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Abstract
Conventionally, the speed control manipulate of Doubly-Fed Induction Motor (DFIM) has
been developed primarily which is based on traditional Proportional-Plus-Integral (PI)
controller due to its simple construction and implementation. The steady-state error
minimization, overshoot removal and disturbance rejection are not possible in which the
benefits of PI controller are chosen through trial and errors approach. The steady-state error
and disturbance rejection may be viable, if the benefits of Proportional-Plus-Integral
controller are chosen through right on the poles. But the overshoot elimination is not possible
where the Proportional-Plus-Integral based controller is designed. In this paper, Integral-
Plus-Proportional (IP) controller is proposed to design for speed control of the Doubly-Fed
Induction Motor. The Integral-Plus-Proportional controller is well suited to minimize the
overshoot problem that is arisen in Proportional-Plus-Integral controller. The performance of
proposed Integral-Plus-Proportional controller for speed control of Doubly-Fed Induction
Motor system has been analyzed and investigated through the simulation works. The outcomes
of simulation works are illustrated to show the effectiveness of recommend Integral-Plus-
Proportional controller in comparison with traditional Proportional-Plus-Integral controller.
The proposed Integral-Plus-Proportional controller shows the much better performance over

Proportional-Plus-Integral controller in phrases of minimization of overshoot.
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INTRODUCTION

Known seeing that 1899 [1], the doubly fed
induction motor (DFIM) is a wound rotor
asynchronous machine provided through the
stator and the rotor from two external supply
voltages. This machine is very desirable for
variable speed functions such as the electric
automobile and the production of electrical
energy [2-4]. Consequently, it covers all
energy ranges. Obviously, the requested
variable speed area and the preferred
performances rely on the utility sorts [5-7].
The use of DFIM affords the chance to
modulate energy drift into and out of the rotor
winding in order to have, at the same time, a
variable velocity in the characterized super—
synchronous or sub-synchronous modes in
motor or in generator regimes. Two modes can
be related to slip energy recovery: sub—
synchronous motoring and super—synchronous
generating operations. In general, while the

rotor is fed through a cycloconverter, the
energy range can obtain the MW order which
provides the dimension of energy frequently
reserved to the synchronous machine [7-10].
The DFIM has some awesome benefits in
contrast to the traditional squirrel-cage
machine. The DFIM can be controlled from
the stator or rotor via more than a few viable
combinations. The drawback of two used
converters for stator and rotor offering can be
compensated through the quality control
performances of the powered systems. Indeed,
the enter instructions are carried out with the
aid of skill of four particular stages of
manipulate freedom relative to the squirrel
cage induction machine where it’s manipulate
appears quite simple. The flux orientation
strategy can transform the non-linear and
coupled DFIM-mathematical mannequin into a
linear model leading to one captivating
solution for producing or motoring operations
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[10-14]. It is known that the motor driven
systems account for about 65% of the
electricity fed on in the world. Implementing
excessive efficiency motor driven systems, or
enhancing current ones, ought to save over
200 billion kwh of electrical energy per year.
This trouble has emerged as very important,
specifically following the economic crisis due
to the amplify in oil prices as such, innovative
energy saving technologies are appearing and
creating swiftly in this century [15-18]. In this
framework, the DFIM continues to be of
extremely good pastime owing to the
beginning of the thinking of double flux
orientation [19, 20].

Several techniques of control are used to
control the induction motor amongst which the
vector control or area orientation manipulate
that permits a decoupling between the torque
and the flux, in order to achieve an impartial
control of torque and the flux like DC motors.
Therefore, decoupling the control scheme is
required via compensation of the coupling
effect between d-axis and g-axis current
dynamics. With the field orientation control
(FOC) method, induction machine drives are
turning into a major candidate in high-
performance movement manipulate
applications, where servo quality operation is
required. Fast transient response is made
viable with the aid of decoupled torque and
flux control. The most broadly used control
technique is possibly the proportional integral

control (PI). It is effortless to design and
implement, however it has problem in dealing
with  parameter  variations, and load
disturbances.

In order to improve the overall performance of
Pl controller of extraordinary electrical motors
IP has been designed in [22-25]. In this paper,
the speed control of DFIM based on IP control
scheme is proposed considering it can
effortlessly design and implement. The
proposed IP controller is capable to overcome
the steady state error and overshoot issues and
to reject the disturbance. The overall
performance of speed control based on the
proposed IP controller is investigated by using
simulation results, which had been carried out
through Matlab/Simulink software. From the
simulation works, it is observed that the IP
controller gives higher performance through
ability of overshoot and steady-state error.

DYNAMIC MODELING OF DOUBLY
FED INDUCTION MOTOR

Figure 1 shows the typical configuration of
overall control system of DFIM. Two inverters
are used to transmit current from dc source to
the stator winding and the rotor windings. The
switching action of inverters is performed
based on the injecting the controllable voltage
in to the stator and the rotor to obtain the
desired voltage with desired frequency of both
stator and rotor for variable speed operation.

Stator-Side Ve L Fotor-Side
Imverter Inverter
1"} I-a
1 v
PWH PO
Switching Switching
Signal Signal
Controller
f{]_r
i \!
'L\HJ/J'

Fig. 1: Overall Block Diagram of DFIM Drive System.
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Fig. 2: Complex Synchronously Rotating dg-Axes Reference Frame Equivalent Circuit of DFIM.

Though the two inverters share the same dc
bus, they can be operated separately, meaning
that both stator and rotor windings can be
controlled independently.

Figure 2 shows the equivalent circuit diagram
of a DFIM in complex vector form in a
synchronously rotating dg-axes reference
frame.

In this Figure 2 subscripts “s” and “r” refer to
the stator and rotor windings variable,
respectively. vi= Vggtjvggand vi= vigtjvq are the
stator and rotor voltage vectors; is= isqtjisq and
i= lgtjig denotes stator and rotor current
vectors; R; and R, are the stator and rotor
resistance; L., Lg, L. are the magnetizing,
stator leakage and rotor leakage inductances,
respectively; &= @y +jDand &= D4 +j Dy
are the stator and rotor flux vectors; ax is the
stator winding electrical angular velocity and
axis the rotor winding electrical angular
velocity.

Using the fundamental laws of ohm’s law and
faraday’s law, the expressions of stator and
rotor voltages with the currents and fluxes in

In the above equations subscripts d and g are
represented for d-axis quantities and g-axis
quantities, respectively, and p is represented
d/dt.

The electromagnetic torque and the
mechanical dynamics can be given by:

To = Kt lieq@rq — ieq @
e t[sq rd sd rq] 9)
J B
T ="pow +—"w +T (10)
e Pn p m Pn m m
where, Kt =0 J,isinertia, B, is friction

m

coefficient and P, is the number of pole pair.

Using the above equations (1) to (10), the
state-space equations of a DFIM can be
written as follows:
pisd = _Kzisd + K4@rd + a)sisq

+ KmeCqu + Klvsd - K3Vrd

(11)

pisq = _Kzisq + K4Cqu - a)sisd

-K.0 @ +K1vSq -K.v

37"m rd 3°rq

;:,ylr:chror[]gij]sly rotating frame can be given as (12)
ollows : .
. p@. =K i —-K.@® +0o® +V (13)
Vsd — RSISd + pdjsd _a)scpsq rd 6'sd 57rd rorq rd
Vsq = Rsisq + PPgq + 05D, ~ PR, =Koy — K@, - 0B, +v,  (14)
sq = Rslsq sq T WsPsd . .
v =R.i + pCD — oD (2) pa)m = _K7a)m + Kglsq@rd - KQISderq - KSTL
rd r- rd rd rrq ©) (15)
Vrq = Rrlrq + PP + @y Drg (4) where, K — 1 K RL>+R L
Doy = Lsisg + Limirg (5) Yool 2 oL L’
Dgq = Lgigg + Linirg (6) K, = Kll_Lm K, = KI3_Rr K, = % ’
Drq = Lrirg + Linisg ) K K " " "
Drg = Lyirg + Li 6~ Tsim’
rq r'rq m*sq (8)
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VECTOR CONTROL OF DFIM
A vector controlled doubly fed induction
machine is a captivating solution for excessive
limited speed range electric powered force and
era application, it consists in guiding an
electromagnetic flux of the DFIM along the
axis d or q [5]. In this paper, we select the
direction of reference (d, g) in accordance to
the direct stator flux vector @, so the model of
steady-state  DFIM will be simplified as
follows:

Vsd = Rslsg —@sPgq

(16)
Vsq =Rslsq + @5 Py (17
Vrd = Rrlrg _a’r¢rq (18)
qu = Rr'rq +a)r®rd (19)

where, O =0 -0

The magnetization of machine is certain by
way of the rotor direct current, so the stator
current in the d axis is taken to zero (i = 0).
The current and voltage in the stator are then
in phase: Vg, = Vs and I = Is. In this case we
acquire a unity power factor at the stator, so
the stator reactive electricity is zero i.e. Qs= 0.
Vector control consists in orienting the stator
flux. Thus, it results the constraints given
below in (20). The stator flux is oriented on
the g axis.

@ =0

Q=2 }
S (20)
sq
Using the constraints of vector control of Eq.
(15), the developed torque of Eg. (9) can
simply be written as follows:

Te = Pncpslsq (21)

According to the previous mathematical
derivations, the reference for stator currents
and rotor currents can be obtained. Based on
the vector control strategy these references are
summarized in Table 1.

Table 1: Control Strategy to the DFIM Model.

Objectives References
D5y = Ds = Dy i::gf =Dq I Ly,
Cpsq =0 irrgf Z—(Ls“—m)isq—ref
Qs =0,(cosp=1) iggf =0
Te :Temf isrgf :Teref [ Kyem

DESIGN OF CONTROLLER SYSTEM
In order to design the current controllers, we
have the following expressions by rearranging
the Eqgs. (1) to (4):
olspisq + Rsisg =Usq —Csd = Vesd (22)
ols pisq + Rsisq = Usq —Csq = Vesq (23)
ol pirg + Rrirg =Urd —Crg =Verg (24)
oLy pirq + F\>rirq =urq —Crq =Verg (25)

The decoupling compensation terms Csy, Cyq,
Cra, and Cyq, and the intermediate voltages U,
Usq, Urg, and Ur, in Eq. (17-20) are given as
follows:

RyL . L
Csd = ———irg — wsDgq +L_mwr¢rq
r r
(27)
RyLy . L
Coq=— — Irq + @sPgq _L_ma’r@rd
r
(28)
RsLm - L
Crg =— SLSm Isd +Tr:ws@sq — oy Dyq
(29)
RsLm - L
Crq=—"Mj, — M oDy + 0D
rq Ls sq Ls s“*’sd r“rd
(30)
L
usd = Vsd _L_mvrd (31)
r
L
usq = VSq - L_qu (32)
L
urd = Vrd - L_mvsd (33)
L
u, =V, — v (34)
q | s

With the constraints of vector control of Eq.
(15), the mechanical dynamics of Eg. (10)
with Eq. (16) can be written as follows:
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o +omgy —ag _Tay (35)
p m J m J e J m

m m m

It is evident from Eq. (29) that the speed of a
DFIM can be control by controlling the
electromagnetic torque of DFIM. Then the
reference for stator g-axis current can be
generated from  the reference of
electromagnetic torque which is the output of
speed controller. Using Egs. (17-20) and s-
domain of Laplace transformation, the open-
loop transfer function for four different current
controllers can be given as follows:

B

T, =T, = — (36)
B

T =T =—¢ (37)

rd rq s+A
r

Considering the load torque T, as a step
function the open-loop transfer function for
speed controller from Eq. (29) is obtained as
follows:

__B, (38)
C S+A

InEgs. (30) o (3T, = =, 7 _ 1a®

Vcsd ®) Vcsq )
- a)m (S) = _1 ’ B = 1 '
T (S) * ol * oT R
e s s s
T Ird ) _ Irq(s) SSB = 1
rd Vg T L !
Vcrd ©) Vcrq ®) O:rrRr
B P L L

(b)
Fig. 3: Block Diagram of Stator Current
Controller. (a) d-axis current controller, (b) g-
axis current controller

Fig. 4: Block Diagram of Rotor Current
Controller. (a) d-axis Current Controller, (b)
g-axis Current Controller

ol o Tgre{ 1 .
2 - P?’I{D s Ii: ;f
@,

Fig. 5: Block Diagram of Speed Controller of
a DFIM.

To obtain the d-axis and g-axis stator and rotor
voltage with the implementation of vector
control and based on the Egs. (17) to (28), the
block diagrams of stator and rotor current
controllers are shown in Figures 3 and 4.
Similarly, the speed controller based on Pl and
the calculation procedure of reference stator g-
axis current is shown in Figure 5.

The generic form of open-loop transfer
function Egs. (30-32) for speed and currents
controllers can be written as follows:

B
° s+A

(39)

The transfer function of Pl controller and IP
controller are given as follows:

G, (s) = (KP + %}e(s) (40)

G,(s) = %e(s) - K.a(s) (41)

where, e(s) = r(s)-a(s), a(s) is actual value, r(s)
is reference value, Kp is proportional gain and
K, is the integral gain.

Combining the open-loop transfer function and
controller transfer function the closed-loop
transfer function can be written as follows:
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K.Bs+K,B
G (8) = (42)
s +(A+BK,)s+BK,
BK
Cyp(8) = : (43)

s +(A+ BK,)s + BK,

Considering two polese; and a,(and they are
chosen as ay= ) in the left-half of complex
plane the gain of Pl and IP controller can be
calculated as follows:

K, = 2, — A

aZB (44)
K, =L

B

It has been seen from these closed-loop
transfer function of Eq. (36) for PI controller
that a zero is placed in the left-half plane. The
overshoot problem of PI controller is raised
due to the zero and the overshoot is increased
as the proportional gain increased. On the
other hand, the zero of Pl controller can be
eliminated by changing the structure which
becomes as IP controller. The overshoot
problem can be minimized by using IP
controller instead of PI controller.

SIMULATION AND RESULT

At first the modeling of DFIM is done by
using Egs. (11-15) have been developed in
Matlab/Simulink software. The used DFIM
rating and parameters are given in Appendix.
The controller of DFIM with vector control
strategy based on Pl controller as shown in
Figures 3-5 and IP controller has been
performed for step change of speed to perform
simulation works for IP controller, just the PI
controller of Figures 3-5 replaced by IP
controller. In the simulation works, the gains
are chosen same values for both PI controller
and IP controller. The pole for speed controller
is chosen 50 and for the four -current
controllers the value of pole is chosen of 500.
Since the poles of closed-loop system are
placed in the left-half plane, the controller
performance is stable under the variation of
load torque.

Figures 6 and 7 show the transient
performance of speed control system of a

DFIM based on the designed PI controller and
IP controller. In simulation work, the variation
of reference speed has been considered as
follows: (i) the speed step-up from 0 rpm to
600 rpm at starting condition i.e. t=0 s, the
speed step-up from 600 rpm to 1200 rpm at t
=2 s, the speed step-down from 1200 rpm to
600 rpm at t =4 s, the speed step-down from
600 rpm to O rpm at t =2 s, the speed step-
down from 600 rpm to O rpm at t =6 s.

Figure 6(a) and Figure 7(a) shows the
performance of speed for Pl controller and IP
controller. The performance of both controllers
is almost similar at steady-state conditions.
But it is clear from these figures that the
overshoot problem is totally vanished in the
performance of IP controller. Figure 6(b) and
Figure 7(b) evident that the stator d-axis
current remaining zero at steady state
condition and very small change in transient
condition. From these Figures, it has been seen
that the variations of stator current based on IP
controller at transient condition is better as
compared with that of Pl controller. Figure
6(c) and Figure 7(c) shows that the stator d-
axis flux is remaining constant which is the
requirement of vector control strategy. Figure
6(d) and Figure 7(d) shows the performance of
electromagnetic torque with applied load
torque. Since the overshoot is occurred in Pl
controller the change of electromagnetic
torque is larger as compared with the same
performance in case of IP controller.

CONCLUSION

This paper presents the design of an IP
controller for speed control of a DFIM. The
simulation outcomes got on a DFIM the usage
of the IP controller are presented in this paper.
The overall performance of IP controllers used
to be compared with that of traditional PI
controlled system. From the comparative
simulation outcomes of each IP and PI
controllers, it can be concluded that the two
controller’s performances under steady-state
condition are almost same. The most necessary
advantage to reduce the overshoot can be
obtained by the use of the proposed IP
controller. The two controllers against system
parameters variant are also verified. It is
evident from the simulation outcomes that the
performance of each IP and Pl is almost
similar when the parameters are varied.
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Constructionally,

there is

little difference

that reason the use of IP controller can be

between PI IP controllers and each more preferable than PI controller for practical
implementation will be easy and simpler for application.
-7
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APPENDIX

The DFIM ratings and parameters are given as
follows:

Ratings |75 kW, 2 pole, 1500 rpm

mH,

Parameters|R, =35.52 mQ, R, = 20.92 mQ, L, =
15.45 mH, L, = 1545 mH, L, = 15.1

Jn = 0.001 Kg-m?, By, = 0.07 N/(rad/s)
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