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Abstract: This paper investigates how to increase the efficiency of a photovoltaic/energy storage
generation unit supplying dynamic loads by regulating and managing both the photovoltaic generator
and the storage battery charge-discharge modes. The proposed photovoltaic/energy storage unit
is proposed to supply an induction motor driven industrial pump with controlled speed and/or
a DC motor driven water pump. An optimal proportional-integral-derivative control based on an
Artificial Bee Colony Optimization algorithm is used to regulate the photovoltaic generator in case of
normal operation or in case of maximum power point tracking (MPPT) and to also control the battery
storage charge discharge modes. A vector control based on the proposed optimal control is used to
regulate the induction motor rotor speed at its low reference values needed by the industrial pump.
First, a total model of the entire system is obtained. The controller performance with the proposed
system is studied with both a DC motor and/or induction motor loads. Simulation results show that
the proposed photovoltaic/storage generator is able to supply the suggested dynamic loads under
different conditions and with good performance. Also, it is noticed that operating the photovoltaic
base on maximum power point tracking condition will give about 43% extra generation power than
the normal operation case.

Keywords: photovoltaic; energy storage system; artificial bee colony optimization algorithm;
DC motor pump system; induction motor-industrial pump system

1. Introduction

Photovoltaic (PV)/storage energy systems have increased interest in electrical power
applications [1]. However, the design and operation of such systems are challenging due to the
absence of the main grid supply [2,3]. Also due to the fact PV cannot operate during the night, the
use of an energy storage device such as a battery can significantly improve the reliability of small
autonomous PV systems [4,5].

It is important to operate the photovoltaic power generation unit near the maximum power point
to increase the efficiency of the system [6,7]. The current and power of a PV array depend mainly on
the array terminal operating voltage. In addition, the maximum power operating point varies with
the insolation level and temperature. Therefore, the tracking control of the maximum power point
is a complicated problem. To overcome these problems, many tracking control strategies have been
proposed such as reactive power control [8], fuzzy logic controller (FLC) [9], neural network [10], and
incremental conductance [11].

Energies 2017, 10, 643; doi:10.3390/en10050643 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/journal/energies

Energies 2017, 10, 643 2of 14

The general requirements for maximum power point tracking (MPPT) are simplicity and low
cost, quick tracking under changing conditions, and small output power fluctuation [12]. More
efficient methods to solve this problem are crucially important. In a PV pumping system, maximum
power transfer is expected between the PV solar panel and the pump motor over a wide insolation
interval [13]. If not, the performance may drop to low values. If the load voltage or current is controlled
to be constant, this will lead to maximum power decrease [14].

Recently, the Artificial Bee Colony Optimization (ABCO) approach was introduced and
successfully used to solve different optimization problems such as distributed optimization and
control [15], optimization design of power system stabilizers [16], renewable power generations and
control [17]. However, the artificial bee colony approach has important advantages as it can be applied
efficiently to solve multimodal engineering problems with high dimensionality and requires less
control parameter to be tuned [18].

This paper presents a method to extract the maximum power from a PV/storage generation
unit which drives a dynamic load at the available high efficiency by tracking the maximum power
available by the PV /energy storage unit based on optimal control. The proposed dynamic load
includes both an IM-industrial pump and a DC motor-water pump system which can be used in
industrial and irrigation applications. The effectiveness of the PV generator, energy storage unit,
water pumping system and induction motor (IM)-industrial pump system together with the proposed
optimized proportional-integral-derivative (PID) controllers has been demonstrated through computer
simulations. Moreover, the proposed controller with the applied MPPT method is compared with the
case where MPPT is not applied. Simulation results also show the ability of the proposed PV /storage
generator unit to supply the suggested dynamic loads at different conditions with good performance
and give about 43% extra power in the case the PV /storage unit is operating under MPPT conditions.

2. System Configuration

Figure 1 shows a photovoltaic energy system connected to an isolated load using a controlled
DC/DC converter. It consists of a PV unit, which supplies a DC motor and IM-drives a
variable-displacement pressure compensated (VDPC) industrial pump as an isolated load. A lead acid
battery (LAB) is connected to the DC-side of the DC-link. The DC/DC converter is a boost converter
controlled based on a MPPT technique using an optimized PID controller via an ABCO approach.
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Figure 1. Schematic diagram of the proposed stand-alone PV /storage/dynamic load system.
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Generally, the PV output voltage which supplies an isolated load depends mainly on the isolation
level and the load. Therefore, if the load changes, or/and, if the isolation changes, there is a possibility
that the load voltage will change. This is objectionable for sensitive loads. In this study, an optimized
PID controller based on an ABCO algorithm and the MPPT technique are used to control the DC
output voltage of the boost converter and use of a storage system with a suitable controller have been
proposed to overcome this problem. A vector control based on the proposed optimal control is applied
to control the IM rotor speed.

3. System Mathematical Modeling

The model of the entire solar energy system can be divided into several interconnected subsystem
models as shown in Figure 1. These subsystems are the PV, the boost converter, the storage system, the
DC motor and the IM-industrial pump system.

3.1. PV Generator Model

The PV generator consists of solar cells composed of series and parallel units to supply the
desired voltage and current needed by the load, which can give about 1700 W in normal operation and
about 2200 W in MPPT condition. The PV parameters values are shown in Table 1. The photovoltaic
generator units represented by a nonlinear voltage-current which characteristics mainly depend on the
insolation and the temperature, as shown in Equation (1) [19]:

1 GLy,— I, +1
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where:
Ag=(q/(e x Z x U))/Ns, Iy x Np, Rsg = Rs X (Ns/Np) and Lpng =1o x Np X Np 2)

where V, is the output voltage of the PV generator; I; is the output current of the PV generator; Ay is
the PV generator constant; g is the charge of the electron; Z is the Boltzmann constant; U is the absolute
temperature; ¢ is the completion factor; N5 is the number of series-connected solar cells; N, is the
parallel paths of PV modules; R, is the series resistance of the PV generator; R is the series resistance
per cell; Iye = I, X N is the photo current of the PV generator insolation-dependent; I, is the photo
current per cell; I = I, X Nj is the reverse saturation current of the PV generator; I, is the reverse
saturation current per cell; G is the solar irradiance in per unit, and 1.0 per unit of G = 1000 W/m?.

Table 1. PV parameters.

Variable Value
Q 1.602 x 10~ C
Z 138 x 1072 /K
u 298.15 °C
€ 1.1
N 460
N, 15
Rs 0.0152 O
Lyn 48 A
I, 258 x 107° A
Rated Power 2.5 KW

3.2. DC-DC Converter

In this paper, the DC/DC converter is implemented using a unidirectional boost converter to
interface the PV generator to the DC motor and the battery. Its function is to regulate the transfer of
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power. The circuit diagram of the simple boost converter and its proposed controller are shown in
Figure 2a,b, respectively.
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Figure 2. Boost-converter (a) circuit diagram; (b) controller block diagram.

The voltage and current relationships for the primary and secondary sides are given by [20]:

Vdct 1
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where D is the duty cycle ratio of the DC/DC converter, V. is the DC/DC converter terminal output
voltage and I is the DC/DC converter output current.

3.3. Energy Storage System

In this study, it is proposed that the energy storage unit is composed of a bank of LABs, a
single-phase, bidirectional DC/DC converter as shown in Figure 1. The batteries are able to supply
the power provided to the load by the PV generation system, when the insolation level is too low.
The LAB equivalent model contains the LAB voltage (V},;) and the internal resistance connected in
series with the controlled voltage source (E}). It is known that the Ey, voltage depends on the charging
state and the battery type [20,21].

3.4. DC Motor/Water Pump Model

The permanent magnet DC motor dynamics and its load can be represented by the following set
of equations with constant coefficients [19]:

dl
V, = RaIaJrLﬂd—:Jer (5)

d
Kly = A+ po+ ]2 + T ©)
The pump load torque can be represented as follows [19]:
T, = Ay + fw'® @)

3.5. Induction Motor and VDPC Pump

In this paper, a general industrial VDPC pump driven by a controlled induction motor is proposed.
Details about the industrial VDPC pump model are shown in [13]. An induction motor mathematical
model is obtained based on rotor and stator voltage equations in a synchronous frame as shown
below [13]:

ai T Lty .
d:r = _frAqr - (ws - wm)Adr + %lqs (8)
r r
aA r Lty
d:lr = _f:Adr + (ws - ‘Um))‘qr + %lds )
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di 1 , 27\ .  Lur L
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di 1 L7 . . Lyr L
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dw 1
7dtm = T(Tem - T —fwm) (12)
where T}" is the electromagnetic torque developed by the motor:

. L ,, . : L2,

T = ”Pfr()\dﬂqs - /\quds)/ c=1- L.L (13)

4. The MPPT Technique

In this paper, tracking the maximum available power from the PV generation unit based on the
incremental conductance approach is presented. This approach has the advantage that it can determine
when the maximum power point tracker has reached the maximum power point, whereas some of
other available algorithms oscillate around the maximum power point. Also, this MPPT algorithm
can track rapidly increasing and decreasing insolation conditions with higher accuracy. In this MPPT
method, the slope of the power over voltage is set to be zero at maximum power condition. Hence,
the output voltage of the photovoltaic generation unit is changed until the ratio dP/dV reaches zero,
which means that the PV generator is working at MPPT condition. Equation (14) shows the principles
of the proposed method, however the ratio dP/dV can follow one of the following cases [22]:

AP{}V < 0, on the right of MPPT condition at curve
PV

APXI;;/\/ =0, at MPPT condition (14)

AP§1YV > 0, on the left of MPPT condition at curve

The MPPT approach based on the incremental conductance algorithm and the ABCO technique are
applied to optimize the PID controllers. However, the ABCO algorithm is applied to obtain the optimal
values of the PID regulator parameters. Then, the proposed MPPT adjust the DC/DC converter duty
cycle so that the maximum power point is achieved. In this study, the PID parameters are optimized
based on the ABCO algorithm. The controller input signal is defined as the parameter dP/dV which is
proposed to be zero for best performance and it should be maintained at zero for MPPT.

5. Artificial Bee Colony Algorithm

In this paper, the ABCO algorithm is applied to tune the PID parameters so the optimal system
performance can be obtained. The ABCO algorithm is one of the most known optimization algorithms,
which need less control parameters to be tuned [23].

The bee colony optimization approach imitates the swarm food foraging behavior of honeybees.
However, several mechanisms are used by the honeybees such as waggle dance to optimally find
sources of food and to search for new ones. This procedure makes them a good candidate to develop a
successful intelligent search approach.

The ABCO algorithm has three stages: worker bee, attendant bee and scout bee. However, in
the worker bee and the attendant bee stages, bees exploit the sources through local searches in the
neighborhood of the solutions selected based on deterministic selection in the worker bee stage and
the probabilistic selection in the onlooker bee stage.

In the scout bee phase, solutions that are no longer useful to make a search progress are abandoned,
and instead new solutions are included to explore new areas in the search space. The approach has a
balanced exploration and exploitation ability. The ABCO technique steps in the form of pseudo-code
can be given as follows [23]:
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Step 1
Step 2
Step 3
Step 4
Step 5

Step 6
Step 7

Step 8

Step 9
Step 10

Step 11
Step 12
Step 13

Initializing the population of solutions Xijs i=1,.,SN,j=1,.,L

Population evaluation

Cycle=1

Repeating

New solutions production (food source positions) v;; in the neighborhood of x;; for the
employed bees using the formula and evaluate them:

vij = Xij + il — X )

where k is a solution in the neighborhood of i.
Applying the greedy selection of the process.
The probability values P; is computed based on their fitness values using Equations (15) and (16):

L 15)
> fitn
m—1

1 .
fity=| F itfi 20

| 14 |fi] iffi<O (16)

For each individual ith solution, f; is obtained separately that by normalizing P; values into (0, 1).
Producing and evaluating the new solutions v;; for the onlookers based on the selected
solutions x;; depending on P;.

Applying the avid selection process.

Determine the abandoned solution (source), if it exists, and replace it with a new randomly
produced solution x;; for the scout using Equation (17):

xg = xi’nin + ]"{,‘lTld(O, 1).<x{'nax - xinm) (17)

Memorize the best food source position (solution) achieved so far.
Cycle = Cycle + 1
Until Cycle = MCN.

There are three control parameters used in the ABCO algorithm; the number of the food sources
which is equal to the number of worker or onlooker bees, the value of limit and the MCN. In ABCO,
providing that a position cannot be improved further through predetermined number of cycles, then
that food source is assumed to be abandoned. The value of predetermined number of cycles is an
important control parameter of the ABCO algorithm; this is termed the “limit” for abandonment.
The ABCO algorithm employs four different selection processes:

(1) A global selection process used by the artificial onlooker bees for discovering promising regions.

(2)  Alocal selection process carried out in a region by the artificial worker bees and the onlookers
depending on local information for determining a neighbor food source around the source in
the memory.

(3) A local selection process called greedy selection process carried out by all bees.

(4) A random selection process carried out by scouts.

6. DC-AC Converter and Vector Control

In this paper, the DC/AC inverter is supplying a three phase induction motor, which speed is
controlled based on vector control. Therefore, the PWM of the DC/AC inverter is such that the IM
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tracks its reference speed and/or load torque. The motor control is based on vector control and forms
two outermost loops. The stator current and the rotor flux are controlled via a sliding mode controllers.
In addition, the rotor speed is governed also based on a SMC. However, the procedure of the vector
controller can be summarized as following, Figure 3 [22]:

- The developed torque T;"* and flux A* should be obtained and then the corresponding reference
stator currents in d and g-axis i}, and iz, are obtained.

- The angular position 8 is then obtained and it used in transformation between synchronous and
stationary reference frames to achieve the desired stator current in d and g-axis components.

- Then, the obtained d and g-axis components of the stator current in stationary reference frame
are converted into the desired three phase currents, which are used for DC/AC inverter control.

. - - DC voltage
A i Lds From PV suppl
@ pply
calculations L | |
ig
| iy .| Current - pulses -
i *2/3 e " controller ’ o
gs — i
calculations 2] i A A
@ 3 T, I
o] > [ < -
. Flux <+ Ty
calculation | I 2/3 = .
"f Ies
Iys <]
) theta
: * calculation
®
d | Rotor's angular |
dar [ detection Industrial s
encoder Pump P

Figure 3. Induction motor-bump system block diagram controlled based on vector control.

7. Simulation Results

Digital simulations have been carried out to ensure the effectiveness of the proposed scheme
using the MATLAB/SIMULINK software package (MATLAB 9.0, The MathWorks, Torrance, CA,
USA). The proposed autonomous hybrid PV /battery storage energy conversion unit powering a DC
motor-pump and/or IM-industrial pump loads with proposed control system is shown in Figure 4.
There are three optimal PID controllers applied in this study. The first one is applied to adjust the
duty ratio of the boost converter, the second one is applied to regulate the battery in case of charge or
discharge modes, while the third one is applied in the vector control to regulate the rotor speed of the
induction motor. The ABCO is used to obtain the optimal parameters of the three PID controllers.
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Figure 4. Schematic diagram of the autonomous hybrid PV /battery storage energy conversion unit
powering a DC motor-pump and IM-industrial pump loads with proposed control system.

In this paper, initially numerical tests were performed to set the values of these parameters, then
the best parameters are obtained and are shown in Table 2.

Table 2. Control parameters adopted for the ABC algorithm.

Item Proposed Setting
The colony size 70
Food Number 35
Limit 150
Max Cycle 2000

Three cases are studied in this study:

7.1. Case 1

In this case it is proposed that the PV /battery storage system is operated without MPPT conditions
and supplying a DC motor pump load only. The performance of the proposed system has been tested
with a step change in solar insolation level. Thus, the solar insolation level is assumed to vary
abruptly between 700 W/m? and 1000 W/m? as shown in Figure 5a. Figure 5b—i illustrate the dynamic
responses of the PV output power, PV output voltage, PV output current, battery current, battery
voltage, DC motor rotor speed, DC motor current and DC motor torque respectively based on the
proposed optimal controller.

It can be noticed in Figure 5a—i that as the solar insolation level increases, the power output of the
PV-generator will increase, and the duty ratio will increase to increase the DC/DC converter output
power. The battery will charge in this case and the battery voltage will increase. Increasing of the
battery current will maintain the DC motor constant and hence the motor speed and torque. That’s
mean existing of the battery will consume the extra power and the motor will continue operation at
constant speed. Vice versa if the solar insolation level decreases, the battery in this case will discharge
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as shown in Figure 5e,f while the motor will keep operating at constant rotor speed and constant motor
current as shown in Figure 5g,h, respectively.

1200

800

(@)
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0

2000
1500
=
~ 1000

time (sec

<
o
3
®

—
»
@
o

Figure 5. Case (1), the system performance based on proposed controller, DC motor pump load only
and without MPPT: (a) % isolation level, G; (b) PV output power (W); (c) PV output current (A); (d) PV
output voltage (V); (e) battery current (A); (f) battery voltage (V); (g) DC motor rotor speed (rpm);
(h) DC motor current (A); and (i) DC motor torque (Nm).

7.2. Case 2

In this case it is proposed that the PV /battery storage system is operated under MPPT conditions
and also supplying in this case a DC motor pump load only. The system responses based on the
proposed controller and with applying MPPT are shown in Figure 6. As in case one the reference
power is the maximum power that can be extracted from the PV generator for any isolation level.

Figures 5 and 6 show that operating the system with MPPT will increase the generated power,
whereby the power generated and absorbed by both the DC motor and the battery will increase more
in the MPPT condition case than the case without MPPT condition. That is leads to an increase in
DC motor rotor speed. From these figures we can notice that at G = 1000 in the case of MPPT, the PV
output power is about 2122 W and the motor speed is about 1219 rpm, while the power generated and
the motor rotor speed in the case MPPT is not used and under the same conditions are about 1475.5 W
and 1157 rpm, respectively, as shown in Table 3.

Table 3 shows the power and motor rotor speed with and without using MPPT at different
isolation level values. Based on this Table, the power can be increased by 43% in case of using MPPT
than the case of not using MPPT. The simulation results also show that a motor can be supplied from a
PV-generator with the maximum available power, which is needed by the load.
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Figure 6. Case (2), the system performance based on proposed controller, DC motor pump load only
and with MPPT: (a) % isolation level, G; (b) PV output power (W); (c) PV output current (A); (d) PV
output voltage (V); (e) battery current (A); (f) battery voltage (V); (g) DC motor rotor speed (rpm);
(h) DC motor current (A); and (i) DC motor torque (Nm).

Table 3. The system output data.

G =1000 G =700
It
em With MPPT  Without MPPT  With MPPT  Without MPPT

PV output power (W) 2122 1475.4 1652 1157.2
PV output voltage(V) 160 149.68 154 143.2
PV output current (A) 11.73 8.4 9.67 8.14

Battery current (A) 0.84 0.16 —0.36 —0.78

Motor current (A) 10.725 8.22 10.09 7.34

Motor speed (rpm) 1219 1157 1203.5 1114

7.3. Case 3

In this case it is proposed that the PV /battery storage system is operated under MPPT conditions
and supplies an IM-industrial pump and a DC motor-water pump load. At first it is proposed the
PV /storage system is supplying the IM-industrial pump only. After four seconds, it is proposed that
the system is supplying both the DC motor-pump and the IM-industrial pump system. The dynamic
responses are shown in Figure 7a-1, which show that:

- when the isolation level decrease from 1000 to 800, the PV output power decreases from 2200 W
to 1950 W and the battery current increases from a discharging current of 1 A to a discharging
current of 2.5 A as shown in Figure 7a,b k, respectively.

- Varying the IM rotor speed affects the motor stator current and voltage frequency and the
industrial pump flow rate and pressure as shown in Figure 7f,g,ij, respectively.

- Operating the DC motor pump system at time 4 seconds forces the current of the battery to vary
from charging 9 A to 1 A discharging as shown in Figure 7k.
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Figure 7. Case (3), the system performance supplying both DC motor-water pump and IM-industrial
pump based on MPPT and proposed controllers. (a) % isolation level, G; (b) PV output power (W),
(c) PV output voltage (V); (d) PV output current (A); (e) DC motor rotor speed (rpm); (f) IM stator
current (A); (g) IM stator voltage (V); (h) IM reference and actual rotor speed (rad/sec); (i) industrial
pump flow rate (gpm); (j) industrial pump pressure (psi); (k) battery current (A); and (1) battery
voltage (V).

Based on the above cases, we can note that the proposed PV /storage system with the proposed
controllers can operate the suggested dynamic loads individually or together and supplying them
with needed power in their reference voltages and with good performance.
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8. Conclusions

In this study, increasing the efficiency of a hybrid PV/energy storage system powering dynamic
loads is depicted and investigated. Both the PV output power and the battery charge/discharge modes
are managed and controlled based on optimal PID control. The artificial bee colony optimization
approach is used to tune and optimize the PID controller parameters. The main contribution of this
manuscript is the guarantee of supplying continuous power to stand-alone dynamic load and with
high efficiency.

An optimal PID control is applied to control the PV generator in case of normal operation or in
case of MPPT and to also control the battery storage charge/discharge modes. The IM rotor speed is
regulated using a vector control based on the proposed optimal control to meet the industrial pump
performance. The digital simulation results show that operating the proposed hybrid PV /energy
storage system in case of MPPT techniques adds about 43% more extra power than in case of normal
conditions. Also, the system can be managed to operate both the DC motor and the IM at the time the
maximum power is available.

Author Contributions: Ibrahem E. Atawi obtained the proposed system mathematical model. Ahmed M. Kassem
performed the model in MATLAB/SIMULINK software and designed the controller. Then both Ibrahem E. Atawi
and Ahmed M. Kassem have obtained the results, written and reviewed the article.
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Abbreviations

Ve PV generator output voltage

Ig PV generator current

Lpng Insolation photo current of the PV generator
Log PV generator reverse saturation current
Rsg PV generator series resistance

Va DC motor armature voltage

I DC motor armature current

L, Armature resistance

w Rotor shaft speed of the DC motor.

Ey Back emf voltage of the DC motor.

K; Torque constant of the DC motor.

K, back emf constant of the DC motor.

B friction coefficient of the DC motor.

] moment of inertia of the DC motor.

T; Load torque on the DC motor.

¢ Load torque constant on the DC motor.
D Duty ratio of the DC/DC converter.

G Insolation level

Aq DC Motor friction

As DC motor Load friction

K Torque & back emf constant

¢ Load torque constant
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