International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:3, No:4, 2009
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Abstract—This paper presents a new method for
implementation of a direct rotor flux control (DREDof induction
motor (IM) drives. It is based on the rotor flux ngponents
regulation. The d and g axis rotor flux compondatsi proportional
integral (PI) controllers. The outputs of which d@he target stator
voltages (¥serand Vsred. While, the synchronous speed is depicted
the output of rotor speed controller. In order tcamplish variable
speed operation, conventional PI like controllecégnmonly used.
These controllers provide limited good performanoesr a wide
range of operations even under ideal field oriertdedditions. An
alternate approach is to use the so called fuzgig loontroller. The
overall investigated system is implemented usingat® system
based on digital signal processor (DSP). Simuladioth experimental
results have been presented for a one kw IM drigesonfirm the
validity of the proposed algorithms.

zero value at ideal IM FOC decoupling. Based onpitieciple

thof the FOC, two FOC strategies are developed ititdrature:

the indirect field oriented control (IFOC) and tHieect field
oriented control (DFOC). The IFO controlled IM driv are
widely used in high performance industry applicasia@ue to

dts simplicity and fast dynamic response [9]. Theant g

components of the stator voltage and the synchoispeed
are obtained based on the Park IM model and thie fie
oriented control conditions. However, these vagablare
altered by physical phenomena such as temperatrd 7).
Therefore, any parameter mismatch in the IM paramset
specially the rotor time constant, will detrimefhtaffects the
torque response and then the IFOC dynamic perfarenfi8-
16]. Attention is focused to force field orientatithrough on
line estimation of machine parameters [14-17]. Dimeline

Keywords—DRFOC, fuzzy logic, variable speed drives, controljdentification and adjustment of the IM parametirsrease

IM and real time.

|. INTRODUCTION

Ms with squirrel cage rotors are the workhorsenaofustry.

They are relatively cheap and robust since
construction; neither slip rings nor collectors aseded. IM
can be operated directly from the mains, but végiaipeed
and often better energy efficiency are achievednegns of a
frequency converter between the mains and the IM.
frequency converter system consists of a rectifieroltage
stiff DC link and a pulse width modulation (PWM)virter.
Despite of all advantages, compared with DC mdtdg are
more difficult in control due to their non lineayrtamics [1].
The electromagnetic torque is coupled with the.flsimple
way of controlling the IMs is to adjust the magudiuof the
stator voltage proportionally to a reference syoobus
frequency [2-4]. The former is called a scalar cargtrategy.
The knowledge of IM parameters is not necessarylyimgp

computation time. Since, the artificial neural netk (ANN)
have been proved to be a universal approximatiomaf
linear dynamic systems, it is used to achieve th©Q
implementation [18]. In this case, the data basebiwined

thewhen the IM fed with scalar control inverter forrioais values

covering the whole range of IM flux. However, inghest, the
IM parameters effects are omitted. Therefore, icpce, the
obtained ANN decoupling will remain sensitive to IM
parameters.

DFOC is based on the regulation of the IM flux. fBiént
strategies are proposed in the literature [18-Z8jey are
based on the speed and flux magnitude regulatiagh o
without the decoupling compensators. The slip amgul
frequency to align the IM flux with the d axis ismputed
using the Park IM model making the proposed DFOizse
sensitive to IM parameters.

In this paper, we propose a new method to achibee t
direct rotor field oriented control (DRFOC). Theedled rotor

that the method is quite robust. However, the dynamflux components are reconstructed using the IM rhode

performances are so poor. To improve the perforesmo€ the
IMs and obtain high performances at dynamic regianéeld
oriented control (FOC) is early investigated [5]damore
implemented in many industry applications [6-8].eThasic
principle of the FOC is to keep the flux constand @riented
to the direct axis of a synchronous rotating refeesframe
which means that the reverse flux component isledua
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fuzzy logic controller is used in speed control dodrhe
overall investigated system (Fig. 1) is implementeging
dSpace system based on digital signal processoP)DS
Simulation and experimental results have been ptedefor
one kw IM drives to confirm the effectiveness oé throposed
drive system.

Il. MATHEMATIC MODELING OF INDUCTION MOTOR

Assuming linear magnetic circuits, equal inductaneed
neglecting iron losses, the mathematical model haf M
viewed from the stator reference frame is given thg
following set of equations:
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frame, the d and g rotor flux components can b&ewrias
M
= Iy Vg t E‘1 (8)
1+[r, +1,0+L L ]Js+11,82
M

s +E 9

P = 1+[t, +1,0+ L,Ls]s+T,rsszvqs ¢
and its synchronous speed is given as

W=+, (10)
The coupling term<E, and E, are expressed with

Reciifier + Filter FJSR!T

dr

— I
P Curent | Voltage | Speed

cpuns Resistorbark —Zwsr,—r,w,+ws[Mz—T,Ts—t,rso]smq,+(M2—T,tsjwp)gbd,
PC+ DS 1104 Evironment Acquisition and control set E = AR T.r,
Fig. 1. The bloc diagram of the proposed inducti@tor drive ’ L+t +10+L L [|s+T11,82
system and
digs _ [ s  1-0) M w1+t 10+ 2%0 - L s +[ Lot lowe
—as = + Ias+ q)ar Py sWs M r " rr dr r rts s g
dt oL, or, oL, T, (1) E = i o s
" X . 1+[t, +10+LL ]s+T1,1,52
e D, + V e Here, 0 and t, are the slip speed and the stator time
oL, gL,
) constant.
di 4 -t 1m0} Mo o It can be seen from (1) that it is possible to omrthe d and
dt oL, or, ]” oLL, (2) q fluxes separately if the coupling ternts, and E, are
+ M o+ 1 v equaled to zero on one hand. On the other hansl,sthown
oL.Lr, 7 oL, * from (2) that the rotor speed is controlled withe th
do synchronous speed if the slip speed, imposed wai¢hldad
— =V, T, @) torque, is equaled to zero. Therefore, a d, q stétx
dt
4o components and speed controllers are to be usatteiouate
Bs =V~ L g, (4) the _effect of the decoupling disturbances and ltadiue
dt appliance.
do,, _M. _ 14, — b (5) The new decoupling method needs the rotor flux
as ar Br o .
dt T, T, components. As it is well known that the rotor flis
do M 1 unmeasured. Therefore, in this paper, it is recanttd based
P =T twd, O (6) i
dt r P BT on the dynamic IM model.
' ' do,. _ M . 1
Where L and L, are the stator and rotor self inductances ;= 7 'ase ‘T—q’are WPy, (11)
respectively, M is the mutual inductanc is the stator do
p y els M:M_iﬁse.'.mme_iq)m (12)
resistance,7, is the rotor time constantg is the motor dt T '

leakage coefficient(v is the rotor electrical angular velocity, Here "e” denotes the estimated value.

las» 1 g5+ Vs @NdV g are the stator currents and voltages |y Speep AND ROTOR FLUX COMPONENTS CONTROLLERS
DESIGN
®,, O

rotor fluxes components respectively. A.Fuzzy logic speed controller
The electromagnetic torque equation and the etettri Fig. 2 shows the block diagram of a fuzzy logic expe
angular speed are related by controller where the speed err@and its rate of change
3 dw _ P(T.-T, - fw) @) Ceare the _input yariableste, _nCeand G are inputs a_nd
dt outputs scaling gains. The basic fuzzy logic cdi@rdlock is
In (7), J is the moment of inertia of the IMf is the composed of fuzzification interface, fuzzy rulesianference
dmechanism and defuzzification interface. The irgutiut
variables used in this paper are fuzzified by sesyanmetrical
torques respectively anB is the number of pair poles. and triangular membership functions (MFs) (Fig.)3(k) and
(c)) normalized in the universe of discourse betwek and
Ill. PROPOSED DRFOC SCHEME FOR INDUCTION MOTOR DRIVES +1. The MFs are labeled as follows: NB_negative NM_
Based on the dynamic IM model represented accoriting negative medium, NS—negative small, ZE—zero eqR8k—
the usual d and q axis components in a synchrormtasing positive small, PM—positive medium and PB—posithig.

components,® and q)ﬁr are the stator and

as’ ar

friction constant,T, andT, are the electromagnetic and loa
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The MFs of adjacent fuzzy sets are complementaryhen
sense that the sum of membership values is oné tinas.

The shape of these MFs reduces the computatiorebwfithe
controller. The center of gravity is used to conepilite output
signal. The associated fuzzy rule matrices of nfiaginzy logic

controller are given in table I. These rules weesigned
based on the dynamic behavior of the error sigesdlting in
the symmetrical matrix.

Fuzzy logic
block

Ce

Fig. 2. Structure of fuzzy controller

1iNB NM NS ZE PS PM PB

_ «“"‘ N
2" ORI

>

SRR 9 150

etk 11 e(k)
(d)

Fig. 3. The memberships of the: a — Error, b - Eveiation, c -
Command variation, d - Control surface.

5
o8l TABLE |
RULE MATRIX FOR FUZZY LOGIC SPEED CONTROLLER
-% 0.8 € | NB | NM | NS | zE| PS| PM| PB
0.4f C
8 _ NB | NM | NS | ZE | PS| PM| PB| PS
g o0z NM | NS | ZE | PS| PS| PM| PB| PM
0 NS | ZE | PS| PM| PB| PB| PB| ZE
1 05 o 0.5 1 ZE | NB | NM | NS | ZE | PS| PM| PB
é) ) PS | NM| NS | zE| PS| PS| PM PH

PM NS ZE PS PM PM PM PB

1NB NM NS ZE PS PM PBH

PB ZE PS PM PB PB PB PB

0.8
0.6

0.4

Menbership function

0.2

0
-1 -0.5 0 0.5 1
Ce(k)
(b)
1NB NM = NS ZE
c
K]
g 0.8f
o 0.6f
B
0.4+
8
[
g 0.2}
0
-1 -0.5 Au?s(k) 0.5 1
(c)

B.PI rotor flux components controllers

It can be seen that the d axis and g axis voltagat®ns
are coupled by the term&; andE,. These terms are
considered ads disturbances and are cancelled iby thse

proposed decoupling method. If the decoupling nbtie

implemented, the flux components equations become

D, =G(s)V, (13)

@, =G(S)V, (14)
Thus, the dynamics of the d axis and q axis are now

represented by simple linear second order diffeaknt

equations. Therefore, it is possible to effectivebntrol the
flux components with a PI controller.

If we assume that thde, andE are cancelled by the

proposed decoupling method, the transfer functibrihe d
axis flux component is expressed as

M
& = G(s): I's (15)
v, 1+[t,+10+L L [Js+1,1.82
The numerical application leads to
G(s) = __ 588 (16)

(s+1.8)[s+ 227§

The open loop flux transfer function with the Pihtoller
is then expressed as
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K, K, 58.8
Geo(8) = ?[SJrk_p] (s+1.8)[ s+ 227.§

The pole dominant pole compensation method leads to

17)

Foo(s) = _58.&, (18)
[s2+227.8]
Then, the closed loop transfer function is reduced
o (8) = 2o =205 (19)
b, S2+227.85+ 58.%,
admitting the following characteristic equation
$2+227.85+ 58.&, (20)

The last one is to be identified to a desired attersstic
equation defined as

s2+ 2§, w,, s+t w?,=0 (21)
Finally, the PI controller parameters are defined a
K, =1.8k, (22)
_ W (23)
* 58.8
Where

converters. An incremental encoder position sedstivering
1024 pulses per revolution is mounted on the retaft of the
IM. The pulse width modulation to control the poweodules
are generated by dSpace system.

The fuzzy logic speed controller, decoupling mettzoul
flux  estimation algorithms are implemented in
Matlab/Simulink with the help of the Real Time Iritee
(RTI) provided by dSpace system (Fig. 5). The usmupling
period of 100ps is selected based on the actugbatation of
the implemented algorithms. A suitable virtual fostent has
also been developed to manage an on line all reduir
electrical and mechanical signals of the IM.

Experiments were carried out on various operating
conditions to highlight the performance of the mepd
algorithms. Some selected simulation and experiateasults
are presented here. In Figs. 6 and 7, actual repaed,
synchronous speed and rotor flux trajectory aresgmeed for
variable target rotor speed at no load torqueait be noted
how the measured speed tracks accurately the targeal

w,and ¢ denote the natural frequency andyoth in simulation and in experimentation, espégial steady

damping ratlo respectiveli, and k; are the proportional and state on one hand. On other hand, it can be seem tiese

integral gains of the PI controller.

As the dynamics of the d and q axis rotor flux comgnts
are equivalent, the Pl gains can be copied to thaxig
controller.

V.SIMULATION AND EXPERIMENTAL RESULTS

The laboratory prototype used to verify the behawiothe
proposed DRFOC with fuzzy logic speed controllesh®wn
in Fig. 4.

I

Fig. 4. A photo of the experimental set up.

It consists of dSpace system with DS1104 contrditeard
based on digital signal processor (DSP) TMS320R2#i0 its
connector panel, control PC and a DC machine mécilan
coupled to IM. The switched load resistor box isdigo
change the loading of the IM. A three phase InsdlaBate
Bipolar Transistor (IGBT) inverter is used as powtge with
a full controlled rectifier. The IM stator currerasd voltages

are measured by LEM sensors and processed by 1&b A

results that the decoupling of IM motor is estdi®id as the
rotor flux follows a circular trajectory both innsulation and
in experimentation.

Investigating the ability of the drive to reject abb
disturbances, the drive is initially operated a0OQ@m. A
sudden step increase of 50% rated load torquepigedpat 28s
and then removed at 36s. The obtained responsehane in
Figs. 8 and 9 as it is given in Figs. 8(a) and &fa)controlled
speed coincides with the target speed despite tdrred
disturbances. In addition, the rotor flux trajegtdollows a
circular one expected at loading and unloading itimmd
where a tiny error appeared and thanks to the ceetollers,
this error despaired, proving the robustness speadoller
and decoupling method against external disturbanisiese
that during implementation, the loading of the nnoteas
accomplished though the DC generator using the lad
switches. Consequently, the simulated loading hiers\of
the drive are slightly different than the impleneghbne.

LT

g ¢ 4 B & d

Rotorspeed andstator voltages  *
', and curents measurement |

Fig. 5. A photo of the experimental set up.
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Fig. 6. Simulation results for variable target spaader no load
appliance: (a) real and target speeds, (b) ratertfiajectory and (c)

Fig. 7. Experimental results for variable targetgegpunder no load
appliance: (a) real and target speeds, (b) ratertfiajectory and (c)

synchronous speed. synchronous speed.
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Fig. 8. Simulation results for variable target spaader load Fig. 9. Experimental results for variable targegesppunder load
appliance: (a) real and target speeds, (b) ratertfiajectory and (c)  appliance: (a) real and target speeds, (b) ratertflajectory and (c)
synchronous speed. synchronous speed.
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VI. CONCLUSION

This paper has described the design, simulatiortestdf a
simple but effective fuzzy logic controller for DRE of IM
drives. Through a series of simulations and expemial
results, the speed tracking and disturbance rejecti
capabilities of the controller were verified. Bessd the

proposed DRFOC scheme shows good dynamic perfoesanc

All high performances of DRFOC IM drives require
accurate rotor flux components. In this paper, thaeg
reconstructed using the IM model. The later is IdMgmeters
depended. However, these parameters are alteretialbp
with temperature. To improve the performance of akerall
drive system, a robust rotor flux estimation altfori is to be
investigated. This will be the subject of futurdda up work.
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