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Abstract—The following article shows the design and
implementation of a battery charger for Li-ion batteries with a
capacity of 48 V at 25 Ah from a solar panel of at least 200 Whp.
The implementation will include a Perturb and Observe (P&O)
Maximum Power Point Tracker algorithm (MPPT) for the
Constant Current (C.C.) stage and a PI controller for the Constant
Voltage (C.V.) stage. In section 11 the converter characteristics will
be presented, and equations will be derived alongside circuit
model, section Il will account for the P&O algorithm and Pl
controller implementation in a Microcontroller Unit (MCU) and
section 1V will show the general control system implementation
with a Finite State Machine (FSM). Finally, section V holds up the
results and section VI will include conclusions and future work.

Index Terms—Battery  chargers, Lithium
Microcontrollers, Solar power generation.
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I. INTRODUCTION

iming for a better efficiency and reliability of electricity

distribution service, use and integration of different

technologies, like solar panels and high capacity
batteries, appears as an alternative in energy converting
systems for grid connected consumers. This kind of systems
will have to account for maximum generation while
integrating devices that help measure different electrical
variables that allow decision making regarding the
management of the energy production. In short, these systems
will have to ensure energy availability at any required
moment, with the appropriate tension levels for consumption
within the household or for grid feeding.

For the grid connected system, it will be necessary to
manage the power delivery according to the necessity of the
household, borrowing energy from the grid, to charge the
batteries or supply energy for consumption, or feeding the
excess stored energy to the grid for its usage where it is more
needed. As for the solar power generation backup system, it
will need to maximize energy production during the day to
help maintain battery charge state and reduce the need of
buying energy from the grid. The following article will be
center in the solar powered backup system.

Il. CONVERTER CHARACTERISTICS AND CIRCUIT MODEL

The DC-DC charge controller converter input source will be
a 285 Wp PV panel [1] with a voltage between 15 V and 31.7
V and an input current between 2.0 A and 8.89 A, for
irradiances from 200 W/m? to 1000 W/m2. The load of this
converter is a 48 V Li-ion battery rated for 25 Ah [2] with a
voltage range from 40 V to 58.4 V and with a maximum

charge current of 25 A. From these requirements a Cuk
converter topology is selected as the core DC/DC converter
for this approach because offers and input and output filter
that will assure continuous average current being drawn from
the panel and feed to the battery.
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Fig. 1. General system block diagram.
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Fig. 2. Cuk converter topology.

A. Circuit behavior

Figures 3 and 4 shown the equivalent circuit for each
conduction interval, D.T and (1 — D). T, with the ideal circuit
elements and the corresponding equations for each energy
storage element.
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Fig. 3. Equivalent circuitat D.T
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Fig. 4. Equivalent circuitat (1 — D).T

For the first interval, when M1 in on and M2 off (D), the
following equations can be obtained from the volt-second
balance in L1 and L2 and charge balance in C1:

V1 = Vi — iRy — (i — o) Tasona
v, = (i = ic)-Tason1 — i ESRy = Ver — . R, + 1,
ic1 =1
i, =—I,

At second interval, when M1 is off and M2 on (1 — D), the
following is true:

vy = Vi — iRy — i ESRy — Vg — (ic — £2)-Tasonz
v = (e = 12)- Tasonz — l2- Rz + V,
1 =1y
i, =—Ip
Unifying the equations for both intervals we obtain

' . v, =V, —i1.Rpy - (iy = 12)-Tason1-D
_(1.1 - lz).rdsonz. (1 - D) - ll' ESRl (1 - D) - VCl' (1 - D)

Vpp = _iZ'RLZ + (l1 _ lz) Tdsonl'D )
+ (i1 — i2)-Tasonz- (1 = D) — i,. ESRy. D
—Ve1.D+V,
icy =i.D+i;.(1—D)
iz - _IO

Where one can obtain the general expressions for voltage and
current

. -V..D
° @1-D)
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B. Circuit model

For circuit AC modelling the previous equations are
recreated in Simulink alongside circuit simulation. Transfer
function equations are obtained for each variable of energy
storage elements and output voltage.

iy 1,983 10552+ 2,534 % 10%.5 — 3,094 * 10*3

d ~ s34 173,2.5%2 4+ 1,415 * 108.s + 1,803 * 1010

i,  —1983+% 10°.5% + 2,997 * 108.s — 2,446 * 10'3
d ~ s3+173,2.52 + 1,415 = 108.5 + 1,803 * 101°

ve =198+ 105.5s2 — 2,33 % 10%s — 1,037 = 1011
d ~ s3+173,2.52 + 1,415 * 108.s + 1,803 * 1010

Uy —9,015 * 10°.s% + 2,14 » 10%.5s — 1,081 = 108
d ~ s*+7620.5% + 1,534 % 108.52 + 9,761 = 101 + 9,479 % 1014

I1l. DIGITAL IMPLEMENTATION

A. P&O algorithm

Figure 5 shows P&O algorithm flow chart that will be
implemented in the MCU.

Inicio

V_Act, I_Act
P_Act=V_Act®|_Act

| D=D-delta_ D | ‘ D:D+deltaiD| ‘ D=D+delta_D | | D=D-delta_D |

V_Ant=V_Act
P_Ant=P_Act

Fig. 5. P&O algorithm flow chart.

Input voltage and current are obtained and adequate to a
maximum of 3.3 V for the ADC to convert, these values are
multiply in the MCU for the input power value and finally
compared with definitions for the critical cases as shown in
figure 6.

(PP > PATEN
LF((V_P > VAnD) 8& (0 > DMin){
D -= Delta.D;
}
else if(D < DJax){
D += Delta.D;
}
}
else(
LF((V_P > V. AnD) 8& (D < D_Max){
| D oelials
}
else if(D > DJMin){
D -= Delta.D;
}
}

Fig. 6. P&O algorithm implementation.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

B. PI controller
From %" transfer function the PI controller is design with as

follows:
—2,2957.(1 + 640 = 107%.s
PI(s) = ( S )
For digital implementation, it needs to be represented in
terms of Z and rearrange into a difference equation.

1,423 x 1073 — 1,469 x 1073.Z
Z-1

PI(Z) =

Figure 8 shows the behavior of the discrete controller in the
circuit simulation as can be seen in figure 7.

Fig. 7. Closed loop circuit simulation.

Cuk parformarnce with B

Fig. 8. Error and output voltage sigﬁél with P1 controller.

Finally, figure 9 account for the digital implementation of
the difference equation.

VD = VD Ang + V.Eco'Kp + V.Err AnErKi;
AF(VD >= VD Max){
D = D.Max;

D =

}

else if((V.D > V.0 Min) || (V.D < V.D Max)){
D = (V_D*1000.8)/3.3;

}

V_Err Aot = V_Err;
VD Aot = V_D;
Fig. 9. Pl implementation.

H
else if(V D <= V. D Min){
D Min;

IV. GENERAL CONTROL SYSTEM

At figure 10, the FSM for general control system is
presented. The purpose of this implementation is to
maintain MPPT as long as the battery is under its nominal
charge value and there is enough input power. Given the
case that the battery is completely charge during the day, it
will switch to C.V. state and maintain while the battery is at
full charge.

Comparacién V_P is the state for checking is there is
enough radiation, given the fact that the converter should be
off and solar panel voltage will be the equivalent of the
open circuit value, PWM_ON is for starting the control
signals for each transistor, and PWM_OFF for stopping the
signals when the input power falls to much.

SIS_ON 5I5_ON && “COMP_V_P

SIS_ON && COMP_V_P SI5_ON && D < D_Min

SIS_ON && “COMP_V_Bat && COMP_P_P

.SIS_CN && COMP_V_Bat
BECOMP_P_P

1 s15_on && ~comp_y_sat
&8 COMP_P_P

@ si5_on aa comp_y_sat
&8 COMP_P_P

Fig. 10. General control system FSM.

Digital implementation of the FMS is done with as a
function with a switch-case code, where each state is a case
that holds the corresponding action and if-else statements to
make the transitions from one state to another.

V. RESULTS

A. MPPT algorithm

Oscilloscope screen capture of figure 11 shown system
behavior at MPPP state and figure 12 shows behavior for

different irradiances.
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Fig. 11. Input voltage in yellow and input current in blue for
converter at MPPT state.
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Fig. 12. Input voltage in yellow and input current in blue for
converter at different irradiance values at MPPT state.

B. PI controller

Figure 13 shows system behavior with a change from MPPT

state to C.V. state for input voltage and current.
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Fig. 13. Input voltage in yellow and input current in blue for
converter when transitioning from MPPT to C.V. state.

VI. CONCLUSION AND FUTURE WORK

Cuk converter final implementation is shown in figures 14 and
15, figure 14 shows power stage with corresponding sensor
and supply voltages and figure 14 includes the digital circuit
board with the MCU development board, ADC input channels
and PWM control signals.

Fig: 14. Cuk converter and digital contrprinted circuit board.

P&O algorithm is the easiest one for an implementation,
requiring only a voltage and current sensor for obtaining the
input power and comparing it with the last acquired value, but
it also is the less accurate when comparing it to others like
incremental conductance, method that requires to obtain the
derivate of the power at each acquired point to know if the
slope is positive, negative or cero, determining the required
action for the duty cycle.

Because of the system restrictions, the current sensor for the
output is not needed, reducing size and eliminating the control
loop. As long as the battery is discharge, MPPT will assure
maximum charging current is being feed to the battery.

As for the digital implementation, the system maximum
overhead during MPPT state is around 100 ms for just 1
battery charging system, making it plausible to use 1 MCU for
a series of systems within a pooling loop structure where the
ADC input channels are multiplexed for each system and the
corresponding PWM signals are updated accordingly to the
processing in each of the system FSM functions.

For future work, the charging systems will have to work
along a multilevel inverter that will have its input to 5 batteries
and will acts as a bidirectional system to charge it from the
grid or supply energy to it. Because the 5 batteries will supply
energy to the inverter circuit, the solar power generation
system will charge one battery only, meaning that when one of
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them is fully charge and there is still enough input power, the
system will loss its potential. As an alternative, output
inductances of the 5 required systems will need to be couple,
so that the systems will charge all of the batteries according to
the lowest level one to the highest until all of them reach
floating voltage, increasing the system efficiency and
optimizing energy production from the solar panels. For this,
printed circuit boards will need to be redesigned for holding
the coupled inductors and possibly increasing the output trace
width for managing more current at the output.
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