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1. INTRODUCTION

The permanent magnet synchronous motor (PMSM) has three phases winding on stator represented
by the three axes (a, b, c¢) phase-shifted of 120° with respect to each other (Figure 1) and has permanent
magnets in the rotor ensuring its excitation. Depending on how the magnets are placed, we can distinguish
two types of rotors; in the first type, magnets are mounted on the surface of the rotor with a homogeneous air
gap, the motor is called “smooth air gap PMSM” and inductors are independent on the rotor position. In the
second type, magnets are mounted inside the rotor mass and the air gap will vary because of the salience
effect. In this case, inductors are highly dependent on the rotor position. Synchronous motors have a
remarkable feature; the speed is constant regardless of the load.

The field oriented control (foc) is used for many years. It implements Park transformation which
shows, like a separately excited dc machine, the expression of the instantaneous torque as a product of
magnetic flux and current. In addition, there is the possibility to reduce the oscillations for a desired torque,
to save energy delivered, to reduce the current harmonics and to improve power factor. When the motor
model used is correct, the foc works well. [1],[2].
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2. DYNAMIC MODEL OF A SYNCHRONOUS MOTOR
2.1. Mathematical Model of the Permanent Magnet Synchronous Motor (PMSM)

The dynamic model of a permanent magnet synchronous motor with rotor reference frame can be
described by the equations below, considering the conditions of non-saturation of the magnetic circuit and the
magnetomotive force MMF is a sinusoidal distribution created by the stator windings.
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With Ve, ipe and @, , representing respectively the voltages, the currents and the total flux of stator
phases. R indicates the resistance of a stator phase.
Total fluxes are expressed by:
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L, and M, representing the self-inductance and the mutual inductance between stator windings. @’ is the
rotor flux seen by the stator windings. It represents the amplitudes of the voltages induced in the stator phases
without load.
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Figure 1. Diagram representing stator winding in abc and dq frames
Substituting (3) in (1):
P T [R T T, @
The electromagnetic torque is expressed by:

7, = (ewe T )l ) ©

i3

Where ., = M represents the electromotive forces generated by the stator phases. w, Is rotation speed
¢ dt

of the rotor in [rad / s].
Note that the equation (4) leads to joined and highly non-linear equations. To simplify this problem,
the majority of research in literature prefer to use the Park transformation which, by a transformation applied
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to real variables (voltages, currents and flux), provides fictive variables called dgq components or Park's
equations. Physically, this transformation is interpreted as a substitution for stationary windings (a,b,c) by
rotating windings (d,q) which rotate with the rotor. This transformation makes the dynamic equations of AC
motors simpler.

The Park transformation is defined as follows:

[ Xago |=[Ko][Xn] ©)

Where X may be a current, a voltage or a flux and @ is the rotor position. X,, represent longitudinal and
transversal components of the stator variables (voltages, currents, fluxes and inductances).
The transformation matrix K, is given by [3]:
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Applying the transformation (6) to the system (1) we have the electrical equations in the dq reference:

dod
Vy=Riiy +—%-0,0,
€)
. dog,
Ve =Rig, + +. Dy
(10)
The flux equation:
Oy =Lyiy +P; an
(Dsq :qu isq (12)
@, is the flux created by the magnets in the rotor.
By replacing (11) and (12) and in V,,, ¥, we obtain the following equations [9]:
. di, .
V,=Riiy+Ly dtd —w,Lyi, (13)
V,=Ri Ldi” (Lygigg + ;)
= RKglgy + L + o, sdlsa +
q q 7 g A (14)

Equations (13) and (14) form a second order differential equation system that models the electrical behavior
of the synchronous permanent magnet [3]
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Figure 2. Equivalent circuit of a permanent magnet synchronous motor in the dq frame

The electromagnetic torque (7,) is produced by the interaction between the poles formed by the
rotor magnets and the poles generated by the MMF (stator currents) in the gap.

Te :p(q)sdisq _(Dsqisd) 1s)
Or 7, =p| ¥, +(Lg L, )i, | (16)

The equation of the mechanical torque is

d
T, =02 \T +Bo, (17)
dt
d
JE _7 7 —Bw, and @, =2 (18)
dt p

o, and o, represent the mechanical speed and the electrical speed respectively; with: B, J, P, and T;
respectively define the damping coefficient, moment of inertia of the rotor and the number of pairs of poles
and the load torque.
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Figure 3. Implementation of PMSM in Simulink in dq frame

We can deduce the final form of PMSM equations in the dq frame
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3. FIELD ORIENTED CONTROL PRINCIPAL

We can determine the reference torque to impose on the motor and the speed reference from the
electromagnetic torque equation expressed in terms of Park’s components shown in (16), if we impose the
current isgrr=0, the torque’s formula willbe: 7, = p®,i , =kig,

T .
— e.rez (20)

pq)f

the current Lsgref

To preserve the torque T, proportional to the current iy, we must control the angle a=x / 2, and the
angle a is determined by the following formula [3].

l.s
a=arctg| L
lsq (2 1)

3.1. Inverter modeling

The inverter transforms a DC voltage into an alternating voltage with a varying amplitude and
frequency. Its bridge structure is composed mostly of electronic switches such as IGBTs, power transistors or
thyristors. Its operating principle is based on controlled switching in a suitable manner (usually a pulse width
modulation), the source is modulated to obtain a wanted AC signal frequency. Two types of inverters are
used; the voltage inverter and the current inverter.

The voltage inverter with six switches, supplied by the photovoltaic generator and operating in
pulse-width modulation (PWM) is commonly used for this application [3].

Tal Thl Tel
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Da2 Db2 Dc2
Ta2 Th2 T2

Figure 4. The voltage inverter with six switches

We have immediately the following relations at the load (balanced system)
i, +i,+i,=0 ; v, +v,+v,=0 (22)

Complex voltage functions:

Field Oriented Control of PMSM Supplied By Photovoltaic Source (Mehimmedetsi Boujemaa)



12383 0O ISSN: 2088-8708

ca co ao (23)
by making the difference member to member we obtain
uab _uca = zvao - Vba - vco = 3Va

Therefore

Va = %(zvuo - vbo - V(‘a)

1
vb :g(zvbn _vao _v('o) (24)
V( = %(zvcn - vbn - vzm)

The control variables act upon the controllable switches, we can define the following switching
function to set the state of the switches.
The voltage of the inverter branch relative to the negative pole of the DC bus is:

v, (2
v |22 2 1],
v, -1 -1 2 )\d

(25)

3.2. The hysteresis current control technique

It is a simple technique directly interested in current control; it limits the maximum current and is
less sensitive to load variations. this method is used to control the current of a voltage inverter in such to
force the phase currents of the motor to follow a sinusoidal reference current calculated from the currents
(isdref, isqref) and from the rotor position ¢. if the error, which is the difference between the reference
current of a phase and the same phase current, reached the upper limit (i,,, + 4/) the switch arm of the
inverter corresponding to the same phase is started and connected to the (-) pole of the power source to
reduce the current while, if the error reached the lower limit (i, - 4/) the switch connected to the (+) terminal
of the power source should be started to increase the flow of the corresponding phase.

The lower and upper limits of the hysteresis band Al are set by the motor absorbed current and the
maximum switching frequency of switches respectively.

A narrow band of hysteresis implies a current more similar to the sine wave with a low harmonic
content, and a switching frequency higher and higher, and vice versa.

The current references are given by [4]

a.ref

T
I = ib.ref — _e.ref cos(9+l_2_ﬁj
i po, 2 3
o gL T AT
cos > 3 (26)

These currents are sinusoidal functions of rotor position. They create in the gap a field with
magnetic axis in quadrature with the axis of the magnets’ field. They are in phase with the electromotive
forces induced in these windings by the magnets.

When the reference current in a phase deviates from its reference, each controller requires switching
the switches of each inverter arm and keeps it within the hysteresis band 47 [3].
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Figure 5. Representation of hysteresis current control

4. MODELING OF THE PHOTOVOLTAIC CELL

The photovoltaic generator which produces a continuous electrical current is represented by a
standard model with a single diode, established by Shockley for a single PV cell and generalized to a PV
module by considering it as a set of identical cells connected in series-parallel [5],[6].

A !
()I PH D Rsh VC

Figure 6. One diode equivalent circuit model of PV cell

Ve +Rg Ve +Rgl
I, =1,-1,|exp qWVe+R1) 1 Vet (27)
" nkT, R,

Ton Photocurrent [A]

I, Saturation current [A]

g Electron charge: 1.602.10 " coulomb
k  Boltzmann’s constant :1.381.10% J/K.
n Ideality factor , varies from 1 to 2

The current source depends mainly on radiation and operating cell temperature, which is described
as follows:

G
IPH :Tf[lsc + Uy sc (T"’ _TC”ef):| (28)

While I, represents cell short circuit current at 25 °C and 1000 W/m®
uy sc Short circuit cell temperature coefficient 7. ., is the cell reference temperature and G is the

solar radiation in W/m?, on the other hand the saturation current varies with cell temperature, it is described
as follows:
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3
T qe,, 1 1
Iy=1y, | —— | exp| —2£| ———— 29
o = 1o, f[TC,mf] p{ P [Tc,re_‘f Tc]] (29)

Iy, Teverse saturation current at the reference temperature. the width of the band gap e,,, for the

semiconductor material, for silicon equal to 1.11 eV
The temperature of the cell is calculated by:

c a

G
T.=T,+——(NOCT -20 30
+800( ) (30)

T, Ambient temperature °C.

NOCT Nominal operation cell temperature in °C
Where, 1,,(G,,)is known under the standard conditions of G, =1000W / m? (1 sun) at spectral
distribution of AM 1.5 and cell temperature of 25°C or as otherwise specified (on curves) From the
manufactures catalogues of a typical silicon monocrystalline PV cell SOLAREX MSX-83, the value of
Short-circuit current 7,, (G, )=1,. =527 A and Open-circuit voltage V. =21.2V

MSX83 Solarex module, typical of 83 W, polycrystalline was chosen to model the photovoltaic
generator , the module contains 36 cells connected in series. Modeling of the PV module is made by Matlab
software.
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Figure 7. Implementation of PV in Matlab / Simulink

5. SIZING OF PHOTOVOLTAIC MODULES
The following equation determines the maximum number of PV modules in series

U

max

UCOXI.IS (31)
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N g: maximum number of PV modules in series
U 1ax: Maximum acceptable input voltage
U ., : open circuit voltage of a module
1.15: safety factor required by the standard UTE C15-712
The maximum number of photovoltaic strings in parallel is calculated by the following formula:

1

max

N =
P x1.25

(32)

I ..: short-circuit current of photovoltaic modules
I ax: maximum power acceptable by the inverter

-

Figure 8. Configurations of PV array

Vv

The connection between dc link power and into power rotating dg frame can be expressed as

P =Vl :(Vsdlsd +Vsq1ﬂ1) 33)

The modules in a PV system are usually connected in arrays. Figure 8 illustrates the case of an array
with Mp parallel branches each with Mg modules in series.

The equation for a PV module can be expressed using the one-diode PV cell model as follows Ns
number of cells in series and N, number of cells parallel. [5]

Ve =NV ppe (34)

Lopsr =N plpye (35)

Where A designates a PV module and ¢ designate a PV cell. PV modules are coupled together form a PV array.
The equation for a PV array can be expressed by adapting the PV module’s equation as follows:

Vg =M NV e (36)

1 M,N,I

pra =M pdV plpye (37)

The number of PV array contains 36 modules with a total peak power. PV modules are collected in sizes
using 18 modules in series and 2 modules in parallel.
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Figure 10. Characteristic Power (I) and U (I) for Ns=36, Np=1, Ms=18, Mp=2

6. BOOST CONVERTER
Figure 11 presents a schematic of a DC/DC boost converter it is build by power components and

passive components, R, L and C. The main task of the boost converter is regulating the voltage of the
photovoltaic generator, to get maximum power; through control of the duty cycle D. it is used as an interface
between the PV generator and the inverter. A Boost converter increases the voltage provided by the
photovoltaic cell, thereby reducing the number of cells required to reach the desired voltage level.

/ o

M
» -

Figure 11. Converter boost dc/ dc

The electrical equations of boost converter in Continuous Conduction Mode can be written:
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dil

L—+t=y,-(1-D)V,

dt (38)
ce _(1-pyr, Ve

dt R (39)

The computation of the components L and C is made by the expressions following
Minimum Inductor size

v, D (1-D)
L> ———=
27, (40)
Minimum capacitor
C> DI,
AV f 41
AV Maximum admissible voltage ripple
I, Output current
f switch frequency
7. MPP

T ALGORITHM INCREMENTAL CONDUCTANCE
This method uses the incremental conductance, Voltages and currents of the panel are measured, so
that the controller can calculate the conductance and the incremental conductance and determine its behavior.

Conductance is defined by ; _ £ and the incremental by . _ A finally, deriving the power versus to the
14 AV

voltage obtained: L2 _._ o
Vv

We need only to look for the conductance which, according to the value of three cases to consider

AG =G (d%V :0)

AG >-G (d%V >0)

AG <-G (deV<0) (42)
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Y
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Figure 12. IncCond algorithm
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8. SPEED CONTROLLER DESIGN

The design of the speed controller is important from the point of view of imparting desired transient
and steady state characteristics to speed controlled PMSM drive system. A PI controller is adequate in
industry.

Selection of the gain and time constant of such a controller by using the Bode criteria is simple if the
d axis stator current is assumed to be zero. [1],[7].

@ K’ + i‘ - Speed @2
—)69—)- K +—2 |- & ! .
. A T T >

F ) F ?,--5

Speed
command

Figure 13. Bloc diagram of a speed controller PI of PMSM drive

A proportional plus integral (PI) controller is used to process the speed error between the speed
reference and filtered speed feedback signals, the transfer function of the speed controller is given as:

KP
G,($)=K, +-~ (43)

i

K, is speed loop proportional gain and that T'; is the integral time constant

Proportonal

[ *
1
{1} > - -+ Saturation  Out_1
5

Sum

Integral

Figure 14. Implantation the speed controller with saturation in Simulink
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Figure 15. Overall vectorial command system of a PMSM motor fed by a photovoltaic generator
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9. RESULTS AND ANALYSIS
We have tested our system using a load where the torque increases with the speed squared such
pump centrifugal and fan etc.

T,  =KO?

load
Where K is the constant.

The system established in Simulink for a drive system of PMSM with reference current hysteresis
control method.

1100
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Figure 16. forme for variable irradiance

Currents (ia,ib,ic)

Figure. 17. Diagram of 7, versus time

Currentid and iq

Figure. 18. Diagram of id and iq versus time
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Figure. 20. Diagram of rotor speed versus time

Figure 17 shows phase currents of the synchronous motor with permanent magnet. It is clear that the
currents are not sinusoidal at startup and becomes sinusoidal when the motor reaches the steady state. The
motor absorbs a high current at start-up. iz, currents increase when the motor is controlled by oriented flux,
the current i, is zero (i;=0), while i, current increases at start up then stabilizes in steady state.

The torque T, developed by the motor follows the instructions properly; its value at startup is five
times the value of the rated torque. The electromagnetic torque 7, becomes equal to the load torque 7; during
2 ms. Figure 20 shows speed variation versus time. Steady speed is the same as that of equals the
commanded speed reference (1800 tr/mn).

Simulink program of Matlab is used for simulation, The PMSM parameters used in the tests are as
follows: stator Resistance R,=1.4 Q, stator inductance L,=L,=0.006 Henry, Magnet flux linkage, @-0.17 Wb
System inertia J=0.00176 kg m’, viscous friction coefficient B= 0.00038818 N.s/rad, rated electrical speed
®,=1800 tr/mn, pole pairs np =3. The currents are filtered by a three-order low pass filter with passband
edge frequency equal to 12566 rad/s [8],[9].

10. CONCLUSION

The vector control is introduced in order to control the permanent magnet synchronous machine
with maximum power. It is based on a transient model. It allows precise adjustment of the machine torque
and can ensure torque at zero speed.

In this paper, we have presented the field oriented control principle of the permanent magnet
synchronous motor, fed by a PV Array generator in the presence of a speed loop with a PI corrector. We can
conclude that the field oriented control has a good dynamic and static torque and flux results.

In spite of the variablity of the radiation (Figure 19) and the temperature in the day, using MPPT with the PV
generator gives currents and voltages with the most sinusoidal form.
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