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Abstract—A solar motor pump drive system is modeled and
simulated. The proposed drive system does not require any
kind of energy storage system and dc-dc converter. The system
is connected directly to a photovoltaic (PV) array. Thus, a low
cost solar system can be achieved. A vector controlled
Permanent Magnet Synchronous Motor (PMSM) is used as a
solar motor to increase the efficiency of system. The motor is
designed for a low rated voltage level about 24V. The hill
climbing MPPT method is used for balanced the motor power
and PV power to obtain a high efficiency. The results are
performed by using MATLAB/SimPowerSystem blocks. In
addition, the PV array is modeled to allow for the possibility of
running as on-line adjustable in simulation environment
without using lookup table. The performances of motor, MPPT
and drive system are analyzed in different conditions as
temperature and irradiation of PV array.

Index Terms—maximum-power-point-tracking method,
permanent magnet motor, photovoltaic systems, solar power
generation, space vector PWM.

|I. INTRODUCTION

The electric energy consumption is one of the most
essential part of life which is continuously increasing [1].
The increasing of consumption cannot be stopped
completely, so the generation of electrical energy is
increased depend on value of consumption. As another
solution, the total consumption can be reduced by increasing
the efficiency of systems. Furthermore, the renewable
energy should be used to meet demand of electric energy
[2].

Today, the popularity of solar and wind power generation
rapidly increases since they have had a high potential
resource. For instance, according to the U.S. Department of
Energy, the solar energy resource from a 100-mile-square
area of Nevada could supply the U.S. with all its electricity
about 800 GW, using modestly efficient %10 commercial
PV modules [3]. As a huge alternative, the potential of solar
power energy can be used instead of fossil fuels and
uranium [4-7]. According to IMS research, global solar PV
installations are reached up to about 20 GW in 2011 [8-9].

The commercial PV modules have not sufficient capacity
for obtaining a high ratio of power/area (W/m2). Therefore,
the efficiency of PVs should be significantly increased to
improve solar power generation system [10]. This is not
enough to improve the total efficiency of solar power
system. In addition, all parts of the solar power system such
as a dc/ac inverter and load should be had a high efficiency
to obtain an effective system.

The dc/ac conversion is widely performed by using
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voltage source inverters in PV systems. In these systems, the
dc-link voltage of the inverter should be controlled since the
output voltage of the PV modules varies with temperature,
irradiance, and the effect of MPPT [11]. The MPPT method
is usually an essential part of a PV power generation system,
because of the nonlinear characteristics of the PV array [12].
Generally, the PV systems require batteries, charger, boost
converter and inverter as shown in Fig.1. In this connection,
the MPPT is obtained by controlling the battery charger or
boost converter to improve the efficiency of the system. It
can be seen that the system cost is increased due to the
usage of such a connection.
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Figure 1. Traditional installation of the solar system

A motor can be designed for a low rated voltage level as
an alternative for the traditional installation of solar system.
Thus, the PV voltage can be directly used without using a
boost converter. Besides, the MPPT can be achieved by
controlling the motor current and speed. This simple
connection has some advantages such as not required boost
converter, battery and its charger. As a disadvantage, it can
be said that this system can only worked in daylight. If there
is a requirement for working during the whole day, a storage
system can be easily added to this system.
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Figure 2. Proposed installation of the solar system

The electric motors play an essential role in these systems
since the system efficiency is directly affected from the
efficiency of motor and its drive. Electrical motor drive
systems are used to control the machine parameters such as
direction, speed and torque during transient and steady-state
conditions. The asynchronous machines with cage rotor type
are preferred to the other type of machines in many
applications because of their robust structures and low cost.
However, they have not a high efficiency more than the
PMSMs which have a high performance, good dynamic
response, high torque, low inertia, high efficiency, high
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power density, durability and reliability. In addition, the
permanent magnet rotor has many advantages including the
elimination of brushes slip-rings and rotor chopper losses in
the field winding which leads to higher efficiency. The
higher efficiency allows a reduction in the machine frame
size [12-16].

In this paper, a drive system is performed for a PMSM
which is fed by a direct-connected PV array. The motor,
PWM algorithm, drive system, PV model and MPPT are
given in details. The PV array is modeled to allow for the
possibility of running as on-line adjustable in simulation
environment without using lookup table. The performances
of motor, MPPT and drive system are analyzed in different
conditions as temperature and irradiation of PV array. The
results are obtained by using MATLAB/SimPowerSystem
blocks.

Il. CONTROL DESIGN OF THE SOLAR MOTOR

The electric motors should be controlled to improve the
efficiency of system especially which are fed by a solar
energy power source. The squirrel cage induction motors are
widely used in these applications which require boosted
voltage to obtain rated voltage [17]. For instance, a three-
phase induction motor (220Vac, 50 Hz and 2 poles) requires
a boosted voltage which is stepped up from 12-24Vdc up to
300Vvdc for working in a solar power system. In contrast, the
motor can be designed with a low voltage as 24V which is
not required a boosted voltage. Thus, the motor drive system
can be directly connected to the solar PV panels. For this
purpose, a PMSM is used to obtain high efficiency at low
voltage.

The voltage equations of PMSM are given as;

0= Riy )+ L ) @

u,(t)=Ri (t)+———

W) | it) )
dt

where w, is the electrical rotor frequency, R, is the stator
winding resistance. y, and y, are linkage fluxes of d-axis
and g-axis, respectively. The linkage fluxes are given in
Eqg.3and Eq.4

Wi =Ly +w, (3)
v, =L, 4)

where y,, is the flux linkage due to the rotor magnets. The
electromagnetic torque for synchronous machines in the d,
g-axis is given by:

T, :gp[y/did_l//qiq] (5)

where p is pole pairs number. If Eq. 3 and Eq. 4 are
substituted into Eq. 5, the torque can also be expressed in
the following way.
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3 . .
Te = Ep[l//mlq + (La' _Lq )lqla'] (6)

The mechanical equation is given by;

do
T, =T, +J—+Bw 7
e L dt m ()

where J is inertia, B is the friction coefficient, 7, is load
torque and w,, is mechanical angular velocity of the rotor
which is defined as @, = p.w,,. The controllers are designed
by using internal model control method. Details of the speed
and current controllers’ design can be found in [18, 19]. The
vector control diagram of the PMSM is shown in Fig.3
obtained by using MATLAB.
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Figure 3. Vector control blocks

The parameters of current controllers can be determined
with Eq.8 and Eq.9.

kpd = ach ! kid = ac (Rs +Rad) ’ Raa’ = ach _R.v (8)

k,, = k,=a,(R,+R,), R, =a.L,~R )

L q’ s

where a. is design parameters which is determined by
desired rise time. Thus, the current controllers are expressed
by using only motor parameters and rise time without using
root locus analysis and Bode plots [18]. The parameters of
speed controller are given in Eq.10.

2
ps = JaS ! kis = JaS (10)
Pk, Pk,

where a, is the bandwidth of the speed controller. a;
depends on the desired rise time of the speed loop X, is
torque constant of motor.

The 7V, and ¥, voltages calculated by vector control
algorithm to apply PWM algorithm.

I1l. SPACE VECTOR PWM TECHNIQUE
The space vector PWM (SVPWM) is widely used for
controlling inverter since it can be allowed an easy
implementation. 7, and 7 should be used to determine the
reference vector expressed in Eq.11, Eq.12 and Eq.13.

Vv, =V, cos(d)-V,sin(0) (11)

v, =V,sin()+V, cos(6) (12)
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where ¥, and ¥, are given from outputs of vector control
algorithm. @ is angle of the reference vector depend on the
rotor position. The reference vector is determined as;

The switches are connected to positive and negative side
of inverter combined as 111 and 000, respectively. The
combination of 000 is not used for five-segment switching
sequence [20]. Thus, the switching losses are reduced by
using the five-segment switching sequence shown in Fig.4.
The possible vectors (V; to V) and switching sequences of
each sector are given in Fig.4.
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Figure 4. Switching sequences with space vectors

The dwell times are calculated depending on sector,
modulation index and angle of vector. The modulation index
is expressed as shown in Eq.14.

V. .3
m=,lVaz+Vﬁ2 or mz%\/_

dc

(14)

The calculation of the dwell times are given in Eq.15 to
Eqg.18.

TABLE I. TIMING CALCULATIONS

Sector Switch Switching Times
S1 TU =Ta+ Th + To
1 S2 TV =Tb + To
S3 W =To
S1 TU =Ta + To
2 S2 TV =Ta+Tbh+ To
S3 TW = To
S1 TU =To
3 S2 TV =Ta+ Th + To
S3 TW =Tb + To
S1 TU = To
4 S2 TV =Ta + To
S3 TW =Ta+ Tbh + To
S1 TU =Tb + To
5 S2 TV = To
S3 TW =Ta + Th + To
S1 TU=Ta+Th+ To
6 S2 TV =To
S3 TW =Ta + To
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0,=0-(k-1)z/3 (16)
where & is number of sector.

T, =mT,sin(z/3-6,) ()]

T, =mT,sin(6,) (18)

T,=T,-T,-T, (19)

T, is switching period. Thus, the switching times can be
obtained by using 7,, T}, and T, for each sector as given in
Table.1.

IV. MoDIFIED MPPT TECHNIQUE FOR MOTOR DRIVE

The MPPT should be used in solar systems to maximize
the output power of the PV array not depending on the
temperature, irradiation conditions and load characteristic.
Generally, the MPPT is performed by dc-dc converter or
battery charger. However, in this study the dc-dc converter
and battery charger are not used for achieving MPPT since
the PV panels are directly connected to the drive system.
Therefore, the MPPT should be performed by adjusting the
speed reference of the motor which is depending on the PV
power.

In this case, the maximum power point of PV power
should be determined for IMPP for limiting the motor
current by using vector control algorithm. The characteristic
of PV panel is shown in Fig.5. It can be noted that the PV
power is reduced with increasing PV current. Therefore, the
drive system should be operated at maximum power point
PMPP and corresponding maximum current IMPP to obtain
high efficiency. The maximum operation point is
determined by using a modified MPPT algorithm given in
Fig.6. The MPPT algorithm is performed by measuring the
voltage and current of the PV array. The power of the PV
array is instantly calculated by measured values. The
maximum power is determined after the starting motor. PV
array must supply the motor output power, power losses of
motor and power losses of inverter. Therefore, the motor
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Figure 5. 1-V and P-V curves to show PV characteristic with maximum point
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Figure 6. Modified MPPT algorithm for vector control

speed reference should be determined to operate at the
maximum power point. The motor output power is
calculated as given in Eq.19.

P, =Py —F

" Tosses (19)
where P,, is motor shaft power, P,pp iS maximum power
point of the PV array and P, is total losses of the motor
and inverter. The motor speed reference is calculated to
obtain maximum speed since high-speed operation is
generally required from the water pump motors. In this case,
the motor speed reference n,., is calculated as dependent on
the maximum power given in Eq.20.

o ]
o = T,

where £, is the transformation constant of maximum speed,
T, is the maximum torque of the motor. n,,, is updated when
the maximum power point is changed. Thus, the MPPT is
performed by controlling the motor.

(20)

V. THE MODELING OF THE PV ARRAY

A PV cell model can be obtained an equivalent circuit of
a solar cell as shown in Fig. 7. The model consists of a
current source, an anti-parallel diode connected to the source
and two resistors connected in parallel and in series. The
model is known as the both five-parameter model and
single-diode model. The PV cell current I is calculated as
Eq.21 and Eq.22.

IZIPV_ID_IRP (21)

=1, -1, {exp[V:Rslj_l}_ V+RI 22)

Rp
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Figure 7. The equivalent circuit of a PV cell.

where I, is the reverse saturation or leakage current of the
diode. The a is modified ideality factor defined in Eq.23.

N nkT
a=
q

(23)

where N, is the number of cells in series, n is the diode
ideality constant, « is the Boltzmann constant (1.3806503 x
102 J/K), T is the cell temperature in Kelvin and ¢ is the
electron charge (1.60217646 x 10™ C). In addition, the
characteristic of the PV cell depends on external influences
such as irradiation level and temperature.

The light-generated current of the PV cell is given in Eq.24
influenced solar irradiation and temperature.

Lpy :([PV,n +K, [T_Tn])Gi

n

(24)

where Ipy, is the light-generated current at 25°C and 1000
W/m?, T is actual temperature (Kelvin), 7, is the nominal
temperature (Kelvin), G is the irradiation on the device
surface (W/m?) and G, is the nominal irradiation (W/m?).
The simplified equation of diode saturation current 7 is
defined in [20] as follows;

_ ISC,n+K1[T_Tn]
—exp((Voe, + Ky (T-T,)) a) -1

(25)

0

where Isc, is the nominal short circuit current, V¢, is the
nominal open-circuit voltage, K; is the current coefficients
and K is the voltage coefficients.

The PV model is performed by using the Eq.21 to Eqg.25 in
MATLAB environment as shown in Fig.8 [21].

Temp.[C]

Iradiation
[W/m2]1

Im ‘\

PV

Figure 8. The MATLAB model of the PV array.

In order to demonstrate the characteristics of the PV array
model is tested in different temperature and irradiation as
given in Fig.9. The I-V characteristic of the PV array is
shown at different temperature and same irradiation value as
1000 W/m? in Fig.9a. The effect of the irradiation on the I-V
curve is given in Fig.9b at the same temperature as 25°C.
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Figure 9. 1-V curves; a) Different temperature conditions at 1000 W/m?,
b) Different irradiation conditions at 25°C

The validity of the results is confirmed with the [22].

VI. REFERENCES SECTION

The simulation of solar motor drive system is performed
by using MATLAB/SimPowerSystem blocks as shown in
Fig.10.d in different sample time to obtain realistic
results.The sample times of the control blocks model and
power blocks model are taken as 100 ps and 10s,
respectively.

The pump motors are generally operated to the highest

possible speed as 3000 rpm. The pump motor cannot be

always operated at the highest speed since the power of the
75°C, 600W/m?
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Figure 10. The system model of solar pump motor drive

PV array is affected by the irradiation and temperature.
Therefore, the reference speed is simultaneously calculated
using the MPPT algorithm for operating at the maximum
power point.

The results of solar pump motor drive system are
obtained for operating at 75°C and 600W/m? are given in
Fig.11a to Fig.11d. The power characteristic of the PV array
is shown in Fig.11a with pointed the maximum power point
determined as 265W. The PV array voltage and current are
changed as shown in Fig.11b. It should be noted that the PV
array voltage is adjusted at the maximum power point about
20V. The three phase stator currents are given in Fig.11c.
The motor speed is changed as shown in Fig.11d which is
limited at the maximum available speed about 2300rpm.

As a second work, the temperature and irradiation are
adjusted as 40°C and 1000W/m?, respectively. The results

40°C, 1000W/m?
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Figure 11. Operating at 75°C and 600 W/m? conditions; a)P-V curve of PV array, b) Voltage and current of the PV array, c) Stator currents, d) Motor
speed, Operating at 40°C and 1000 W/m? conditions; e)P-V curve of PV array, f) Voltage and current of the PV array, g) Stator currents, h) Motor speed
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are given in Fig.11le to Fig.11h for this adjusted condition.
In this case, the maximum power point of the PV array is
obtained about 550W as shown in Fig.11e. The voltage of
PV array is increased from 20V to 25V as shown in Fig.11f.
According to this increasing of the voltage the stator
currents and motor speed are increased as shown in Fig.11g
and Fig.11h. The motor speed is increased from 2300rpm to
2850rpm. The results show that the motor is operated at the
maximum power point. The line voltage V. and motor
current 1, are given in Fig.12a running at the steady-state
operation. The harmonic spectrum of line voltage is shown
in Fig.12b and the THD of V, is calculated as 43.17%. The
harmonic spectrum of motor current is obtained as shown in
Fig.12c. The THD of motor current is obtained in
appropriate value as 5.86%.

VII. CONCLUSIONS

A solar motor pump drive system is performed by not
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Figure 12. The results for operating at 40°C and 1000 W/m? conditions;
a) The waveforms of the line voltage Vs, and motor current I,
b) FFT analysis and voltage spectrum of V4, ¢) FFT analysisand current
spectrum of 1,

requiring any kind of a storage system as battery and a dc-dc
converter. Thus, an efficiency and simple connection is
achieved by using a direct connected PV solar system.

The simulated PV array model can be connected the
MATLAB/SimPowerSystem blocks. The model is useful for
developing solar system simulation that is supported with
results. In this study a special motor is designed for a low
rated voltage level about 24V. Thus generated voltage of the
PV array is not required to increase any kind of boost
converter. A vector controlled PMSM is used to increase the
system efficiency and performance. The motor current is
analyzed with FFT and harmonic spectrum. However, the
inductance of the motor coil has low value due to the
winding number is used as 10 for each coil. Therefore, the
THD of motor current cannot be reduced more than 5
percent. In addition, the five-segment switching sequence is
used for obtaining the SVPWM algorithm to reduce the
switching losses of the inverter.

The motor speed reference is changed depending on the
value of the maximum available power of the PV array. The
maximum power point is continuously determined by using
a modified MPPT method. The performance of motor drive

58

Volume 12, Number 3, 2012

system is analyzed in different conditions as temperature
and irradiation of PV array.

As a result, the direct connected PV array can be used for
low voltage and low power motors to obtain simplicity and
high efficiency.

APPENDIX A

Motor Parameters;
Ve =20 V; Rg —OOOZQ Ld 7,86.10° H; Lq =1,02.10* H; p=6;
T,=1.8 Nm; J=14.68.10" kg.m? B= ONms/rad
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