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ABSTRACT

The photovoltaic (PV) solar electricity is no longer doubtful in its effectiveness in the process of rural
communities’ livelihood transformation with solar water pumping system being regarded as the most important PV
application. To overcome the intermittent and uncertain nature of solar power output, the highly fluctuating load demands
and to supply loads at night time, a battery storage system is optimally sized, designed and implemented. The bi-directional
Buck-Boost converter use and control are essential for energy management between the batteries and the pumping system.
Domestic loads power calculation is also demonstrated and varied. Additionally, various inverter control schemes are
examined and employed depending on the nature of the load connected. Finally, simulation results using Matlab/Simulink
are presented for two cases: when the battery system is connected with the PV array to feed the pump motor to achieve the
required varying hydraulic performance (flow rate and pumping head) under different weather conditions, and when the

battery system feeds the loads while the PV array is disconnected at night.

Keywords: battery control topologies, bi-directional DC-DC converter, lithium-ion battery, photovoltaic pumping.

1. INTRODUCTION

Photovoltaic (PV) energy is now becoming one
of the fastest growing renewable energy technologies as
there have been several major advancements in solar cells
design, and large scale manufacturing techniques, as well
as new developments in system component technology. It
is estimated that the PV electricity will contribute with 7%
of the world electricity needs by the year 2030, and this
will increase to reach 25% by the year 2050 [1]. The most
common PV application is solar water pumping [2, 3]. The
energy extracted from the PV modules depend on weather
conditions. These modules have an optimum operating
point, called the maximum power point, which depends on
the intensity of illumination. In order to extract maximum
power from these modules, they are connected to a DC—
DC converter controlled by maximum power point
tracking (MPPT) techniques [4, 5]. The most frequently
encountered machine used in solar water pumping systems
is the three phase induction motor. Its popularity is due to
its capability of producing high power, simple design, and
it's easy to maintain [6]. The DC/AC voltage source
inverter (VSI) is employed to feed the motor driving the
centrifugal pump [7]. The Affinity laws are mathematical
relationships that allow for the estimation of changes in
pump performance as a result of a change in one of the
basic pump parameters. This is done by changing the
pump speed, and consequently, the pump flow rate, head,
and power will be varied [8].

The method proposed by [3] is a new one where
the water pump is able to accommodate for the desired
hydraulic requirements (pumping flow rate and head)
when the pump motor is fed only from the PV array

without any connection to other power sources or energy
storage systems. Although this method is fairly effective,
it has some limitations, namely it can't achieve high values
of both flow rate and pumping head at the same time due
to the fixed power source, and it doesn’t take full
advantage of the Affinity laws capability which relates to
energy conservation and efficiency. A battery storage
system is designed to mitigate these issues. The batteries
will aid the pump in achieving its desired hydraulic
requirements fully and without limitations. This, in turn,
will help in reaping the full benefits of the Affinity laws
where the required motor power will change with
changing the pumping head or the flow rate. Furthermore,
the bi-directional power transfer capability of the battery
storage system and the Affinity laws will provide
protection for the pump motor where the motor power will
decrease when the pump motor speed decreases and vice
versa. In addition, batteries can be used to store the output
energy during times of surplus power generation and
distributed at the time of peak energy demand or loss of
supply conditions. The entire system of energy
management involves equilibrium in the supply and end
users energy demand service sustainability. At the point of
generation, energy produced may need to be stored
especially at night when there is no sunlight where the PV
modules won't be able to generate any power and the
battery units will be the only source of power available to
feed domestic loads.

2. THE PROPOSED SYSTEM

The battery storage system for the PV water
pumping system is shown in Figure-1.
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Figure-1. Battery storage system for the PV water pumping system.

The PV data, Boost DC-DC converter calculation
and values, MPPT topology, VSI control technique and
the motor-pump set (three phase induction motor driving a
centrifugal pump) parameters are all fully demonstrated in
[3]. Additionally, a thorough explanation of the inclusion
and function of the LC filter which is connected between
the VSI and the loads to mitigate the noise and harmonics
as well as the active damping technique and the adaptive
hysteresis band current control method are given in [9].

Furthermore, the batteries are used as a backup
energy storage system to make the power available
through the night or bad weather conditions. A bi-
directional Buck-Boost converter is used with the battery
system to help in the charging and discharging processes.
Finally, domestic (AC) loads are present in this system.

3. BATTERY MODELING
Battery models are employed in Dbattery
characterization, state of charge (SOC), algorithm

development, system-level optimization, and real-time
simulation for battery management system design. The
battery type chosen in this study is of type Lithium-ion
(Li-ion). Lithium based batteries with their technical
characteristics have the potential to revolutionize the PV
industry and renewable energies in general. Advantages of
Li-ion batteries compared to other battery types relate to
their high-energy efficiency, high power density, no
memory effects, high reliability and a relatively long cycle
life.

A detailed mathematical battery model normally
includes several sub-models. The most vital sub-model for
electrical system study is the voltage-current model, which
describes how the terminal voltage of a battery changes
with the current. The best known approach is to use pre-
established mathematical relationships to model

fundamental relationships between terminal voltage,
current and battery state of charge (SOC). The model of
Tremblay [10], which is based on Shepherd’s equation
[11], is an example. It has the advantage of only requiring
three points on the constant current discharge curve
typically included in the battery’s data sheets to extract the
model’s parameters. The equivalent circuit of a generic
dynamic Li-ion battery model as developed by [10] is
shown in Figure-2.
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Figure-2. Equivalent circuit of Li-ion battery.

4. BI-DIRECTIONAL DC-DC CONVERTER

For a two-way energy flow from and to the
battery system, a bi-directional (Buck-Boost) DC-DC
converter is used as presented in this section.

4.1 Bi-directional converter topology
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Battery storage devices require bi-directional DC-
DC interface to control their charging and discharging
processes. The converter used in this study is a half-bridge
IGBT topology, or two-quadrant class D chopper,
operating in continuous conduction mode (CCM) as
shown in Figure-3. The half-bridge converter has the
advantage that the number of components that are
subjected to high currents and/or voltages is reduced in
comparison to the other configurations [12]. The number
of power components increases losses in the converter as
well as producing costs. The half-bridge is also favorable
since the stresses over the active components are reduced.
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Figure-3. Bi-directional half bridge DC-DC converter.

The topology operates in Boost-mode for battery
discharging operation, or in Buck-mode in cases of battery
charging. The DC-link current (ipcing) is either positive
or negative and the voltage across the bus is always
positive.

In Boost-mode, S1 and D2 are active and the
current flows to the DC-link. In Buck-mode, S2 and D1
are active and the power flow is reversed.

4.2 Calculation of the power inductor value

The power inductance estimation is done
considering the bi-directional converter operating in both
modes, Buck and Boost, under limited conditions, for
CCM operation and for a maximum current ripple, A [; of
10%.

When the bi-directional converter operates in Buck-
mode, the worst condition occurs when Vpcpini 1S at its
maximum (Vpcjink max) and the battery voltage is at its
minimum value (Vpg¢r min). Normal operation occurs
when the battery voltage is at its maximum value
(Vpatt max) and Vpeping is at its nominal value. When the
bi-directional converter operates in Boost-mode, the worst
condition occurs when Vpcjini 1S at its nominal value, and
the battery voltage is at its minimum value. Normal
operation is the same as the Buck-mode. Cases where
Vbciinke 1S at its minimum value only occur when the
supply sources are not capable of responding to the load

power demand, or during load variations. In this last case,
the converter voltage controller will induce a higher
current reference in order to restore the nominal DC-link
voltage value. These variations can be neglected for the
inductor design due to their occasional nature. The largest
obtained inductance value will serve as reference for the
power inductor prototype [12].

=  For Buck-mode:

_ Voaee (1=D) o
AlLf
Where D varies between D,;,, and D,y 4., but D,,;, will be
used to obtain a higher inductance value.

And:

v .
Dyin = __batt_min )

VDC link_max
=  For Boost-mode:

In this case, L,;, and L,,,, should be considered.

Vbatt mianax
Ly = —— 2% 3
min A ILfs ( )
Vbatt maxDmin
Lgy = ———122 TR 4
max A ILfs ( )
And:
_ Vbatt_max
Dmin =1- (5)
Vbciink
V .
Dmax =1— batt_min (6)
Vbciink

Based on the obtained results from Equations (1),
(3) & (4), the maximum value of the power inductance
was selected as reference value for the power inductor
prototype. The main goal is to ensure that the current
ripple, A I; is a small fraction of the full-load inductor DC
component. In this study, the maximum value of
inductance was found to be 2 mH.

4.3 Bi-directional converter control strategy

The converter control strategy shown in Figure-4
is such that if the DC bus voltage measured is higher than
the reference voltage, then the current will flow from the
bus to the battery to charge it (i.e. Buck converter). If the
reference voltage is higher than the DC bus voltage, then
the battery will discharge and current will flow from the
battery to the bus (i.e. Boost converter).
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Figure-4. Bi-directional Buck-Boost converter control.

The PI controller and the saturation block are
used to translate the error which resulted from the voltage
comparison to a signal with a value between 0 and 1
(reference signal). Then this reference signal is compared
with a sawtooth (carrier) signal to get the duty cycle used
for switching the IGBT on and off.

4.4 Parasitic elements
The parasitic elements in a Buck-Boost converter
are due to the losses associated with the inductor, the
capacitor, the switches, and the diodes. Figure-5 shows
that the parasitic elements have significant impact on the
voltage conversion ratio and the stability of the converter.
Unlike the ideal characteristic, in practice, V,/V; declines
as the duty ratio approaches unity because of the very poor
switch utilization at high values of duty ratio [13].
Because of these reasons, many designers won’t use Boost
or Buck factors higher than 6.
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Figure-5. Effect of parasitic elements on the voltage
conversion ratio of Buck-Boost converter.

5. LOAD POWER CALCULATION AND BATTERY
SIZING

This section shows how to size your battery
storage based on load power calculations. It's assumed that
the irrigation water pump will be disconnected during the
night and it only operates when the PV array is in service.
The battery is sized based on domestic loads at night times
when there's no sunlight, and hence there will be no power
from PV array so the irrigation pump won't operate and
won't be taken into account when sizing the battery pack.

5.1 Load power calculation

The following method calculates the domestic
load power and energy required which is crucial for
battery pack sizing.

Table-1 shows the battery and inverter voltages
which will be needed for further calculations. The required
energy/day for the loads specified is calculated in Table-2.
The adjustment factor accounts for the conversion
efficiency from DC to AC (inverter efficiency) which is
0.85, however, for DC loads this value is 1 as there is no
inverter required. In this study, we have only AC loads.
The load energy (A/h) and required wattage is calculated
in Table-3.

Table-1. Battery and inverter voltages.

Symbol Definition Value
Al Inverter efficiency 8 %
A2 Battery Bus voltage 128 V
A3 Inverter AC voltage (1- 230 V

phase)
Ad Inverter AC voltage (3- 400 V
phase)
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Table-2. Load energy/day calculation.

Rated Adjustment factor Adjusted Hours/da Energy/da
wattage is 1.0 for DC, and wattage (W) y used (h) y (Wh)
Load type W) (A1) for AC (AS/A6) (A7xA8)
Symbol
AS A6 A7 A8 A9

(10) x 30w lights 300 0.85 353 12 4236

Refrigerator 500 0.85 589 5 2945
(3) x 45w fans 135 0.85 159 8 1272
Washing m/c 1500 0.85 1765 1 1765

TV 200 0.85 236 4 944
Other Appliances 1200 0.85 1412 6 8472
Table-3. Load energy and power requirement.

Symbol Definition Value
Al0 Total energy demand per day (sum of A9) 19634 Wh
All Total amp-hour demand per day (A10/A2) 153.4 Ah
Al2 Maximum AC power requirement (sum of AS) 3835 W
Al3 Maximum DC power requirement (sum of A7) 4514 W

5.2 Battery sizing Where “C” rating is simply a battery’s capacity (or Ah

Based on the calculations done in the previous
section, the battery type and battery pack size are chosen.

In this study, the Valence Ul-12XP
(LiFeMgPO4) Lithium-ion battery [14] is chosen and
taken as the reference battery for simulation because it
offers intrinsic safety with twice the run-time and less than
half the weight of similar sized lead-acid battery modules.
Also, they can be cycled 100% and give about 2,500
cycles of service to 80% of initial capacity, and they are
ideal when advanced energy systems are required for
smart grid and distributed generation applications.
Excellent float and cycle life with zero maintenance offers
end users significant cost of ownership savings and
complete peace of mind.

Table-4 shows the battery electrical specifications
which are taken from the datasheet [14].

Table-4. Battery electrical specifications.

Parameter Value

Rated Voltage 128V

Rated Capacity (C/5, 23°C) 40 Ah
Standard Max. Continuous Load 30 A

Discharging Current

at 25°C Peak Load Current (30 sec) 120 A

Max. Charge Voltage 146V

gﬁ‘;‘;‘i‘;‘; Float Voltage 138V
Charge Time at 20 A 2.5 hrs

DC internal resistance (max) 15 mQ

/amp hour rating)

Figure-6  shows the battery  discharge
characteristics [14], which is used to extract the remaining
battery discharge parameters as indicated by their
corresponding symbols in Table-5.
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Figure-6. Battery discharging characteristics
(C/2 rating (20A), 23°C).

Table-5. Extracted battery discharge parameters at (C/2).

Parameter Denoted by Value
Nominal Voltage (V) 126V
Cut-off Voltage (V) b 105V
Fully Charged Voltage (V) c 138V
Capacity (Ah) at Nominal a 30.14 Ah
Voltage
Exponential zone [Voltage d [13.1V,
(V), Capacity (Ah)] 0.5 Ah]
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= Battery pack calculation stated in the previous section, and also based on the
specifications of the battery chosen. This is shown in
The following method calculates the battery pack Table-6.
size based on load power and energy requirements as

Table-6. Battery pack calculation.

Symbol Definition Value
B1 Days of storage desired/required 5 days
B2 Allowable depth-of-discharge limit (decimal) 0.8
B3 Required battery capacity ((All x B1) /B2) 959 Ah
B4 Amp-Hour capacity of selected battery 40 Ah
B5 Number of batteries in parallel (B3 / B4) 24
B6 Number of batteries in series (A2 / battery voltage) 10
B7 Total Number of Batteries (B5xB6) 240
B8 Total battery amp-hour capacity (B5xB4) 960 Ah
B9 Total battery kilowatt-hour capacity (B8xA?2) 122.9 KWh
B10 Average daily depth of discharge (1.0xA11/B8) 0.16
6. BATTERY SYSTEM CONTROL TOPOLOGY 6.1 When the battery system is connected with the PV
The battery storage system has two modes of array to feed the motor pump
operation: In this case, both the battery system and the PV

array powers will be added together at the DC bus where
the battery system will assist in achieving the pump
hydraulic requirements freely without limitations and with
no burden of having only one source of power (Standalone
PV). The indirect field oriented control method is used
here as shown in Figure-7.
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Figure-7. IFOC with a current regulated VSI.
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When the PV power is higher than the load
power, the PV system will feed the motor and the extra
power will be used to charge the battery. When the PV
power is less than the load power needed, the battery
system will discharge and inject current into the DC bus to
compensate for the remaining required power.

This, in turn, will help in reaping the full benefits
of the Affinity laws [8] where the required motor power
will change with changing the pumping head or the flow
rate as can be seen in Equation (7).

Qe N H; (N1>2 Py (N1>3 7
Q N, Hy \N, P, \N 2

Furthermore, the bi-directional power transfer
capability of the battery storage system and the Affinity
laws will provide protection for the pump motor where the
motor power will decrease when the pump motor speed
decreases and vice versa.

This means that the load torque has a
proportional relationship with the motor speed unlike
when the motor was only fed from the fixed PV array
power where they had an inversely proportional
relationship. The relationship between the motor angular
speed (w), power (P) and load torque (7)) is shown as
extracted from the Affinity laws [8] in the following
equations:

Py wxTyy (w1>3

= 8

P, Wy xTp, Wy ®)
T4 w1 2

sor T2 () ;

T, W3 ©)

As can be seen from the previous equations, the
load torque is directly proportional to the square of the
motor angular speed. This will keep the motor speed and
load torque from exceeding their rated values and now we
can use the Affinity laws fully without the limits or the
restrictions that were set in the proposed method in [3] for
the pump motor when it was fed from a fixed power
standalone PV source.

Selector

6.2 When the battery system feeds the loads while the
PV array is disconnected

At night when there is no sunlight, the PV
modules will be disconnected from the system and the
battery units will be the only source of power available.

In this study, we assumed that the water pump
won't operate when the PV array is disconnected and so
the battery will only feed the loads sized previously.

However, when there is no motor connected to
the system, the field oriented control method won't be
applicable in this situation. In this case, we need to switch
to a control method that's able to generate the reference
current necessary to control the inverter switches.

The control method used is the synchronous
reference frame control [15]. This method monitors the
load bus voltage. Consequentially, this voltage is
transformed to its corresponding dq0 components using
Clarke and Park transformations. The components of the
load voltage are compared with the reference voltage dq0
components. This controller uses a three phase locked loop
(PLL) to lock the grid frequency and phase angle. The
load bus voltage should be kept sinusoidal with constant
amplitude, and so the expected load bus voltage in the dq0
reference frame has only one value (V) which is the
peak value of the desired load voltage. This means that the
d-axis of load reference voltage equals Vg, while g-axis
and 0-axis of the load reference voltage equal zero.

If a sag voltage is sensed, an error signal will be
generated due to the difference between the measured and
reference voltage values and the controller will be initiated
in order to inject the missing voltage. This error signal
drives a PI controller which controls the system depending
on the actuating error signal. The output signal generated
from the PI controller are dq0 voltages which are then
forwarded to a voltage controller to convert them into dq0
currents. These currents are transformed back to three
phase abc currents. These reference abc currents are then
used with the currents generated from the active damping
(AD) technique to control the inverter switches using the
adaptive hysteresis current control method as explained in
[9]. The proposed control method is shown in Figure-8.
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Figure-8. Synchronous reference frame control.
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7. SIMULATION AND RESULTS 7.1 Simulation results for when the PV array and

This section shows the simulation results using battery are feeding the motor
Matlab/Simulink software for the two cases mentioned in Figure-9 shows the Simulink model of the system
previous section. When the battery system is connected when the pump motor is fed from both PV array and

with the PV array to feed the motor pump at different battery.
hydraulic requirements and varying weather conditions,

and when the battery system feeds the loads while the PV

array is disconnected at two loading power conditions.
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LC Filter

|
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Figure-9. Matlab/Simulink model for the PV, battery and pump motor system.

Table-7 shows the motor speed and the required pumping head (H)) over the simulation time. It also shows
reference output power of the motor (Pout_ref) to realize that the weather conditions (irradiance (G) and
the varying hydraulic requirements (flow rate (Q) and temperature (T)) will be varied during the simulation.

Table-7. The G, T, Q, H, Pout_ref and speed variation over the simulation time.

Time G T Q H Pout_ref | Motor Speed

(secs) (W/m?) (°O) (m3/h) (m) (kw) (RPM)

0-0.2 1000 25 110 7.6 3.63 1425

0.2-0.4 1000 30 92.6 5.39 2.167 1200

0.4-0.6 900 30 100.35 6.325 2.756 1300

0.6-0.8 900 35 84.9 4.528 1.67 1100

0.8-1.0 1000 35 69.47 3.03 0.915 900

1.0-1.2 1000 25 104.2 6.82 3.08 1350

1.2-13 500 25 104.2 6.82 3.08 1350

1.3-1.5 500 25 110 7.6 3.63 1425

1.5-2.0 1000 25 38.59 0.935 0.156 500

Figure-10 shows the irradiance and temperature would affect the PV output power. It also shows that the

variations throughout the simulation time where these hydraulic requirements (flow rate and head) will be varied.
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Figure-10. G, T, Q and H variations.

Due to the hydraulic requirements variations seen weather conditions variations. Furthermore, it shows that
in Figure-10, the required motor output power (Pout_ref) the measured motor output power (Pout) follows Pout_ref
will vary. Figure-11 shows the required DC bus power with great accuracy which shows the merits of the battery
which is the summation of the PV power (Ppv) and the connection.
battery power (Pbatt), with Ppv fluctuating due to the
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Figure-11. Ppv, Pbatt, DC power required and Pout.

Figure-12 shows the motor speed (N) and its hydraulic performance. It also shows the motor terminal

corresponding electromagnetic torque (Te) will vary voltage (V) and the motor current (I) during that period.

throughout the simulation time to realize the required
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Figure-12. V, I, N and Te variations.
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As can be seen in Figure-13, the motor actual speed (N) follows the required reference speed with fast response and good
accuracy.
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Figure-13. Performance of motor actual speed vs. required reference speed.
Figure-14 shows the battery voltage (Vbatt), discharge to compensate for the needed power. On the
current (Ibatt) and state of charge (SOC) throughout the other hand, when PV power is more than what is required,
simulation time. It can be seen that when the PV power is the battery will charge.

less than what is required by the load, the battery will

705108 [ ]
@ 790197 : —\“-\_\‘\_)// |~ :
_ 208 |- ]
s — —
B 1zos - — e S \/\———— S |
" s f—x""| INa— - \’_\/———ﬁf -
I e L— . /\‘_.4 e /\——L N
T ¥ T S N R 2
Figure-14. Vbatt, Ibatt and SOC.
7.2 Simulation results when the battery only is feeding inverter will adopt the synchronous reference frame
the load control method. Furthermore, there are two loading
Figure-15 shows the Simulink model of the situations where the first is the maximum loading
system when only the battery is feeding the domestic loads condition as previously calculated, and the second loading
while PV array is disconnected from the system, and also, condition is at nearly half the maximum load.

the water pump is not in operation. In this case, the
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Figure-15. Matlab/Simulink model for the battery feeding domestic loads.
The simulation will start with the load is at its W when the simulation time is at 0.6 as can be seen
maximum of 3835 W and then the load will drop to 2000 inFigure-16.
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Figure-16. Load power and DC power required.

Figure-17 shows the load voltage and current. It is noticed that the voltage is kept constant even when the loading is cut in
half during simulation.
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Figure-17. Load voltage and current.

Figure-18 shows the battery voltage (Vbatt),
current (Ibatt) and state of charge (SOC). As can be seen,
when the loading conditions decrease, the current

discharged from the battery is decreased and the slope of
SOC is decreased.
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Figure-18. Vbatt, Ibatt and SOC when only the battery is feeding the load.

8. CONCLUSIONS

A Dbattery energy storage system has been
modeled and designed to compensate for the intermittency
related to PV power in order to achieve the load
requirements. Moreover, it examines the use and control
of the bi-directional Buck-Boost converter for energy
management between the battery and system. Domestic
loads power calculation and battery sizing are also
presented. Two cases were studied: when the battery
system is connected with the PV array to feed the pump
motor to achieve the required hydraulic performance, and
when the battery system feeds the loads while the PV
array is disconnected at the night. Finally, the
synchronous reference frame control method was

presented for inverter control when the battery is the only
source of power in the system.
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