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Abstract- This paper presents the design and development of a novel highly efficient synchronous buck converter operating both  as a 

battery charge controller with five stage charging method and also as  improved Maximum Power Point Tracker (MPPT) for operation 

in Solar Photovoltaic (PV) Systems. The algorithm regulates the duty cycle of the switching devices of the converter following a 

variable step size perturb and observe (P&O) MPPT technique. At the same time it provides precise control on the battery charging 

voltage and current according to five charging stages which is desirable for protection of battery health and maximizing charging rate. 

Thus the algorithm developed provides a combined solution for maximizing the transfer of solar electricity generated by the PV 

module(s) and also ensuring a long battery lifetime. Both these aspects, which are generally investigated separately earlier, are treated 

in an integrated fashion in this work. The work analyses in detail about the converter power loss as well as describes the development 

of MPPT technique and battery charging method used in the controller. A prototype of 1500W MPPT Charge Controller based on this 

algorithm has been designed, fabricated and tested. It shows satisfactory performance of the MPPT charge controller in terms of 

performance parameters i.e. converter efficiency, MPP tracking efficiency, MPP tracking time, fluctuation of PV operating point 

around MPP, input operating voltage range of the controller, independency of battery type as well as provision of temperature 

compensation.

Keywords  MPPT, Multi-stage Battery Charging,  Efficiency 

of converter, Battery Life Extension, Synchronous Buck 

Converter. 

1. Introduction 

Solar PV systems include storage batteries for providing 

electricity on demand, solar smoothing or peak shaving [1].  

Suitable charge controller is needed for interfacing the solar 

PV module(s) with the battery bank which should protect the 

battery health and at the same time enable maximum power 

transfer from the solar PV module(s) to the battery [2, 3]. The 

job of these controllers is to charge battery efficiently by 

following a proper charge method while preventing battery 

overcharge and over-discharge ensuring long battery lifetime.  

Further as the Maximum Power Point (MPP) of a solar PV 

array varies with irradiance and temperature the charge 

controllers for PV system has to perform one more job which 

is to track the MPP very fast and efficiently with low PV 

operating point fluctuation around the MPP under both static 

(fixed irradiation) and dynamic (rapidly changing irradiation) 

weather conditions. But both these aspects of battery charge 

controller for PV systems have generally been investigated 

independently in technical literature so far [4]. 
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Various charging methods for batteries are reported in the 

literature: single stage, and multi-stage. The constant-current 

(CC), constant-voltage (CV) and on-off charging are good 

examples for single stage method, while the constant-current 

constant-voltage (CCCV) is a good example for multistage 

charging method. CC, CV and on-off method often present the 

problem of not fully charging the battery, and also not 

protecting from premature aging of batteries [5]. It has been 

shown in [6] that, the multi-stage charging is the most efficient 

method regardless of the battery type. Multi-stage charge 

controllers generally have three charging stages namely, bulk, 

absorption and float, some of which are CV and the rest are 

CC charging [7]. Two additional stages namely soft charging 

and equalization charging may be incorporated in the charge 

controller to enhance the battery life cycle and its performance 

over the charge and discharge periods.  

For charging batteries using PV module(s) a variety of 

MPPT techniques have been developed as reported in [8 - 16]. 

These techniques can be categorized as (1) offline techniques 

that are dependent on solar cell models, (2) online techniques 

which do not specifically rely on modeling of the solar cell 

behavior and (3) hybrid methods which are a combination of 

the two aforementioned methods. But two primary issues 

associated with these techniques are “PV operating point 

fluctuation around the target MPP” and “speed of MPP 

tracking” [4]. 

This paper first provides a review of the traditional battery 

charge controllers pointing out their limitations. Algorithm for 

the new MPPT charge controller is then developed that 

resolves limitations of the traditional controllers. The new 

controller can charge four types of batteries, namely, Flooded 

Lead acid battery, Valve regulated lead acid (VRLA) or sealed 

lead acid battery, VRLA Gel battery and VRLA Absorbent 

glass mat (AGM) battery. It on one hand brings the battery to 

a full charge efficiently by five-stage charging ensuring long 

battery lifetime and on the other hand tracks the MPP very fast 

and efficiently with small PV operating point fluctuation 

around the MPP under both static and dynamic weather 

conditions by using a variable step size perturb and observe 

(P&O) MPPT technique. The efficiency of the converter used 

in the controller has been enhanced through some special 

means. Additionally the need to provide a very wide input 

voltage range in the charge controller has also been addressed 

in this work [17].  

Various experimental tests have been performed in order 

to verify the performance of the new charge controller. The 

experimental results show that, the new controller has high 

converter efficiency.  It can extract as much power as possible 

to charge the battery with a very high MPP tracking speed 

with small PV operating point fluctuation around the MPP and 

it has high static and dynamic MPP tracking efficiency.  

 

 

 

2. Methodology 

2.1. Five stage charging  

Various controllers for charging batteries have been used over 

the past several decades in keeping with the substantial 

development in technologies from flooded lead acid batteries 

to VRLA batteries as reported in the literature [18 - 20]. 

Among them the CCCV controller has been the most 

commonly used [21]. A fast charging can be done with high 

charge rates and/or high voltage set points [22, 23]. However, 

on the whole, a fast charging has negative effect on battery 

aging factors like water loss, grid corrosion and sulfation of 

the negative electrode [21]. Furthermore, when fast charging 

of VRLA batteries is not appropriately controlled, significant 

harm may occur, eventually resulting in a reduced battery life. 

Charge control methods which minimize the battery life 

degradation can be achieved by putting constraints on the 

battery states such as charging current, the battery voltage, the 

state-of-charge and the battery temperature which are typically 

provided by the battery manufacturer [24 - 27]. However, such 

constraints are rather conventional as they are provided for the 

complete lifetime of the battery and are typically expected in 

three-stage CCCV charge controller [28]. But a problem arises 

in three-stage controllers which is as follows: if the battery 

condition is not good enough to accept high amount of current 

during bulk charging then low current should be applied 

before bulk stage only to make the battery healthy to accept 

high current charging. Soft charging is needed to overcome 

this limitation.  

The last stage in a traditional three-stage charge controller is 

called the float stage where battery charging voltage is 

lowered than that of the previous stage and constant voltage is 

applied. If left in an extended float state, the battery faces the 

threat of acid sulfate stratification. Stratification occurs when 

the acid in the electrolyte mixture separates from the water 

and begins to concentrate at the bottom of the battery, 

reducing the performance and life of the battery. Thus an 

equalization charging is required to maintain a balance 

between battery overcharging and undercharging and to 

prevent battery stratification. 

2.2. MPPT techniques  

Researchers have given continuous efforts on the design and 

implementation of the MPPT techniques in PV system to 

attain improved performance parameters. The objectives are: 

increasing their speed of MPP tracking with small PV 

operating point fluctuation around the MPP and making them 

to be operated in both constant and rapidly varying weather 

conditions. In this section, the recent publications on the 

design and implementation of MPPT controllers used in PV 

system will be reviewed to show their main characteristics, 

and limitations. This would help us to enhance the 

performance parameters in maximizing the use of PV energy 

for battery charging.  
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A MPPT charge controller as described in [29] is a type of 

battery charge controller that ideally brings the operating point 

of a PV module to its MPP [30]. It is widely used in PV 

systems to increase their MPP tracking efficiency [31], and to 

extract the maximum possible instant power from the PV 

module [32]. Hill-climbing (HC) MPPT techniques include 

Perturb and Observe (P&O), Incremental Conductance (I&C), 

open-circuit voltage (OCV), short-circuit current (SCC), 

Extremum Seeking Control (ESC) etc. which are discussed in 

detail in [33 - 44]. Some artificial intelligence MPPT 

techniques such as artificial neural network (ANN), fuzzy 

logic control (FLC) etc. and MPPT technique iterative in 

nature such as genetic algorithm (GA) are discussed in [45 - 

47]. Two primary parameters associated with these MPPT 

techniques are “PV operating point fluctuation around the 

target MPP” and “speed of MPP tracking” and there is a 

tradeoff between these two parameters which need to be 

considered. In table 1, the MPP tracking time and the 

operating point fluctuation around the MPP for different 

MPPT techniques have been presented. 

Table 1. MPP tracking time and operating point fluctuation 

around target MPP for different MPPT techniques 

MPPT technique MPP 

tracking 

time 

Operating point 

fluctuation around the 

target MPP 

stand-alone FLC [48] 27 ms 2% 

combination of ANN 

and P&O [49]  

2 ms nil 

combination of ANN 

and I&C [50] 

40 ms - 

combination of ANN 

and GA [51] 

- 1.45% 

GA optimized FLC 

[52] 

715 ms 0.02% 

HPNN coupled with 

FLC [53] 

10-40 ms 0.002% 

standalone FLC [54] 150 ms - 

FLC integrated with 

HC [55] 

70 ms - 

adaptive fuzzy logic 

control [56] 

3 ms - 

second order sliding 

mode-based MPPT 

[57] 

0.2 s - 

It has to be noted that, amongst all the above-mentioned 

MPPT techniques, none are implemented in hardware, and 

hence their practical feasibility could not be established. 

3. Developed Charge Controller 

As discussed previously, the limitations of the traditional 

controllers are premature ageing, slow MPP tracking speed, 

large PV operating point fluctuation around the target MPP, 

low static and dynamic MPP tracking efficiency. All these 

limitations have been overcome in the newly developed 

controller. The converter efficiency has also been improved. 

Beside these some aspects such as battery type dependency, 

incompatibility with large range of input PV voltage, 

temperature compensation etc. have also been addressed. 

Moreover, as discussed earlier two additional stages namely 

soft charging and equalization charging have been applied in 

the developed controller along with the three existing stages of 

traditional controller to achieve balance between battery 

overcharging and undercharging and to prevent battery 

stratification. The next sections present the design, 

implementation, and validation of the developed charge 

controller showing how it successfully resolves the limitations 

of the traditional controllers.  

3.1. Synchronous buck converter  

A prototype of the charge controller has been developed which 

is a synchronous DC-DC buck converter of 1500W power 

transferring capacity (fig. 1). A solid state relay has been used 

in parallel with the reverse polarity protection power diode as 

shown in Fig. 1., which bypasses the diode above a certain 

delivering power to minimize the power loss across the diode 

as the voltage drop of the diode is high.  

 
Fig. 1. Circuit diagram of the controller with synchronous buck converter 

 

The hardware of the prototype is composed of four main 

sections, namely the power section consisting of power 

switching devices with their driver circuits, the control 

section, the sensing section and the display. The control 

section contains a DSPIC33F microcontroller. The main 

function of this section is to generate the PWM pulses with 

variable duty following MPPT technique, which drive 

switching devices of the DC-DC converter using the driver 



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
J. Jana et al., Vol.8, No.2, June,  2018 

 

 944 

circuits. The sensing section contains several sensors and their 

peripheral circuit components. It comprises the negative 

temperature co-efficient thermocouple for temperature 

sensing, resistive voltage divider based sensors for PV and 

battery voltage measurement and hall based current sensors 

for PV and battery current measurements. The hardware also 

contains a 16*2 LCD to display various charging parameters. 

As power loss analysis of the converter is important for 

converter design optimization following efficiency 

enhancement major component loss of synchronous buck 

converter used in the prototype have been described as follows 

[58]: 

 
Fig. 2. (a) Device driver turns on and off path, (b) Device driver on, (c) Device driver off 

  

Fig. 2 shows the device driver turn on and off path 

respectively, whereas fig. 3 shows the high-side and low-side 

device conduction on respectively. 

The high-side device’s switching on loss is [58], 

𝑃ℎ𝑠_𝑜𝑛 = 𝑓𝑆𝑊×𝑉𝐷𝑆×𝐼𝐷𝑆×
𝑡1+𝑡2

2
 = 𝑓𝑆𝑊×𝑉𝑖𝑛×𝐼𝑜𝑢𝑡×

𝑇ℎ𝑠_𝑜𝑛

2
          (1)  

Where, 
𝑇ℎ𝑠_𝑜𝑛

2
 = 

𝑄𝑆𝑊

𝐼𝐺_𝑜𝑛
 and 𝐼𝐺_𝑜𝑛 = 

𝑉𝑑𝑟𝑖𝑣𝑒𝑟− 𝑉𝑃𝐿

𝑅𝐻𝐼+ 𝑅𝐺+ 𝑅𝐺1
          (2)  

The conduction loss of high-side switching device is 

determined by the on-resistances of the device and the device 

RMS current which is as follows: 

𝑃𝑐𝑜𝑛_ℎ𝑠 = 𝐼𝑅𝑀𝑆_𝐻𝐺
2

×𝑅𝐷𝑆_𝑜𝑛_ℎ𝑠            (3) 

Where, 𝐼𝑅𝑀𝑆_𝐻𝑆 = √𝐷 × (𝐼𝑜𝑢𝑡
2 +  

𝐼𝑟𝑖𝑝𝑝𝑙𝑒
2

12
)           (4) 

 
Fig. 3. (a) High-side device conduction on, (b) Low-side device conduction on 

 

The conduction loss of low-side switching device is as 

follows, 

𝑃𝑐𝑜𝑛_𝑙𝑠 = 𝐼𝑅𝑀𝑆_𝐿𝐺
2

×𝑅𝐷𝑆_𝑜𝑛_𝑙𝑠            (5) 

Where, 𝐼𝑅𝑀𝑆_𝐿𝐺  = √(1 − 𝐷) × (𝐼𝑜𝑢𝑡
2 +  

𝐼𝑟𝑖𝑝𝑝𝑙𝑒
2

12
)          (6) 

The dead-time loss induced by low-side device body diode 

conduction during dead-times is as follows, 

𝑃𝑑𝑒𝑎𝑑𝑡𝑖𝑚𝑒 = 𝑉𝑆𝐷×[(𝐼𝑜𝑢𝑡 − 
𝐼𝑟𝑖𝑝𝑝𝑙𝑒

2
) × 𝑇𝐷2 + (𝐼𝑜𝑢𝑡 +

 
𝐼𝑟𝑖𝑝𝑝𝑙𝑒

2
) × 𝑇𝐷1]×𝑓𝑆𝑊             (7) 

And the low-side device reverse recovery charge loss is as 

follows, 

𝑃𝑟𝑟  = 𝑄𝑟𝑟 × 𝑉𝐷𝐷 × 𝑓𝑆𝑊 =  𝑄𝑟𝑟 × 𝑉𝑖𝑛 × 𝑓𝑆𝑊                        

(8) 

3.1.1. Improving maximum power point tracking 

The controller employs P&O MPPT technique with some 

modifications to improve the tracking speed of MPP and to 

lower the PV operating point fluctuations around MPP. An 

important reason of selecting P&O technique is that it is not 

PV module size dependent and the controller has to provide a 

very wide input voltage range with which it can make use of 

broad range of PV modules. The duty cycle of the switching 
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device in the converter is set according to the requirement of 

the PV voltage perturbation step size and it varies to balance 

between two conflicting parameters, namely the speed of MPP 

tracking and the fluctuation of the PV operating point around 

the MPP. When the controller starts the MPP tracking process, 

it executes a dynamic pilot loop program which basically 

traverse the I-V characteristics curve of the PV module from 

the open circuit point towards the MPP. In dynamic MPPT 

loop, PV voltage is perturbed with big step size to catch the 

MPP fast as shown in Fig. 4. The dynamic MPPT loop also is 

applied in that situation when there is a big change in PV 

power generation or the irradiation is changing very fast.  

 
Fig. 4. Fluctuation of operating point around MPP with big 

step size of PV voltage perturbation 

In dynamic MPPT loop the step size of PV voltage 

perturbation is high leading to fluctuation of the PV operating 

point around the MPP. Once the controller catches the MPP, 

then static MPPT loop is applied where the step size of the PV 

voltage perturbation becomes small to attain low fluctuation of 

the PV operating point around the MPP which has been shown 

in Fig. 5. And when there is no change in irradiation or there is 

a slow change in irradiation, then also the static MPPT loop is 

applied. This is the main idea of performance optimization 

between the tracking speed of MPP and the PV operating 

point fluctuations around MPP. Now until there is a big power 

change due to sudden fast change of solar irradiation the 

program loop stays in this static MPPT and it stays here very 

stable with high static MPP tracking efficiency due to small 

step size of the PV voltage perturbation. A look up table (LUT 

1) has been prepared and incorporated in the microcontroller 

program used in the control section of the charge controller as 

shown in Table 2 where the set points of power change due to 

irradiation change according to the power delivery from PV 

module to the battery have been given. The static and dynamic 

loops swing between each other when there is a change of 

power equal to this set value. For example, if the controller is 

delivering power of 500W to the battery, then the set point for 

power change is 0.5W i.e. if there is a power change of 0.5W 

then it goes from static loop to dynamic loop to catch the new 

MPP quickly by increasing the step size of PV voltage 

perturbation.  

Table 2. The set points of power change according to the 

power delivery (LUT 1) 

Power delivery Set point of power change  

500W 0.5W 

1000W 1W 

1500W 1.5W 

 
Fig. 5. Fluctuation of operating point around MPP with small 

step size of PV voltage perturbation 

3.2. Multi-stage charging 

The stages incorporated in the developed controller are soft 

charging, bulk charging, absorption charging, float charging 

and equalization stage respectively. The set voltage in each 

and every charging stage for each of the batteries have been 

prepared and incorporated in the microcontroller program of 

the new charge controller. The flow chart of the charging 

method and the charging current and voltage curves have been 

shown in Fig. 6(a) and Fig. 6(b) respectively. In case of 

VRLA Gel batteries and VRLA AGM batteries the 

equalization stage has been neglected. The developed 

controller detects battery state-of-charge by detecting battery 

voltage prior to charging. After reading the battery voltage the 

controller determines which stage to properly charge at. In 

Table 3, the open circuit voltage (OCV) for different state-of-

charge (SOC) for different types of batteries has been shown. 

In Table 4, the type of charging whether it is constant current 

charging or constant voltage charging and the state of the 

charge for each charging stage has been shown. In Table 5, 

voltage level or state-of-charge in different charging stages 

have been shown for four types of batteries. The controller 

slightly changes the voltage set points for every stage 

according to the change of temperature and in this way the 

temperature is compensated. A look up table (LUT 2) has been 

prepared and incorporated in the microcontroller program of 

the charge controller to determine the PV voltage set points 

with increase/decrease rate of voltage for temperature change 

which has been shown in Table 6 for different types of 

batteries. 

Table 3. The open circuit voltage (OCV) for different state-of-

charge (SOC) for different types of batteries 

Battery 

type 

Open 

circuit 

voltage 

(OCV) 

@20% 

state-

of-

charge 

Open 

circuit 

voltage 

(OCV) 

@50% 

state-

of-

charge 

Open 

circuit 

voltage 

(OCV) 

@60% 

state-

of-

charge 

Open 

circuit 

voltage 

(OCV) 

@70% 

state-

of-

charge 

Open 

circuit 

voltage 

(OCV) 

@90% 

state-

of-

charge 
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(SOC) (SOC) (SOC) (SOC) (SOC) 

Flooded 

lead  

acid 

battery 

- 49.76V 50.08V 50.4V 51.08V 

Sealed 

lead 

acid 

battery 

or 

VRLA 

48.4V 49.76V 50.08V 50.4V 51.08V 

VRLA 

Gel 

battery 

48V 49.6V 50.0V 50.4V 51.96V 

VRLA 

AGM 

battery 

48V 49.6V 50.0V 50.4V 51.96V 

Fig. 6. (a) Flowchart of the battery charging method, (b) Five stage battery charging in the developed controller 

 

 

Table 4. The type of charging and the state of the charge for 

each charging stage 

Charging stage Type of charging State-of-charge 

Soft(T1) Constant current 

charging with 

C(capacity)/100 

current 

Up to 20% state-

of-charge (𝑉𝑆𝑜𝑓𝑡) 

Bulk(T2) Constant current 

charging with 

C(capacity)/10 current 

20%-80% state-

of-charge (𝑉𝐵𝑢𝑙𝑘) 

Absorption(T3) Constant voltage 

charging 

80%-100% state-

of-charge 

(𝑉𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛) 

Float(T4) Constant voltage 

charging 
𝑉𝐹𝑙𝑜𝑎𝑡 

Equalization 

(T5) 

No charging - 

 

Table 5. Voltage level of different types of battery in different 

charging stages 

Charging stage Battery type 

Flooded 

lead  

acid 

battery 

Sealed 

lead 

acid 

battery 

or 

VRLA 

VRLA 

Gel 

battery 

VRLA 

AGM 

battery 

Soft(T1) 54V 53.6V 51.2V 51.2V 

Bulk(T2) 59.2V 58.8V 56.4V 56.4V 

     

Absorption(T3) 60.0V 59.6V 57.6V 57.6V 

Float (T4) 54V – 

55.2V 

52.8V – 

53.6V 

54V – 

55.2V 

54.4V – 

55.2V 

Equalization(T5) Charge 

voltage 

on point 

– 50.4V 

Charge 

voltage 

off point 

– 54V 

Charge 

voltage 

on point 

– 50.4V 

Charge 

voltage 

off 

point – 

52.8V 

Charge 

voltage 

on point 

– 51V 

Charge 

voltage 

off 

point – 

54V 

Charge 

voltage 

on point 

– 51V 

Charge 

voltage 

off 

point – 

54.4V 

The first charging stage is soft charging which is constant 

current charging. This stage has been applied only when the 

battery state-of-charge is below 20% or the battery voltage is 

lower than 𝑉𝑆𝑜𝑓𝑡 . As in bulk charging stage, battery is 

charged with a high current and if the battery state-of-charge 

is lower than 20% then the battery is not capable to accept this 

high current. In this stage if the PV module voltage is greater 

than the minimum input operating voltage of the controller 

then PV module charges the battery with C/100 (C = Capacity 

of the battery in AH) current up to 20% state-of-charge. The 

next three charging stages named bulk, absorption, and float 

are same as those of traditional charge controllers. As shown 

in Fig. 6(b), T1, T2, T3, T4 signifies the soft, bulk, absorption, 

and float charging stages respectively and T5 and T6 denotes 

the charge on period and charge off period during equalization 

stage respectively which has been discussed next. 
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Table 6. Temperature compensation for different types of 

batteries (LUT 2) 

Battery 

type 

Temperature compensation 

Flooded 

lead  acid 

battery 

For average operating temperatures below this 

range (colder than) or above this range the 

maximum voltage set point should be 

compensated with an increase or with a 

decrease at a rate of 0.063 Volts Per Cell 

(1.512V Volts for a 48V battery) for every 

10ºC.  

Sealed lead 

acid battery 

or VRLA 

1.512V Volts for a 48V battery for every 10ºC. 

VRLA Gel 

battery 

1.2V Volts for a 48V battery for every 10ºC. 

VRLA 

AGM 

battery 

0.432V Volts for a 48V battery for every 10ºC. 

The last stage is the equalization charging stage. In this stage, 

the developed controller monitors if the battery has remained 

in the float stage for a specified length of time or if the battery 

voltage drops below a minimum level. The charge controller 

then enters this stage by automatically initiating a new round 

of charging, correcting the undercharge condition and 

stimulating the mixing of the electrolyte solution. Specifically, 

the equalization stage of the developed controller 

automatically repeats the charge cycle every seven days or 

when the battery voltage drops below a determined voltage as 

shown in Fig. 7. By using this technique, a balance is achieved 

between overcharging and undercharging and stratification is 

prevented. The construction of AGM and Gel batteries 

eliminates any stratification, thus this stage has not been 

applied in these batteries. After equalization stage the charge 

controller goes to the bulk charging stage and repeats the 

whole charging cycle. 

4. Experimental Result 

An experimental setup has been prepared as shown in Fig. 7 

(b) in order to experimentally test the new controller (shown 

in Fig. 7 (a)), and to work out on its main MPPT performance 

parameters, two modes of operation have been arranged and 

examined. The first mode, when the controller has been 

operated with fixed irradiation condition to find out its static 

MPP tracking efficiency. The second mode, when it has been 

operated with varying irradiation condition to find out its 

dynamic MPP tracking efficiency. A TerraSAS make PV 

simulator has been used instead of original PV module for 

charging a battery bank of 48V nominal voltage. Different 

types of PV modules (Operating temperature: -40˚C to +85˚C, 

Temperature Co-efficient for Voc/˚C (B): -0.34%, 

Temperature Co-efficient for Isc/˚C (a): 0.05%, Temperature 

Co-efficient for power/˚C (y): -0.43%) can be used to charge 

batteries using this new controller and the controller has been 

tested with these PV module parameters settings in the PV 

simulator which have been shown in Table 7. For voltage and 

current measurement of PV module and battery, a Yokogawa 

make power meter (model: WT330) has been used in this 

experimental set-up. The gate signals (captured in 

oscilloscope) applied to the high-side and low-side devices 

have been shown in fig. 8.  

Fig. 7. (a) The developed charge controller, (b) Experimental set-up 

 

Table 7. Parameters of the PV modules can be used for this controller 

Parameter Value 

Peak power 150W 205W 250W 300W 305W 310W 315W 320W 

Voltage at peak 

power, Current at 

peak power 

36.22V, 

4.15A 

36.18V, 

5.67A 

36.18V, 

6.92A 

36.14V, 

8.31A 

36.30V, 

8.41A 

36.40V, 

8.52A 

36.49V, 

8.64A 

36.56V, 

8.76A 

Open circuit 

voltage, Short 

circuit current 

44.46V, 

4.37A 

44.41V, 

5.97A 

44.46V, 

7.28A 

44.46V, 

8.74A 

44.60V, 

8.82A 

44.71V, 

8.92A 

44.86V, 

9.01A 

45.01V, 

9.11A 

Module efficiency 

(%) 

15.21% 14.09% 15.53% 15.63% 15.89% 16.15% 16.41% 16.67% 
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Fig. 8. Gate signals of the high-side and low-side device 

4.1.  Mode I: Static MPPT performance test 

In this mode, the irradiation has been fixed at 120 𝑊 𝑚2⁄  and 

the temperature has been fixed at 25˚C in the PV simulator. 

Fig. 9, 10 and 11 represent the output voltage, current and 

power curve of the PV with respect to time indicated in blue 

together with the ideal response indicated in black. In these 

experiments, sixty numbers of data points have been recorded 

using the power meter used in the experimental set up in a 

second for each parameter. According to Fig. 11, it takes 1 

second for the developed controller to reach the MPP and 

there a fluctuation of 0.86% around the target MPP has been 

achieved.

 

Fig. 9. The output voltage of the PV with respect to time while 

charging in static irradiation condition 

 
Fig. 10. The output current of the PV with respect to time 

while charging in static irradiation condition 

 
Fig. 11. The output power of the PV with respect to time 

while charging in static irradiation condition 

4.2.  Mode II: Dynamic MPPT performance test 

In this mode, the irradiation has been varied in the PV 

simulator according to the dynamic irradiation profile shown 

in Fig. 12. According to this dynamic profile the irradiation 

has been varied from 100   𝑊 𝑚2⁄ to 1000   𝑊 𝑚2⁄  and some 

time the change of irradiation is so fast that it has been found 

very close to step jump of irradiation change.  

 
Fig. 12. Dynamic irradiation profile used in the experiment 

To find out the dynamic MPP tracking efficiency of the new 

controller, some portions of the full dynamic response has 

been zoomed in, which have been shown in Fig. 13, Fig. 14. 

and Fig. 15. Fig. 13 demonstrates that when the irradiation 

changes from 257  𝑊 𝑚2⁄  to 255  𝑊 𝑚2⁄ , then the controller 

takes only 1.67 second to find the new MPP and when it 

catches the new MPP the fluctuation has been found 0.5% 

around the new MPP. 
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Fig. 13. PV power in the dynamic condition (when the 

irradiation changes from 257   𝑊 𝑚2⁄  to 255   𝑊 𝑚2⁄  

In Fig. 14, the PV current and MPP tracking efficiency 

according to the dynamic response of the controller have been 

shown where the irradiation has a nature of ramp up from 100   

𝑊 𝑚2⁄  to 500   𝑊 𝑚2⁄  first and then a ramp down from 500   

𝑊 𝑚2⁄  to 100   𝑊 𝑚2⁄ . It has been seen from the figure that 

the shape of changing the PV current follows the shape of the 

irradiation.  

 
Fig. 14. MPP tracking efficiency and PV current in dynamic 

condition (when the irradiation changes from 100   𝑊 𝑚2⁄  to 

500   𝑊 𝑚2⁄ ) 

In Fig. 15, the MPP tracking efficiency has been shown where 

the irradiation has a nature of ramp down from 500   to 100   

𝑊 𝑚2⁄ . The figure shows that the minimum dynamic MPP 

tracking efficiency i.e. MPP tracking efficiency in varying 

irradiation condition has been found 96.5% and the maximum 

dynamic MPP tracking efficiency has been found 98.5% 

during the whole MPP tracking process according to the 

irradiation change.  

4.3. Converter efficiency test 

To find out the converter efficiency of the developed 

controller for minimum load condition to full load condition, 

three sets of operation have been arranged and examined. The 

first set, when the controller has been operated with a PV 

configuration of 𝑉𝑜𝑐= 85V in the TerraSAS PV simulator.  

 
Fig. 15. MPP tracking efficiency and PV and battery charging  

current in dynamic condition (when the irradiation changes 

from 100   𝑊 𝑚2⁄ to 500   𝑊 𝑚2⁄ ) 

The second set, when the controller has been operated with a 

PV configuration of 𝑉𝑜𝑐= 115V in the PV simulator. The last 

set, when the controller has been operated with a PV 

configuration of 𝑉𝑜𝑐= 135V in the PV simulator. In each set of 

operation the irradiation has been set in the PV simulator at 

that level which is required for generating output power 

according to the load percentage and the PV and battery 

parameters reading have been noted down to calculate the 

conversion efficiency. Beside the job of finding the conversion 

efficiency, the MPP tracking efficiency has also been noted 

down during this whole experimental operation. 

Table 8. Tested @ 85V (Battery voltage less than 50V and temperature 25º𝐶) 

SL No. Load% 5% 10% 25% 50% 75% 100% 

1 Battery Voltage (V) 48.1 48.2 48.4 48.8 49.2 49.7 

2 Battery Current (A) 1.33 2.92 7.49 14.88 21.98 29.88 

3 Battery Power (W) 64.3 140.7 362.8 726.1 1081.33 1484.9 
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4 PV Voltage (V) 71.3 72.9 74.7 76.4 78.0 79.6 

5 PV Current (A) 1.0 2.0 4.9 9.6 14.1 19.3 

6 PV Power (W) 68.6 144.2 367.3 733.4 1097.8 1532.3 

7 Converter efficiency (%) 93.8 97.6 98.8 99.0 98.5 97.5 

8 MPP tracking efficiency (%) 95.7 96.8 98.8 99.2 98.6 97.5 

Table 9. Tested @ 115V (Battery voltage less than 50V and temperature 25º𝐶) 

SL No. Load% 5% 10% 25% 50% 75% 100% 

1 Battery Voltage (V) 48.2 48.3 48.5 49.0 49.3 49.7 

2 Battery Current (A) 1.69 3.0 7.48 16.37 22.54 28.94 

3 Battery Power (W) 81.8 145 362.85 802.2 1111.7 1438.4 

4 PV Voltage (V) 96.4 95.5 100.1 112.1 101.6 103.1 

5 PV Current (A) 0.9 1.6 3.7 7.3 11.2 14.2 

6 PV Power (W) 86.9 149.8 369.5 816.9 1135.6 1469.3 

7 Converter efficiency (%) 94.2 96.8 98.2 98.2 97.9 97.9 

8 MPP tracking efficiency (%) 97.9 98.3 98.6 99.7 99.9 99.7 

Table 10. Tested @ 135V (Battery voltage less than 50V and temperature 25º𝐶) 

SL No. Load% 5% 10% 25% 50% 75% 100% 

1 Battery Voltage (V) 48.4 48.5 48.8 49.1 49.5 49.9 

2 Battery Current (A) 1.5 3.14 7.91 15.49 23.26 30.03 

3 Battery Power (W) 72.8 152.6 386.12 760.36 1151.19 1498.3 

4 PV Voltage (V) 106.4 116.8 120.9 128.6 125.4 127.8 

5 PV Current (A) 0.7 1.3 3.2 6.0 9.4 12.1 

6 PV Power (W) 76.6 156.8 392.4 774.3 1179.5 1544.7 

7 Converter efficiency (%) 95 97.3 98.4 98.2 97.6 97 

8 MPP tracking efficiency (%) 95.9 98.1 99.5 98.3 98.2 99.7 

 

Fig. 16. (a) Converter efficiency curve for different load condition, (b) MPP tracking efficiency curve for different load condition . 

 

 

It has been observed from Fig. 16(a), that the maximum 

converter efficiency of the controller has been found 99%. In 

Table 8, 9 and 10, the PV operating voltage for different 

loading condition has been shown and it is found that the new 

controller is operating in a wide input voltage range i.e. 71.3V 

– 127.8V. And in Fig. 16(b), the MPP tracking efficiency for 

different loading condition has been shown and it is found that 

the highest MPP tracking efficiency has been found 99.9%. 

 

 

 

5. Conclusion 

This paper briefly reviews the limitations of the existing 

charge controllers which are mostly three stage chargers and 

MPPT techniques reported so far with regard to battery 

charging for solar PV systems. The design and implementation 

of a new controller, which is a combined solution of a five-

stage battery charging and an efficient MPPT technique is 

proposed in this paper. Two additional stages included in the 

controller namely, the soft charging and the equalization 

charging with the three existing stages of traditional 

controllers ensures a balance between battery overcharging 

and undercharging and prevent battery stratification 
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resulting in a longer battery life.  The controller employs 

an improved P&O algorithm with variable duty cycle for 

fast MPP tracking and very low PV operating point 

fluctuation around the MPP, and high static and dynamic 

MPP tracking efficiency. Important issues like design of 

chargers and MPPT for different voltage set points for 

overcharging  and deep discharge cutoff for  different 

types of battery like Lead acid battery i.e. whether 

Flooded, Valve regulated (VRLA) or sealed VRLA Gel 

battery and VRLA Absorbent glass mat (AGM) battery 

have been taken into account, analyzed and solved. Also 

the incompatibility issues like large range of input PV 

voltage and temperature variation has been investigated 

and solved.  

The experimental results show that, the new controller 

has maximum converter efficiency of 99%, and it can 

extract as much power as possible to charge the battery 

with a MPP tracking speed of 1 second and maximum 

MPP tracking efficiency of 99.9% with a fluctuation of 

0.86% around the target MPP in static irradiation 

condition. And in dynamic irradiation conditions the 

before mentioned performance parameters become 1.67 

second, 98.5% and 0.50% respectively. The controller has 

a very wide input voltage range of 71.3V – 127.8V with 

which it can be coupled to a wide range of PV modules 

available in today’s market for charging batteries in the PV 

application.  
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