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Abstract: In this paper, an approach consisting in moving photovoltaic panels
according to the mazimum sunshine position in order to extract a high efficiency
is proposed. Firstly, the model of the photovoltaic generator is described. Secon-
dly the designed maximum sunshine position tracking system is presented and
experimental results consisting of no-load voltage variations during different pe-
riods of the year are described. Finally, a comparison study between three direct
torque control (DTC) strategies dedicated for the maximum sunshine position
tracking system is carried out. It has been found that the three DTC' strate-
gies exhibit high dynamic performance. However, these strategies are more or
less penalized by some drawbacks such as demagnetization, high commutation
frequency and high torque ripples.
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1. Introduction

The low efficiency of photovoltaic systems which is party due to the
fluctuation of solar radiation especially with the panels exposed to the sun in
a fixed position represents one of the drawbacks of such systems. In order to
extract a maximum power during the day and therefore a high efficiency of
photovoltaic systems, an approach consisting in moving the photovoltaic panels
according to the maximum sunshine position has been proposed in [11]. The
maximun sunshine tracking system offers an energy increase of almost 30 to
40% [9]. To do so, an electric motor drive could be associated to the photo-
voltaic panels in order to be able to track the maximum sunshine positions
during the day. Accounting for the high perturbation amplitude applied to the
panel, the control strategy to be implemented in the drive is of great importance.
Introduced by Takahashi and by Depenbrock [1, 2] since 1985, the direct torque
control (DTC) has been selected in order to fulfill the considered application
requirements, especially a maximum torque at standstill. In what follows the
paper is organized in four sections. The first one describes the model of the
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photovoltaic generator. The second section presents the developed maximum
sunshine position tracking system. Then, experimental results carried out on
the developed system are provided. These represent a data base which yields
the variation of the no-load voltage of three photovoltaic panel records during
different periods of the day and for different positions. The third section deals
with the basis of the direct torque control (DTC) strategy and its application
to the control of the developed maximum sunshine position tracking system.
Within this, three DTC strategies are considered. The last section is devoted
to a comparative study between the performance of the three DTC strategies
considered in the previous section. The major comparison criteria are: (i) the
reduction of the demagnetization phenomenon, (ii) the reduction of the torque
ripples and (iii) the reduction of the inverter commutation frequency.

2. Solar Cell Features Versus Solar Radiation and
Temperature

The basic model of a photovoltaic cell, is shown in Figurel [10]. A pho-
tovoltaic generator composed of N series connected cells and N, parallel-
connected modules presents a non linear output characteristics which is
expressed as follows [8, 10, 7]: N Vo1

b = Nl = Nyl sy (2 + ) ) 1] - (SRR
where V), and I, are the output voltage and the output current, respectively,
I,y and I are the cell photo-current and the reverse saturation current, respec-
tively, Rs and R, are the cell series resistance and the cell shunt resistance,
respectively, and A is the thermal voltage depending on the cell temperature,
such that A = nKLT’ q is the electronic charge, K is the Boltzmann constant
and n is the ideality factor.

Let us consider the expression of the cell photo-current I,, in terms of the
temperature T and the solar irradiance which is given by equation(2) [12]:
l_ﬁ‘o [Icc + K (T - 298)] (2)

where E is the solar irradiation [%} ,and T and T, are the cell temperature [K]

Iy =

and the reference temperature [K], respectively, I is the short circuit current
at T;., and K7 is the short circuit current temperature coefficient [OAC}

The reverse saturation current I is given by the following equation [12]:

N ) ]

where I,y is the reverse saturation current at T, and Fj, is the material band
gap energy.

Giving the fact that Ry is generally omitted as far as it is much greater than
R, then equation 1 is reduced to [10, 12]:

A
I, = Npl,, — NI [exp (N [V, + Rslp]> — 1] (4)
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Under no-load operation (I, = 0), the expression of the open circuit voltage
(no-load voltage) V,, is as follows [5, 8]:

NsKT N, I
Vo = = mgz\;’;"ﬂ (5)
An approach to the identification o the parameters required for the

determination of the output characteristic (current-voltage) has been proposed
by Chenni [12]. — ¥

Solar
Radiation

\\\

Figure 1: PV solar cell equivalent circuit.

The variations of the current and of the power versus the voltage of a commercial
PV module (see table 1) at different values of the temperature and different levels
of solar irradiation are illustrated in figure 2.(a) and(b), respectively. It can be
seen from figure 2.(b) that the output current varies greatly with the solar irra-
diation changes, which is not the case of the output voltage. The output power
increases with an increase of the solar irradiation. Indeed, the photo-current
(hence, the short circuit current), is a linear function of the solar irradiation
while the open-circuit voltage is a logarithmic function of the solar irradiation.
Figure 2.(a) shows that on one hand the open-circuit voltage decreases with an
increase of the cell temperature, which is due to a sharp increase of the reverse
saturation current, and on the other hand a slight increase of the short-circuit
current. This is said, one can notice a decrease of the output power versus the
cell temperature. Accounting for the high nonlinearity of the above-described
characteristics, it turns to be interesting to increase the output power by tracking
the maximum sunshine position which is considered in the present work.
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Figure 2: Characteristics of a PV module : (a) constant irradiation and varying
temperature and (b) constant temperature and varying irradiation.
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Table 1: Specifications of Siemens solar panels(manufactured by SHELL SOLAR).

3.

Rated power 100[W] K 410" [%]
Short circuit current 6 [A] Current at maximum power 5.9 [A]
Open circuit voltage | 21 [V] || Voltage at maximum power 17 [V]
Series connected cells 72 Parallel connected modules 1

Maximum Sunshine Position Tracking System

A new maximum sunshine position tracking system has been proposed in

[11]. Tt consists of an experimental set which allows the displacement of three
photovoltaic panels within latitudes and meridians. Figure 3 shows the Layout
of the proposed tracking system driven by an induction motor under DTC, where
(a) gives a front view and (b) gives a rear view. The developed maximum sun-
shine position tracking system is intended to assess as accurately as possible the
location of the sun with respect to earth during the day. The designed tracking
system has two freedom degrees in such a way that it allows the displacement
of the photovoltaic system within latitudes and meridians:

e the first degree of freedom is controlled automatically by an induction mo-

tor drive under the control of a DTC strategy. It allows the rotation of
the photovoltaic panels with an angle which varies between —60° and 60°.
The 0° angle corresponds to an horizontal position of the photovoltaic
panels. Positive angles are allocated to the east orientation of the photo-
voltaic panels. Negative angles are allocated to the west orientation of the
photovoltaic panels. The variation of this angle is carried out in order to
determine the maximum sunshine position tracking during the day,

the second degree of freedom is time-to-time achieved manually according
to the period of the year. To do so, three suitable positions have selected
taking into account of the geographical site in which is located the photo-
voltaic panels. Such a sited is characterized by four seasons during a year.
Hence the position variation within this axis can be adjusted only three
times during the year. This degree of freedom allows the variation of the
declination angle of the photovoltaic panels from —10° to 50°.

Figure 3: Layout of the proposed maximum sunshine position tracking system.
Legend: (a) front view, (b) rear view.
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Experimental Tests

Three photovoltaic panels are fixed on the developed maximum sunshine
position tracking. Then experiments have been carried out in the suburb of Sfax
(Tunisia) during March and April, every day from 9 AM to 5 PM. These tests
consisted on varying the orientation angle of the panels from -50 to 50 degrees, at
the beginning of each hour, and measuring the resulting no-load voltage every
10 degrees. Doing so, we have generated a data base that has been used for
the resolution of the problem of tracking of the maximum sunshine position.
The position corresponding to the maximum sunshine is the one in which the
maximum no-load voltages are provided by the photovoltaic panels.Referring to
equation (5), we can notice that the no-load voltage increases with a logarithmic
increase of the cell photo-current I,,;, which is proportional to the solar radiation.
Therefore, the no-load voltage rises with the increase of the solar radiation.
Figure 4 shows 3D plots of the no-load voltage versus the orientation angle and
the day time. One can notice that:

e for each hour there is a position which corresponds to the maximum of

no-load voltage,

e the no-load voltage versus the angle at a given day time presents a parabolic

shape,

e when day time increases, the angle corresponding to the maximum no-load

voltage moves following the sun position.

Figure 4: 3D plots of the no-load voltage versus the
orientation angle and the time.

4. Control of the Maximum Sunshine Position Tracking
System

Accounting for the perturbations applied to the maximum sunshine position
tracking system, it is of great importance to select a suitable control strategy to
be implemented in the induction motor drive. Following a comparative study,
the direct torque control (DTC) strategy has been selected. The principle of
DTC strategies consists of describing the way in which the stator flux and the
torque are directly controlled by selecting a suitable inverter’s voltage vector.
DTC strategies have been commonly implemented in induction motor drives.
The dynamic behavior of an induction machine is described in terms of space
vectors variables as follows:
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The voltage vector of the inverter feeding the2 inductiori1 motor is expressed as:
— 2 21 An
v, - \@ [sa SR S (8)

where S, Sp and S, are the inverter switching functions, which takes a logical
value (1 or 0).
The stator flux vector is given by the tfollowing:

3, = Byt / (V. — R.T,)dt

=)

)

(
Now, if the voltage drop across the gtator resistance is neglected, equation (9)
turns to be: AP, =D (K +1)—d(K) ~ VT, (10)
where T is the sampling period.
The stator flux amplitude and phase are expressed as follows:

@] = \/dhs + OB
) (11)

0 = arctan (Zgﬁ
Electromagnetic torque can be expressed in terms of stator current and flux as:

S
Tem = Np(dasips — Ppsias) 12
where Np is the pole pzm:.m s peta (12)

4.1 Takahashi Basic DTC Strategy

The implementation scheme of a DTC based position regulation of an induc-
tion motor is shown in figure 5. The error between the reference position 67, and
the measured one 6, is applied to the position regulator (P type) whose out-
put provides the reference speed (27,. This latter is compared to the measured
speed 2,,,. The obtained error is applied to the speed regulator (P.I. type) whose
output provides the reference electromagnetic torque 77 ,. The estimated stator
flux & and electromagnetic torque T, are compared to the corresponding refer-
ences. The errors are applied to the stator flux and torque bang-bang regulators,
respectively. The outputs of the stator flux and torque regulators and the phase
of the stator flux 6, are applied to the vector selection table which generates
the convenient combinations of the states of the inverter power switches. There
are eight switching combinations, two of which yield zero voltage vectors. The
voltage vectors, delivered by a 2-level inverter are shown in Figure 6. The output
cg of the stator flux two-level hysteresis regulator takes “1” to increase ¢, and
“-1” to decrease it. While the output ¢, of the torque 3-level hysteresis regulator
takes “1” to increase Te.,, “-17 to decrease it, and “0” to maintain it. The set of
combinations of the power switch states considered in the Takahashi DTC basic
strategy is given in table 2.
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Figure 5: Induction motor position regulation based on DTC strategy.
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Figure 6: Switching-voltage space vectors.

Table 2: Look-up table of the Takahashi basic DTC strategy.
Leoll 1 | 1 |
[e- [[+1] 0 [-1[+1]0]-1]
Si | Vo [ Ve [ V6| Vs | Vo | Vs
So | Vs [ Vo | Vi | Va | V2| Vs
Ss| Va | Ve | Va | Vs | Vo | VA
Sa || Vs [ Vo [ V| V6 [ V2|V
Ss | Ve [ Ve | Va | Vi | W | Vs
Se | Vi |[Vo [ V5| Va [ VR | V)




643 1J-STA, Special Issue, CEM, December 2008.

Accounting for the load torque expression given by the following expression:
T, = Ksin(0) (13)
The Takahashi basic DTC strategy considers that the voltage drop across the
statance resistance is negligible. This hypothesis is no longer true under low
speed operation which is the case of the treated application. In this case,
applying a zero voltage vector yields the following equation:
AD, =D, (K +1) - D (K) = —R,I, (14)
which leads to a decrease of the stator flux. Therefore, it is expected that
the Takahashi basic DTC strategy would be penalized by a demagnetization

problem when implemented in the induction motor drive to control the maximum
sunshine position tracking system.

4.2 Modified Takahashi DTC Strategy

In order to overcome the problem of demagnetization caused by zero voltage
vectors included in the Takahashi basic DTC look-up table, the zero voltage
vectors have been substituted by suitable active vectors. For a given stator flux
vector and when the torque regulator output is “0”, the active vector around
which is located the sector including the stator flux vector extremity is applied.
The resulting look-up table is given in table 3 [4]. It is obvious that the sub-
stitution of the zero-voltage vectors by active ones allows the elimination of the
demagnetization problem. Nevertheless, this substitution is associated with an
other crucial problem: that is an increase of the average inverter switching fre-
quency which compromises the drive efficiency. In what follows, a third DTC
strategy is considered in an attempt to solve both demagnetization and high
average commutation frequency problems.

Table 3: Look-up table with zero-voltage vectors substituted by active ones.
Co +1 | +1 | +1 | -1 -1 ] -1
c || +1 ] 0O 1 +1] 0 | -1
N || Vo | Vi | V| V5 | Va]| Vs
No | V3 | Vo | Vi | Vy | V5| Vs
Ny || Vo | Va | Va | V5 | V| WA
Ny | Vs | Va | Vs | Vs | V1| V2
Ns || Ve | Vs | Va| Vi | Va| V3
Ne | Vi | Vo | Vs | Vo | V3| V)

4.3 Analytically Based DTC Strategy

Referring to table 1, it is to be noted that zero-voltage sequences are sys-
tematically applied to the inverter when the torque has to be kept at it current
value (¢; = 0). This represents a crucial limitation of Takahashi DTC strategy, in
so far as during sequences where ¢, = 0 the flux should be normally adapted ac-
cording to cg, which is ignored through the application of zero-voltage sequences.
Furthermore, some questions arise while analyzing Takahashi DTC strategy, for
instance: why should we consider just two state hysteresis regulator to control
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the stator flux? Why zero-voltage sequences are limited to ¢, = 07 Would
it be possible to reach better performances considering zero-voltage sequences
while ¢, = —1 or +17 etc. In order to be able to answer these questions, it is
necessary to go further the empirical approach introduced by Takahashi. Within
this, we have considered an analytical approach, proposed in [3, 6], which is based
on the torque transient behavior taking into account different operating modes
(including generator operation during braking).

4.3.1 Electromagnetic Torque Analysis

Let us consider the electromagnetic torque expression (12), and let us calcu-
late its derivative:

d d . d . . d o d
ETem = Np |:<¢as Ezﬂs - (bﬁsalas) + (Zﬂs E¢as —las E‘éﬂs)} (15)

Accounting for equations (6) and (7); expression (15) turns to be:

d . ¢5s . ¢o¢s
—T - s s — - s s —
drtem D |:'Uou (Zﬂk ol, ) U3 (Zoz‘ ol,

R w
= em — _m(I)2 m as‘as s. s 1
T = 202+, (G + D3| (16)

2
where Ry, = ry + f—srr, oc=1-— %

. . ls0sias <<  as
If the leakage flux is neglected, that is to say : (17)
) ) lsosigs << ¢gs
then expression (16) is reduced to :
Das (bﬁs Ry, Wm 92
L =N, vgs 2o — - T — 2@ 18
T e T P 0 T (18)
In the case of zero-voltage (vas = vgs = 0), expression (18) turns to be:
d Ry, P2
—Toy ~ ——2T.m — —2Q 19
T P (19)

In motor operation, Q,, and T¢,, have the same signs, yielding domains D1
and D,,o located in the (Q,,,T¢,,) plane shown in figure 7, with:
%Tem <0 if Q>0 (D)
LT >0 i Q<0 (Do)
In generator operation, §2,,, and T,, have opposites signs, giving 4 domains Dy,
Dgg7 Dgg, l)g47 with:

(20)

dom __ @2

mTem — 07 Tem —_ Rs'r Qm

dr,. <0, T © 0, (D & D (21)
m em < ) em > _Rsr m ( gl 93)

d o
ETem > 07 Tem < _R Qm (DgQ & Dg4)
Accounting for the previous formulation, we can notice that:
e when the torque variation with respect to time is positive (domains: D2,

Dgys, Dg4), applying a zero-voltage sequence yields an increase of torque,

e when the torque variation with respect to time is negative (domains: D1,
Dgy1, Dys3), applying a zero voltage sequence yields a decrease of torque.
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These remarks are completely in disagreement with Takahashi reasoning. In or-
der to take into account all flux and torque variation possibilities, it is necessary
to use a three state regulators for both flux and torque. This leads to 9 combi-
nations of ¢, and cy. However, the one consisting of maintaining the flux and
torque is not practically feasible. The remaining problem is how to coordinate
between ¢, and ¢4? An approach to solve this problem consisting of 3] :

e in domains D2, Dgz, and Dgy4, to increase the torque, a zero-voltage
sequence is applied if ¢4 = —1 or 0. Else, an appropriate active voltage
vector is used to increase the flux and tune the torque depending on c;.

e in domains D,,1, Dg1, and Dg3, to decrease the torque, a zero-voltage
sequence is applied if ¢4 = —1 or 0. Else, an appropriate active voltage
vector is used to increase the flux and tune the torque depending on c.

Thus a new switching table, including two parts depending on the sign of
the derivative of the torque with respect to time (domains Dy,2, Dgo, Dga for

ﬁliTem > 0 and domains D,,1, Dg1, Dy3 for %Tem < 0), has been proposed as
1

ustrated in table 4.

Dys

Dy

d -
$Tm >0 Dys

Figure 7: Torque variation with respect to time located in the torque-speed plane
Legend: dotted area refers to % Tem < 0, white area refers to % Tem > 0.

Table 4: DTC look-up table depending on the torque variations.
Leo [+1] O [ -1 [+1[0 -1 [+1]-1]
|- [+ ]+t ]+t ] -1 J-1[-1]J0JoO
Domains (Dm2, Dg2, Dga)

St || Ve | Vo | Vo | Vo6 | Ve | Vs | Vi | W
So || Vs | Ve | Ve | Vi | Vi | V6| Vo | Wn
Ss || Va| Vo | Vo | V| Va|Vi]| Va | W
Se || Vs | Ve | Vo | Va | Va | Vo | Vi | V7
Ss || Vo | Vo | Vo | Va | Va| Vs | Vs | W
Se || Vi | Ve | Vo | V5 | Vs | Va| V6 | Va
Domains (Dm1, Dg1, Dg3)
S| Ve | Va | VB | Ve | W ]| W]| W | W
So || Vs | Va | Va | Vi | Ve | Vr| Vo | Vs
Sz || Va | Va | Vs | Vo | Vo | V| Va | W
Se || Vs | Vs | Vo | Va | Vo | Vo | Vi | Wz
Ss || Ve | Ve | Vi | Va | W | W] Vs | W
Se || Vi | Vi | Va | Vs | Vo | Vo | V6 | Vn
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5. Simulation

Simulation works have been carried out considering a sampling period Ts =
50us. The flux and torque hysteresis bands have been taken ¢4 = 0.02Wb and
er = 3N.m, respectively.

The load torque constant K has been calculated and has been found equal to
whose 57.762N.m.

Referring to the experimental tests shown in figure 4, we have considered for
every hour of the day, the orientation angle of the panels corresponding to the
maximum no-load voltage (which represents the maximum sunshine position at
that time). So the reference angle varies according to the following procedure:

e from Os to 2s, the reference position is equal to 17.02 degrees corresponding
to the maximum no-load voltage at 2PM. so the load torque is equal to
16.9 N.m,

e the reference position increases during 0.5 s to reach 29.68 degrees, cor-
responding to the maximum no-load voltage at 3PM. The load torque is
equal to 28.6 Nm,

e from 2.5s to 4s, the reference position is kept constant equal to 29.68
degrees, so does the load torque.

In what follows the implementation of the previously-studied DTC strategies:
(i) the Takahashi DTC basic strategy, (ii) the one based on the Takahashi DTC
basic strategy where zero-voltage vectors have been discarded in the look-up
table, and (iii) the one which takes into account the electromagnetic torque
dynamic considering to four quadrant operation and leading to a dual look-up
table. The obtained results are shown in figures 9 10 11.

Referring to figures 9-a, 9-b and 9-c which show the variations versus time of the
position, the speed, and the electromagnetic torque, respectively, one can notice,
on one hand, that the Takahashi DTC basic strategy offers high performance in
transient and steady state operations. On the other hand, and referring to figure
9-d, one can notice the low performance of the Takahashi DTC basic strategy
at low speed operation. Under such condition, and for steady state operation,
the motor turns to be demagnetized as already expected in the previous section.
At zero stator frequency and when a zero voltage vector is applied, the stator
current causes a reduction of the stator flux magnitude. In order to overcome the
problem of demagnetization caused by zero-voltage vectors included in the look-
up table of the Takahashi DTC strategy, these have been substituted by active
vectors. The obtained results are illustrated in figure 10. Referring to figurel0O-c,
one can clearly notice that the problem of demagnetization has been discarded,
while the motor high dynamic performance is not affected. Nevertheless, the
torque ripple amplitude rises considerably with respect to the one yielded by the
Takahashi DTC basic strategy, which represents a serious drawback.

Figure 11 shows simulation results obtained following the implementation of the
third DTC strategy. These results highlight the high dynamical performance
which are obtained with a low torque ripple amplitude and with the demagne-
tization discarded. Further investigation of the stator flux has been achieved
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through the representation of the stator flux vector extremity locus in the (a, 3)
plane. This has been done considering the three DTC strategies. The obtained
results are shown in figure 5.. One can clearly notice that the third DTC strategy
yields the smoothest circular locus. For the sake of a deep comparison between
the three studied DTC strategies, a third criterion has been taken into account,
that is the average switching frequency F, of the inverter power switches.
Figures 12, 13 and 14, show the average frequencies commutations of the inverter
power switches, with (a), (b) and (c) represent the average frequencies commu-
tations by first, second and third leg, respectively, and (d) represents the global
average frequency correspond to figures 9, 10 and 11, respectively. Commuta-
tions frequencies of the inverter switches, with (a), (b) and (c) correspond to the
cases of figures 9, 10 and 11, respectively. It is to be noted that the Takahashi
DTC strategy and the analytically based one offer relatively low values of F
compared to the modified Takahashi DTC strategy.

Following the investigation of the performances of the three studied DTC
strategies, one can conclude that the analytically based DTC strategy represents
a compromise which fulfills the three comparison criteria.

b
. L @ (WD) - . (WD) ©)
0 0 0
-1 -1 -
0, (WD) ! @, (Wb)
-0 1 -1 0 1 -1 0 1

Figure 8: Locus of the extremities of @5, with (a), (b) and (c) correspond to
figures 9, 10 and 11.

















