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Abstract. The paper proposes a fuzzy inference system to improve the direct torque control (FDTC) of the
induction motor (IM) using a photovoltaic (PV) water pumping system. The large ripples in the conventional
control (CDTC) are due to the control action, based on hysteresis comparators, that doesn't take into account the
error level of the flux/torque. Using a fuzzy switching table, voltage vectors are selected according to the error
range. A number of the sectors is increased in order to have more freedom degrees for the selection of the voltage
source inverter switching vector. To extract the maximum available power from a PV generator, an intelligent
controller based on a fuzzy logic is used. Results of a simulation made with MATLAB/SIMULINK show the
effectiveness of the proposed FDTC in terms of an important reduction of the torque and flux ripples and THD of

the stator current compared to CDTC.
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Izbolj$an nacin neposrednega nadzora navora z uporabo
mehke preklopne tabele v fotonapetostnem sistemu

V prispevku je predstavljen sistem mehkega nacina vodenja za
izboljSanje neposrednega nadzora navora (DTC) v
fotonapetostnem sistemu za Crpanje vode na osnovi
asinhronega motorja. Velika odstopanja, ugotovljena v
obi¢ajnem DTC, so posledica krmilnega delovanja,
temeljeCega na primerjalnikih s histerezo, ki ne upostevajo
stopnje napake navora. Z mehko preklopno tabelo smo izbrali
napetostne vektorje glede na obseg napak. Vecjo moznost pri
izbiri preklopnih vektorjev smo dosegli s povecanjem Stevila
sektorjev. Za dosego najvedje razpolozljive moéi iz
fotovoltaicnega vira smo uporabili inteligentni krmilnik, ki
temelji na mehki logiki. Rezultati simulacij potrjujejo
ucinkovitost predlaganega mehkega nacina vodenja v smislu
pomembnega zmanjSanja odstopanja navora in pretoka v
primerjavi s konvencionalnim na¢inom.

1 INTRODUCTION

Global energy demand continues to grow year after
year, which encourages many investments in renewable
energy solutions. Now, that there are many forms of the
renewable energies, the most commonly used are the
solar, wind and hydraulic energies [1]. Photovoltaic
(PV) solar energy is favorited and an economic solution
for several applications. It is clean, free, abundant and
environmentally friendly. PV systems are used for
pumping water to meet daily needs (human, agricultural
and livestock). However, the PV system efficiency is
still low. A maximum power point tracking (MPPT)
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control should be introduced to maximize the efficiency
of the PV array. A lot of authors are interested in the PV
system control strategies in order to improve its
effectiveness [1,2].

For pumping applications, the induction motor (IM) is
widely used because of its robustness, high efficiency,
low cost and maintenance free [2-4]. Different control
techniques have been reported in the literature in order
to enhance the IM performance [3-15]. Several studies
use direct or indirect field-oriented control (FOC)
methods [3,5,13]. However, with those techniques, the
system performance is affected by internal parameter
variations as well as external disturbances.To overcome
these disadvantages, IM DTC is proposed as a new
technique [6-12,14-22]. It is characterized by its
robustness and high dynamic performance neither a
PWM modulation block nor an inner current control
loop used in classical FOC. DTC suffers from high
torque and flux ripples caused by the hysteresis
comparators that generate mechanical vibrations and
disagreeable acoustic noise and, therefore, degrade the
IM performance [7-9]. In [10-12, 14-16, 19,21, 22]
several solutions were proposed by researchers to cope
with these drawbacks. In [11], a predictive DTC control
is proposed. However, to use this technique, the cost
function for each voltage vector needs to be evaluated.
In [12], a sliding mode control is used to improve DTC,
but the chattering phenomenon is unavoidable. Some
authors propose ripple reduction by using multilevel
inverters [10, 14-16, 22], which increase the switching
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losses and inverter cost. In [19,21] , an improvement is
proposed using a space-vector-modulation-based DTC
that requires the system parameters and controllers
sizing which increases the system complexity.

Recently, a DTC improvement using intelligent control
techniques has gained an increased attention [1,2,7-9,
14, 17,18, 20]. Fuzzy logic controllers (FLC) depend
neither on the system parameters nor on the system
mathematical models and are able to handle non
linearity [7-9] . In the paper, Fuzzy DTC (FDTC) with
twelve sectors is used to improve the PV pumping
system performance. A Fuzzy switching table is
introduced to cope with the drawbacks of the
conventional DTC (CDTC). A Fuzzy-inference-system-
based MPPT controler is adressed as a solution to the
conventional MPPT methods. The simulation results
prove that the Fuzzy MPPT controller has a very robust
behavior and ensures fast and fine tracking througout
the day. A comparison made between the two
controllers shows that the proposed method significantly
reduces the torque/flux ripple and the stotor current
THD, thus improving performance enabling it to operate
the PV pumping system with less mechanical IM
vibrations, and acoustic noise.

2 PUMPING SYSTEM MODELING
2.1 PV array modeling

The PV generator is a series and/or a parallel
combination of PV panels composed of several cells. It
is modelled by of a photo-current source in parallel with
a diode connected with series Rs and shunt Rsh resistors.
The PV current is calculated using Eq.1 [1-3]:

Loy =1l pn— |0(em{w+—w}—1}w (1)

NgAKT Ry,

where, Iy, is the photo-current, Io is the diode saturation
current, g is the electron charge (1.602x102° C), A is
the ideality factor, K is the Boltzmann’s constant
(1.381x10% J/K), T is the temperature junction and N
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Figure 1. PV characteristics for different irradiation levels at
25°C.

is the number of cells in a series. Fig.1 shows the 3D
Pov-lpv-Vpv  characteristic of the studied PV pannel for

different levels of irradiation at a constant temperature
(25°C).
2.2 Induction machine and pump modeling

The IM dynamic model in the o-p frame is given by
Eq.2.

. di di
Vso =Rsisg + L dsta %
_ digg dirg
Vsp = Rsisp + Lg ot +MT @
. di di . .
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Where Vs, Vsp, isq, Isp, ira, Irp are a-f components of the
stator/rotor voltage and current respectively, Q is the
machine speed (pQ=w), Rs, Ry, Ls, L, M are the
stator/rotor phase resistances, inductances, mutual
inductance respectively.

The Pleider-Peterman's model is used. It provides the
centrifugal pump curves, and its parameters are the
speed () and the flow (Q). It is identified by Eq.3,
where coefficients Cq, C, and Cs are the functions of the
pump characteristics (shape and dimensions of the
vanes and diffuser) given by the manufacturer [13].The
maometric head (Hw) follows, is calculated as follow:

Hy =C0Q2% - C,0Q - C302 3)

The hydraulic power is a function on the water density
(p) and gravity (g), given by Eq.4.

Ph=pgHuQ 4

The centrifugal pump opposes the resistive torque (Tr)
which depends on the pump nominal power and speed.

P 2
T =| -2 |Q%+T ()
(e
2.3 MPPT control

The main task of the MPPT control is to ensure a
continuous tracking of the maximum power point of a
PV system. Due to the high non-linearity of the ly-Vpv
and Pp-Vpv characteristic of PV pannel (Fig.1), such

Table 1. Fuzzy MPPT controller rule table [23]

AVp/ AP, | BN MN SN Z SP MP BP
BN BP BP MP Z MN BN BN
MN BP MP SP Z SN MN BN
SN MP  SP SPZ SN SN MN

Zz BN MN SN Z SP MP BP
SP MN SN SN Z SP SP MP
MP BN MN SN Z SP MP BP
BP BN BN MN Z MP BP BP

MPPT control is indispensable to guaranty the
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deliverance of the available maximum power under
uniform or varying atmospheric conditions.

Over the years, many MPPT algorithms have been
reported in the literature [1-4, 23, 24].These are, a
fractional method, perturb and observe (P&O) and
incremental conductance (INC) (using a constant or
variable step) and heuristic methods (fuzzy logic,
genetic algorithms and neural network). These methods
differ difference in the speed of convergence, degree of
difficulty and cost. In the paper MPPT based on FLC is
used for being simple to understand, able to manage the
nonlinearity problem, suitable for complex models and
inexpensive to develop [23]. FLC ensures fast and fine
tracking regardless of atmospheric variations compared
to the P&O methods (Fig. 2). Table .1 shows the rule
table.
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Figure 2. Photovoltaic power waveform with zoom.

3 CONVENTIONAL DIRECT TORQUE CONTROL
(CDTC)

The CDTC strategy was first introduced in the mid '80s
for the IM control [11]. It is characterized by its
robustness and good dynamic performance needing,
neither PWM modulation block nor an inner current
control loop used in classical FOC. The stator voltage
vector is selected with a look-up table according to the
difference between the reference and the estimated
motor electromagnetic (EM) torque and rotor flux. This
difference is digitalized using a three and two-level
hysteresis comparator and applied as an input with a
flux angle to a switching table (Table. 2)[7-9]. The
stator-flux vector is estimated from the IM voltage and
current measurements along the a and B axes [7-9]. The
EM torque is estimated using Eq.11.

The stator currents in the stationary reference frame
(o,B) are calculated as follow:

igy = \/E i
Sa ~ 1|4 'sa
; (6)
Isp ZE('sb - 'sc)
Using the DC voltage and the inverter switching states,

the a and B components of the stator voltage are
calculated according to Eq.7 [4]:
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2 Sp +S
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Vsg = \/;Vdc (Sp —S¢)

The magnitude of the stator flux is calculated with Eq.8:

Ps :1}(05204 +(/’52'3 ®)

where the stator flux is estimated according to Eq.9.
t

Psa = I(VSa —Rgig,, )dt
| ©)

t
Psp = I(Vsﬁ - Rs-isﬁ )dt
0

U]

The stator-flux space is divided into six sectors.

Its angle (6s) is calculated using Eq.10 [8]:

Table 2. The switching table of CDTC [9]

Ao 0s 0 % 6 0 6 6
1 [ Vo Vs Vi Vs Ve Vi
1 0 |V: Vo Vi Vo Vi Vg
1| Ve Vi Vo Vi V4 Vs
1 [Vs Vo Vs Vo Vi V,
0 0 | Vo Vi Vo Vi Vo Vg
1 Vs Vs Vi Vo VsV,
o = tanL(2L) (10)
Psa
The EM torque is estimated using Eq.11.
T = p(@sgisp —0spisa) (11)

4 Fuzzy FDTC

To overcome the drawback of the CDTC, i.e high flux
ripples and torque, the hysteresis comparators and look-
up table are replaced by a fuzzy logic inference system.
The improvement using a fuzzy logic is due to the
controller, non-dependence on the system parameters or
complex mathematical model and its handling the non-
linearity [7] .

The large ripples in CDTC are due to the invariable
control action irrespective of the error size. So using the
proposed fuzzy system we introduce a notion of a large
or small error and applies different voltage vectors for
each of them [8, 16-18]. The increase in the number of
the sectors helps taking an appropriate decision in
termes of the voltage vectors. The generated switching
vector is based on the level of the flux and torque error
size and the sectors number. To improve the PV water
pumping system performance and to minimize the stator
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Figure 3. Block diagram of PV pumping system with fuzzy direct torque control.
Table 3. Fuzzy rule base of FDTC [7]
0
AT | Ao 01 62 63 064 65 066 067 63 O9 610 O11 012
P Vi V2 V2 V3 Vs Vs V2 Vs Vs Ve Ve W1
PL z Va2 V2 Vs Vs Vs Vs Vs Vs Ve Ve Vi W1
N Vo Vs Vs V4 V4o Vs Vs Ve Ve Vi Vi Vo
P Vi V2 V2 V3 Vs Vs Vi Vs Vs Ve Ve W1
PS z V2 Vs Vs Vs V4o Vs Vs Ve Ve Vi Vi V2
N Vi Vs Va4 Va Vs Vs Ve Ve Vi V1 V2o
P Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo
ZE 4 Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo
N Mo Vo Vo Vo VMo Vo VMo Vo Vo Vo Vo Vo
P Ve Ve Vi Vi V2 V2 V3 V3 Vi Vi Vs Vs
NS z Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo
N Vo Vs Vs Ve Ve Vi Vi Vo V2 Vi3 Vi Vg
P Ve Ve Vi Vi V2 V2 V3 Vs Vi Vi Vs Vs
NL z Vs Ve Ve Vi Vi Vo V2o V3 V3 Vs Vs Vs
N Vs Vs Ve Ve Vi Vi V2o Vo V3 V3 Vi V4
flux and EM torque ripples, the fuzzy controller o T o T
produces an optimal voltage vector by calculating the
optimal vector angle using instantaneous stator-flux and (@0, T} (or1. Tso)
torque errors. o Tan) o Ty
The fuzzy inputs are the torque and flux errors and the N
stator flux angle position (6s). The first input consists of _» Vo Vs
three linguistic variables: positive (P), zero (Z) and '
negative (N). The torque error is minimized and divided
into five linguistic variables: positive large (PL),
positive small (PS), zero (Z), negative small (NS) and
negative large (NL). The last input, (6s) is divided into
twelve sectors making an appropriate voltage vector . . .
represented by 12 fuzzy sets (01-612). The sectors are (" ) (@e0, T}
determined by the Eq.11. (@0, To) (@n1. Te)
T T
(n — Z)E < gn < (n —l)g (11) (¢si, Tro) (pra, Tsp)

where n is the number of the sectors, n=1,2 ,...,12.

Figure 4. voltage vector selection for sectors 3 and 12,

orl/ Pro, @si/ @sp, Tri/ Tro, Tsi/ Tsp are Flux/Torque with

Rapid or Small, Increase/Decerase.
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The fuzzy control rules are based on the min-max fuzzy
inference system [7, 25]. An example can be formulated
as follows:

IF (AT is PL) AND (A¢ is P) AND (0 is 63) then V=V,

This means, that the EM torque reference value is
larger than the estimated value, the rotor flux reference
is greater than the estimated one, and the sector 63 locate
the rotor flux, this way a suitable voltage vector (V) is
chosen that will slighty deacrese the EM torque and
rapidly increase the rotor flux according to Fig. 4.

The rule table of the proposed strategy is shown in
Table. 3. The inference method uses the Mamdani’s
procedure based on a min-max decision [2]. The
defuzzification step transforms the output fuzzy results
into numerical values representing one of the vectors
(Vo-V7). The membership function of the voltage vector
output is written with Eqs.12, 13 and 14 [2, 25, 26].

Hyour V)= rg;( (,U\l/i (v )) (12)
135 ) = ey g ) (13)

aj =min (upi (AT), ugi(Ap), uci (A0))  (14)

where  pAi(AT), uBi(Ae) and pCi(0) are the
membership functions of the three inputs (AT, A¢ , 0)
respectively and ai is the it rule weighting factor [25].

5 SIMILATION RESULTS AND DISCUSSION

To test the control strategy effectiveness and robustness,
a MATLAB/Simulink simulation is made for a daily
solar radiation. The simulated PV water pumping
system with FDTC (Fig.3) is composed of 11 PV arrays
of 110W connected in series.
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The reference flux is @ser = 0.8Wb. The IM voltage
changes as a function of when irradiation. The DC bus
voltage is controlled to the reference value of 570V by a
P1 controller.

The referential speed varies and depends on the
extracted PV power. The IM parameters are given in the
Appendix. Simulation results show that the proposed
FDTC outperforms the CDTC method even under
rapidly changing atmospheric conditions.

Figure. 5 shows the irradiation evolution and the PV
power. The corresponding IM speed (Fig s.6) tracks
perfectly its reference value obtained from the PV
power. The water-flow waveform follows the IM speed
evolution. The torque response for both control
strategies (CDTC and FDTC) is shows in Fig. 7.
Comparing the curves, a significant reduction in torque
ripples when using FDTC, (Figs. 8).

The stator-flux magnitude is constant and closely
follows its reference value (Figs. 9). Zooming those
figures shows a better response with fewer ripples when
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Figure 12. Zoom of stator current waveform and THD
analysis.

comparing FDTC to CDTC (Figs.10). The stator-flux
trajectory is circular for both control techniques.

Table 4. Performances analysis of FDTC and CDTC.

Performances AT (N.m) Ao (Wb) THD
CDTC +0.18 +0.0135 3.71
FDPC +0.02 +0.0025 0.88

Improvement (%) 88.89 81.48 76.28

Smooth circular path is observed when using FDTC,
(Fig. 11).

The stator current waveform is sinusoidal and
is4.72 % and 1.6, respectively.

A comparison between CDTC and FDTC applied to a
PV pumping system is made. The resuls presented in
Table. 4 show a significant reduction of more than 81%
in the flux and EM torque ripples and an improvement
in the THD currents of 76% when FDTC is used.

its THD

6 CONCLUSION

The paper proposes an enhancement using a fuzzy
switching table applied to an IM driving centrifugal
pump in a PV water pumping application. The optimal
PV system operation is ensured by a fuzzy logic MPPT
controller compared to the traditional method, the
presented results show fast and fine tracking regardless
of atmospheric conditions. In the proposed FDTC
technique, they are no hysteresis controllers and the
look-up table replaced by twelve-sector fuzzy inference
system. A comparison between the CDTC and FDTC
shows simulation results demonstates a significant
reduction of 81% in the flux and EM torque ripples and
an improvement of 76% in the THD currents when
using the proposed method.

The FDTC conserves the robustness, simplicity and
high dynamic performance of the CDTC while
minimizing its drawbaks related to torque/flux ripple
and THD stator current, resulting in less mechanical IM
vibrations and reduced acoustic noise.
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APPENDIX

Table 5. PV array SM110-24 parameters at STC [23]

Parameter Value

Maximum power (W) 110

Optimal voltage (V) 35

Optimal current (A) 3.15

Open circuit voltage Voc (V) 435

Short circuit current Ig; (A) 3.45

Temperaure coefficient of Voc (V/°C) -0.152

Temperaure coefficient of Iy, (A/°C) 0.0014
Table 6. IM parameters [7]

Parameter Value

Rated power (kW) 11

Nominal voltage (V) 400/230

Nominal current (A) 2.6/4.5

Stator resistor () 7.6

Rotor resistor (Q) 3.6

Stotor inductance (H) 0.6015

Rotor inductance (H) 0.6015

Mutuel inductance (H) 0.5796

Pairs poles number 2

Inertia moment (Kg.m?) 0.0049

Table 7. Centrifugal pump parameters [13]

Parameter Value
C, (m/(rd/s)?) 4.923 10"
Co (m/(rd/s)(m?/s) 1582 10°
Cs (M/(m¥/s)?) -18144
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