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Abstract
The usage of power electronics in power systems is one of the key 
techniques for boosting the development of microgrids. Particularly, 
in the case of public lighting systems, power electronics converters 
are applied to both the LED driving stage and the grid interfacing 
stage. From the point of view of the grid, the latter stage usually 
behaves as a high power factor (PF) load. However, recent 
trends in these systems imply a manifold of different storage and 
renewable energy microgeneration units connected to the DC 
bus of each street lamp. All together are usually known as lighting 
smartgrids. The present work aims for keeping the DC bus stable, 
injecting or extracting energy whereas maintaining high PF with 
respect to the AC grid. This idea is performed by means of a 
power droop control that provides the current reference to the 
grid-tie power converter: a bidirectional bridgeless discontinuous 
conduction mode (DCM) Flyback converter. This paper defines, 
explains and implements a power droop control as well as a 
novel unified switching pattern for the bidirectional DCM Flyback 
converter, suitable for both inverter and rectifier operating 
modes. Another contribution is that the proposed switching 
pattern enables for a smooth transition between these modes. 
The proposed strategy provides the pulses for every switch at the 
interfacing stage in the adequate sequence, thus simplifying the 
design and implementation of the power and control stages. The 
proposed switching pattern is validated through experimental 
results.
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Introduction
The strong energy dependence on fossil fuels, the negative effects 

of global warming related to greenhouse gases as well as growing 
social concern about negative effects of pollutant emissions have led 
some governments to promote the integration and use of Renewable 
Energy Sources (RES) [1-4]. PV and wind energy are gaining more and 
more visibility at small-scale applications. Stand-alone systems where 
the access to the grid is not available have been making use of these 
kind of technologies for many years, but, on the other hand, when 
a RES is connected to the mains, some concerns must be taken into 
account: harmonic content of the injected current, galvanic isolation 
or islanding detection among other issues [5-7]. Generally speaking, 
it can be assumed that the grid is able to absorb certain amount of 
energy and behave as sort of an energy storage subsystem. However, 
it is true that this is a rather simplistic view and correct only if a small 
number of RES units are connected. If many renewable generators 
are linked to the grid, it does not operate anymore as a battery with an 
ideal unlimited storage capacity [8-11]. Multifunctional systems that 
combine a lamp for street lighting and a RES unit for energy injection 
in the grid are becoming very interesting solutions since they can 
reduce the budget assigned to public lighting by local governments 
and help to prevent greenhouse effect [2,12,13].

Power electronics applied to power systems are required to 
achieve these objectives. A manifold of different power injection 
topologies have already been studied and are extensively reported 
in the technical literature [5,13-20]. Most of the power inverter 
stages consist in an H-bridge converter due to its modularity, high 
reliability, good performance and low cost [16]. However, the DC bus 
voltage in such topology must have a higher value than the peak value 
of the mains voltage in order to be able to inject current into the grid. 
Alternatively, this condition might be fulfilled by including a bulky 
step-up LF transformer which would increase cost and size of the stage. 
However, this option can be discarded by using a single bidirectional 
DC-AC stage that includes a HF transformer. One alternative for this 
operation scheme is the combination of an H-bridge and a Dual Active 
Bridge (DAB) [21,22]. This power conversion stage makes use of at 
least 12 transistors but, on the other hand, high power density and 
good efficiencies can be achieved. For power levels below 300W, the 
Flyback converter is a suitable solution, providing the required voltage 
mismatch adaptation between terminals [23-25]. One constraint that 
prevents the use of this topology for higher power values is the stress 
levels required in the switches, mainly due the leakage inductance 
of the transformer [13,15,26-28]. Also, another drawback is the 
fact that it uses the core less efficiently than other topologies, what 
means that the benefits in size, weight and cost are present only for 
small power levels. However, this optimal power range of the DCM 
Flyback is expected to be extended beyond these limits due the recent 
technology advancements in power electronic devices (reduced on-
state resistance, higher avalanche energy strength, greater frequency 
ratios) as well as in reactive elements design (new magnetic core 
materials with lower losses and higher frequency operative ranges).

A variation of this topology can be used as an input PFC 
converter as well as a high-frequency inverter. Different studies of 
both operating modes but working independently can be found in 
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the literature [13,15,17,18,20,26-28]. Particularly, the present paper 
is the extension of two previous works: [13,14] where the operation 
of the bidirectional Flyback converter without swift operating mode 
changes was shown. Hence, it worked as an inverter during the day, 
injecting the power generated by a PV panel into the AC mains, and 
as a PFC during the night providing enough energy to light the lamp. 
There was no smooth transition between both modes and each one 
had its own different control strategy.

Nevertheless, this previous strategy is not suitable if the hybrid 
lighting system includes a RES that can operate all day long. 
Transitions among rectifier and inverter modes must be done promptly 
avoiding undesirable transients. This is especially necessary for power 
electronic converters applied to the actual power systems [29,30]. The 
particular contribution of this paper is to propose, implement and test a 
unified PWM switching strategy of the bidirectional Flyback converter in 
DCM, valid for both power flow directions: from the grid to the DC bus 
(rectifier mode) and vice-versa (inverter mode). Moreover, the DC bus 
has to be kept stable within a certain voltage range. Hence, the current 
reference for the power converter is calculated based on a droop strategy 
that relates the DC bus voltage with the instantaneous available power. A 
primitive idea was previously presented by the authors in [31]. However, 
that work lacked of evidences of the transition among modes and 
deeper technical analysis included in the present paper. Also, extended 
experimental results to demonstrate the feasibility of the proposed 
solution operating as a DC bus stabilizer based on a droop control are 
presented in this work.

This paper is organized as follows: First, the role of the power 
stage under study is discussed. Then, the switching pattern for the 
transistors is explained in detail. Afterwards, a discussion of the 
experimental results is carried out to demonstrate the proposed 
control scheme. Finally, conclusions and future developments are 
exposed.

The Role of Power Stage Under Consideration
 Figure 1 depicts the basic scheme of a generic AC power system, 

from the transmission line to the final consumers. A number of 

different resources and loads are interfaced with the AC grid. 
These resources include Energy Storage Systems (ESS), Distributed 
Generators (DG) (including RES), loads and finally the street lighting 
system under consideration. A more specific circuit diagram of each 
lighting node is shown in Figure 2 with PV and micro wind turbine 
(µWT) generators, the lamp and the proposed interfacing converter. 
Dedicated power electronic stages interconnect these subsystems in 
the lighting node with the DC link. This work offers an easy solution 
to derive a low power DC microgrid suitable for different applications 
from the AC grid. In this case, this idea was applied to a hybrid street 
lighting.

The generation units (RES) have a unidirectional behavior. They 
extract energy from the energy source through an MPPT and inject 
it into the DC bus. Similarly, the lamps are also unidirectional, i.e., 
they extract energy from the DC bus according to their requirements. 
This situation can cause unbalances in the DC bus so it is required a 
key element in the microgrid: a grid-tie bidirectional converter has 
to assume the role of keeping the whole system balanced under every 
possible situation. In addition, this grid-tie converter must comply 
with the grid requirements imposed by the regulation and directives, 
preserving high PF with the AC grid.

As mentioned, the H-bridge is a good solution. It can switch 
automatically and smoothly from rectifier operation to inverter and 
vice-versa, yielding low Total Harmonic Distortion (THD) and high 
PF. Nevertheless, unlike the bidirectional AC-DC Flyback converter, 
it does not provide galvanic insulation or a more compact design 
[13,14]. This topology can operate as an input PFC converter as well 
as a High Frequency (HF) inverter. For instance, it will be initially 
considered the operation of the system at night. If the µWT is not 
providing power, then the bidirectional Flyback operates as a PFC 
taking energy from the grid. If the µWT generates some power, the 
DC bus voltage level increases and the control system must decrease 
the power demanded from the AC mains. At a given point, the power 
drained from the µWT can be greater than the power required by 
the lamp. Hence, the control must send this extra power back to the 
utility grid. Under these conditions, the Flyback converter must work 

 Figure 1: Conceptual electrical diagram of one node of the lighting system.
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as a controlled inverter. Furthermore, this change must be soft and 
swift ensuring the DCM condition is kept within the transition. 

The scope of this paper is to properly control the proposed 
bidirectional isolated Flyback converter operating as a DC bus 
stabilization stage (Figure 2). The proposed solution combines the 
advantages of PFC solutions with droop control strategies in DC 
smart grid contexts. Then, the proposed droop control strategy 
shown in Figure 3 allows modifying the peak grid current and its sign 
according to the DC bus voltage keeping a high PF. For all practical 
purposes therefore, the proposed solution implies that the power 
injected or extracted from the DC bus linearly depends on its voltage 
(Power Droop Control).

Methodology of the Switching Scheme of the Converter
The considered bidirectional Flyback topology is represented 

in Figure 4a. Additionally, the block diagram that explains how to 
achieve the previously mentioned droop control can be found in 
Figure 4b. The switching sequences of every switch in the topology, 
for both rectifier and inverter modes operating independently are 
deeply explained in [13,34]. However, the stochastic nature of RES 
compels to define a unified switching pattern valid for both operating 
modes in order to change from one to the other swiftly. The following 
considerations do need to be kept in mind:

•	 DCM operation is preserved at any time and thus the 
magnetizing inductor has to be discharged in every switching period.
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 Figure 2: Detailed block diagram.
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•	 The converter is working in steady state. All parameter’s 
instantaneous value is repeated each switching time, T.

In order to ensure DCM operation of the input stage, the current 
waveforms in the Flyback inductor, for every operation mode, will be 
analyzed. In particular, the expressions for the charging, discharging 
and idle times of the Flyback inductor will be calculated. The main 
waveforms of the circuit are depicted in Figure 5 and 6, considering 
the electrical variable references used in the circuit of Figure 4a for 
each operation mode.

Rectifier Operation

Figure 5a shows the input, the inductor and the DC bus side 
currents (ig, iLP, iD, respectively) for the rectifier mode. They are 
detailed for a switching period, T, in Figure 5b together with the 
inductor voltage, UL. It is agreed that d1 is the duty ratio of the grid 
side switches, S1 and S2, (i.e., the bidirectional Flyback converter 
magnetizing inductor charging time); d2 is the duty ratio of the DC 
bus side switches, SA and SB (during rectifier mode, it imposes the 
discharging time of the magnetizing inductor). Finally, d3 is the dead 
time inherent to DCM converters. On the other hand, in the following 
equations, L is the magnetizing inductance of the grid side inductor 
and Ug pk is the peak value of the grid voltage.

According to Figure 5b, the average input current for every 
switching period can be defined as:
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On the other hand, iLP max can be calculated for every switching 
period as follows:
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Finally, combining (5) and (6):
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After this charge-discharge sequence, the inductor current 
remains zero for a given interval until the next switching period 
begins. This last interval is the aforementioned dead time (d3T). As 
shown in Figure 5b, the operative sequence is d1T for charging, d2T 
for discharging and d3T as the dead time provided that the converter 
is operating as a controlled rectifier.

Inverter Operation

It is critical to notice that the duty ratio intervals sequence will 
change during inverter mode as shown in Figure 6. Moving now to 

 Figure 5: Main waveforms in rectifier mode. Input voltage and currents according to (Figure 4b). Detailed input/output currents and inductor voltage.
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inverter mode, and in order to be consistent, it is also agreed that d1 is 
the grid side switches duty ratio, that d2 is the bus side switches duty 
ratio and that d3 is the dead time. In short, the agreement is the same 
for both rectifier and inverter modes.

Therefore, during inverter mode, the magnetizing inductor is 
charged through the switches SA or SB (depending on the grid voltage 
polarity) for a time interval equal to d2T. Afterwards, the Flyback 
magnetizing inductor discharges towards the grid side by means of 
the switches S1 and S2, lasting d1T seconds. Finally, the magnetizing 
current remains zero during the dead time, d3T, until the next 
switching period.

References convention for duty ratios and current signs

Even though rectifier mode and inverter modes have different 
sequences, the mathematical expressions to calculate the duty ratios 
of all the switches are the same in both cases. The switching pattern 
for both modes in terms of the magnetizing inductors can be seen in 
Figure 7. This figure defines a problematic situation.

The current reference and the required operating mode of the 
converter are provided by a droop control strategy (as seen in Figure 
3). As a convention, it is assumed that if the current reference Ipk 
that is used in [2] is greater than zero, then the converter operates 
in rectifier mode and the Flyback magnetizing inductor is charged 
through the primary side (grid side). On the other hand, if Ipk is 

smaller than zero, the magnetizing inductor charges through the 
DC link at the secondary side, and the converter works in inverter 
mode. This convention allows defining d1 and d2 independently of the 
operating mode. Figure 8 summarizes all the possible cases.

Notice how the axes are not conventionally depicted in terms 
of signs. In inverter mode (yellow area), the current reference 
of the converter is smaller than zero (Ipk<0) and d1 is considered 
positive but d2 is assumed to be negative. This definition of a duty 
ratio might seem surprising. However it is a way to ensure that the 
charging stage (d2) takes place in advance of the discharging stage (d1). 
On the contrary, in rectifier mode (green area), the sequence changes: 
d1 turns out to be negative and d2 positive. Again, the charging stage 
takes place before the discharging stage; this time d1 accounts for 
the charging interval. From (2) and (7), the curves d1 and d2 can be 
represented as in Figure 8. This scheme only defines signs and values 
for the duty ratios; however another issue needs to be considered for 
a proper operation of the system: the definition of the firing scheme 
of the transistors regardless of the operation mode of the converter. 

Switching pattern

Figs. 9 summarize all the possible on/off states of every switch 
in the converter for rectifier and inverter modes, respectively. The 
on state is represented by a logic "1", the off state by a "0", and the 
undermined state (the switch can be either turned on or off) by 
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an ”x”. In rectifier mode and positive grid voltage (Figure 9 left), 
the transistor that must drive the grid current is S1 while the diode 
of S2 would be direct biased (therefore the state of S2 is irrelevant). 
Similarly, if Ug<0, S2 and the diode of S1 would drive the grid current. 
Therefore, both transistors can be turned on simultaneously for 
rectifier mode in the d1 interval (inductor charging). On the other 
hand, in order to discharge the Flyback transformer, SR must be 
turned on after S1 is turned off. SA and SB do not affect this discharge 
due to the fact that their diodes are actually direct biased and driving 
the current. This analysis simplifies the control of the converter. 
During d1 interval, S1 and S2 must be turned on, and SA, SB and SR 
must be turned off, regardless of the input voltage polarity. On the 
other hand, during d2 and d3 (discharging and dead times), S1, S2, SA 
and SB can be turned off, while SR must be turned on.

Analogously, the inverter mode switching map is shown in Figure 
10. In this case, the magnetizing inductor charges through the bus 
side and therefore, only SA or SB must be turned on, depending on 
the polarity of the grid voltage. The diode of SR is direct biased so the 
state of this switch is irrelevant in this mode. Again, if S1 is turned 
on, the state of S2 is irrelevant and vice-versa in this operation mode; 
accordingly both S1 and S2 can be triggered at the same time.

Then, summarizing both tables: 

•	 S1 and S2 can be always turned on and off simultaneously.

•	 SR can be controlled with the inverted (NOT gate) logic 
signal used for triggering S1 and S2. 

•	 SA and SB will be turned on/off only in inverter mode, 
depending on the current reference sign.

A logic scheme of the firing signals for the switches is shown in 

Figure 11. It can be seen how the performance of these conditions 
with logic gates can be a tough task. However, the problem is more 
efficiently implemented by means of an adequate coding on a digital 
microcontroller.

Experimental Results and Discussions
Table 1 gathers the main parameters of the laboratory 

prototype. These parameters have been calculated according to the 
methodology developed in [13].  Figure 12 shows the prototype built 
in the laboratory. Notice that detailed waveforms of both rectifier and 
inverter modes but operating independently can be found in [31].

However, in order to validate the key aspect of the control 
strategy, i.e., the swift transition between modes, several experimental 
tests have been carried out with the prototype. Figure 13a depicts 
the behavior of the system when the power converter is demanding 
+0.25A to supply the lamp. Initially, the Flyback converter is working 
in rectifier mode (available zoom in Figure 13b). Eventually, it changes 
to inverter mode gradually, once some extra power is available in the 
DC bus provided by the RES (zoom in Figure 13c). The usage of film 
capacitors in the current work causes high fluctuations in the DC 
link. Including electrolytic ones would dramatically reduce this ripple 
as well as the converter’s useful life.

Notice how the current Ig, which represents the grid current (as 
shown in Figure 4) is in phase with the grid voltage at the beginning 
since the converter is in rectifier mode. The PF in the current state is 
99.6%. When it changes to inverter mode, the same current phase- 
shifts 180º the grid voltage (zoom in Figure 13d). On the contrary, 
the second possible case is depicted in Figure 14. This time, the 
bidirectional Flyback converter initially operates in inverter mode. 
At a given moment the RES stops injecting power into the DC bus. 
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Parameter Symbol Value

Converter nominal power input 100 W

Input Voltage Ug 230 Vrms

DC link nominal Voltage Uo 100 V

Switching Frequency fsw 50 kHz

Grid Side Winding L 500 µH

Load Side Windings LS1 , LS2 125 µF

DC Bus Capacitor Co 75 µF

Primary Switches S1 , S2 FQA8N100C

Secondary Switches SA , SB , SR IRF740A

DSP TMS320F28335

Table 1: Prototype Component.

 Figure 12: Laboratory prototype picture.

Therefore, in order to keep the lamp supplied properly, the control 
responds draining power from the grid.

Conclusions and Future Developments
This work has defined and illustrated the implementation of a 

unified switching pattern for a bidirectional DCM Flyback converter 
operating as an active grid interface of a street lighting system with 
power generation capability. It has been assessed how it is possible 
to swiftly change from rectifier to inverter mode and vice-versa with 
the same switching pattern scheme, keeping DCM mode at every 
instant, therefore allowing for an easy implementation of the stage 
control at the PWM modules of existing digital microcontrollers. 
Unlike in previous works [12,13], this control strategy supports the 
use of storage systems along with RES that can operate all day long, 
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Figure 13: Transition from rectifier to inverter mode with zooms in different 
points and zooms at different times.
Ug: grid voltage (1 kV/div); Uo: bus voltage (100 V/div); Ig: filter current 
(500 mA/div); IR: bus filtered current (1 A/div).

Figure 14: Transition from inverter to rectifier mode with zooms in 
different points and zooms at different times. 
Ug: grid voltage (1 kV/div); Uo: bus voltage (100 V/div); Ig: filter current 
(500 mA/div); IR: bus filtered current (1 A/div); Igrid: grid current (1 A/div). 

not only during daylight like a PV panel. A mathematical analysis of 
the equations of the converter has been carried out, as to define the 
firing state and the duty ratios for every switch in all conditions. A 
set of simulations has been performed in order to initially validate 
the idea. Finally, an experimental setup has been built and tested in 
order to prove the proposed control scheme. The results show how 
the switching pattern implemented successfully provides the control 
pulses for every switch in every operation mode, including smooth 
transitions between them. One possible future development is to 
explore the feasibility of providing reactive injection capability in 
the system. The idea is to grant a phase-shift between the converter 
current and the grid voltage, making interesting to inject or absorb 
certain amount of reactive power. However, it is a fact that there will 
be conflicts during the grid voltage zero crossing points. 
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