and using the following notations
T.w= L/(Ry+R,), T,= L/R,, R*=R; + R,;.L,/L,, we obtain

the modified field oriented controller equations:

pid.ve = '(Rx */O-Lv) l..\‘de+ weiqxe - (Rmx/ULer) j-drg + Vd.ve/o-Lx (]4)

piqse = '(Rs */JLA)iqde - weidsef (LM/JLer) idre + Vqse/ULs (15)
= [(LM‘Tnermr)/(Tmip+1)] idse (16)

Wy = (LM/Tmrf Rmr) iqxe//ldre (17)

The decoupling current control is achieved by:

th€:(1<p+ Kl/p) (idve *. idve) - weUL.v iqsg + (Rms/ LI) /ldre (1 8)

Vq?EZ(Kp+ Ki/p)(iqse * iqse) - weaLx idse + (Lm/LI) wej-dre (19)

Where: K, K; are the proportional and integral gains and i ¥,
i, * denote the d- and q-phase current commands, respectively.
The block diagram, shown in Fig. 2 summarizes the constitution

of the modified FOC controller.
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IV. POWER LOSS MINIMIZATION 18

Minimisation of the loss in the induction motor is directly
related to the choice of the flux level. Choosing the level of flux
in the induction motor remains an open problem from the 14
perspective of maximising motor efficiency and many
researchers continue to work on this problem, and numerous
operation schemes have been proposed by many researchers o2
concerning the optimal choice of excitation current or flux level I~
for a given operating point. 8

In low-frequency operation, core loss (hysteresis and eddy
current loss) is rather low compared with copper loss. As the 6
speed goes up, however, the contribution of the eddy current loss 4
increases and finally becomes dominant. Hence, the optimal
combination of d-axis and g-axis currents varies, depending on w, (rad/sec)
the required torque and speed. :

In our work we are going to investigate and describe a Fig. 3Ra () and R, (@)
principle allowing efficiency improvement for induction motors:
it is the so-called loss-model-based approach, also known as Loss
Minimization Controllers (LMCs), which consist of computing

-300 -200 -100 0 100 200 300

losses using the previous series model and selecting a flux level .
that minimises these losses [1,3,8,9]. s '
-}
A) Loss Model Simplification %g;
£
From the series iron loss model shown in fig.1, it follows that fos54
Lam'» Igm’ can be approximated as: 504
03
ian’ = 0+ i (20) B
Ign’ R g T g’ €2y
And from equation (1) and (2), we can easily see that the iron We (rad/sec) 00 Te (Nom)
loss seems brought to stator and rotor sides, which in the parallel
model was presented as a parallel resistance to the magnetizing Fig. 4 Optimal flux A4"* versus o, and T,
brunch, this makes the magnetizing voltage components easy to
deduce directly from equations (1) and (2): Referring to the flux equations (8) and (9) and applying the
field orientation principle, we deduce the following:
8: . e + . e _ . e + . e
Vdm LMd(lds Lay )/dt a)eLM (lqs lqr) (22) idre — (ldre B LMidse) /L, (24)
que: LMd(iqse + iqre)/dt + COeLM (idse + idre) (23) iqre =- LMine /Lr (25)
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Fig. 5 Configuration system
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Fig. 6 CaseN°1: load torque=18 Nm, Q, = 120 rad/s at starting, Q, = 60 rad/s at t= 2 sec, Q, =-30 rad/s at t= 3.5 sec

Substituting into equations (22) and (23):

Vam' = (LyiLy/Ly) digs’7dt + (Lay/Ly) d A4°/dt

- we (LyLy/L,) l'qse (26)
Vam' = (LuLi/Ly) digs’/dt + @, (Ly/L,) (Lidas’ + 2a°) 27
In the steady state, ﬂqre= 0, dA;5/dt =0, i;° =0, since
Aar’= Ly igs’.
Therefore, we have:
Van' = = 0o (Lyda/Ly) 14" (28)
Vo' = e (Lir'Ly) (Lifias’ + 2ar’) = e Ligias (29)

In normal operation slip is low, i.e. s<<l. Therefore, we
disregard the iron loss of the rotor, hereafter. Then the iron loss
reduces to (Vg > + Vam' 2) /R, along with the copper loss, the
total motor losses is:

. e2 . e?2 . e?2 . e2 2 2
PIUSS:RS (ldse + lqsc )+Rr (ldrc + lqre )+(Vdme + que )/Rm

:Rs (idse 2 +iqse 2) +Rr (LM/LV) Ziqse 2+[a)62(LMLlr/Lr 2 iqse 2

+ a)ez LM2 idse 2]/Rm

= g 2[R+ (@ Lif/ Ry)] +igs > [RAR, (Lif/L,) *+ 0

(LaLi/Ly) */Ro]
=Ry (@) ia* TRy (@) igs"? (30)
Where:
Ry (@) = [Ry + (0 Lyf/ Ry)] (1)
Ry (@,) = [Ry + R, (Ly/L) * + @,* (LyL/L,) */Ry] (32)

R; (w,) and R, (w.) are considered to be the d-q axes
equivalent resistors representing the total loss and their graphs
shown in fig.3 represent their variations with respect to .

Fig. 3 shows that R; is dominant over R, as w, increases.
Therefore, it motivates us to reduce the d-axis current (or flux
level) for the loss minimisation. However, too much decrease in
i (or A4°) leads to extremely large i, for a desired torque
production, yielding a large copper loss.

816



International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:3, No:4, 2009

|

10

JnMn.nmmmHm|mm.|.nmmk N\
HI‘UI'NlW]HlUHH‘WIMHUU \J/

-10

Phase current (Amp)
o

a)

F —  With LMA

500 ‘
—  Without LMA L

400

300

200

Power Loss (W)

I /%\

100 V

|
— ——
Bs 15 25 35 45
c)

Rotor flux (web)

> o

I
~
£

T

@
o
[

N
o

Rotor speed (rad/s)

o

b)

=
o
I

Y

i
J

o
o
/

L

°
~

d)

Fig. 7 CaseN°3: load torque = 10 Nm at starting, Tl =6 Nm at t= 1.5 s, Tl =3 Nm at t= 3 s, Qr = 120 rad/s at starting, Qr = 60 rad/s at t= 2.2 s, Qr
=-10rad/satt=4s

Hence, a compromise between iron loss and copper loss needs
to be made for optimal operation.

B) Optimal Solution for Loss Minimization

The expression of the power loss must be written as function
of the developed torque and the rotor flux. To do so, the stator
current components, Igs and Iy are replaced in (30) by
expressions obtained from the application of the field orientation:

TABLE I

INDUCTION MOTOR DATA
Stator resistance 4.85Q
Rotor resistance 3.805Q
Tron loss resistance 500 Q
Mutual inductance 0.258 H
Stator inductance 0.274 H
Rotor inductance 0.274 H
Rotor inertia 0.031 Kg.m?
Friction coefficient 0.008 Nm.s/rd
Output power 1.5 Kw
Poles 2x2
Voltage 220/380 V
Current 3.64/6.31 A
Rated speed 1420 tr/min
Frequency 50 Hz

iy = (2/3P) (L/Ly) T2’ (33)

ias" = (/L) At (34)
Therefore the power loss equation in the rotor flux orientation
scheme is:

Pioss=Ray (1/Lug)* A *+Ry (2/3P) * (L/Ly)* (T/h)? (39%)

The optimal rotor flux is obtained by, first, taking the partial
derivative of the power expression (35) with respect to 1,°,
second, makes the derivative equals zero and finally, solve for
the rotor flux variable:

da*=[Ry (2/3P) *(L/La) * T.°I( Ry (1/Lpy) *)1™ 36)

Observing the above equation, one can notice that the optimal
flux value corresponding to minimum power loss is explicitly
dependant of two variables: electromagnetic torque 7, and the
direct and transverse resistances R, and R,. However, the filed
rotating speed w, is involved. In fact, the transverse resistance is
constant whatever the value of w, whereas the direct one depends
directly on the rotating speed.
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Fig. 8 CaseN°2: Qr = 150 rad/s, load = 10 Nm at starting, load=6 Nm at t=1.5s,load =4 Nmat t=3 s, load =1 Nmat t=4 s.

Fig. 4 represents the variation of the optimal flux function with
respect to these two variables (w,, T,) that reflect the operating
point.

V. DISCUSSION OF SIMULATION RESULTS

A computer program has been developed in
MATLAB/SIMULINK software according to the proposed
configuration system, Fig. 5. The squirrel cage induction motor
whose parameters are shown in Table I should be fed through a
PWM inverter. As the present work is focusing on the modeling
and the loss minimization, the inverter has been considered as
linear gain. In fact, the inverter is a source of loss due to

harmonics but this type of loss can not be avoided by flux control.

And since the inverter power losses are function of stator current,
they will be close to the minimum as the motor is operating near
the optimum point. The configuration system contains the
modified field oriented controller, Fig. 2 and a bloc which
generates the optimal flux using (36) to the FOC block through a
low-pass filter. The aim of the LPF is to reduce the torque
oscillations due the sudden variation of the optimal rotor flux
when a sudden load torque variation is observed. The motor
mechanical speed is controlled by a classical PI whose
parameters K, and K; are obtained by using pole placement
technique.

To check the effectiveness of the suggested system, several
simulations have been performed under different operating
conditions, namely:

= Case 1: Constant load torque 7; with variable rotor speed
command Q,..

= (Case 2: Variable load torque 7; with variable rotor speed
command £,.

* Case 3: Variable load torque 77 with constant rotor speed
command Q,

According to the first case, the obtained results, fig.6, show that
for the same driven load the rotor flux is increased (fig.6.d) if the
speed decreases and this is justified by the requirement to
maintain the torque capability (output power is constant means
any decrease in speed must be compensated for by increase in
torque that proportional to flux) . At the same time, the modified
filed oriented controller keeps the rotor flux orientation well
(transverse component is null). The optimum point is reached by
the fact that the load torque is maintained equal the rated one and
the flux level is increased, whereas the power loss is
approximately the same as in the case without LMA. In the
second scenario fig.7, the speed is maintained constant but the
load is decreased gradually, the less is the load torque the lower
is the flux level and hence the minimum is the power loss. It easy
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to notice that the decoupling is satisfied since the transverse flux
component is not altered by the direct component variation. The
third case is a combination of the two previous cases, the motor
drive changes its speed and drives variable load torque. Whatever
the operating point, the power loss with LMA is less than that
obtained without LMA (constant flux operating). In this scenario
it’s noticed that the overshot in the flux response is important
even though the LMA output is delayed by a LPF. On one hand,
the flux oscillations come from the fact the two quantities, load
torque and speed, are simultaneously varied within a tight period.
On the other hand, the filed oriented controller generates the
optimal flux on the basis of the knowledge of the torque
reference rather than the real load torque. That means to
minimize the flux oscillations, a more advanced speed controller
may be used, such as the non-linear controller, the sliding mode
controller, etc.

VI. CONCLUSION

Two aspects have been discussed in the paper; the first
concerns the rotor field orientation by using the series iron loss
modelling, whereas the second is devoted to power loss
minimization using the motor model. The advantage comes from
using the series model is the elimination of two differential
equations describing the magnetizing current in the parallel
model. The obtained results show that in difficult situations such
that variable flux-variable speed operation, the rotor field
orientation is maintained. The association to the modified field
oriented controller a mechanism to select the optimal flux leading
to minimum power loss (LMA) has not disturbed the decoupling
hence the induction motor drive. Furthermore, the LMA needs
the value of the electromagnetic torque which its image is
generated by the speed controller. As the modified field oriented
controller illuminates the detuning due to iron loss between the
output electromagnetic torque and the reference torque, therefore
the system will be simplified by using the reference torque rather
than a torque sensor. As regards the flux and the torque
oscillations, the low—pass filter seems not enough to smooth the
flux response when a succession of variation in speed reference

and load conditions the motor is exposed to. Consequently, to
eliminate completely the flux and torque oscillations, it’s suitable
to use a Direct Field Orientation Scheme or a non-linear
controller with a robust observer to furnish the flux feedback.
The observer can be extended to estimate too the stator and rotor
resistance as the LMC equation contains their values.
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