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1. Introduction

The basic converter is shown in Fig. 1 [1] and consists of an
inductor L, an inductor LB , a capacitor C, an active switch S and
a passive switch D. The positive pole of the output voltage is the
cathode of the diode. The battery is modelled by a voltage source
UB . Due to the additional capacitor C and the additional inductor
L, the classical converter, which is only a step-down converter, is
transferred into a step-up-down converter. The mean value of the
output voltage U2 , with the duty ratio of the active switch d (the
on-time of the active switch referred to the switching period) and
neglecting the losses is

. (1)

The converter is a step-up step-down converter, which also
enables us to drive a DC motor in one direction (one-quadrant
drive), controlled braking is not possible with this circuit. For
other concepts, control applications, and detail about the electrical
machine refer to the references [2] till [7]. 
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2. Basic analysis

The basic analysis has to be done with idealized components
(that means no parasitic resistors, no switching losses) and for the
continuous mode in steady (stationary) state. A good way to start
is to consider the voltage across the inductors.

Since for the stationary case the absolute values of the voltage-
time-areas of the inductors have to be equal (the voltage across the
inductor has to be zero in the average), we can easily draw the
shapes according to Figs. 2 and 3. (Here the capacitor is assumed
to be so large that the voltage can be regarded constant during
a pulse period.) 
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Figure 2 shows the current through and the voltage across
inductor L. The current rate of rise of course depends on the values
of L and U1. Figure 3 shows the current through and the voltage
across inductor LB . Based on the equality of the voltage-time-areas
in the stationary case, it is easy to give the transformation rela-
tionship for the battery voltage UB as a function of the input
voltage U1 and the duty ratio d. From Fig. 3 we get

(2)

and from Fig. 2

. (3)

After a few steps we get the voltage transformation law
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Figure 4 shows the voltage transformation factor 

(the ratio of mean value of the output voltage of the converter to
input voltage) which is dependant on the duty cycle d. The con-
verter is a step-up-down converter.

In the same manner a relationship for the currents through
the inductors can be derived based on the equality of the absolute
values of the current-time-areas of the capacitor during on- and off-
times of the active switch. From Fig. 5, which shows the current
through the capacitor C, we get

, (5)
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Fig. 3 Voltage across and current through the inductor LB

Fig. 5 Current through the capacitor C

Fig. 6 Voltage across and current through the switch SFig. 4 Voltage transformation factor in dependence on the duty cycle
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From the schematic Fig. 1 one can immediately see that the
current through the semiconductor devices is the sum of the induc-
tor currents iL and iLB (through the switch S during Ton � d � T
through the diode D during Toff � (1 � d) � T. Therefore, the current
maximum values for the semiconductor devices are approximately

. (7)

Figure 6 shows the current through the active switch and Fig.
7 through the passive switch (diode).

From Fig. 6 one can see that the correct current through the
switch S is 

(8)

The rms values are important for the calculation of the on-
state losses. One can calculate the exact rms value for switch S
according to

. (9)

After a few steps we get the exact rms value for the switch S to

. (10)

The current rms value in the middle for the transistor S with
the current mean value of the inductors is approximately

. (11)

The conduction losses for the switch S with RDS(on) as on-resis-
tance of the transistor S can be calculated according to

. (12)

After a few steps we get for the conduction losses of the active
switch S
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The conduction losses of transistor S with (11) are approxi-
mately

, (14)

which could be supplemented by the current ripple by using the
exact equation (10).

From Fig. 7 one can see that the current through the passive
switch D is 

. (15)

Therefore, one can calculate the exact rms value for diode D
according to 

. (16)

After a few steps we get the exact rms value for the diode
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Fig. 7 Voltage across and current through the diode D
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The current rms value in the middle for the diode D with the
current mean value of the inductors is approximately

. (18)

The conduction losses for the diode D with RD as differential
resistor of the diode and UVD as the fixed forward voltage can be
calculated according to

. (19)

After a few steps we get the conduction losses for the passive
switch D

. (20)

The conduction losses of diode D with (18) are approximately

, (21)

which omits the current ripple.

So one can calculate the total conduction losses according to

. (22)

We can calculate a rough approximation of the total conduc-
tion losses according to (22) and get 

. (23)

One can calculate the efficiency of the converter (taking only
the semiconductor conduction losses into account) according to
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It is therefore easy to calculate a rough approximation of the
efficiency of the converter for continuous operation mode and we
get

.(25)

3. Converter model

The state variables are the inductor current iL, the charging
inductor current iLB , and the capacitor voltage uC . The input vari-
ables are the input voltage u1 and the voltage uB . The fixed forward
voltage of the diode (the diode is modelled as a fixed forward
voltage UVD and an additional voltage drop depending on the dif-
ferential resistor of the diode RD) is included as an additional
vector. The parasitic resistances are the on-resistance of the active
switch RS , the series resistance of the converter coil RL, the series
resistance of the charging coil RLB , the series resistor of the capac-
itor RC , and the differential resistor of the diode RD .

In continuous inductor current mode there are two states. In
state one the active switch is turned on and the passive switch is
turned off. Figure 8 shows this switching state one.

The state space equations are now
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Fig. 8 Equivalent circuit for state one of the converter
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leading to the state space description

In state two the active switch is turned off and the passive
switch is turned on. Figure 9 shows this switching state two.

The describing equations are

(30)
dt
di

L
i R R R i R U u

L L L C D LB D VD C$ $
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- + + - - -_ i

(31)

(32)

leading to the state space description (33)
When using two active switches in push-pull mode (a second

active switch instead of the diode), the diode is shunted and UVD

can be set to zero. RD is then the on-resistance of the second switch.
Combining the two systems by the state-space averaging method
leads to a model, which describes the converter in the mean. We
can combine these two sets of equations, providing that the system
time constants are large compared to the switching period.

Weighed by the duty ratio, the combination of the two sets
yields to (34)

The dynamic behavior of the idealized converter is described
correctly in the average by the given system of equations, thus
quickly giving us a general view of the dynamic behavior of the con-
verter. The superimposed ripple (which appears very pronounced
in the coils) is of no importance for qualifying the dynamic behav-
ior. This model is also appropriate as large-signal model, because no
limitations with respect to the signal values have been made.
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Fig. 9 Equivalent circuit for state two of the converter
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Linearizing this system around the operating point enables us
to calculate transfer functions for constructing Bode plots.

The weighed matrix differential equation representing the dyna-
mic behavior of the converter is a nonlinear one. A linearization is
necessary to use the possibilities of the linear control theory. We
can calculate the linearized small signal model of the converter with
capital letters for the operating point values and small letters for
the disturbance around the operating point

. (35)

The following equations can be specified for the stationary
(working point) values 

(36)

(37)

. (38)

The same results as derived from the section basic analysis
can be achieved in the ideal case (assuming ideal devices with no
losses)
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One can calculate the linearized small signal model of the
converter according to (eq. 42)

4. Experimental model of the converter

A small converter model was built. The coils L and LB have
about 43 μH and a resistor of about 5.6 mΩ, the capacitor  (imple-
mented with an electrolyte capacitor and a film capacitor) has
about 100 μF and a resistor of about 21mΩ. A pulse capacitor is
shunted parallel to the electrolyte capacitor for the high frequency
component of the capacitor current. The diode has a current rating
of 30 A, a differential on-resistance of 30mΩ, and a forward voltage
of 730 mV. The transistor can carry a current of 26 mΩ at a maxi-
mum drain source voltage of 100 V. The on-resistance is 26 mV.

Figure 10 shows the control signal of the active switch for
a duty cycle of 50% (generated by the arbitrary pulse generator),
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Fig. 10 Gate-source voltage (blue) of the active switch by a duty 
cycle of 50%, measurement signal of the LEM current sensor
(turquoise) and current through the inductor LB measured 

by a current probe (green)
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which is measured at the active switch (blue), the measurement
signal of a LEM current sensor (turquoise and triangular shaped)
and the current through the inductor LB (green and triangular
shaped). 

5. Two-point control

The two-point control is another control method for control-
ling the output current of the battery charger. In comparison with
the pulse width modulation, the two-point control operates with
variable periodic time as well as with variable pulse width. The
activation and deactivation of the active switch depends on the
instantaneous values of the current to be controlled. The active
switch has to be turned off when the current reaches the upper
limit and has to be turned on again when the current reaches the
lower limit. The difference between the switching points is called
hysteresis.

Figure 11 shows the non-inverting Schmitt-trigger. The paral-
lel positive feedback creates the needed hysteresis. The hysteresis
voltage is controlled by the proportion between the resistances of
R1 and R2. The resistor R1 can be calculated from resistor R2 ,
upper threshold voltage uT�, lower threshold voltage uT�, higher
supply voltage usat� and lower supply voltage usat� according to

. (43)

The inverting input makes the reference point. The reference
voltage is obtained from the voltage divider R3 and R4 . One can
calculate the offset voltage uV according to 

. (44)

The resistor R4 can be calculated from resistor R3, offset voltage
uV and supply voltage usat according to
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6. Results of two-point control

A DC-DC converter with two-point control and current mea-
surement was built for the evaluation of the two-point control in
the circuit.

Figure 12 shows the concept. The DC-DC converter with par-
asitic resistances of the components and fixed forward voltage of
the diode as well as the two-point control and current measure-
ment are indicated. A so-called “shunt resistor” RS is indicated for
the current measurement. A LEM-current sensor in series with the
output inductor is used in the real circuit for current sensing.
A driver stage is used in order to turn on or block the MOSFET as
quickly as possible.

The circuit of the non-inverting Schmitt-trigger is dimensioned
so that the upper threshold voltage uT� is and the lower threshold
voltage uT� is 2.2 V. The offset voltage uV is 2.4 Vin this case. The
supply voltage of the LEM-converter and the gate driver is 10
V. The input voltage of the converter can be up to 36 V.

Figure 13 shows that the control signal (orange) turns to
“high”, when the measurement signal of the LEM current sensor
(red) reaches the lower threshold and it turns to “low”, when the
measurement signal of the LEM current sensor reaches the upper
threshold. The on-time is 6 μs and the off-time is 17 μs. This cor-
responds to a frequency of 59 kHz.Fig. 11 Non-inverting Schmitt-trigger

Fig. 12 Converter with two-point control and current measurement

Fig. 13 Measurement signal of the LEM current sensor (red), hysteresis
(blue), offset voltage (green) and gate-source voltage (orange)
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Figure 14 shows the measurement signal of the LEM current
sensor (turquoise), the hysteresis (pink), the current through the
inductor LB (green) and the gate-source voltage (blue). From Fig.
10 one can immediately see that the current through the inductor

LB (green) is between –2.2 A and 3.3 V. With the two-point
control, the current through the inductor LB (green) is limited
between 0.2 A to 1.4 A now. 

7. Conclusion

Battery chargers are very important, especially for low and
medium voltages and low and medium power (e.g. handhelds, cars
[8], solar applications [9]). The here treated converter is similar
to the basic step-down converter. Due to a simple LC element
which is added, the converter generates now a mean voltage across
the diode, which can be higher or lower than the input voltage.
This is especially useful when only low input voltages are avail-
able. The system can be described as a three order system. A two-
point control with a non-inverting two-point controller is useful to
control the output voltage or output current. In this way, the active
switch is turned on and off. Therefore, it is possible to keep the
load current iLB in a defined range by stopping the rise of the coil
current via the active switch. The converter is especially applica-
ble for solar and small fuel cell applications. It can be designed
also for medium power applications e.g. for charging car batteries
out of a solar generator.

Fig. 14 Measurement signal of the LEM current sensor (turquoise), 
hysteresis (pink), current through the inductor LB (green) 

and gate-source voltage (blue)
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