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In this paper, speed control of an induction motor (IM) fed by a photovoltaic
(PV) generator based on a direct proportional and integral controller and an
adaptive fuzzy logic controller (AFLC) is presented. Also In this study, it is
proposed that the PV output voltage is varies between certain cut in and cut
off values that to extract maximum power during different solar irradiation
values instead of operating the motor with constant voltage. To decrease the
system cogt, it is proposed that the system does not contain storage batteries
and there is no need for DC/DC converter where, variable voltage of PV
generator is considered. The motor speed is controlled to track a certain
reference values using the proposed controller. In addition, an efficient
vector controller that can achieve high accuracy and a fast dynamic
response of the induction machine is presented. Also, In order to validate the
effectiveness of the proposed adaptive fuzzy Pl (AFPI) controller scheme, the
performance of the induction motor with the proposed controller was
compared with classical Pl controller. Obtained simulation results show that
accurate tracking performance of the induction motor is achieved with
variations of both PV generator output voltage and the load torque.

KEYWORD: photovoltaic generator; vector control; adaptive fuzzy logic
control; PI control; induction motor.

1. INTRODUCTION

AC motors supplied by photovoltaic are increasingggd in the rural remote areas of
many developing countries for man applications J[1¥® avoid additional costs, the
AC motors are coupled through DC/AC inverter to pi@tovoltaic generator without
storage batteries. Various studies have been daotie on sizing [4], matching [5,6]
and optimizing PV systems [4,7]. DC motors werdiatly used since they offered
easy implementation with cheap power conversion 98, A number of existing
operational systems have shown that these scherfiesfsom maintenance problems.
To overcome these drawbacks, brushless permaneghemanotors have been
proposed [2]. However, this solution is limited ypfbr Low power PV systems. The
induction motor based PV systems offers an Alteéveator a more reliable and
maintenance free system [10]. The motor charatiesisre severely affected by the
PV generator, which was considered as a currergrgir with dependent voltage
source. For such applications, where the PV gemesré¢ds an AC motor (PMSM or
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IM), a chopper and/or an inverter should be inctu@reorder to perform the DC-AC
conversion stage.

NOMENCLATURE
d,q axes corresponding to the r stator and rotor resistances
' synchronous reference frame st respectively
the average PV array energy . .
E
M required Ty the daylight period
f friction coefficient T the load torque
igs.igs  d- and g-axis of stator currents 77y g;fag(/);al degradation of the P

the line losses from PV arrayy

J total inertia n to the inverter
L,  magnetizing inductance Adr » Agr ﬁ&fnd g-axis of rotor leakage
Ls, L ?éit;)ercear\lgl;otor self mductancesv ds'Vgs d- and g-axis of stator voltagds
the requirements power during
P .
d daylight angular rotor speed
P the average generated power by s angular synchronous speed

P the PV array

The development of the new technologies of semicctadsi and converters
permits an increase of commutation frequencies #reteby improved energy
conversion. In the same way, calculations are censidy decreased, permitting the
application of new algorithms of command assurirdgeoupling of the flux and the
torgue in machines to alternating current, in tiamisand steady-state regime. The field
oriented control has been usually applied to thestable speed induction motor since
the torque and flux linkages are highly coupled vatth other so that the complex
nonlinear dynamics appears [11-13]. Fast transiesponse is made possible by
decoupled torque and flux control. A conventionat&htroller that is robust in terms
of speed tracking can be easily designed and inmgriésa according to the choice of
the overall closed-loop transfer function. Sinceahiis study, only the stator and rotor
equations are used to design controllers. Thergthese controllers, the flux, current
and speed controllers have relatively simple stmest.

Artificial Intelligence techniques such as neuratwarks, fuzzy logic and
genetic algorithms are gaining increased interestagays. A lot of techniques have
been proposed to tune the gains of PI controllesethaon artificial intelligence
techniques: self tuning fuzzy logic technique i® af these methods proposed for the
online adaptive tuning of PI controller [14,15].dach application, the controller gains
are online tuned with the variation of system cdodg. The advantage of these
techniques is that they are model free strategteaulse they use the human experience
for the generation of the tuning law.

In this paper, speed regulation of the inductiontanded directly by PV
generator through vectorial command inverter isspmed. Two cases can be
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considered when induction motor fed by PV generathe first case is operating the
motor with variable speed that to extract maximuwmailable power from the PV
generator [16]. This case is more appropriate ffieations don't need constant speed
operations and it is not important to track certaference speed as water pumping
systems. The second case is operating the mottadk a reference speed and to
decrease the system cost, where this system daesontain storage batteries. This
system is needed in some industry applications.

This study presented the second case, where ativadfyzzy Pl controller is
introduced in speed regulation of induction motadvel fed by photovoltaic generator
system. It is proposed that the motor speed igclbed related to reference speed. The
motor performance is improved and the torque rigpleninimized using adaptive
fuzzy PI controller. The parameters of the Pl colidr are adjusted online using fuzzy
logic techniques. In order to improve the motoverperformance of the adaptive
fuzzy PI controller system, an increase in the mensiiip functions was necessary. At

the same time the individual set of rules are fatrfe eachK and K;. By using

individual set of rules, the controller can be dddpto any change of parameter.
Wherever, in fuzzy PI controller only common setwles are formed foK jand K.

Time-based simulations are carried out to verifg #ffectiveness of the proposed
scheme. The results obtained proved that the peabadaptive fuzzy PI controller is
able to control successfully the IM supplied by B&herator system in the transient
and steady state cases. Also, the proposed canti®lhble to track the reference speed
with different values of solar insolation level avatiable load torque.

PV
Generator
— T
—_—
0 =
. Vye]
- 3

P control
it

Figure. (1): The proposed PV generator inductiomomsystem

2. SYSTEM DYNAMIC MODEL
2.1 Photovoltaic System

The proposed induction motor drive system fed bygeWerator consists of two stages.
The first one is the PV generator and the secoedthe vector controlled inverter to

regulate the motor speed.
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The specific generated power from PV array depenagigly on the required
power by the load, efficiencies of the system congmts and load operating periods.
The average generated power by the PV array canpressed as follows [17]:

— Td Pd
,7pv ,7I
By determining the PV arrays output powel,() using eq. 1, the total

(1)

pv

degradation of the PV array,,, and the line losses from PV arrays to the invemter
the required area of the solar arrays can be esitma

2.2 Model of Photovoltaic Generator

The PV generator consists of solar cells conneitteskries and parallel fashion to
provide the desired voltage and current requiredth® inverter induction motor
system. This PV generator exhibits a nonlinear aggtcurrent characteristic that
depends on the insulation (solar radiation), asrglvelow [9].

N GN_ I -1 N
V, =—SIn| —EF 1]l =R 2
= { N N Rl @
where
A=—13

EZT

Where V,, is the PV generator voltage,, is the PV generator current;
A=g/(exZxU), is the solar cell constant=1.602x10° C. is the electron charge;
Z=1.38x10” J/K is Boltzman constanf= 298.15 °C is the absolute temperature; &
=1.1 is the completion factor; Ns=700 is the series-connected solar c&lls;11 is the
parallel pathsR= 0.0152 Q is the series resistance per cell; 1;,=4.8 A is the photo
current per cell},=2.58¢€° A is the reverse saturation current per c8liis the solar
insulation in per unit, and 1.0 per unit®= 1000 W/m.

2.3 Induction Motor Model

The stator and rotor voltage equations of an indaocmotor in a synchronous
reference frame can be expressed as follows [18]:

dig, _ 1 Lar ). Ll Lo |
i (sl (U SRR B
di 1| L2r Lr L |

gs _ H m'r | mr m
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dw, _1

==(T.-T, - fw 7
dt J ( e | m) ( )
Where T, is the electromagnetic torque developed by theomethich can be

expressed as:

LP/, |
Te :L_(/‘drlqs _Aquds) (8)
2
o=1- L
L. L

3. PRINCIPLE OF ADAPTIVE FUZZY Pl CONTROLLER

The block diagram of the proposed adaptive fuzaycld®l controller is shown in

figure (2). The main objectives of the proposedptita fuzzy logic Pl controller are to
decrease the control scheme complexity and to imepthe static and the dynamic
performances of the system, especially, for systeimesse modeling are complicated
or whose parameters are inaccessible. In this ¢hseadaptive fuzzy controller is

designed to adjust the Pl parameté{gand K; in order to meet the appropriate
required characteristics such as maximum overshigettime, settling time and steady

state error. Therefore, fuzzy logic controller wilk designed, so that it generates its
control signal according to the proportional angnal actions of the Pl controller.

b

> Fuzzy
cottroller
e [ didt » 7
D
_|.
T4 e LI 4 ¥
* controfler [*  Plant B

/

Figure (2): Block diagram of adaptive fuzzy PI qolier.

The procedures of the AFPIC system are as follows:
I) identifying the different combinations between teparameters, the errer
and the change in err@r.
i) the controller adjusts the PI controller parametersline through fuzzy
inference so as to meet the differerdnd € to the different requirements of
the controller parameters.

3.1 Design of Adaptive Fuzzy PI Controller

As we know, mostly PI controller can give good pemiance only when the controlled
system operates at the operating point (the paiathéich the controller is designed).
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So, the PI controller is often not properly tunedig to plant parameter variations,
operating condition changes or uncertainties)hgoetis a significant need to develop
methods for the automatic tuning of PI controllargmeters. Taking into account the
differential effect that is not apparent in engmeg practice and the good robustness
of fuzzy control, fuzzy control theory is used list study to tune the parameters of the
PI controller. The basic formula for the Pl cornileols:

t
u(t) = K pe(t) + K; [ e(t)dt (9)

0
whereK, is the proportional gairK; is the integral gain.

The error  ¢nT)=r(nT)-y(nT) and change in  error
&(nT)=[e(nT) - e(nT - T)] are considered as inputs to the fuzzy controllé. ; and
AK, are chosen as outputs of fuzzy controller to antbedoarameters Kand K of
the PI controller. TheniK ;and K; are obtained as following:

Kp=Kp*AK, (10)
Ki = Ki *AKi (11)
where K, and K; are the initial values of Kand K. AK , and AK; are the fuzzy

controller outputs. Kand K are the resultant outputs of the PI controller.

The error e, the change in erroe, AK,, and AK; are {-6,-5,-4,-3,-2,-
1,0,1,2,3,4,5,6}, the fuzzy subsets are (NB,NM,N§PZS,PM,PB). Where PB, PM
and PS are the abbreviation for positive big, pasinedium and positive small; ZR is
the abbreviation for zero; NS, NM and NB are tbhéraviation for negative small,
negative medium, and negative big;. The correspmndiembership functions far,

e are shown in Figure (3) and f&K ;and AK; are shown in figure (4) .

ME M NS R PS5 Pha PE

0.5+ .

1=

0 = 1 1 1 1
-5 -4 -a i 2 4 &
Figure (3): Membership functions fer, é.
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Figure (4): Membership functions f&K  and AK;.

3.2 Rules Design of Adaptive Fuzzy PI controller.

The system performance requirements have beendesadi during design adaptive
fuzzy rules to tune the PI parameté , and AK; . Where, if the absolute value of
the errore is small, then the great value &K, and the great value ddK; are

considered to guarantee the system stability. df dbsolute value of the errar is
medium, then the small value 4K ,, and the adequate value &K; are considered to

improve the performance response in case of déngeasershoot. If the absolute
value of the erroe is big, then the great value 8K , and AK; equal zero that to get

suitable settling time, suitable rise time andhat $ame time decrease the overshoot.
By the way and by the previous experience, theireduuzzy rules to tune the PI
parameters are obtained. These rules in the twestaan be written in the format of
IF-THEN as follows:

1. If (e(T) is PB) and &T -1) is PB) then fK , (T — 1is NB) and QK; (T -1) is

PB)

2. If (e (T) is PB) and T - 1jis PM) then AK (T — Dis NB) and QK (T - 1)
is PB)

3. If(e(T)is PB) and &T — 1)is PS) then 4K, (T - 1Ljs NM) and @AK; (T - Dis
PM)

49.1f (e (T) is NB) and &T - 1)is NB) then @K , (T -~ Dis PB) and £K; (T - 1)
is NB)
The above reasoning can be further clarified byilep at Figures. (5) and (6)
that depict the fuzzy tuning rules for both the gmdional and integral parameters,
respectively.
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Figure (6): Three dimensional plot for rule bas&pf
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Figure (8): block diagram of the proposed adapftiney PI controller subsystem

4. SIMULATION RESULTS

Digital simulations have been carried out in ortteralidate the effectiveness of the
proposed scheme. The simulation tests are caraedsing Matlab/Simulink software
package [19]. Wherever, induction motor is représérnn MATLAB/SIMULINK
using equs. (4-9). also, the fuzzy membership odetris designed using the rules in
section 3.2.

In the proposed system under study, the initialeslof the Pl parameters are

chosen such thaKp =1.5 andK;=0.8. The proposed PV generator-IM system with
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the proposed controller is shown in figure (7). thleck diagram of the proposed
adaptive fuzzy PI controller is shown in figure.(8he following simulation tests are
carried out to show the validity of the proposedgidve fuzzy PI controller.

4.1 Variable Speed Case

It is assumed that the machine follows a certaimedptrajectory starting from 200
rad/sec., stepped to low speed value 10 rad/9dimet=0.06 sec., and the insolation
level is varied as shown in figure (9). The loadjtee is kept constant at the value 3.5
N.m during the simulation period. Figure (9)., slsalwe dynamic responses of the PV
generator output voltage, rotor speed, torquegistatitages and stator currents of the
induction motor based on adaptive fuzzy PI corgrollThis figure shows also that
because the insolation level is not constant aisdvitried with time (figure 9a), the PV
output voltage is not constant too (figure 9b) Ardce the stator amplitude voltage is
not constant too (figure 9c). Although the PV gemer output voltage is not constant,
the proposed adaptive fuzzy PI controller comesagdtion to terack the motor rotor
speed with the reference values with small overshod small settling time as shown
in figure (9d). Figure (9e) and figure (9f) shove tstator currents and torque response
based on the proposed controller. These figures ghat the stator current and the
torgue have less ripple content and over shooutlirovery short simulation time (0.1
second).

Figure (9d) shows also that the performance ofitidection motor with the
proposed controller is investigated at low speddréll/sec.). In case of low speed, the
induction motor performance with the proposed aildr is adequate as regard to
small settling time, small overshoot and ripple imization as shown in figure (9).

Figures (10) and (11) show the rotor speed andiergsponses based on the
proposed adaptive fuzzy PI controller and the @as®I controller. It is obvious from
these figures that with the AFPI controllers, tHe#tamned dynamic response of IM
using AFPI controller has less overshoot, lesdisgttime and better response at load
changes than using PI controller.

4.2 Variable Torque Case:

The performance of the induction motor with thegm®ed adaptive fuzzy Pl controller
is investigated during load torque step variatiofise load torque is assumed to be
stepped from 3.5 N.m. to 7 N.m. at time t=0.06 sécd-igure (12) shows the system
responses using the adaptive fuzzy PI controltes tlear that the system has good
transient response. Also, the ripples are minimindtie torque response.
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Figure (12): The PV generator-induction motor systesponse based on adaptive
fuzzy PI controller: with reference load torqueiaons

5. CONCLUSION

This study presented speed control of inductionoméed directly through voltage
source inverter by PV generator. It is proposed tbalecrease the system cost and
eliminates maintenance problems, the system dadgaciode storage batteries and the
PV generator output voltage is varied with variasi@f the insolation level and hence,
there is no need for DC/DC converter.

The main goal of this study was to design a coletrdhat enables the speed of
the induction motor fed from the PV generator &ckr certain reference values with
variations of both PV generator output voltage tmaload torque. To reach this goal,
a controller was designed based on adaptive fuagic IPI controller and the field
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oriented control. Fast transient response is mgdeboupled torque and flux control.
Also in this study, the flux, current and speed toallers have relatively simple

structures because only the stator and rotor empsatire used to design controllers.
The results show that the speed tracker is achiewtgdzero steady state error and
with very small settling time less than ten milised and accurate tracking
performance of the proposed system has been achidtereover, the proposed

controller has significantly better performanceatee to Pl controller especially at
load change conditions.
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