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Abstract— in this paper a new Direct Power Control method of
the Doubly Fed Induction Machine without the use of rotor
position sensors is presented. The method is based on estimating
the stator flux in the rotor reference frame, and then applying the
correct rotor voltages to obtain the desired rotor flux and power.
Estimation of the rotor position is done by comparing the
measured values with the estimated values of the rotor current.
For this control method to have minimal sensitivity to parameter
inaccuracies, the mutual inductance of the machine is also
corrected during the process by an error signal produced by
comparing the magnitudes of the measured and estimated rotor
current. This will also ensures robustness against machine
saturation and can be used to detect saturation in the machine.
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L.

In recent years the interest of using renewable energy
sources instead of the fossil fuel sources is increasing rapidly.
Knowing the fact that most of the renewable energy sources are
coming from the natural events, and natural events mostly have
random characteristics. Wind energy is one of the natural
renewable energy sources that can be used to generate power
through wind turbines connected to an electric generator.
Because of the randomness in the wind speed in different areas,
a flexible electric generation system is required to counter the
randomness in the wind speed and can provide constant
frequency voltage and stable power. The doubly fed induction
machine is has characteristics which makes it a very good
solution for applications such as wind generation. With the
ability to operate in variable speeds around the synchronous
frequency and using a partially rated back to back converter,
this machine satisfies the requirements for a good wind turbine
generator. In the most common configuration the stator of the
machine is directly connected to the grid and the rotor is fed by
a three phase inverter at its rated power. Figure (1) shows the
hardware setup of a grid connected DFIG.

INTRODUCTION

The Direct Torque Control method for induction machines
was first introduced in 1986 [4] and quickly became a very
good alternative to the commonly used Field Oriented Control
[51,[6],[7] which is based on controlling the rotor current in
order to control the stator power. The DTC strategy has better
transient and steady state response compared to the
conventional FOC; also it does not need the current control
loops or reference frame transformation. However these
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advantages came at the cost of inconstant switching frequency
and torque high ripple. Work has been done by the researchers
to address the problems of the DTC by using SVPWM
technique instead of switching tables to reduce torque ripple.

The Direct Power Control (DPC) is established upon the
principles of the DTC [1],[2] to directly control the machine
power instead of the electromagnetic torque and Applicable
switching tables to achieve the direct power control was
formed. To address the inconstant switching frequency [3], the
SVPWM method was used to feed the rotor. For the correct
and accurate operation of the control mechanism, the
parameters of the machine and the position of the rotor itself
and the stator and rotor fluxes are required, which brings up the
need to know the exact value of the machine parameters for a
good estimation and rotor position sensor to obtain angular
position. In this case, both the stator and rotor currents and
voltages of DFIM can be measured which is a nice advantage
over other types of electrical machines. Having extra
measurable parameters will lead to less physical parameters
dependent and more accurate estimation process. Also the
physical parameters of the machine can be corrected during the
control process by comparing a measured value with its
estimated one and using the difference to correct the parameter.
Finally the fact that a parameter which has both magnitude and
angle which in this case is the rotor current can be used to
effectively estimate the rotor position without using any rotor
positioning sensors. The following sections will first give a
quick introduction to the DFIM then, the proposed DPC
method will be described and finally the procedure towards
sensor less control and parameter correction will be presented.
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Figure 1. Hardware setup for controling a DFIM



II.  DOUBLY FED INDUCTION MACHINE

A.  Nomenculture

Tem Electromagnetic Torque

Y, ¥, Stator and Rotor flux vectors

V,, V, Stator and Rotor Voltages

I, I, Stator and Rotor currents

®y, Oglip mechanical and slip speeds

Ry, R, Stator and Rotor Resistance

Lo, Lor Stator and Rotor Leakage Inductance
Ln Machine Mutual Inductance

B.  Model equations

The equivalent circuit of the DFIM in the rotor reference
frame is shown in figure (2).
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Figure 2. Equivalent Circuit of DFIM

According to figure (2), the stator and rotor flux equations
in the rotor reference frame can be written:

—_—

W =L +L,1, (1)

2

Where Ly=L,, + Ly and L, = L, + L. For the stator and
rotor voltages we have:

¥, =L, 0, + L1,

v =R+ Lot oy 3)
dt
v =R T+ D )
dt
According to (1) and (2) the stator current can be written
as:

A A Y
Ir — VWS mzl//r — WS _ ml//r (5)

LL. -L, oL, oL/,

Where ¢ is (L L, L2 )/ L,L, . According to (3) and by

neglecting the stator resistance, the active power of the stator
can be written as:

3— —
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The same applies for the stator reactive power. So the
reactive power equation will be:

3 — —

—|Vr><1r |——|(

+j0)rl//§)><1§| (7
In the power equations (6) and (7) the stator flux in the
stationary frame can be obtained using the following equation:

¥ = [0 =R, 1) ®)
Because the resistive voltage drop on the stator windings

has minimal effect on the stator flux magnitude we can write
the magnitude equation of the stator flux by the following:
[\ | j v, |= constant 9)

Using (5), (6) and (7) the stator active and reactive power
can be rewritten as following

=—- (01 115 10

s 2 OL L V/Y V/r . ( )

Q —3 e a "lcosd,,. —|w! ) (1 1)
s 7 [S Lr v, s ~|Ws

Where 9, is the angle between the stator and rotor fluxes.

III. DIRECT POWER CONTROL OF THE DFIM

A. Control strategy

According to the active and reactive power equations (10)
and (11), power can be controlled by controlling the magnitude
and relative angle of one of the rotor or stator fluxes. In the
common DFIM configuration the stator is directly connected to
the grid and its magnitude and angle is defined by the stator
voltage and current. Because the grid voltage is normally
constant during operations and the effect of the stator resistance
can be neglected on the stator flux magnitude, it can be
assumed that linear control of the machine power can be
achieved by having a correct rotor flux in terms of magnitude
and relative angle to the stator flux, which is produced by
applying a correct voltage vector to the rotor windings.

Figure (3) shows the vector diagram of the rotor and stator
fluxes in the stator and rotor reference frame.
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Figure 3. Rotor and stator flux vectors in stator and rotor reference frame



It can be seen from (10) and (11) that controlling the active
and reactive power of the machine stator have a direct linear
relation with the rotor flux components along the quadrature
and direct axis of the stator flux. Therefore it is appropriate to
use the stator flux vector as the reference frame for the control
process. Also knowing the fact that the rotor voltages and
currents are oscillating with slip frequency and controlling the
power is done by controlling the rotor flux relative to the stator
flux, so it will be appropriate to use the rotor reference frame in
order to estimate the required vectors for the control process.

Figure (4) shows the stator and rotor flux vectors in the
stator flux reference frame relative to the rotor.
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Figure 4. Stator and rotor fluxes in the stator flux reference frame

According to (10), (11), (4) and figure (3) the active and
reactive power and rotor voltage equations can be written as
the following:

3 L
=——" Y ¥ 12
K 2O_LSL, O Ty rq ( )
3 o L
==—VY, (Y, coso, -V 13
QS 2 O'LS sd ( Lr rq S7 sd ) ( )
a¥y
Vid :Rrird +—rd+a)sll'pq"rq (14)
dt
Vig :Rrirq + - _a)slip\Prd (15)

dt

By Neglecting the rotor resistance in (14) and (15), we will
have:

d Vya
7 ="V — a)slip Trq (16)
dyy

dt = _vrq + a)slip \Prd (17)

It can be seen that controlling the active and reactive
power can be achieved by having the correct rotor flux along
the q and d axis respectively. From (16) and (17) it can also be
seen that controlling the rotor flux along the dq axis can be
done by applying the correct rotor voltages in the
corresponding axis. It should be noted that because of the
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rotational voltage caused by the slip frequency in the rotor
windings, the motion induced rotor voltages are feed forwarded
so the flux can be controlled decoupled. Also we can see from
(16) and (17) that the actual rotor flux is calculated by
integrating the applied voltage so there is an integrator in the
machine control loop from rotor voltage to rotor flux, there for
the rotor flux controller does not need a PI controller as a
simple proportional controller can achieve good results. A
small integral gain is used in the controller to handle the effect
of the rotor resistance and inaccuracies in machine parameters.
The rotor flux control loop is shown in figure (5).
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B.  Obtaining the slip and rotor angle without using rotor
position sensors
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Figure 5. Rotor Flux controller

Slip and rotor angle estimation are based on having a same
parameter in two different reference frames, which in this case
is rotor current. The rotor current in the rotor reference frame
can be obtained by directly measuring the current at the rotor
terminals, knowing that the rotor current is oscillating with the
slip frequency, the angle of the measured current in its own
reference frame is a good estimation of the slip angle. At the
other hand, the rotor current in the synchronous reference
frame is calculated using the machine voltage and flux
equations; which is oscillating with the synchronous frequency.
The difference between the rotor current angles in the rotor and
synchronous reference frame will result in the rotor angle
which can be used to transform any parameter from the
synchronous frame to rotor frame and vice versa. Therefor by
knowing the difference between the rotor current and the stator
flux in the synchronous frame we can calculate the stator flux
angle which is the d axis in the rotor frame.

Figure (6) shows the stator flux vector and rotor current
vector in the rotor, stator and stator flux synchronous reference
frames.

Figure 6. Rotor current and Stator flux in both the stator and rotor reference
frame



The equations regarding the calculation of the slip and rotor
angles are as follows:

eslip = 6‘2’3 = 0‘;‘3 - (a;r - 91’;) (13)

In (18) the angle of the stator flux in the stator frame 0,,’
can be calculated by the estimation of the stator flux in (8).
Therefore we have:

) (19)

Also, the angle of the rotor current in the stator reference
frame is calculated by using the estimated rotor current in the
following equation:

(J. VS(Zv - Rs[;m ) - Ls[fm ) (20)

Finally, the angle of the rotor current in the rotor frame can
be directly calculated from the measured rotor currents.

o a1
6;. = tan 117 (1)

r

C. Parameter Correction and robustness to saturation

Knowing the fact that for this sensor less method to obtain
the rotor and slip angles correctly relies on a correct value of
machine parameters used in estimation equations. So
preparation should be made to counter inaccuracies in machine
parameters. Knowing that the most important parameter in the
machine parameter estimation is the mutual inductance
between the rotor and stator windings, and inaccuracies in that
particular parameter will lead to wrong estimation of the rotor
current and therefore, wrong estimation of rotor and slip
angles.

To tackle that problem, a simple form of the model
reference (MRAS) is used, which is based on comparing a
measured value with the estimated value of a same parameter
of the system and use the error signal to correct specific
parameters in the model. In this case, we have both the
measured and estimated value of the rotor current. The
difference between the angles of these two values is used to
estimate the rotor angle; but according to (19), the amplitude of
the rotor current is a good indication of a machine mutual
inductance, therefore the difference between the amplitude of
the measured and estimated value of the rotor current will be
used to correct the value of L,,. Figure (7) shows the diagram
of the described method.

PI controller
‘Ir estl controller \T/ Lm

Lm ref

‘Ir meas'

Figure 7. The MRAS loop for correcting the mutul inductance

750

It should be noted that to prevent the control algorithm
from being affected by the parameter correction loop
dynamics, the applied PI controller has a very small
proportional gain and is mostly operating as an integrator.

D. The complete DPC block digram

The complete block diagram of the proposed method is
shown in figure (8).
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Figure 8. The control digram

IV. SIMULATION RESULTS

The proposed method has been simulated on a 4KW DFIM.
The rotor windings are fed with a SVPWM inverter, operating
with the switching frequency of 10 KHz. The DC link voltage
has been set on 200V and is kept constant by a grid connected
converter during the process. The machine parameters used in
the simulation are given in table (I).

TABLE L MACHINE PARAMETERS
Machine parameters Parameter value
Nominal Power (W) 4000 W
Nominal speed (rpm) 1440 rpm
Mutual inductance (H) 0.1722 H
Stator leakage inductance (H) 0.005839 H
Rotor leakage inductance (H) 0.005839 H
Stator resistance (Q) 1Q
Rotor resistance (Q2) 02Q
Pole Pairs 2

In the proposed simulation, first the parameter correction
loop starts and estimates the correct mutual inductance of the
machine. The simulation results are shown fromt=0.2 to t=2.
The power controllers’ constants are K, = 6 And K; = 2. The
proportional gain of the used flux controller is K, = 50.



Stator Active (W) and Reactive power (VAR)

o
=3
o =]

1<)

3

S
T

-1000 -

-2500
02

-1500- -

-20001----

reactive power
active power

reactive power

active power

04 0.6 038 1 12
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Figure 12. Stator and Rotor flux angles (degrees)
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Stator phase currents (A) - zoomed in-

Figure 13. Stator phase currents(A) —zoomed in-

Figure (12) shows that the proposed sensor less strategy is
able to accurately estimate the slip angle, ensuring the correct
performance of the DPC
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Figure 14. Estimated mutual inductance of the machine during operation (H)
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Figures (14) and (15) show that the proposed parameter
correction loop is able to effectively compensate large machine
parameter errors. Also because of the slow operation of the
controller used in the loop, it has minimal effect on the power
control dynamics.

V.

In this paper a method for the direct power control of a
DFIM through rotor flux control and without using rotor
position sensor is proposed. Simulation results show that the
proposed method for acquiring the slip and rotor angle can
accurately estimate the angles needed for the DPC control.
SVPWM controlled inverter of the rotor side will maintain the
switching frequency constant and will minimize the power
ripple. Also saturation detection and robustness to the variation
of the machine mutual inductance L,, are countered by the use
of a simple MRAS method.

CONCLUSION
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