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1. INTRODUCTION

Despite of low energy density, lead acid batteries are still commonly used for energy storage,
emergency power back up, engine ignition, vehicle lighting, and generator starting due to their low cost and
easy of availability. In off grid PV apllication, lead acid battery has less benefit cost ratio and simple net
present value compared to lithium-ion battery [1] However, lead acid battery requires high maintenance to
keep it at certain appropriate capacity. The failure to fully recharge the battery may cause plate sulfation
which in turn reduces cell capacity. Conversely, higher charge current may increase hydrogen gass
generation and heat as well as accelerates the positive plate corrosion and shortens the life of the battery.
Lead acid battery manufacturers classify their own charging methods [2] [3]. Charging methods are
dependent on battery applications including main power source applications and stand-by/back-up power
applications [2]. Standard charging which incorporates constant current followed by constant voltage as well
as rapid charging which incorporates constant current followed by two steps constant voltage are used for
main power source applications [2]. While trickle charging and float charging are used for stand-by power
applications [2]. A smart charger supplies constant current to initially charge the battery, then it automatically
switches to a constant voltage mode to float charge or maintain the battery [3]. A smart charger also monitors
the battery’s state of charge (SOC) and will automaticaly start charging when the battery falls below a
specific voltage [3].
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In photovoltaic applications some charging methods have been proposed by many researchers in
order to keep the battery in higher SOC within shorter time when the output energy of solar cell is sufficient
[4]-[5]. The charging current and battery voltage are continuously monitored. First the battery is charged
within maximum charge rate until the voltage reaches predefined maximum limit voltage. Then in the second
stage the battery is charged again within maximum charge rate which is lower than the first charge stage.
Every time its voltage reaches the predefined maximum limit voltage the charge rate is reduced until its
predefined minimum charge rate which indicates 100% of SOC [4]. A method called decreased charging
current based on SOC enhances the above method by combining the maximum limit voltage and SOC
estimated using a suitable model to determine the charging rate of each stage [5]. Concerning battery
modeling, results of experimental study revealed that Lead acid battery model named CIEMAT Copetti
model can express well the charateristics of Lead acid battery [6]. Impact of charging process on Lead acid
battery and the behiavour of different internal parameters of the battry was simulated using CIEMAT
model [7].

Sliding mode control (SMC) has been used to control dc-dc buck converters [8]-[9]. The sliding
mode controller was proved to be effective through numerical simulation of a dc-dc buck converter having
input voltage of 20V and nominal capacity of around 2.5W [8]. A dynamical model of dc-dc buck converter
with SMC by using generalized state space averaging was proposed and proved to effectively represent
switching model in less computational time through numerical simulation [9]. A battery charger was
proposed using topology of full bridge DC-DC converter connected in series with SEPIC converter for power
factor correction [10]. They explain the topology and experiment results but they did not describe about
controller design in detail [10].

In this paper, a prototype of battery charger is built and its controller is developed. The battery
charger uses a buck dc-dc converter topology which minimizes the use of components. The converter is to
convert a DC voltage source of 280 V to 325 V into a voltage level suitable for charging a series of lead acid
batteries having terminal voltage of 120 V. To realize such a converter, a power electronic circuit is built
using appropriately selected inductor, capacitor, MOSFET and other components. Then a controller is
designed to properly charge the battery. To design a controller, firstly small signal dynamical model is
derived. The controller is composed of two control loops those are current control loop and voltage control
loop. The current controller is designed using peak current mode controller while the voltage controller is
designed using proportional integral (P1) action. This paper proposes a formulation of nominal plant and
plant disturbance based on load variation. The PI controller is analytically designed based on the nominal
plant. Finally, the controller was implemented to the converter through experiment.

Section 2 of this paper presents conceptual design, specification and dynamical modeling of the
buck DC-DC converter. Section 3 is devoted to controller design of the buck DC-DC converter using the
derived dynamical model. Section 4 describes experiment results and discussion. Section 5 summarizes the
conclusions.

2. RESEARCH METHOD
2.1. Modeling of the Buck DC-DC Converter

Figure 1 shows block diagram of the buck DC-DC converter control system developed in this paper.
This control system consists of a buck DC-DC converter and its controller. The buck converter is constructed
by inductor L, diode D1, capacitor C, and switch SW1 which is equipped with its driver circuit.
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Figure 1.The developed DC-DC buck converter control system
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The buck converter operates in two switching modes those are closed mode (switch on) and open
mode (switch off). The dynamics of the converter is governed by the following switched model dynamical
equations.

LEE = V() + uV, )
dVy(t) Vo(t) .
C— =7 +ti® @)

where u denotes the switch status. The status u = 1 represents the closed mode while u = 0 rexpresses the
open mode. From the dynamics equations in (1) - (2) the following average small signal model can be

derived.
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where x; is small deviation of current value around its nominal value and x, is small deviation of output
voltage value around its nominal value. d and ¥; represent deviation of duty ratio around nominal value and
the deviation of input voltage value around its nominal value, respectively.

It is assumed that the deviation of the load can be represented by the deviation of load resistance. Therefore,
the following relationships can be formulated.

1 1 1

RC ~ C(Ry+AR)  CR, +9 )
_ 2(R4Ry)
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R, is nominal value of the load resistance, while R, and R, are given values from the minimum and
maximum load selected. By substituting (4) and (6) into (3) the following state space equation is obtained.
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From (7) it is obvious that effect of input voltage variation can be considered as external disturbance with the
input matrix B, while effect of load variation can be handled as an internal disturbance represented by

fd(6' 52)

2.2. Specification of the Buck DC-DC Converter
Table 1 shows the design specification of the buck DC-DC converter.

Table 1. Specification of the Buck DC-DC Converter

Parameter Value Unit
Maximum power, Pmax 1200 w
Maximum input voltage, Vimax 328 \Y
Minimum input voltage, Vimin 280 \%
Nominal input voltage, Vin 308 \%
Reference ouput voltage, Vref 132 \Y
Switching frequency, fs 36000 Hz
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From Table 1, values of nominal duty ratio D,,, minimum duty ratio D,,;,, and maximum duty ratio D,,,, are
D,, = 0.43, D,,,;, = 0.4, and D,,,,,, = 0.47. The minimum output current and the maximum output current are
set to be Iy, = 0.87A, and I,,,,, = 9A. The current ripple is 1.74 A and the output voltage ripple
is 0.23 V. Furthermore, the values of load resistances are R, = 14.67 Ohm, R, = 151.95 Ohm, and
R, = 26.76 Ohm.

3. CONTROLLER DESIGN
From the state space Equation in (7) the following transfer functions can be obtained.

Vina.Dn.
(RnCs+1)(#d+ﬁvi)—Cfd

(LC)52+%5+1 (10)

= Gig(s)d + GigD; + Gigafa

%(s) =

‘Ul'na+Dnl7i+Sfd
24 L
(LO)s?+pos+1 (1)

= Gpa(s)d + GpgD; + Gypafa

X(s) =

Peak current mode controller has many advantages over duty-ratio controller such as better line noise
rejection, automatic overload protection, and especially design flexibility in improving small-signal
dynamics [12]. A large number of small-signal models of peak current modulator have been proposed, for
example [11]-[12]. The previous models give accurate expressions for the control-to-output transfer function
and the output impedance but not for the audio susceptibility so the improved models have been proposed
[13]-[14]. By adopting the previous results of other researchers, the peak current modulator can be modeled
as follows.

d = Fu{l. — %1 — E;0; — F,%,} (12)
— 1 _ D2Tg, _ (-2D)T
Fpn = MaTS’Eg - ZLS' E, = 2L > (13)

M, is rate of additional external current ramp in A/sec. From (10), (11) and (12) the following control-to-
output voltage transfer function can be derived.

= e (14)

Za(s)
Gy (S) = 2
oo (ag) *oewetl

Ie(s)

Subsituting parameter values of the buck DC-DC converter the values of the peak current mode controller
parameters can be obtained as listed in Table 2.

Table 2. Example of peak current mode controller parameter values
Parameter Value

F, 3442
E, 0002

F,  0.0016

G, 2561

w,  106.877,23
Q. 001

Thus the following transfer function is obtained.

2,9x1011
5248,5x1065+1,1x1010

Gye(s) = (15)
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A voltage controller is designed based on equation (15). Voltage loop is closed using the voltage controller as
shown in Figure 2.

efs)  uc(s) Ie(s) Vo(S)

%?4 K(s) 1/Rs > Gy(s)
e ST(s)

Figure 2. The designed voltage control loop

A

An augmented voltage controller is composed by K(s) and Ris where Ry denotes current sensor gain. The

controller is designed so that the converter output voltage v,(s) follows the given reference v,,..(s). The
voltage controller receives voltage feedback signal y(s) from the voltage sensor ST(s). The voltage
controller produces current command signal i.(s) to the peak current control loop G,.(s). In this paper, the
voltage controller is designed using proportional and integral actions as Equation 16. This voltage controller
is equipped with a low pass filter to filter out noise due to high frequency switching.

K, (s) = [K, + %] [ﬁ] (16)
wp

By setting cross over frequency value w. and phase angle margin value «, the voltage controller parameter
values can be calculated using unity gain and phase angle margin.

4. IMPLEMENTATION RESULTS AND DISCUSSION

Figure 3 shows the experiment set up consisting of a Lead Acid batteries string and the developed
charger using buck DC-DC converter topology. The controller is realized using analog and digital circuits. In
order to verify the effectiveness of the developed control system some experiments have been conducted.
First experiments without load and with a resistive load were carried out using input voltage of 300 V. Then
the charger was applied to 10 Lead Acied batteries connected in serial. Each battery has the capacity of
45Ah.

(a) Lead Acid battery string (b) The developed research prototype of charger

Figure 3. The developed prototipe of LA battery charger

Figures 4 to 8 show experiment results without any load and with a resistive load. Figure 4 shows
the experimental result when the charger is started up without any load while Figure 5 when the load was
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suddenly added under steady state condition. The horizontal axis indicates time in second and the vertical
axis is voltage in Volt. The blue line represents output voltage while the red line expresses output current. For
measurement purpose, the gains of blue line voltage and red line current sensors are 222 [V/V] and % [V/A],

133
respectively. From Figure 4 it can be noted that the output voltage rises smoothly from 0 V to the seady state
value of 133.9 V with settling time around 19.3 ms. The output current keeps constant during transient phase.
In Figure 5 the output voltage is kept constant while the output current raises from 0 A to 0.26 A.

Figure 6 shows the ouput signal of voltage controller (u.(t)) and current feedback signal (v;;(t))
during start up without load, while Figure 7 shows the same signals under loading. These figures demonstate
the performances of the peak current control loop. It can be noted that the peak value of v;; (t) is always less
than the value of u,(t) which demonstrates that the peak current controller works well. Their relationship
may be expressed as vi; peqr (t) < ajuc(t) —a, where vy ,eqk, a1, a, are all positive values. Figure 8
shows current command signal u.(t) and PWM ouput signal. Note that duty ratio of PWM output signal
varies according to the value of u,(t).
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Figure 4. Output voltage (blue) and output current (red) during start up without load
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Figure 5. Output voltage (blue) and output current (red) under suddenly added resistive load (1R)
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Figure 7. Current command (blue) and current feedback (red) under resistive load (1 R)
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Figure 8. Current command (blue) and PWM output (red) under resistive load (1 R)
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Next, the developed DC-DC buck converter was implemented to charge the Lead Acid batteries.
The output voltage reference value was set to 135.1 V and the initial battery voltage was 123.3 V. During
experiment, at the begining the sampling time was varied due to rapid change in the battery voltage. After 8
minutes since the experiment started the sampling time was set constant at 5 minute. Figures 9 to 10 show the
experimental results. Figure 9 shows the output voltage during battery charging. From time 0 to 8 minutes the
output voltage rises rapidly from 123.3 V to 129.4 V. In 173 minutes the output voltage reached 134.5 V. At
time 238 minutes the output voltage became 134.7 V. Until the end of experiment at time 483 minutes the
output voltage was kept almost constant at the average value of 134.72 V. Figure 10 shows the corresponding
ouput current. From time 0 to 173 minutes the ouput current was almost constant at the average value of
3.36A. After that the current decreases until 0.7 A at time 483 minutes.
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Figure 9. Output voltage during battery charging Figure 10. Output current during battery charging

These experimental results may be analized using Lead acid battery model [6]-[7]. When approaching the full
State of Charge (SOC), internal resistance and temperature increase rapidly. This phenomena leads to the
decreasing rate of change of the voltage.

5. CONCLUSION

From the experimental results the following conclusion can be drawn. During the start up without
any load the output voltage of the developed buck DC-DC converter rises smoothly from 0 V to the steady
state value of 133.9 V. When it is suddently loaded the output voltage is well regulated while the output
current rises smoothly. The output current is always less than the current command which proves that the
peak current control works well. The prototype worked well when it was used to charge a LA battery string
whose capacity is 45Ah. It worked with charging strategy of constant current constant voltage bringing the
battery terminal voltage from 123.3 V to 134.72 V in total charging time of 483 minutes.
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