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Abstract — In recent years, due to the exponential
increase in the use of electric vehicles and microgrids,
many studies have been conducted on bidirectional
converters. However, laboratories are not always able
to validate the bidirectionality results due to cost and
complexity. Then, in this paper a new didactic platform
to prove the bidirectional power flux in bidirectional
power converters is presented. This platform works
alongside with the control system to ensure a current
injection and guarantee the power flux reversion in
bidirectional converters. Besides that, also are presented
the principle of operation, control system, mathematical
modeling and instrumentation system. Finally, to validate
the theoretical analysis the simulation and experimental
results are presented proving the bidirectionality of two
power converters working in 500 W.
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NOMENCLATURE
\%3 Low voltage bus.
Vi High voltage bus.
Ry Resistance load.
Dy Auxiliary diode.
Rauy; Auxiliary resistance.
Saux Auxiliary switch.
Voux Auxiliary voltage source.
Vesaux Gate-Source voltage.
ix Current through an element x.
Ci(s) Transfer function of a compensator x.
H(s) Transfer function of a x sensor.
fL(s) Inductor current transfer function.
On(s) High voltage side transfer function.
d s) Duty cycle transfer function.
K, Gain x.
CCL Current control loop.
VCL Voltage control loop.
DSP Digital signal processor.
A/D Analog-to-Digital converter.
Fy Switching frequency.
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s Complex analog variable.
Digital complex variable.
Ta A/D converter sampling period.

N

I. INTRODUCTION

In the last few years, due to the increasing number of
devices connected to renewable and clean energy sources,
the use of DC-DC bidirectional power converters has been
growing exponentially [1]-[3]. The bidirectional nature of
these converters allows for power flow in two directions:
from the energy source to the storage system (charging mode)
and from the storage system back to the source (discharging
mode). This bidirectional functionality is essential in various
applications, including electric vehicles, uninterruptible power
sources and microgrids, as it facilitates energy management,
power quality control, and grid integration [4]—[6].

In electric vehicles, bidirectional converters are essential
for ensuring efficient energy transfer between the vehicle’s
battery and electric devices. They enable the conversion of
stored energy in the battery to power the motors and supply
energy to the vehicle’s electrical systems. Additionally, during
deceleration or braking, bidirectional converters allow the
recovery of generated kinetic energy [7], converting it back
into electrical energy and directing it back to the battery,
thereby helping to extend the vehicle’s autonomy.

In the context of uninterruptible power sources,
bidirectional converters are used to provide continuous
and reliable power during electricity outages [8], [9]. They
allow the energy stored in storage systems, such as batteries
or capacitor banks, to be converted and made available to
power critical devices during grid disruptions. This ensures
that essential equipment and systems can continue operating
without interruption, even when there is a lack of grid power.

Furthermore, in the realm of DC microgrids, bidirectional
converters play a fundamental role in the efficient distribution
of power in DC systems [10],[11]. They enable the connection
of storage systems to the DC bus, where they can provide
power during intermittent periods of renewable energy sources
or be used to recharge the storage system during excess energy
availability.

Among bidirectional converters, there are two main classes:
non-isolated and isolated converters. Non-isolated converters
[12]-[14], which are more commonly used in uninterruptible
power sources, offer higher efficiency, lower costs, smaller
volumes, and reduced voltage stresses. However, their
voltage gain is closely tied to the chosen topology. Isolated
converters [15]-[17] are the most used in electric vehicles
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and microgrid applications, it employ galvanic isolation using
a high frequency transformer or coupled inductor to ensure
the safety of connections between high and low voltage
buses. However, these magnetic devices incur energy losses
from core magnetization and copper resistance. Moreover,
these converter can achieve high voltage gain adjusting the
transformer turn ratio, but due to their high number of
magnetic elements, isolated converters experience voltage
spikes caused by the discharge of parasitic inductance in
the windings. Moreover, isolated bidirectional topologies may
present problems by zero crossing of the inductors current
and hence are not be able to invert the power flux in online
operation, being necessary a demagnetization switch to restart
the converter [18], which takes time and energy dissipation.

Given the characteristic and application of the bidirectional
converters, is notable that a converter that does not require a
restart to change power flow is highly desirable as it consumes
less time and wastes less energy. To achieve this, is necessary
to prove the capability of online power flow change. The better
way to reach it is using two bidirectional power supplies in
each voltage bus, but these sources are expensive and very
difficult to find suppliers for higher powers.

The papers do not make clear how to perform
bidirectionality tests, or sometimes do not even demonstrate
such results. This way, it become a challenge for new
researchers, given the lack of dissemination of this
information.So, numerous researchers have been seeking
to simulate the real operating conditions of their applications
using didactic platforms. In [19], a method is introduced for
assessing control strategies applied to power electronics and
motors, aiming to alleviate both generation and motorization
issues. For a better grasp of motor drivers, [20] details the
development of a driver for DC motors. [21]-[23] offer
a simplified approach to understanding various switched
converters. In the field of mechanical engineering, [24]
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evaluates a teaching platform designed for instructing
students on transmission gears in hybrid vehicles. These
approaches has demonstrated increased speed and reduced
costs in obtaining practical results, given that with the didactic
platforms, there is no longer a need for real-world application.

So, in order to obtain a simple and low cost way to prove
the online bidirectionlity this paper present a new platform
based on current injection performed by a step current load
controlled by a control system. The complete system is
shown in Figure 1, where is possible to see the V; and Vg
voltage buses, the bidirectional converter (represented by the
switching devices, energy storage elements and resistive load)
and the step current load.

To demonstrate the advantages, disadvantages, and
limitations of the proposed didactic platform, in this paper are
presented the conditions for a converter to be bidirectional,
in Section II. In Section III, the principle of operation. In the
Section IV the design methodology is presented. In Section
V the modeling and control system are done. In Section VI,
the instrumentation system is presented. To finalize, Section
VII and VIII demonstrate the simulation and experimental
results, respectively, while the main conclusion of this paper
are presented in Section IX.

II. CONDITION FOR A CONVERTER TO BE
BIDIRECTIONAL

The power converters present different characteristics
among them, some of which are necessary and desirable to
prove the converters’ bidirectional nature. Therefore, in this
section, the conditions for a converter to be bidirectional will
be presented based on [25]. Below are listed these conditions:
1. Can not present diodes in its topologies, as this device
only allows the current travel in one direction;

2. The inductor must have a path to charge/discharge or
free-wheeling path in every operation stage.

3. Its topology must work in the four quadrants of the
voltage-current curve;

Regarding item 1, a visual inspection is necessary to
evaluate the presence of diodes in the topology. In connection
with item 2, the converter’s stage of operation must be known
to understand the current paths. Meanwhile, item 3 can be
proven using the proposed platform to invert the power flux
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while keeping the voltages stable.
III. PRINCIPLE OF HARDWARE OPERATION

As there is no way to implement ideal current sources, it
is realized using a voltage source in series with a resistor,
as shown in Figure 2. The hardware consists of 3 resistors,
2 voltage sources, 1 diode, and 1 switch. Furthermore, at
this moment, the bidirectional converter is treated as a black
box for better understanding. Examples with real bidirectional
converters are provided in the case studies in Sections VII
and VIII. This technique consist in current injection by a step
current source in a way to feed the load. The current excess is
driven by the bidirectional converter, changing the current flux
direction.

This approach present two stage of operation, in the first
the converter is operating in step-up mode, while in the
second a current is injected to invert the power flux. These
stages are presented in Figure 3, while in Figure 4 its main
waveforms are depicted,where Vg, represent the gate-source
switch voltage; is,,, is the current passing through the switch
Sauxs IDaux 18 the current passing through the diode D, and
iBidirectionalConverter 18 Used to represent the current passing
through the bidirectional converter.

A. Principle of Operation

Stage 1 [Figure 3.a, o —t1]: During this stage, the power
converter initiates its step-up operation, the power flow from
Vi to V. The switch S, remains OFF, resulting in a current

/ Voltage Control Loop
Current Control Loop \

Cs) d(s)| iue [iri(s) vu(y Vi (S)

e J iui(s)
H(s) /
K H (s)<

Fig. 5. Control Strategy.

Ve C (S ) ]

defined as:
iSaux =0. (1)

Stage 11 [Figure 3.b, t{ —£;]: During this stage, the switch
Saux 18 activated, causing a current to be introduced into the
Vi bus. A portion of this current is consumed by the resistor
Ry, while any excess current is directed through the power
converter and dissipated across Ry,x1. As a result, this process
reverses the power flow, inducing the power converter to enter
a step-down mode. Besides that, to prevent damage from
reverse currents in the V;, source, the auxiliary diode goes into

blocking state.
. Vaux - VH
WSaux = ——( - (2)
Raux2

IV. DESIGN METHODOLOGY

To find the value of the resistance Ry, 1S necessary set
a value for V,,, and then determine the value of R,,,» such
that the current injected by V,,,, must be sufficient to feed the
load Ry and have a surplus (f3) for the converter to drain and
reverse the current direction, as shown in (3).

Vi
iSaux = A + ﬁ (3)
Ry

Rearranging (3) with (2), the resistance R, is presented
in (4).

Vaux - VH
e
P

The resistance R,y is calculated based on the power
drained by the converter. This power is given by (5), where

ideally, the power drained from the Vg side should be the same
as the power injected to the Vj, side and must be absorbed by

Rauxl .

“

aux2 =

Py = P, = Praux1 = VuP. )

Rearranging (5) and applying the power formula for a
resistor, is presented the value of the resistance Ry, in (6).

V7
VuB’
V. CONTROL STRATEGY

(6)

Rauxl =

When the platform injects current, there is an excess of
power on the Vg side. In this situation, the converter must
adjust its operating point to ensure that this excess power
is drained properly. Otherwise, this surplus power will be
absorbed by the converter’s capacitor, leading to an increase
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in the voltage level of Vj. In this sense, to solve this problem,
the hardware solution presented need to work along side with
a control system. Therefore, in an attempt to correct it, the
control system updates the converter duty cycle and hence
drain the excess of current.

As the main objective of this platform is keep the voltage
Vi stable and allow the online power flux changing, a dual
loop control system is required, as show in Figure 5. The
internal loop control the current through the inductor, as to
prove the bidirectionality it must present zero crossing. The
external loop control the voltage Vg and generate a current
reference to the internal loop.

A. Mathematical Modeling

The power converters presented and detailed in [26],
[27] and depicted in Figure 6 are used to evaluate the
proposed platform. According to the respective references,
both converters have the same state-space dynamic model, as
shown in (7).

vy —mcr | [vm 0
: = HTH H . V. 7
M ot o M * M L0

Since the state space technique exhibits nonlinear
characteristics, a linearization process becomes necessary to
derive linear transfer functions. This procedure, commonly
referred to as “disturb and linearize” [25], involves
representing all state space variables (x(7)) as a combination of
static gains (X, Vi, and D) and small time-varying disturbances
(%(t), v(r), and d(r)). This transformation is demonstrated
in (8-10). Following the disturb and linearize process, the
nonlinear terms can be disregarded, and the Laplace transform
can then be applied to derive the linear transfer functions.

x(t) = X +£(1) (8)
vp(t) =V +vi(t) )
d(t)=D+d(t). (10)

Considering the parameters given in Table I, the transfer
functions are are given by:

Vie(s)  ous+ o
d(s) S+ Pis+B (b
iri(s) Sis+ &
— = 12
d(is) s*+Bis+pB (12)
Vi () _os+op (13)

ir1(s) T 85+ &

where oy = —1.478E4, oy = 5.674E8, 0, = 7.407ES5, &, =
5.597E —6, B = 13.3, B, = —5.106E5.

B. Control Design

The proportional integral (PI) controllers was designed
using MATLAB’s Sisotool and the Bode diagram, with the
zeros, poles, and gains of the controller tuned to achieve
a low crossover frequency in order to minimize low-
frequency oscillations during transients. The PI controllers are
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Fig. 6. Converters used to evaluate the platform. (a) Converter [26].
(b) Converter [27].

Fig. 7. Bode diagram for voltage Vg loop.

represented as follows:

 0.8237s+41.18

Cy(s) ; (14)
0.007489s +23.53
Ci(s) = ; . (15)

Figure 7 displays the Bode diagram for both the
compensated and uncompensated Vg system. The PI controller
attains an impressive phase margin of 86° at 100 Hz and a
substantial gain margin of 29.44 dB at 1677 Hz, effectively
achieving the desired performance objectives, as detailed in
the simulation and experimental results section.

C. Digitization Technique

An optimal approach to implementing digital control
involves utilizing the Zero-Order Hold (ZOH) and Unity
Delay model methods to represent the ADC and unity delay,
respectively. These models typically incorporate a low-pass
filter with a high cutoff frequency. However, in this paper,
is adopted lower cutoff frequencies in order to ignore these
effects.

To digitally implement the control system, a digitization
step is required. The chosen step is known as the Tustin
technique or trapezoidal method. This technique approximates
the integral by mapping the area under the function in the “s”
plane using infinite trapezoids. Among all the discretization
techniques, this one provides an exact mapping between the
analog “s” plane and the digital “z” plane [28]. To apply this
technique, you simply replace the “s” in the transfer function
of the compensators with (16). The inverse transformation is

TABLE 1
Converters Parameters
Parameter Value
Output Power 500 W
High Side Voltage Vi 400V
Low Side Voltage V, 144V
Switching frequency Fj 50 kHz
Converters Switches IRFP4868
Gate Driver IR2110
Converters Inductors L; and L, 270 uH @ 0.4Q
Converters Capacitors Cyq, Cr; and Cro 470 uF
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also possible by replacing the “z” with (17).

_ 2(z—1)
T Ta(z+1) (16)

2+4+sTa
‘T2 Ta (17

VI. INSTRUMENTATION SYSTEM

Since the control system operates digitally, an
instrumentation system is necessary to acquire and condition
the control signals to levels compatible with the digital
signal processor. This system is constructed using operational
amplifier techniques [29].

A. Voltage Sensor

In Figure 8.a is shown the voltage sensor. It is performed by
a resistive divisor to decrease the signal amplitude, followed
by a voltage buffer to match the impedance. The resulting
voltage gain is given by (18).

_ Rmp
Rui +Rus’
To achieve isolation between the DSP and the power

converter, the next stage employs an isolated operational

amplifier (HCPL-7840). This operational amplifier can handle

a maximum voltage of 0.2V and provides a voltage gain of 8

times at its differential output.

To convert its differential output into a single output, a
differential operational amplifier is utilized, and the voltage

gain of this circuit is determined by (19).

Kvy (18)

Vair Ra»
= Kyip = ~22. 19
A aif = g (19)

Finally to eliminate the switching noises, an anti-aliasing
second order low pass filter is used. Normally, its cut-off
frequency is around one decade below of the A/D sampling
frequency. This transfer function is given in (20).

1

Vols) _ RiR:CiC) Qo)

V. (s 2 1 1 1
ln() $7+ R1C2+R2C2 S+R1R2C1C2
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Fig. 9. Practical setup.

B. Current Sensor

Because of the bidirectional nature of the proposed
platform, it is necessary to employ a sensor capable
of measuring current in both directions. To fulfill this
requirement, the ACS-712 sensor is utilized, as depicted in
Figure 8.b. This sensor provides galvanic isolation between the
power converter and the DSP. To adjust the output level to the
DSP’s requirements, a resistive divider is employed, followed
by a voltage buffer to match the impedance. Finally, the same
filter as described in (20) is used as an anti-aliasing filter. The
gain of the resistive divider is demonstrated in (21).

2y

VII. SIMULATION RESULTS

To gain a deeper understanding of the power flux reversal
approach, simulations were conducted on the converters
depicted in Figure 6. These simulations were carried out under
power flux reversal conditions, utilizing the parameters listed
in Table I and Table II. The simulation results are presented
in Figure 10, with the first moment involving a transition from
step-up to step-down, and the second moment from step-down
to step-up. These results clearly demonstrate the zero crossing
of the inductor current without any adverse effects on the
voltage Vy, thereby confirming the bidirectional capability of
the mentioned converters.

VIII. EXPERIMENTAL RESULTS

To evaluate the accuracy of theoretical evaluations, a
prototype of the proposed inversion platform was built in the
laboratory, as showed in Figure 9. The converters used for
validation are well known and presented in Figure 6, while
its specification are given in Table I and Table II. To create V,,
and V., a Keysight N8762A DC voltage source was used. To
digitally run the control strategy and generate the PWM signal,
a STM32F411 Digital Signal Processor was used.

TABLE 11
Platform parameters

Parameter Value Parameter  Value
Veaux 430V R 400 Q
Rawcl 40Q Rdl 10 kQ
Ruuw 10Q R 4.8kQ
Saux STW26NM60N Rj; andR; 9.1 kQ
Dgux F3C10065A Ci 0.5 nF

Gate Driver IR2110 Cy 1 nF
R 1 MQ R, 1kQ

Ry, 2kQ
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Fig. 10. Simulation results of power flux reversion. (a) Converter [26].
(b) Converter [27].

A. Power Flux Reversion

In Figures 11.a and 12.a is shown the experimental results
of power flux reversion from step-up to step-down of the
converters presented in Figure 6, while in Figures 11.b
and 12.b is show the same, but for power flux reversion
from step-down to step-up. Is notable that, the platform and
its proposed control are worked well and the objective was
achieved, proving the converters bidirectionality,once the zero
crossing of the inductor current (iz; and i;p) has occurred
while the voltage Vg has remained stable.

IX. CONCLUSIONS

With the growing of technologies that needs of power
flux reversion, a several kind of bidirectional converters have
been proposed, but the most part of these papers can not
prove the online bidirectionality due the lack of information
about how to do it. So, this paper present a new didactic
technique to invert the power flux of bidirectional converter
combining hardware and control techniques.Additionally, due
the platform semiconductors present a natural clamping
without resonance process, this platform can serve as a
practical way to confirm the bidirectional operation of any
bidirectional converter, as long as the current and voltage
parameters of the semiconductors are respected.

Moreover, the simulation and experimental results
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Fig. 11. Converter [26] power flux reversion from (a) Step-up to Step-
down. (b) Step-down to Step-up.
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Fig. 12. Converter [27] power flux reversion from (a) Step-up to Step-
down. (b) Step-down to Step-up.
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presented highlight the good performance of the platform,
as evidenced by the zero crossing of the inductors’ current,
without affecting the output voltage. This way, proving that the
proposed platform can be used to extract power flux inversion
results and hence prove the converter’s bidirectionality.
Besides that, this platforms is cheap and there is no need of
expensive bidirectional power supplies to operate it.
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