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Abstract—Induction motor (IM) stator flux optimization is very
important in order to get increasing running distance per battery
charge of electric vehicles (EVs). This study introduces a new
direct torque control (DTC) method for efficiency improvement
of IM in EV applications. Also, it is proposed to decrease the
torque ripple of DTC based IM. Generally, loss minimization
algorithms can be simplified by neglecting the core loss or the
effect of leakage inductance in the motor model. However,
neglecting the core loss causes an error in torque control of DTC.
Beside this, exact loss minimization cannot be achieved since a
large voltage drop across leakage inductance occurs especially in
high-speed region. In the proposed method, the motor model is
simplified by neglecting the current in the core loss resistance
branch instead of neglecting the core loss and the effect of
leakage inductance. The proposed method is simulated in Matlab
for variable speeds and loads. Results show that it provides a
significant reduction of losses and decreases the torque ripple of
IM drives.

Keywords-efficiency improvement; electric vehicle; induction
motor; model-based controller; direct torque control

l. INTRODUCTION

The popularity of EVs has been growing up due to their
quiet operation and harmless emissions. EVs can be improved
by regenerative braking systems which convert kinetic energy
back into stored electricity. Generally, EV applications are of
great industrial interest [1, 2], however, the charging time of
the batteries is very long. Therefore, electrical energy must be
used optimally for increasing running distance for every battery
charge. As a result, the losses of electric motors must be
reduced for efficiency optimization [3-5]. Squirrel cage
induction motor (IM) is widely accepted as the best candidate
for EVs thanks to its reliability, ruggedness, low maintenance
and cost. IMs are particularly well suited for traction drive
environments [6]. They have good efficiency at rated load
when operating at steady state. However, their efficiency is low
at light loads due to increased core losses [7]. DTC method
appears as a suitable way to improve dynamic performance of
IMs as it provides a fast torque response and robustness to
motor parameter variations. However, DTC has some serious
problems such as variable switching frequency and a high
amount of torque ripple caused by hysteresis controller [8-9]. If
the hysteresis band range is selected narrow, the thermal limits
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of the power switches are enforced due to the switching
frequency. Otherwise, if the hysteresis band range is selected in
wide range, the torque ripple increases due to decreased
switching frequency [10]. The torque ripple can be decreased
by stator flux optimizing that improves the efficiency of IM.

Generally, two kinds of methods are used for increasing IM
efficiency. One of them is a search controller is based on
measurements of parameters like the input power of the motor.
The other method, called loss model-based controller, needs the
mathematical model of the motor. The aim of these methods is
to find optimum flux which will provide maximum efficiency,
especially at light loads [11, 12]. In loss model-based
controller, the term of total losses, consisting of copper and
core losses, is determined as a function of flux, torque and
speed. In this method, the model must include the core loss
resistance which is usually ignored. Generally, optimal flux
value can be obtained at different load torque and speed
conditions by setting the derivative of total loss with respect to
the flux to zero. Therefore, the convergence speed of loss
model-based controller is fast, and as a result, this method is
suitable for EV applications [13]. In search control algorithm,
the flux is decreased step by step, and at the same time the
input power of motor is measured until the maximum
efficiency point is obtained. The biggest advantage of this
method is that it does not require prior knowledge of motor
parameters which might change by temperature. Since this
method does not need a mathematical model, it is not affected
by saturation. In this method, the step range of flux must be as
small as possible to obtain a low flux ripple. However, if the
step range of flux is chosen very small, convergence problem
can occur [14].

Many different optimal control methods to improve energy
efficiency of IM have been proposed, e.g. loss minimization
algorithms, including search controller presented in [15-17].
Convergence time of a search controller is longer than a loss
model-based controller. Since the speed and load torque of EVs
change frequently, search control algorithm is not sufficient for
EV applications because of its low convergence speed. A loss
model-based control method was proposed in [18] for reducing
the losses of IM. According to this method, when two axis
power loss components are equal in the stator-fixed d-q frame,
maximum efficiency is obtained for a given load and speed. In
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this loss minimization method, a Pl controller is used to
produce the reference stator flux. However, power loss
components have harmonic pollution caused by current
distortion. Therefore, tuning the mentioned PI controller is very
difficult. Another type of loss model-based method of IM for
high operating life of the battery in the EVs was presented in
[3]. In this method, the losses are quantified in the synchronous
rotating d-q frame. The effect of leakage inductances is
neglected to find optimal rotor flux value. However, the
maximum efficiency point cannot be determined as a high
voltage drop across the leakage inductances is ignored,
especially in high speed region. For the efficiency optimization
of vector control-based IMs, maximum efficiency operating
point is obtained without neglecting leakage inductances thanks
to the reference frame fixed to the rotor magnetizing current in
[19, 20]. These studies require an additional controller to obtain
optimal reference flux component. However, the additional
controller increases the method complexity. In [21-22], a loss
model-based approach neglecting core loss is presented for IM
drives. However, neglecting the core losses for simplifying the
model causes an error in the torque control of DTC. As EV
motors have low inductance, the current ripple causes a
significant amount of core losses, especially in high speed
region.

In this paper, DTC method combined with an online loss
model-based controller is proposed to minimize the losses of
EV induction motors at variable load and speed conditions.
Also, it is proposed to decrease the torque ripple which is a
problem of classical DTC method based on variable switching
frequency. In this method, a simplification for modeling of
losses is made by neglecting the current in the core loss
resistance branch of the equivalent circuit of IM in the
synchronous reference frame. Also, the proposed method does
not neglect the core losses and effect of the leakage
inductances. Optimal stator flux value of IM is obtained by
setting the derivative of total loss with respect to the stator flux
to zero.

Il.  DIRECT TORQUE CONTROL

Direct torque control (DTC) method consists of estimators
and hysteresis comparators for electromagnetic torque and
stator flux, and an optimal switching table. In a three-phase
induction motor, torque and stator flux are given by [23]:

T, =Py, x, ®

o =[(V, —RI, )t &)

where P is the pole pair, 15 is the stator flux linkage vector,
I is the stator current vector, ¥; is the stator voltage vector, and
Rs is the stator resistance. Torque and flux references are
compared with the estimated values to determine the error
signals. Flux and torque hysteresis comparators produce control
signals. According to the control signals and stator flux
position, the appropriate stator voltage from optimum
switching table (Table I) is applied to the inverter circuit.
Therefore, the required torque can be obtained effectively
thanks to the rotating stator flux vector as fast as required [24].

Figure 1 is given as an example for the stator flux control. The
stator voltage vectors are moved in a rotating counterclockwise
direction with staying between the hysteresis bands. Stator flux
amplitude can be increased or decreased by selecting different
stator voltage vectors. The block scheme of DTC based on 1M
drives is given in Figure 2. PI controller produces the torque
reference value according to the error between reference and
measured speeds. This way torque and speed can be controlled.
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Fig. 1. Stator flux trajectory by suitable voltage vector selection.
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Fig. 2. Block scheme of the DTC based IM drives.

I1l.  INDUCTION MOTOR MODEL CONSIDERING CORE LOSSES

In order to determine the required optimal stator flux for
increasing the efficiency of the IM, the losses must be
modelled. In IM modeling, the core loss is usually neglected
[21, 22]. However, the core loss must not be neglected for
energy optimization and is taken into account in the dynamic
model of induction motor through the core loss resistance Ree
as shown in Figure 3. The core loss of IM includes eddy
current loss component Pg, and hysteresis loss component P, .
These losses are given in (3) and (4):

Pt = kwl®? @3)

PFhe =k, ws®2 4)
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where ;s is electrical angular speed, @ is flux level, ke and ky
are coefficients related to eddy current and hysteresis losses,
respectively.

jwul-asis Lor R, jwuLmi’

Rs  Los

O jWalmim

Fig. 3. Equivalent circuit of IM at a general rotating reference frame.

While the hysteresis loss is proportional to ws, eddy current
loss is proportional to w?. Therefore, eddy current loss is
dominant over hysteresis loss in a high frequency region. The
stator core loss Ps, and rotor core loss Pf, in an IM can be
calculated approximately by the following equations:

2 52 2 52
ws¢m:ws@m

s _ 2 2
PFe - [kews +khwsj|¢m = 1/ ke Rpe (5)
2@2
Pr - k 2 +k @2 ~ wsl m
Fe |: ewsl hwsl] m 1/ ke
(6)

2 . 2x2 2 52
=Sa)sq5m_a)s®m

1/k, R,/

where Rre is the core loss resistance, s is the slip, ws is the slip
angular speed, wr is the rotor angular speed, wg; = wg — W, =
sws and ¢, is the airgap flux. wge,, represents the airgap
voltage. Notice, that the rotor core loss is much smaller than
the stator core loss, since |swg| < |wg].

According to Figure 4 we write the current and voltage
equations related to the stator and rotor in the synchronous
reference frame:

—_ H dids didm ; ;
Vds - Rslds + Las E-'- Lm T - <Laslqs +Lmlqm) (7)
. di,  di, S
Vqs - RSIqS + LUS dt + Lm dt +ws (Laxldx +Lmldm) (8)
— H didr didm ; ;
O - erdr + L{rr dt + Lm T - w.vl (Larlqr +Lmlqm ) (9)
— D diqr diqm . .
0 - erqr + Lor dt + Lm dt +a)s/ (Lm'ldr +Lmldm) (10)
s o ' [ .
lys + e = lgm + R—ﬁ( Lm d[;: - wsLmlqmj (11)
sl dig .
IUls + Iqr - Iqm + RFe [Lm dt +a)sLmldm] (12)
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Fig. 4. Equivalent circuit of IM in the synchronous reference frame.
where Vgs and Vs are the stator voltage components, igs and igs
are the stator current components, igr and iq are the rotor
current components, igm and iqm are the magnetizing current
components, Ry is rotor resistance, Lm is the magnetizing
inductance, and L,, L, are the stator and rotor leakage
inductances, respectively.

A. Loss Model Simplification

IM losses consist of copper and core losses. The converter
losses have no significant effect to determine the optimal flux
value for medium-sized IM drives [22]. Therefore, the
converter losses are not taken into account in this study. It
should be kept in mind that since optimal flux value is usually
smaller than the rated flux for the EV applications, there is no
magnetic saturation [18], and, as a result, magnetic saturation is
neglected. To prevent loss model complexity, simplification
methods are applied. One of them is to neglect the effect of
leakage inductances [3], which can be effective in the low
speed region. However, the voltage drop over the leakage
inductances becomes significant in high frequency operations.
Therefore, due to neglecting leakage inductance over the base
speed, a significant error will be in losses calculation. To
design a controller without taking into account the effects of
the leakage inductances is impractical, especially in high
frequency operations [26]. In the proposed method, the
simplification without ignoring leakage inductances is based on
the fact that magnetizing currents igm and iqm are much bigger
than core loss currents igre and igre.

ligm| > ligrel (13)
ligm| > ligre| (14)
where

s24+1 di
(L dm

tare = —(Lm—5," — wSLmtqm) and

, s24+1 digm .
lgre = Rre (Lm T + wSLmtdm).

Then  the
approximated by:

magnetizing  current  components  are
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In (_7)—(12) after s:u_bstituting i_dm and_iqm by igs+iar and igs+igr, v, = wsi( Loyiyg + 7y ) = 0L (32)
respectively, a simplified model is obtained as follows: L
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ls Tlgr = lgm +Vdm B (23)
Fe
2
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IV. LOSS MINIMAZATION ALGORITHM

The rotor flux-oriented reference frame is utilized for
calculating losses and finding optimal stator flux, since it
provides greater simplification. This frame is obtained by
aligning the reference frame on the rotor flux axis. As a result,
Agr = Agr = 0. We define the rotor flux components as
follows:

ldr = Lridr + Lmids (25)
/lqr = Lriqr +Lmiqs =0 (26)

where L, is the rotor inductance. The rotor current components
are calculated from (25)-(26).

A r 'Lmi S
i :dL—rd (27)
=2 (28)
4 L

Replacing iar and igrin (17) and (18) we have:

T

Since slip is low (s « 1) in normal operation of IM, the
rotor core loss is neglected, hereafter. The core loss and copper
loss are expressed by the following equations:

2
oz b | 2 rore
3(Vi+Ven) 3 L
PFe == == (33)
2 Re 2 Ree

R, = 2[R, i) R (1 + 1)

3 LY (34)
:[Rs(ijS + ijs)Jr R, [m} i;}
2 L

r

Also, the total loss is expressed as a function of electrical
angular speed ws, torque Teand d axis component of rotor flux
j.dr:

2 2
Ptotal = g Rs fu + 3 T; (RS Li + Rr Li‘l )
2°\L, ) 3(nL

N 2 2 2 2
. 3( N0y L, +L, + 2 (TolL,
2 I‘r RFe 3RFe j'dr

where np is the pole number.

(35)

A. Proposed DTC based on Loss Minimization
The torque of IM at steady state is given by:

T=3ntn, (36)

e dr“gs
2 P

When the total loss term is examined, it is seen that it is
closely related to the rotor flux level. In order to reduce core
losses, the rotor flux, or in other words, d axis stator current igs,
must be decreased. If the rotor flux is decreased, q axis stator
current igs must be increased very much in order to obtain the
necessary torque causing a lot of copper loss. Therefore,
optimal flux must be determined in order to provide balance
between core loss and copper loss. Optimal rotor flux value is
obtained by following equations:

dPtotaI =0 (37)

)
dAy
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i = \F N (AJM (38)
dr 3 e B

where A and B are equal to

2 2 272
A= Rs Lr :- erLm + a)zs Lcr (39)
n2L2 nZRe,

p

B _ RSRFe Lf + wstn (Lzm + Lir)
B LR, L2

Fe™r

(40)

However, in DTC control of IM, since stator flux control is
required, optimal rotor flux is converted to optimal stator flux
by the following equations:

L L. L,
=gli, +-—M =—g— + —m 41
Vs OLglgg I—r VY o I—m Vi Lr Yid ( )
Ve = U'Lsisq = ELO’LS (42)
3 anml//rd

Vs = ‘\' '//szd + l//szq (43)

2 2
opt __ ref __ LS oot \2 2 O'Lr Emf
Vs = Vs = ? (Wdft) + § n ngt (44)
m p r

L
whereg =1 —
LgL

str

, is the leakage factor and Ls is the stator
inductance.

The block scheme of the proposed DTC method for EVs is
shown in Figure 5. The difference between the proposed DTC
and conventional DTC methods is the usage of optimal stator
flux block obtained by (44).

Torque Ve

Js +< ) v,
v tnverter
Optimal

rrrrTransmission
Wheel

Accelerator

Proposed DTC block scheme for EVs.

Fig. 5.

V.  SIMULATION RESULTS

The proposed method is simulated by Matlab. An IM with
capacity of 3kW fed by a voltage source inverter is used in the
simulation. The IM parameters are given in Table Il. The
applications aim to investigate the efficiency and dynamic
performance of the proposed method, and compare it with the
conventional DTC method. In this application, reference
electrical angular speed is 250rad/s and load torque is 2Nm. In
the conventional DTC, the reference stator flux is 1Wb (rated
conditions) while in the proposed DTC that is applied for
t>2.5s, the reference stator flux is determined by the loss
minimization algorithm. The results are shown in Figure 6.

TABLE Il INDUCTION MOTOR PARAMETERS
Parameters Values
Power 3kw
Rs 1.795Q
R 1.52Q
Rre 1340Q
L=1L, 0.2405H
Lm 0.2323H
J 0.0044kgm?
Ny 1

@

(b)
Fig. 6. (a) Total loss of IM, (b) Efficiency of IM
@
()
Wys(Wh)
Fig. 7. (a) Reference stator flux, (b) Circular trajectory of stator flux.

As shown in Figure 6(a), the proposed method provides a
significant losses reduction for t>2.5s. Therefore, the efficiency
is improved at the same rate as shown in Figure 6(b). The
comparison of both DTC methods is given in Table Ill. Figure
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7(a) shows the variation of the reference stator flux. As shown
in Figure 7(b), firstly the rated flux value is applied until IM
reaches its steady state and then the stator flux reaches its
optimal value apart from a small transient. Figure 8 shows the
dynamic performance of the proposed DTC method. Speed
control capability of the proposed approach is good in Figure
8(a) and the torque ripple is comparatively decreased using the
proposed DTC, Figure 8 (b).

@

(b)

t(s)
Fig. 8.

@

(b)

Hes R

3 8

©

Efficiency ( %)
2333

15 a5

l(é)
The performance of the proposed method at variable speeds.
(a) Speed of IM, (b) Total loss of IM, (c) Efficiency of IM.

Fig. 9.

TABLE IlI.

COMPARISON OF CONVENTIONAL AND PROPOSED DTC

Mean value

Conventional DTC

Proposed DTC

Total loss (W)

231.1961

166.2806

Efficiency (%)

77.1

82.4

Reference stator flux (Wb)

1

0.7539

Figure 9 shows the performance of the proposed method at
variable speeds. Loss minimization algorithm starts for t>2.5s.
The reference electrical angular speed is reduced to 150rad/s
from 250rad/s for t>4 s. The total losses decrease due to the
reduced output power as seen in Figure 9(b). The efficiency
decreases due to the reduced rotor speed as seen in Figure 9(c).
Figure 10 shows the performance of the proposed method at
the variable loads. The loss minimization algorithm starts for
t>2.5 s. The load torque is decreased to 1 Nm from 2 Nm for
t>4 s. The total losses decrease due to the reduced output
power as shown in Figure 10 (b). Although the motor operates
at the lower load, the efficiency is almost the same as shown in
Figure 10 (c).

(@)
(b)
a8
=¥
i&a -
E;?E
c
© g
E T4
-y

25 3
i(sy -

Fig. 10. The performance of the proposed method at variable loads.
(a) Torque of IM, (b) Total loss of IM, (c) Efficiency of IM

VI. CONCLUSIONS

In this paper, energy efficiency improvement of DTC based
on IM drives is proposed for EV applications. Results show
that the DTC method can be successfully combined with the
proposed loss minimization algorithm, while maintaining a
good dynamic response. Also, the proposed method decreases
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the torque ripple of DTC based IM. To eliminate disadvantages
of neglecting core loss and the effect of leakage inductance,
both are included in the motor model and a simplification is
made by ignoring the current in the core loss resistance branch
of the equivalent circuit of IM in the synchronous frame.
Therefore, the proposed DTC method can be used effectively
in EV applications to improve the efficiency and decrease the
torque ripple by optimizing the stator flux.
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