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ABSTRACT: As power consumption of portable electronic equipment rapidly increases; the need of chargers using
fuel cell which has higher energy density than that of secondary battery is raised. Most chargers developed so far are
mainly buck-type converters, however, if fuel cell is used the battery should be charged with an increased voltage level
through boost-type converter. In addition, unlike resistive load if batteries are controlled by general method, they
induce large ripple current and have bad influence on the efficiency and life cycle of the batteries. Therefore, the
selection of appropriate topology and control method is very important. In this paper a method of control for portable
fuel-cell charger using small PEM (Proton Exchange Membrane) fuel cell stack and Cuk converter is proposed and the
feasibility of it is verified through the experiments.
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I.INTRODUCTION

As power consumption of portable electronic equipment rapidly increases, the need of chargers using fuel-cell which
has higher energy density than that of secondary battery is raised. In the future, tiny fuel cells can potentially replace
batteries in the next generation of portable electronics, such as laptop computers due to their high energy density and
longer operation time. A compact methanol cartridge can be developed into a fuel cell package that can power
electronic devices for three to five times longer than conventional batteries, though they can be accommodated in
containers of the same size and weight. Such systems can be recharged by simply refilling the fuel cartridges, and
existing research shows these fuel cells to be more environmentally friendly.

Most chargers developed so far are of On-Grid method and have decreasing voltage level by the buck-type converter
with a rectifier and a filter capacitor [1-2]. However, if fuel cell is used, the battery often need to be charged increasing
voltage level through boost-type converter due to the inherent low voltage characteristics of the fuel cell [3].1t may be
possible to use a buck-type converter with transformer. However, since chargers used for portable electronic equipment
require miniaturization, a boost-type non-isolated converter can be selected as an appropriate topology. Unlike the pure
resistive load, since Lithium-Polymer batteries have a huge capacitance and a small resistance inside, when they are
charged by a non-isolated topology such as boost converter, higher value of the ripple current may flow through the
battery depending on the impedance of the battery and the output capacitor. It is also well known that the large ripple
current may cause a bad influence on the efficiency and life cycle of the batteries [4].

Cuk converter includes an inductor at the output like the buck converter, but unlike the boost converter, continuous
current flows in the output [5]. Also, Cuk Converter allows stepping up the voltage by varying the duty ratio of the
switch, thus it is suitable for the charge converter applications for the fuel cell.

In this paper control of the portable fuel cell charger using a fuel cell stack and a non-isolated Cuk converter is
described and frequency characteristics of the Cuk converter is analyzed by the state-space modeling technique
considering equivalent impedance of the battery. The battery is charged through the constant current mode (CCM) and
constant voltage mode (CVM) by the dual control loop, which controls both the converter output voltage through an
outer control loop and its input control through an inner control loop. The developed charger and its control algorithm
will be verified through CCM/CVM charge by the experiments, respectively.
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Il. CHARACTERISTICS OF LITHIUM POLYMER BATTERY AND EQUIVALENT IMPEDANCE MODEL

A. Charging Method for the Lithium Polymer Battery

The general characteristic of a lithium polymer battery is as shown in Table I. The final discharge voltage is 3V per cell
and a maximum voltage after full charge is in between 4.1V to 4.3V per cell. Typically it is charged by using CC
(Constant Current) mode in the initial stage. When the battery voltage reaches to the full voltage, CV (Constant
Voltage) mode is then used [6]. In CC Mode, the battery is charged with 1C-rate permitted by the manufacturer and the
battery's voltage rises in this stage. When the terminal voltage of the battery reaches to the maximum level, the charger
changes its mode to CV mode and the charge current is exponentially decreased and the voltage maintains at a constant
value.

B. Equivalent Impedance Model of the Lithium Polymer Battery

To design a charge system for the lithium polymer battery, it is required to get an equivalent impedance model of the
Li-Polymer battery.

TABLEI
THE GENERAL CHARACTERISTICS OF THE LITHIUM-POLYMER BATTERY
Final Nominal Maximum
Discharge Voltage Voltage at | Charge
Voltage [V/ce?l] Full Charge | Method
[Vicell] [Vicell]
3.0 3.6 4.1~4.3 ccicv
CONSTANT CONSTANT
100 CURRENT VOLTAGE -
CHARGE |
DELIVERED
(%] I
0 |
CELL 42 '
VOLTAGE 3.8 I
v 30 |
Crate—
CHARGE I
RATE [
[Cl |
; | i i i
0 1 TIME[HRS] 2

Fig. 1. CC/CV mode charge profile of the lithium-polymer battery

Fig. 2. Equivalent impedance model of the lithium-polymer battery

Many equivalent circuit models exist for the lithium polymer battery. However, in this study, the model was simply
developed as the modified Randle model by a series resistance, capacitance and an equivalent voltage source as shown
in Fig. 2 [7]. The initial voltage of the Cb is 0 and VDC represents an initial voltage of the lithium polymer battery. The
lithium polymer battery used in this study is AL3N5548135C-R-PCM by Exa Energy of which nominal capacity is
4000mAh, nominal voltage 11.1V, lower limit of the discharge voltage 9.0V, and higher limit of the charge voltage
12.6V.
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The capacitance Cb of the equivalence circuit model can be calculated from Q=CV equation. In this study, the
capacitance value of the battery was calculated as 4,000F as (1).

Q 4.0[A]x3600[s]
:V:m:4,OOO[F] 1)

The series resistance Rb may be drawn from the time constant t and capacity Cb, both from the real battery's CV Mode
current profile. In this study, the time constant was calculated as 1,834 seconds and the series resistance Rb as 460m¢
as shown in (2).
T 1834
=—=""—=460{mQ 2
Ro C, 4000 [me] @

4[A]x(1-63.2%)

___________________________________________________________

—
i T=1834[sec] .
1000 2000 3000 4000 5000 6000 7000

Fig. 3. Charge current profile in CC/CV mode

I11. MODELING OF THE CUK CONVERTER CONSIDERING BATTERY IMPEDANCE

In this study, a state space averaging method was employed for the modeling of the Cuk converter taking into account
the internal impedance of the battery. Fig. 4 shows the Cuk converter including equivalent impedance of the battery and
the state equations of the converter can be simply described in a matrix form as (3).

%= Ax(t)+Bu(t) y =Cx(t)+Eu(t) €))

State variables at this time are the inductor current and capacitor voltage. Typically, the state equation for the Cuk
converter with pure resistive load has more than 4 variables [8-9], but there are 5 state variables in total when the
equivalence impedance of the battery is considered. Therefore, a state vector is equivalent to

x(t) = [ (t)va (£)iz ()va (t)vp (1) ], input vector u(t) = vg (t)vpe (t)]' . and output vector y(t) =i (t)vo (t)]' -

i~ 6 O L i
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Fig. 4. Circuit diagram of the Cuk converter including battery impedance

+ = |

v
+

Copyright to IJAREEIE WwWw.ijareeie.com 1657


http://www.ijareeie.com/

ISSN (Print) : 2320 — 3765
ISSN (Online): 2278 — 8875

International Journal of Advanced Research in Electrical, Electronics and Instrumentation Engineering
Vol. 2, Issue 5, May 2013

Fig. 5. Equivalent circuit of the Cuk converter (a) during switch ON (b) during switch OFF

TABLE I
SPECIFICATION FOR THE CUK CONVERTER
Output 60 [W]

Input Voltage 6~9[V]
Output Voltage 12.6 [V]
Switching Frequency 30 [kHZz]
Input Inductor, L1 209 [uH]
Input Inductor, L2 372 [uH]
Transfer Capacitor, C1 4000 [pF]
Output Capacitor, C2 440 [pF]
Battery Capacitor, Cb 4000[F]
Battery Resistance Rb 460[mQ]

The coefficient matrix of the state equation (A, B, C and E) can be derived by averaging the state equation at each state
when the switch is on and off. Thus, the small signal model may be drawn from the state equation as (4).

0 D 0 0 0 M1 T
L o0
D' D v,/
0 et 0 0 i |0 0 /L
C1 C1 Al (|2_|1)/C1
Y, (t) R, /L,

di®) |, _(2R+R)D -RR /L, -RI/L RJL Lo |+ 0 (F22+Rb)[\75(t)}+ (2R + RV, iv @

dt L(R,+R,) (R,+R,) (R, +R,) (R,+R)) o) ; e, L (R, +R,)

R,/C -1/c,  -1/C 0
0 0 b > 2 2 |y R, +R
(R,+R) (R1R) (R +R)|%D ( 21/cb) I 0 |
- b
0 0 -R,/C, -1/C, -1/C, RR)

(R,+R,) (R,*+R,) (R, +R)) - -

In the equation (4), values expressed in “*” refer to as a small AC variation near the fixed operating point. Equation (4)
at this time includes three independent input vectors: input voltage v (t), equivalent voltage source of the battery

Vpc (t), and duly ratio &(t). However, since the frequency of the variation in the input voltage and the equivalent

voltage source of the battery are far lower than that of the switching frequency, equation (5) can be derived from
equation (4) by assuming that the small AC variation is equal to zero.
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0 — 0 0 0
L
D 0 b 0 0 i (t) Vi/L
= C N (1, -1)/C
@0 |, _(2R+R)D -RR /L -RI/L, RIL ‘I’lg; L @RARN G
dt B2, L(R,+R,) (R, +R)) (R,+R,) (R,+R,) \72('[) L (R, +R,)
. . R/C,  AIC,  AIC, || o 0
(R,+R)) (R,+R,) (R,+Ry)[-" | 0 |
. . R,/C, -1/C, -1/C,
| (R, +R,) (R,+R,) (R,+R,)]

Equation (6) and (7) show the input current control transfer function, Gid and output voltage control transfer function,
Gvd, respectively. Both can be derived by Laplace transforming the state equation (5) and applying the parameter
values in the Table 1.

I5(s) ayst +ags® +a,52 +as+ay
G =%—=——F—""7 735 > (6)
d(s) €55 +C4S" +C35° +C8° + S+ Cp
where, a, = 28.433x10°%,a; =1.38x10%,a, =1.89x10', 3 = 6.65x10"3,a, = 2.09x10°
C5 =1,c4 = 4.62x10%,c3 =6.25x10°%, ¢, = 2x10%,¢; = 7.28x10%, ¢ =3.87x10°
Gus (5) = 0 bys? +bgs® +bys? +Iys + by @
d = ~ =
v d(s) css® +cy5t +c550 + 82 + 0S4+
where, b, =14.89,b; = 2.33x10" b, = -1.10x10% by = 9.02x10'2 b, = 4.80x10°

In order to verify the derived transfer functions in (6) and (7) AC sweep was performed on the model of the system by
PSIM and the resulting Bode plots were compared with the Bode plots drawn by the Matlab. As can be seen in Fig. 6
through Fig. 9 that the results for the current control transfer function and voltage control transfer function are well
matched thereby proving that the derived functions are correct.Fig. 10 shows the pole-zero maps for the current control
transfer function. A current control transfer function is a 5th order system that includes 5 poles and 4 zeroes, and has
one resonant frequency due to a pole pair.As seen in the Fig. 10, current control transfer function is the minimum-phase
system having all the poles and zeroes in the left-half plane and it has enough phase margin.Fig. 11 indicates a pole-
zero map of the voltage control transfer function. Like the current control transfer function, it is also a 5th order system
that includes 5 poles and 4 zeroes, but has 2 resonant frequencies due to a pair of poles and a pair of zeroes. Since it isa
non-minimum phase system with a pair of zeroes located in the right-half plane, it has no phase margin [10], [11].

Bode Diagram
T H

F
[=]
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Fig. 6. Bode plot of the current control transfer function (Matlab)
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Fig. 7. AC Sweep of the current control transfer function (PSIM)
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IV. DESIGN OF THE CHARGER CONTROLLER

In this study, a double control loop is used for the charge controller. It consists of an inner loop for the current control
and outer loop for the voltage control as shown in Fig. 12. Such double control has an advantage that it is not required
to implement the controllers for each charge mode (CC and CV), respectively, thereby making the control algorithm
simple.

In the outer voltage control loop, reference voltage, nominal voltage of the battery pack, is compared to the voltage
feedback and creates current reference for the current control. At this time, the current reference is limited so that the
charge current does not exceed an allowed charge current value (1C-rate in this case). The reference current command
from the voltage controller is then compared to the feedback of the inductor current to generate the current error and it
is used for the current controller to adjust the duty of the switch through the comparator. At this time, a closed-loop
transfer function for the current control can be expressed by (8) and the closed-loop voltage transfer function that
includes current control can be expressed by (9) [12].

Ti(8) = Gic x1/ Vi xGjg x H; ®)

):GchGic x1/Vpy xGyg xHy

T, (s
v 1+T,

©)

Where, Gic is the current controller gain, Hi is the current feedback gain, 1/V,,is the comparator gain, Gvc is the
voltage controller gain and Hv is the voltage feedback gain.

A. Design of the Current Controller for CC Charge

Fig. 13 shows the design process of the inner loop for the input current control with Bode plot by using Matlab. As
shown in Fig. 12, since the transfer function for the input current is the minimum-phase system with enough phase
margins, a controller with 2-pole/1-zero was used to reduce the steady-state error by increasing the DC gain to enhance
the dynamic performance of the system by selecting a suitable crossover frequency.

The equation (10) and Table Ill show the transfer function of the inner control-loop and its parameter values. A
crossover frequency was selected at 6kHz, one-fifth of the switching frequency. It can be seen in the Fig. 9 that the DC
gain of the closed-loop transfer function has been largely increased, thereby reducing the steady-state error.

Gie(5) = L+ sGR, (10)

s(Cl+C2)R1{1+s(ClC1+C(2:2) Rz}

Also, the slope of the closed-loop transfer function at crossover frequency is -20dB/dec. Upon compensation, the phase
margin is 60 degrees and the gain margin is more than 50dB, both of which indicate that the controller has been
designed appropriately.

B. Design of the Voltage Controller for CV Charge

As abovementioned, a voltage control transfer function is a non-minimum phase system having additional phase delays
due to the right-half-plane (RHP) zeroes. Accordingly, a crossover frequency is limited by a third of the RHP zero
frequency in order to guarantee the stable operation of the converter and thus the dynamic characteristics of the
converter becomes poor. However, it is not important because the dynamic characteristic of the converter is not a
critical factor for the battery charge application.

Therefore, 1-pole/1-zero controller is used for the voltage controller to increase the DC gain of the voltage control loop
in the low frequency regime since it has a pole at the origin. The equation (11) and Table IV are the transfer function
and parameter values of the voltage controller. Fig. 9 shows the design process of the outer loop for the output voltage
control with Bode plot by using Matlab. The crossover frequency of the closed loop transfer function is 15Hz, one-
sixths of the frequency of the left half plane zero. As can be seen in the Fig. 14, the phase margin and gain margin of
the closed loop transfer function is 80 degree and 30dB respectively, both of which indicate that the controller has been
designed to guarantee the stable operation of the charge system.

Gye(5) = (1+SCR, ) 1 SCIR, (11)
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TABLE Il
PARAMETERS OF THE 2P-1Z CONTROLLER FOR THE
INNER CONTROL LOOP

R1 10 [kQ]

R2 43.29 [kQ]

c1 2.29 [uF]

c2 0.18 [nF]
TABLE IV

PARAMETERS OF THE 1P-1Z CONTROLLER FOR THE
OUTER VOLTAGE CONTROL LOOP

R1 10 [kQ]
R2 500 [Q]
c1 0.2 [uF]
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Fig. 10. Pole-zero map of the current control transfer function
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Fig. 12. Block diagram of the dual loop charge controller
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Copyright to IJAREEIE WwWw.ijareeie.com 1664


http://www.ijareeie.com/

ISSN (Print) : 2320 — 3765
ISSN (Online): 2278 — 8875

International Journal of Advanced Research in Electrical, Electronics and Instrumentation Engineering
Vol. 2, Issue 5, May 2013

C START B

L4
Measure Input Current, |,
Measure Output Voltage, V,
¥

I Calculate Voltage Error, V...=V,er-Vik l
¥

I Pl Voltage Controller, | ¢
¥

I Input Current Limiter
v

Update Variables I
¥
Calculate Current Error, l.«=leor-lx |

¥

Type2 Current Controller, I,

|

|

| ¥

I Duty Limiter
|

|

¥
Update Variables
v
Compensator, d

Yes

In Operation?

No
END D

Fig. 15. Flow chart of the control algorithm

V. EXPERIMENT AND CONSIDERATION

To verify the validity of the proposed charge algorithm, an experiment was conducted. The microprocessor used in this
experiment is TMS320F28335, Digital Signal Processor by TI.

Fig. 15 shows the flow chart of the control algorithm implemented in the DSP. To detect current, LA55-P, current
transducer from LEM, was used, while voltage was detected by a differential amplifier circuit due to the inverse
polarity of the output voltage. Also, in order to convert the analogue controller designed above into digital form,
bilinear transformation was used and the results are shown in (12) and (13).

3.2909 + 0948471 —2.3425772
1-0.5979z 71 ~0.4021772

Gic(2) = (12)
0.0583-0.0417z1

Crel2)= 1-771

(13)

A data logging system was implemented by using LabVIEW software and PCI-6154 data acquisition board from
National Instruments to record the charge profile. In the constant current mode charge, the battery needs to be charged
with 1C-rate current, 4A in this case. The maximum charge voltage for the battery is 12.6V and the minimum discharge
voltage is 9V. The charge profile obtained during which a lithium polymer battery was charged from a small PEM fuel
cell stack by using the developed charger is shown in the Fig. 16. During the CC mode charge, output current of the
converter is controlled at 4A. The battery voltage at this time gradually increases until it reaches to the output voltage
reference (12.6V, maximum charge voltage) as shown in the Fig. 16. When the battery voltage reaches to the reference
voltage, the controller automatically transfers its charge mode to CV mode, in which the charge current is exponentially
reduced, while its voltage is consistently maintained at 12.6V.
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Fig. 16. Experimental results of the charge profile of the lithium-polymer battery using Cuk converter
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As was seen in the experimental results, CC and CV mode charge was performed successfully, thereby verifying the
stable operation of the charger and its control algorithm. Fig. 17 shows the waveforms of the input current to the
converter from the PEM fuel cell stack and the charge current to the battery in the CC mode, respectively. As shown in
the Figure 17, input current has 30 kHz switching ripple and the magnitude of the battery current ripple is
approximately 100mA, which is less than 3% ripple ratio, and it satisfies the current ripple requirements for the battery.

V1. CONCLUSION

In this study, a portable fuel cell charger was designed by using a small PEM fuel cell stack and a Cuk converter. To
charge the battery in CC/CV modes, current and voltage were controlled by a single control loop, simplifying the
software, and its feasibility was verified through the experiments. The developed charger can be used for the boost
charge application using fuel cells.
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