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Abstract:



Battery requirements for electrical vehicles are continuously becoming more demanding in terms of energy density and reliability. Nowadays, batteries for drones must be able to supply 100 A for 15 min, not to mention the specifications required for batteries in electrical vehicles. These specifications result in more stringent specifications for battery chargers. They are required to be more efficient, flexible, and, as with any another power equipment, to have reduced size and weight. Since the parallel resonant converter can operate as a current source and as a voltage source, this paper presents a battery charger power stage for lithium ion polymer batteries, based on the above topology, operating in zero voltage switching mode, and implementing frequency and duty cycle control.
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1. Introduction: Electrical Vehicles & Batteries


Nowadays, sustainable transportation in cities is a major goal to reach in order to reduce pollution. Thus, electrical vehicles (EVs) and light electrical vehicles (LEVs) are gaining more ground every day. The use of batteries reduces petrol consumption and pollution in the cities. On the other hand, the main drawbacks of EVs are battery autonomy, energy density, and, perhaps most important of all, charge time. While the refueling process of conventional vehicles lasts a couple of minutes, battery charging can last hours. During the last years, different battery types have appeared that have increased cycle life, energy density, and so on. In this way, lithium polymer batteries constitute a good solution [1,2]. As with other batteries, it is necessary to perform the charge process carefully, especially if fast-charge methods are used [3]. The evolution of high-power chargers for EVs and battery technologies run in parallel, usually involving resonant converters [4]. The battery type defines not only the battery charger but also the AC/DC converter used, especially in the case of on-board battery chargers [5]. Bearing in mind the application, battery chargers are required to be size- and weight-reduced, and at the same time, they must be able to cope with high power levels. Also, AC/DC converters are required to fulfil harmonic reduction IEC 1000-3-2, IEC 1000-3-3, and IEC 61000-3-2 standards.



Lately, drones (Figure 1) have experienced an important boom: they can accomplish surveillance tasks that would otherwise be either impossible or imply hazards to humans. For instance, inspection to prevent forest fires, monitoring difficult-to-access places, spy missions, and so on. These aircrafts can carry cameras, TV emitters, different sensors, and actuators, which makes it necessary to save power consumption.


Figure 1. Drone for surveillance missions equipped with camera, GPS, and TV emitter.
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Whatever the application, all of these LEVs include batteries that have to be charged under certain restrictions for voltage and power. For instance, lead (Pb) batteries require application of constant voltage, lithium ion (Li+) batteries require a current source, and so on. Presently, the most extended batteries for these LEVs are the lithium ion polymer (Li-Po) batteries.



These batteries exhibit high output power capability and are suited to drive the drone motors; the output currents are high (more than 100 A); on the other hand, it is necessary to survey carefully their temperature, since these kinds of batteries are very sensitive to this parameter. Figure 2 shows the temperature evolution of one of these batteries (Li-Po 6S) vs. time for several discharge current levels. Of course, the usual operation mode is not going to be constant current consumption; the temperature evolution with different consumption patterns is shown in Figure 3. Although the battery can supply the current in all the cases, it is also true that the battery can be ruined if its temperature increases beyond the limit; the larger the current value (constant or not), the faster the temperature increment. The patterns definition is summarized in Table 1.


Figure 2. Battery temperature vs. time for several constant current levels (8–140 A).
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Figure 3. Battery temperature for several discharge patterns.
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Table 1. Patterns definition for the discharge tests at variable current.





	Parameter
	Pattern 1
	Pattern 2
	Pattern 3





	Tm
	6 s
	8 s
	9 s



	Tp
	3.5 s
	2 s
	1 s



	Im
	20 A
	34 A
	32 A



	Ip
	110 A
	110 A
	200 A









In Figure 4, at the left, the typical current and voltage battery waveforms during this kind of test is shown; as it can be seen, as soon as the battery voltage drops below a certain level, the test has to be stopped immediately, otherwise the battery would be ruined. In the same figure, at the right, the workbench used is shown, constituted mainly by a water-cooled programmable load; this load enables discharge of the battery, with the aforementioned patterns, with great accuracy. As already mentioned, the previous tests evince that the larger the current value, the higher the temperature increment when current is kept constant, as it was expected. On the other hand, if the current consumption does not follow a constant value, it is also true that the lower the ripple, the lower the temperature. Similar conclusions can be obtained for the charge process; in fact, this kind of battery is charged by means of a constant current source (CCS) followed by applying a constant voltage source (CVS). On the other hand, it is necessary to keep in mind that different numbers of cells constitute the batteries, and it is mandatory to somehow equalize the charge of the different cells in order to avoid overcharging some of them.


Figure 4. Typical waveforms during tests (pattern 1) and water-cooled programmable load used during tests.
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Thus, the charge process is not as simple as it may seem. Figure 5 shows a diagram block of the different possible stages of a Li-Po charger. As it can be seen, the power stage must be able to work as constant current and as a constant voltage source, depending on the charge stage. As in other power equipment, it is desirable to obtain a reduced-size product, which involves implementing the power stage using high-frequency techniques; this usually leads either to resonant converters or another soft-switching techniques, otherwise, efficiency would penalize the final equipment size and weight.


Figure 5. Battery charger block diagram; this work focuses on power stage.
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In this work, the design and implementation of a power stage that can behave as a constant current or as a constant voltage source is presented.




2. Power Stage


2.1. Selection


It is possible to distinguish two different types of chargers: on-board (those which are included in the EV) and external. On-board chargers are preferred, since batteries are mainly charged from the public line. Their structure is basically constituted by two stages: an input current shaper for harmonic reduction followed by a dc/dc converter for output control and electrical isolation [3,6]. In [7], a power topology that comprises both stages was presented. Regarding the DC/DC converter, the series-parallel resonant converter and the parallel resonant converter are the most common topologies proposed in recent years [8,9]. These topologies allow fixed current/voltage and may even work at fixed frequency. In Figure 6, the general power topology, with an inductor as an output filter, and its main waveforms are presented. As can be seen, four switches form this topology in a full-bridge arrangement, a resonant tank, and the output rectifier and filter. This topology can be operated using the frequency, duty cycle, pulse density modulation as control parameter [10,11,12,13]. The main advantages of this topology are:

	
The topology is controlled as a constant current source, and once a certain voltage level is reached, it is possible to change to a constant voltage source operation mode without transient problems (current/voltage spikes, frequency changes); this is the typical control strategy for Li-Po batteries.



	
In order to increase the power stage efficiency, zero voltage switching (ZVS) is ensured in all the points, by means of frequency and duty cycle control, in both operating modes (CCS and CVS).



	
The transformer inclusion allows operation with different input and output voltages.



	
The topology allows the inclusion of transformer parasitic elements.







Figure 6. Power topology and main waveforms: voltage at the transformer input (red), current through series inductor Ls (green), and voltage across the parallel capacitor (violet) and output current (pink).
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In the particular case of a battery charger, the output filter capacitor is no longer necessary; the resonant tank is constituted by series inductor (LS) and parallel capacitor (CP), and they can be implemented using parasitic transformer elements. As far as the output filter is concerned, it is inductive (LF). The load converter is now the battery. As can be seen in the waveforms, soft-switching is achieved, so the losses due to this concept are reduced. The waveforms are sinusoidal, and the output current is set by the duty cycle and the switching frequency.




2.2. Topology Analysis and Design


The first choice that must be made is the selection of switches (MOST, IGBT), depending on different parameters: switching frequency, voltage and current range, losses, size of the components, and so on. Although it is very difficult to set general rules, it is possible to assert:

	
For frequencies above 70 kHz, the use of IGBTs is discouraged.



	
If the input voltage increases above 700 V, MOSFETs are discouraged.



	
For operating conditions out of the aforementioned limits, the selection must be silicon carbide MOSFETs, since they can operate at IGBTs’ voltage/current levels and MOSFETs’ frequencies. These devices can cope with higher losses, since the maximum junction operation range is around 200 °C, instead of 125 °C for silicon devices.








Whatever the selected switches, the goal of this block is generating a square waveform like the one shown in Figure 6 (variable duty cycle and frequency). This waveform is applied to the transformer, which filters this voltage in such a way that a sinusoidal current and voltage appear in the series inductor and at the parallel capacitor. Thus, a sinusoidal voltage also appears at the output, and it is applied to the rectifier + filter + load set.



In order to achieve ZVS operation mode, the topology will operate in such a way that the resonant current (ILR) crosses zero at the same time that the input voltage (VAB) goes from zero to ±Vcc; by doing so, not only is ZVS mode ensured for one leg, but zero reactive energy is handled as well. As can be seen in Figure 6, the power flows only in one direction (from input to output), and no spikes are detected in the switches. This operation mode is the one selected, and the one that will be the base for the topology analysis. In order to make things easier, the different stages (T1, T2, and T3 in Figure 6) are modeled by simple equivalent circuits, as shown in Figure 7. As usual, the following general rules are considered for the sake of simplicity:

	
The components are supposed to be ideal: neither resistors, nor parasitic capacitors/inductors, must be considered.



	
The secondary circuitry is transferred to the primary side.



	
The output current is constant; in other words, the output filter is ideal.



	
The circuit is in steady state; thus, the voltage/current values at the end of one period correspond to the initial conditions for the next one.



	
The input voltage is kept constant.







Figure 7. Equivalent circuits in the different stages, with initial and final state definitions.
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This method is widely used in static converter analysis and design; the expected results are a set of plots that assists in the selection of the proper values.



Since the waveforms are symmetrical, it is only necessary to consider half a period. As can be seen in Figure 6, the transformer has been removed and the filter and the load (the battery) have been replaced by current and voltage sources. Thanks to the filter inductor, the full-wave rectifier is always in the on state, and it is only necessary to modify the direction of the output current source and battery. As it can be seen, every stage is defined by either the voltage applied to the resonant tank or the voltage capacitor direction, which in turn defines which pair of diodes are in on state: D1 and D4 or D2 and D3. With the aim of obtaining general design plots, the equations are normalized using the following base values for voltage, impedance, and frequency:
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(1)
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(2)
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(3)







Using this base, and the equations that describe the different stages mentioned above, a set of equations is obtained, based on the variables defined in Figure 7:
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[image: ]



(6)
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This system is completed with power balance: as the efficiency is considered to be 100%, the input power is the same as the output power. Output power can be easily calculated, since both magnitudes (voltage and current) are kept constant. As far as input power is concerned, it is necessary to consider that only during stages T1 and T2 is there power transfer in a no-reactive-energy mode, as intended. Finally, it is possible to solve the above system, as a function of duty cycle (d) and battery voltage (referred to the primary side).




2.3. Normalized Plots: Design


With the above system of equations, it is possible to collect the solution in a couple of plots, as Figure 8 shows. These graphs show the different relations between normalized parameters. Thus, the plot on the left represents—for different duty cycle values—normalized frequency (y-axis) vs. normalized output current (charge current) referred to the primary side (x-axis). The plot on the right represents—for different duty cycle values—battery voltage (y-axis) vs. output current (x-axis).


Figure 8. Power topology normalized plots: all the magnitudes are referred to the primary side, according to the simplified circuits. The preferred operation area and a possible trajectory are also shown.
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It must be noted that voltage battery is not going to increase very much: from 81% (discharged) to 116% (charged). The total variation is around 35%, and thus the most suitable operation area will be the one in which the voltage battery does not vary much, as happens in the shadowed area. Moreover, it is possible to work in this area in both operation modes (CC and CV). The vertical line (dashed red) represents the trajectory followed when the converter is operating as a current source; then, when the voltage reaches 1.15 (actually 115%), then the converter will operate as a constant voltage source. As it can be seen, within this range it is possible to operate the power stage in the described operation mode. If it were necessary to extend the operation range, especially to decrease the current, other control strategies could be adopted.



The design process can be summarized by the next steps, with battery voltage going from 12 V to 16.618 V, and a charge current equal to 4 A.



	
Select a suitable value for the transformer ratio.



It should be noted that the VBAT and IBAT magnitudes are referred to the primary side. So, as soon as the normalized voltage battery value is selected, the transformer ratio is also selected. In other words, if a value of 0.81 is selected for the minimum battery voltage (let us say, 12 V), we have:
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(10)







Using this equation, it is possible to adjust the transformer ratio, rt, provided Vcc is fixed. As a consequence, the value of VBATMAX in normalized values can be obtained.



	
Select the value for the base impedance, provided the charge current is known.



The normalized value for the charge current is 1.15. If we assume that the charge current is set, for instance, to 4 A:
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(11)







From (11) it is possible to determine the base impedance value, ZB.



	
Obtain the normalized value for the maximum battery voltage:


[image: ]



(12)







	
Set the maximum (or minimum) frequency.



Using Figure 8, the plot on the right can be used to set the minimum current value to switch the charger off; once this current and the corresponding duty cycle are known, the plot on the left determines the ϖ values. In the example represented in Figure 8 (see plot on the right), the converter starts operating in constant current mode (IBAT = 4 A; IBAT = 1.15, normalized) and the operation point moves vertically until the maximum battery voltage is reached (VBAT = 16.618 V; VBAT = 1.12, normalized). From that point on, the charger operates in constant voltage mode and the operation point moves horizontally until the minimum acceptable current is reached (IBAT = 2.887 A; IBAT = 0.83, normalized). By plotting these points on the plot on the left in Figure 8, the evolution of the switching frequency can be determined. When the charger reaches this minimum operating current, the strategy must be modified in order to reduce the current to a trickle charge value, for instance:
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(13)







Equation (13) allows values L and C to be derived, since impedance base is known by Equation (11). This completes the topology design.








3. Simulation and Experimental Results


In order to validate the analysis and the feasibility of the proposed power stage, a prototype has been built, using MOS transistors, and its behavior has been simulated. The results match those in the theoretical analysis, as was expected. The prototype specifications are:

	
Input voltage: 12 V



	
Maximum battery voltage: 16.8 V, minimum 12 V



	
Output current: 4 A



	
Switching frequency: 70 kHz



	
MOSFETS: IRLU3636PBF, 60 V, 99 A, Rdson = 5.4 mΩ.



	
Resonant and Filter Inductors: Material 3F3, core ETD34/17/11.








If the input voltage comes from the mains, it is necessary to include a suitable step-down transformer, and select other switches that can withstand the input voltage. In Figure 9, a photo (Figure 9a) of a power stage that fulfills these specifications is shown. In Figure 9b, the MOS transistors for both converters (with and without step-down transformer) are shown. In Figure 9c, the core dimensions are shown for both inductors (resonant and filter).


Figure 9. (a) Power stage, suitable for mains operation; (b) different switches; (c) core dimensions for the inductors.
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Regarding the batteries, the power stage has been tested charging these batteries:

	
4S 4500 mAh, 25–50 C discharge peaks; 14.8 V, nominal charge current: 4 A, fast charge 8 A.



	
6S 16,000 mAh 20 C discharge peaks; 22.2 V, nominal charge current: 16 A, fast charge 32 A.



	
62 22,000 mAh 25 C discharge peaks; 22.2 V, nominal charge current 22 A, fast charge 44 A.








In Figure 10, some of the batteries used to test the power stage are shown.


Figure 10. Different batteries used in power tests (discharge/charge).
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With the aforementioned specifications, the power converter parameters obtained are (assuming duty cycle = 0.4 for the maximum power point):
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(14)
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(15)




which compute to an inductor value of 7 µH and a value for the capacitor of 617 nF. For the filter inductor, a value 10 times higher (minimum) has been selected (70 µH).



Simulation results and experimental results for the prototype are shown in Figure 11; as it can be seen, both plots match pretty well. The differences between simulation and experimental results are minimum and are caused by SPICE models, among others.


Figure 11. Experimental results (a) and simulation results (b). The efficiency is above 90% in the operation range. Battery 4S 4500 mAh, 25–50 C.
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The current in the battery can be easily changed by modifying the frequency and duty cycle, as shown in Figure 12 plots; output current goes from 10 A (Figure 12a) to 1 A (Figure 12d), with a frequency excursion from 54 kHz to 87 kHz. In all the range, ZVS operation mode was achieved.


Figure 12. Different output current values, obtained with different frequency/duty cycle values (battery 6S 16,000 mAh 20 C), (a) 54.1 KHz; (b) 63.1 KHz; (c) 84 KHz; (d) 87 KHz.
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Since the battery voltage does not change fast, the frequency/duty cycle change smoothly too, and no current or voltage spikes are detected.




4. Discussion


Li-Po batteries exhibit great energy density and are widely used in LEVs such as drones, electric motorbikes, and others. They do not present memory effect and can be connected in different arrangements, thus enabling different capacities and size. On the other hand, they require a careful charge process that involves the use of a CCS and a CVS, depending on the actual battery voltage. This requires a power stage able to behave in both operation modes and to change from one to another without problems.



The parallel resonant converter with an output filter inductor operates in both modes and can jump from current source to voltage source operation without spikes or important changes in frequency and/or duty cycle. Furthermore, the topology can be designed with a transformer, which provides great flexibility for the input power source: the power stage can be connected to the mains, to another battery, etc. Since the topology operates in ZVS mode, the overall efficiency is high (over 90%), with high stability. The input power has been measured from the input power source to the battery terminals



The design was facilitated by means of normalized plots and can be carried out in a few of steps, while ensuring zero reactive energy and ZVS operation mode.
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