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Abstract—An already published current control strategy for the
coupled-inductor buck–boost converter is able to change its aim
from controlling the input current to controlling the output current, and vice versa, depending on the instantaneous operation
point and the applied current references. The main drawback of
the two PI-based control implementation is its slow response when
the control aim is changed from one current to the other. Due to the
magnetic coupling, the converter’s control-to-input and controlto-output current small signal transfer functions exhibit similar
first-order characteristics. Therefore, it is possible to transform
the previous control scheme to a PI-based one that exhibits faster
and, in certain cases, much faster transitions between input and
output current control operation. The presented experiments also
show that the steady-state behavior of the converter is unaffected
by the new control implementation.

Fig. 1. Schematic circuit diagram of the buck–boost converter with magnetically coupled inductors and damping network R d C d .
TABLE I
COMPONENTS OF THE BUCK–BOOST CONVERTER

Index Terms—Average current-mode control, fast control
response, input and output current control, noninverting buck–
boost converter.

I. INTRODUCTION
UEL cells are widely used in electric vehicle power supply
systems. A key component of these systems is the power
conditioning unit, which represents an interface between the
fuel cell and the load. The power conditioning unit has to be
designed such that it assures safe and reliable operation of the
fuel cell, while supplying sufficient power to the load.
The main issues for such electric vehicle power supply systems are abrupt load changes that might occur during their operation. Since fuel cells have slow dynamics, a sudden load change
can cause overload condition and lead to fuel starvation phenomena that are known for reducing the lifetime of fuel cells [1]. In
order to prevent these unwanted occurrences, auxiliary storage

F

devices (ASD) are used to compensate for high-frequency transients, and to protect the fuel cells. The inclusion of an ASD
within the power conditioning unit leads to a hybrid power supply system. There exist several different hybrid topologies [2].
Each of them requires at least two switching dc–dc converters
with different aims of control and protection functions. Since
these converters are used for interconnection of two components with different and in most cases even variable voltages,
buck–boost features are required. One possible solution for interconnecting all the components within a hybrid power supply
system is a noninverting buck–boost converter with coupledinductors, as proposed in [3] and shown in Fig. 1. The figure
depicts the unidirectional converter with an RC-type damping network, current sense amplifiers with a gain of Acs , current
sense resistors Rs , and coupled inductors with turns ratio of 1:1.
The nominal values of the buck–boost power stage components,
are listed in Table I. The main advantages of the converter are its
voltage step up and step down properties, high efficiency, and
its low input as well as output current ripple. By using damping
network and magnetically coupled inductors at the input and
output of the converter, right half-plane zeros are completely
eliminated in the boost mode of operation. Thus, system control
design becomes simpler and a wide control bandwidth is easily
achieved. Due to all the afore mentioned features, the noninverting buck–boost converter with coupled inductors represents
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a universal solution for all the power conversion and system
protection requirements of hybrid power supply systems.
While [3] proposes a control strategy in which the discussed
converter’s output voltage is controlled, [4] proposes a current
control strategy. Its main feature is changing the aim of control
from controlling the input current to controlling the output current and vice versa. This is achieved by transitions between two
control loops. Changing the aim of control is required or, at least
welcome, for converters used within several hybrid power supply systems. In parallel [5], or serial–parallel [2] hybrid topologies, the primary aim of the main converter in steady-state operation is controlling a certain output variable while transferring
energy from the fuel cell to the load. In case of a sudden load
change, the control aim of the main converter has to be immediately changed to controlling the input current. In order to protect
the fuel cell from an overload condition and gas-starvation phenomena, the aforementioned control loop transitions have to be
fast and smooth. This is not the case in [4], where a sudden
change from controlling the output current to controlling the input current is limited with slow transitions between the control
loops.
Transitions between two independent PI-controller based
control loops, such as presented in [4], are slow and unsmooth
because the controller in the nonactive loop winds up. There
are several approaches that could be taken for solving this issue.
One possible solution is precharging the capacitors of integrators
in control loops [6], while another solution could be clamping
of controller outputs, as presented in [7]. This letter presents a
completely different approach to achieve fast and smooth transitions between control loops. It is based on the similarity between
transfer functions of two current loops, and thus uses only one
PI-controller. The control scheme proposed in this letter is an
upgrade of the control scheme presented in [4], it is easier to
implement and achieve better dynamic behavior of the system
in comparison with its predecessor.
Section II of this letter presents the improved design of an
average current-mode control for a noninverting coupled inductor buck–boost dc–dc switching converter, which is followed
by experimental results in Section III. The experimental testing
focused on transitions between input and output current control
loops. Finally, the conclusions are drawn in Section IV.
II. IMPROVED INPUT AND OUTPUT CURRENT CONTROL OF
A COUPLED INDUCTOR BUCK–BOOST DC–DC
SWITCHING CONVERTER
The small-signal converter model and the small-signal transfer functions of the control-to-input-current in boost mode
Gi g d 1 (s), and in buck mode Gi g d 2 (s), as well as the controlto-output-current in boost mode Gi L d 1 (s) and buck mode
Gi L d 2 (s), have been provided in [4]. Where the current loop
compensators have been designed by following the average current control design guidelines given in [8]–[10].
The form of the second-order compensator transfer function
of both current loops is
Gc (s) = K
www.IranSwitching.ir

(τ2 s + 1)
s(τ1 s + 1)

(1)
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Fig. 2. Block diagram of the converter and the interaction between current
loops presented in [4]. îr L and îr g are the small-signal variations of the output
and input current references, respectively.

where the compensator parameters were selected as follows:
τ1 = 3.3 μs, τ2 = 33 μs, and K = K1 = 590 s/A for the inputcurrent loop and K = K2 = 1298 s/A for the output-current
loop. It is worth noting that the only difference between both
controllers is in the different values of K, which will be a key
factor for improving the control implementation. With these
parameters, the experimental phase margins are larger than 44◦
and the crossover frequency is above 8 kHz in both current
loops. The switching frequency fs being 100 kHz (Ts = 10μs).
A method for combining the two current loops such that, in
steady-state one of the currents is smaller than the reference
value while the other, controlled by the active loop, is equal to
the reference value, is described in [4] and depicted with a block
diagram in Fig. 2.
The dual PWM block presented in the Fig. 2 is generated
using the equations

0
if U < 1

(2)
d1 (t) =
u
(t) if U ≥ 1

u
(t) if U ≤ 1

d2 (t) =
(3)
0
if U > 1
where u(t) is a single-continuous control variable with a small
signal variation u
(t) and a steady-state value U , as extensively
described in [3], [4].
A simpler way of obtaining fast transitions between control
loops for this converter is to use only one PI controller, as
presented in Fig. 3. The new control exhibits the same smallsignal behavior as the one in [4], with an additional advantage
of faster transitions between control loops. This is achieved by
avoiding the integral windup in the nonactive loop that occurs

3650

Fig. 3. Block diagram of the converter and the interaction between current
loops proposed in this letter.
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Fig. 5. Proposed simplified circuital scheme of the input and output current
loop compensators of the block diagram illustrated in Fig. 3 by the buck–
boost converter presented in Fig. 1, and using the dual PWM scheme shown
in Fig. 4.

resistor R8 makes it possible to adjust the overlapping zone in
the buck–boost mode [3], [4]. The min block is realized using
a combination of diodes DA and DB with the sign inversion in
the dual PWM controller.
The steady-state relation between the measured current and
their references, are presented in the following equations

Fig. 4. Proposed simplified circuital scheme of the input and output current
loops’ compensators of the block diagram illustrated in Fig. 2.

Vir g = Vos +

Ig Acs Rs R2
R1

Vir L = Vos +

IL Acs Rs R2
.
R1

(4)

Fig. 5 presents a circuit diagram of the fast buck–boost controller that implements the block diagram illustrated in Fig. 3.
This controller uses the same dual PWM generator as the controller shown in Fig. 4. The operation of the new control circuit
is also similar to the one shown in Fig. 4, with one major difference that can be seen in using only one PI. The voltage drop
across DC is added to the voltage reference Vos in order to
compensate voltage drops on DA or DB . It must be noted that
a small signal analysis of the controller circuits shown in Figs.
4 and 5 would result in a small signal model that corresponds to
the block diagrams in Figs. 2 and 3, respectively.
III. EXPERIMENTAL RESULTS

with a two PI-based control, shown in Fig. 2. Since the minimum
(min) block is placed at the output of the two PI stages, the
integrator term of the open-loop controller tends to be saturated
and requires a large amount of time to recover its steady-state
operating point. In Fig. 3, the min block is placed at the input of
a unique PI stage that is always in one closed loop or another.
In this configuration, the alternation from one control objective
to another is perceived by the PI stage as any other perturbation
in the system causing changes in its input error signal.
Fig. 4 shows the circuit diagram of the buck–boost controller
that implements the block diagram illustrated in Fig. 2. The
dual PWM controller integrated circuit TL1451A generates the
switch activation signals u1 (t) and u2 (t). The triangular signal
oscillator is adjusted to a frequency of 100 kHz, an amplitude
of Vpp = 0.7 V, and a dc offset of 1.4 V. Therefore, the forward
voltage drop of DC must be approximately Vpp in order to obtain
the control signals vc1 and vc2 , as shown in Fig. 4. The variable
www.IranSwitching.ir

A prototype of the noninverting coupled-inductor buck–boost
converter with input and output current controllers was developed and tested in order to validate the controllers presented
in the previous section. Fig. 6 shows the experimental setup for
measuring the time delays during the alternations between loops
of both control schemes.
The time delays are defined as the interval between a change
in the current reference that causes a loop alternation and the
time instant in which the controlled current reaches its new
steady state. In Fig. 7, the experimental characteristic of the
transitions between current loops using two PI controllers are
presented, while Fig. 8 shows the same experiments, using the
improved fast current control with only one PI, as presented in
Fig. 5. In Figs. 7(a), 7(b), 8(a), and 8(b), the converter operates
in the boost mode while in the other figures it is in the buck
mode. For both the original and the improved control cases it
can be observed in the figures labeled as (a) and (c) that the
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Fig. 6. Experimental configuration for testing the transitions between the
control loops: (a) dc power supply of the input voltage v g , (b) input current
reference signal generator, (c) output current reference signal, (d) oscilloscope,
(e) buck–boost converter, (c) buck–boost current control, (g) dc power supply,
and (h) dc electronic load in constant voltage mode in parallel with g in order
to emulate a voltage source-like load.
TABLE II
TIME DELAYS AT TRANSITIONS BETWEEN CONTROL LOOPS

input current is able to follow a 4 kHz triangular reference,
while in the ones labeled as (b) and (d) it is the output current
that follows this reference. Figs. 7 and 8 also present the details
of the step-down transition of the system currents after the corresponding alternation between control loops. Time delays of
the experiments are summarized in Table II. The table clearly
shows that the proposed control with one PI controller achieves
faster transitions during all modes of operation, in comparison
with the two PI-based control scheme proposed in [4].
Since the average current control is bandwidth limited and
does not provide cycle-by-cycle error suppression, the improved
implementation exhibits significant undershoots in some cases.
These undershoots where not evident in the original implementation, in part due to much slower transitions, and also because
slightly larger step changes have been demanded from the improved system. For instance, in Fig. 8(c) the output current
changes abruptly from a triangular 4-kHz shape centered at
about 14 A to a continuous one centered at 2 A, while the corresponding values in Fig. 7(c) are about 12 and 3.5 A. Since
the mean current value in the improved case is closer to zero,
there is even some discontinuous conduction mode during the
transient state in Fig. 8(c). For a hybrid power supply system,
in which the improved current loop is used in combination with
an outer voltage loop with smaller bandwidth, we believe that
the larger undershoots will be less noticeable and will not significantly affect the voltage regulation, as it was the case when
using the originalmethod.
www.IranSwitching.ir

Fig. 7. Transitions between current control loops using two different input
references. The first reference is a 4 kHz triangular waveform to ensure variations in the average value of one of the currents and the second reference is
a 100 Hz square waveform that provides variations in the other current. Boost
mode with V g = 32 V, V o = 48 V: (a) triangular waveform in v i r g and square
waveform in v i r L and (b) square waveform in v i r g and triangular waveform in
v i r L . Buck mode with V g = 48 V, V o = 24 V: (c) triangular waveform in v i r g
and square waveform in v i r L and (d) square waveform in v i r g and triangular
waveform in v i r L .
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IV. CONCLUSION
An improved version of the current control scheme for
the noninverting coupled-inductor buck–boost dc–dc switching converter was proposed and tested. With this novel fast
scheme, the control system is able to switch from controlling
the converter input current to controlling its output current and
vice versa, in a shorter period of time. The experimental results
showed a reduction in the duration of transient states at the transitions between control loops by a factor of 3 up to 48 times.
Usage of the proposed control scheme ensures much better protection of the systems’ components and, therefore, represents
a successful step toward finding universal solution for power
conditioning units within hybrid power supply systems.
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Fig. 8. Fast transitions between current control loops using two different input
references. The experimental conditions, and the figures and variables plotted
are the same as in Fig. 7.
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