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Abstract

A Direct Torque control algorithm which enables the Doubly Fed Induction Motor

(DFIM) to operate in constant torque region is proposed here. This algorithm is

employed for EV/HEV application. Inverters are supplied by a MPPT enabled PV and

battery. Torque and air-gap flux of a DFIM can be controlled directly.

Keywords: Doubly fed induction motor (DFIM), Electric vehicle/hybrid electric vehicle
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. INTRODUCTION

Doubly- Fed Induction Machines are used
as motor as well as generators. Wound-rotor
induction machines with stator and rotor
connected to separate ac sources having
different frequencies are said to be doubly-
fed machines. Doubly-Fed Induction Motor
(DFIM) is mainly used for the application of
electric propulsion systems because of its

attractive features like ability to operate in

the wide torque region. It can also be used

to drive variable-speed pumps.

High speed operation of doubly-fed motor is
comparatively different from that of singly-
fed Induction Motors. For the purpose of
comparison we assume that the base speed
and torque production of DFIM are
designed the same as those of Interior
Permanent Magnets (IPM) and Induction

Motors (IM).Moving to higher speeds
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Beyond the base speedw b, the DFIM can
maintain the same operational frequency for
the first winding while increasing the
operational frequency of the other for
operating in super synchronous speed. The
second winding frequency can increase until
the induced voltage in the second winding
reaching the maximum voltage at 2w b.
This argument can also be applied to the
speed range higher than 2w b where the
flux weakening and constant power
operation starts. In this way, the torque and

constant power are all doubled.

It is worth pointing out that while doubling

the torque-speed region, the current levels

And, thus, copper losses of both windings
are unchanged. Also true is that the stator
core losses are not changed while the rotor
core losses could be more than that of the
IPM and IM but with a big benefit of
doubling both the output speed and torque.
It is reasonable to derive that a doubly-fed
motor will have larger and balanced contour
of high energy efficiency than that of both
IPM and IM motors, especially at speeds
higher than the base speed. A higher energy
efficiency of doubly-fed motor in EV/HEV
application directly contributes to a better
fuel utilization and extended driving

distance.
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Fig.1.1 Comparison of torque-speed region of doubly fed motor to that of singly-fed motor.
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Il. DYNAMIC MODEL AND CONTROL STRATEGY FOR DFIM
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Fig.2.1 DFIM Drive system.

In the fig.2.1 shown above, there is a back-
to-back converter is used for the doubly-fed
motor to draw/send power from/to the
battery pack. When compared with the
power electronic circuits in singly-fed 1M
and IPM systems, the only difference is the
system has two sets of three-phase inverter,
one connected to stator side and other
connected to rotor side. Because of the two

inverters share the same battery pack with a

common dc bus voltage, they can be

operated separately. That means, both stator

and rotor windings can be controlled
independently. The power to the battery is
supplied by a MPPT enabled photovoltaic

array.

The modelling of PV is given in the next

section.

The dynamic equations for the modelling of
DFIM are given below.
dAgs

V =Ri +“* —w2 (2.1)
ds s ds dt s gs
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V =Ri Was _ w A (22) llqr = Lyrigr + Lmigs (28)
qs s gs dt s ds
Lm
Ads = Lsids + Lm idr (23) Te = 15p L (Aqs idr - Ads iqT) (29)
/‘{qs = Lsiqs + Lm iqr (24) 1 1
Wmr = —Wer = _((l)s + (L)r) 2.10
» - (2.10)
V =Ri +%¢_y2 (2.5)
dr r dr dt r oqr
11l. MODELLING OF PV CELL
vV —Ri _I_@% tw 2.6) A 250W PV module is modelled here. The
i T de rodr equivalent circuit of a solar photovoltaic cell
is shown in fig.3.1
Adr = Lridr + Lmids (27)
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Fig.3.1 Equivalent circuit of a solar cell.
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An equation of current to the load can be
obtained from the equivalent circuit in

Fig.3.1. The load current equation is given

by

1
=lIlpy—1 _—
pH — Is [exp NKT
V + IRs
_V+IR) 31)
Rsu

In this equation, I is the load current,|_PHis
the photocurrent, |I_Sis the diode saturation
current, q is the electron charge, V is the
terminal voltage of the cell, N is the diode
ideality factor, K is the Boltzmann constant,
T is the cell temperature, R_sand [
R] _SHis the series and shunt resistance
respectively. So, the behaviour of a solar
photovoltaic (PV) cell is completely

dependent on these parameters.

The above model of PV cell in Fig.3.1
includes two major subsystems that play a
great effect on the behaviour of PV module.
One of them calculates the photocurrent,
|_PH. The photocurrent,I_PHdepends on the
solar irradiance and cell temperature. The
output of the PV module varies as a function
of solar irradiance level which can be

obtained from the following equation 3.2.

Ipn = [Isc + Ki(T B
— Tref)] 1000 (3.2)

Here, I;:is the short circuit current, k; is the
temperature coefficient of short circuit
current, T is the cell temperatureT,.sis the
reference temperature and B is the solar

irradiation in W/m?=.

Generally the typical value of series
resistance of the PV cell, Rsis very low. This
model was developed to render the suitable
model for any given PV cell so that it is
possible to vary Rsand observe its effects on
the behaviour of the PV module. This
simulation was performed for three different
values ofRs, respectively 1mQ, 5mQ and
10mQ. The simulation was performed under
the standard test condition (STC), where
temperature, T was kept constant at 25°C
(298K) and solar irradiation level, B was
kept constant at1000W/m?.

In general, the value of the shunt resistance,
Ry of the PV cell should be large enough to
achieve the maximum output from the PV

module.
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IV. IMPLEMENTATION OF THE
PROPOSED ALGORITHM

In the constant torque region, our aim is to
provide faster dynamic response and
sufficient torque. To achieve this
requirement the proposed algorithm keeps
the maximum allowable air-gap flux without

core saturation.

In the constant power region, the aim is to
control level of flux weakening. If it is not
controlled, stability problems may occur. By
controlling magnetizing current, the air-gap
flux can be controlled directly. The air-gap
flux weakening control of the DFIM is
obtained by reducing magnetizing current.
Reduction of magnetizing current can be
achieved by controlling angle differences,
where & is the current phase shift
angle. & can be calculated by the following
equation.

§ = cos—1( b & 4.1)

;
2isiF

V. OPERATION

The 3-phase stator currents of Doubly Fed
Induction Motor are given to a Clark’s
transformation block. This block converts 3-
phase currents to 2- phase o, currents. 2-

phase a,p currents are given to a Park’s

transformation block, which converts o,
currents to d,q currents. This d,q stator
currents are then compared with the I_sd™*
and |_sg™* components. The two current
outputs from comparator are converted to
corresponding voltage components by using
a PI controller. This d,q voltages are given
to an Inverse Park’s Transformation block
and get the corresponding 2-phase o,
voltages. These voltages are given to the
SVPWAM inverter in order to produce pulses.
These pulses are again given to the DFIM

for the closed loop operation.

The same operation explained above is takes

place in the rotor side. See Table 1.

VI. SIMULATION AND RESULTS
A. Simulation

Simulation diagram for DFIM with each
inverter on stator and rotor side is shown in
Fig.6.1.Inverter is supplied by a PV and
battery.
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Table 5.1 shows the rating and parameters of DFIM.

Parameter Rated values
Power (kW) 30
Voltage(V) 415
Current(A) 100
Number of poles 4
Frequency(Hz) 50
Speed(rpm) 1500
Torque(Nm) 191
Nominal stator phase current 3.6A
Nominal rotor phase current 6.0A
Stator/rotor resistance 2.85/1.25Q
Stator/rotor leakage inductance 22.4/12.8mH
Mutual inductance 164.6mH
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Fig.6.1 Simulation diagram.

B. Results
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Fig.6.2 Torque characteristics of DFIM (X-axis: Time (s), Y-axis: Torque (Nm))
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Fig.6.3 Torque vs Time when the load torque applied is 700Nm (X-axis:Time (s), Y-axis:
Torque(Nm))
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Fig.6.4 Phase voltage from the stator side Inverter (Y-axis: phase voltage (V), X-axis(Time(s))
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200

Fig.6.5 Line voltage from the stator side Inverter (X-axis:Time(s), Y-axis: Line voltage (V))
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Fig.6.6 Phase Voltage from the rotor side inverter (X-axis: Time(s), Y-axis: phase voltage (V))
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Fig.6.7 Line voltage from the rotor side inverter (X-axis: Time(s), Y-axis:Line voltage (V))
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Fig.6.8 Output obtained from PV array (Y-axis: output voltage (V), output current (A), output
power (W), X-axis: Time(s)).
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CONCLUSION

This paper introduces a new control
algorithm for the proper control of doubly
Electric
Vehicle

fed induction  motor  for
Vehicle/Hybrid
applications. There are some advantages for

Electric

this algorithm.

1) Torque and air-gap flux of the DFIM
can be controlled directly in both constant
torque and constant power region. This is
made possible by controlling two current

vectors.
2) Efficiency of DFIM is controlled here.

3) When this algorithm is applied in a
DFIM, the total system has less dependence
on motor parameters than other type of

control algorithms.
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