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ABSTRACT This research presents a multi-channel phase shift inductor-inductor-capacitor (LLC) resonant
converter with a wide input and output voltage range that has been specially optimized for fuel cell
applications. The worst-case minimum stack voltage and the battery voltage range were used to determine
the optimal parameters of the LLC converter. The voltage gain of the converter operating at a constant power
was considered, and an algorithm for such a calculation is proposed. Current balancing is implemented
using channel temperature measurements, circumventing the need for expensive current sensors. A natural
self-balancing mechanism is investigated for converters operating at high frequencies exceeding the series
resonance frequency of a resonant converter. Efficiency optimization recommendations for the transformer
turn ratio of the converter are illustrated. Multi-object optimization is implemented to achieve an optimized
design so that both the minimum and maximum voltage gains can be realized; simultaneously, the
transformer turn ratio is kept at a minimum to maintain high efficiency. An experimental prototype of a
four-channel converter is implemented and verified at a 5-kW power level. Active content and the C language
code files for converter calculations are also provided in this paper.

INDEX TERMS Current sharing, fuel-cell converter, multi-objective optimization, resonant converter.

I. INTRODUCTION
Fuel cell applications have seen tremendous widespread
adoption in recent years. Fuel cell technology allows for
reduced emissions in some critical applications. Methanol,
hydrogen, and other substances can be used to produce
electricity via fuel cell technology. The proposed converter
is intended to operate in a methanol fuel cell unit [1],
[2]. In marine applications, fuel cell systems allow for
significant emission reductions. For example, some city ports
require emission-free profiles for ships seeking to dock.
Certain small boats can be powered solely by fuel cell
units [3], which facilitates highly autonomous operation
without the need to recharge batteries. Another important
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application is telecom backup power systems [4], [5]. Fuel
cell backup power systems allow telecom installations to
operate in almost completely isolated locations. In the
automotive industry, fuel cell systems are used in emission-
free vehicles–typically buses and cars–and as a backup
solution [6]. In summary, fuel cells can be a replacement for
fossil fuel power generation, e.g., diesel generators, where an
emission-free operation and the absence of audible noise are
required. Thus, it is apparent that the following parameters
are crucial for fuel cell applications: high efficiency across
a very wide range of input/output voltages. To comply with
regulations and satisfy the conditions for approval, strict
electromagnetic compatibility (EMC) requirements must also
be met. Consequently, there are a lot of constraints to
implementing power electronics and converters in fuel cell
applications.
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FIGURE 1. Typical polarization V-I curve for a methanol fuel cell
(single-cell voltage). Source: [1].

Fuel cell systems have the following characteristics:
1) Fuel cells feature a high output voltage range. An exam-

ple of the typical voltage-current characteristics of a
methanol fuel cell is presented in Fig. 1 [1]. In addition,
the loaded stack voltage changes during the life of the
stack. Hence, the voltage can change more than twice
during fuel cell operation.

2) The typical load for a fuel cell system converter is a
battery or supercapacitor. Batteries are typically used
in the telecommunications industry, and supercapacitors
provide DC link energy storage in automotive and
marine applications.

3) High efficiency is required for a full fuel cell system
to yield commercial benefits. Thus, for a wide range of
input and output voltages, the DC-DC converter in the
fuel cell must have an efficiency of more than 95%.

4) Galvanic isolation is a mandatory safety requirement for
automotive or domestic applications.

The features required in the next generation of DC-DC
converters for fuel cell systems can be specified as follows:

• Wide input/output voltage range
• High efficiency
• Low volume and compact size to meet market require-
ments

• Ability to operate with a battery-like load (i.e., with the
voltage source at the output)

• Constant power load behavior, which can be caused
by either a fixed fuel cell voltage-current set point or
the customer-side system consuming a fixed amount of
power.

DC-DC converter typologies for fuel cell applications have
been proposed extensively in the literatures [7], [8], [9],
and [10]. Current fed isolated converters ( [7], [8]) have
low robustness and low efficiency or complex switching
control. Because the fuel cell source voltage can change by
as much as a time factor of two, two-stage converters are
conventionally employed in such applications [10], impairing
system efficiency with the increased number of components.

To meet the criteria mentioned earlier, two topologies
were considered. One is the phase shift full-bridge converter

(PSFB) [9], and the second is the inductor-inductor-capacitor
(LLC) resonant converter [11]. The PSFB converter has too
many components and snubbers to achieve high efficiency,
while the conventional LLC converter is limited in its input
and output voltage ranges. Comparisons of both typologies
can be found in previous studies [12], [13]. Because the LLC
converter has excellent advantages in achieving EMC, low
volume, and a small number of components, this converter
family was chosen as the base converter for the fuel cell
module.

The conventional LLC converter uses pulse frequency
modulation, the switching bridge generates a square wave-
form to excite the LLC resonant tank. However, the major
drawback of the conventional LLC converter is the limited
range of its input-output voltage ratio [11], [12]. To overcome
these limitations, a number of studies have focused on
improving the features of this converter using different
techniques [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25], [26]. Certain studies [14], [24] propose
additional switches and implement a multilevel structure to
improve the features of the converter when operated at a
fixed switching frequency. Several other studies [15], [21],
[23], [25] modify the resonant circuit, incorporating new
elements to improve the transfer function of the resonant tank.
One study [16] uses a variable inductor controlled via DC
current to regulate the voltage ratio at different load levels.
Interleaved converters withmodified rectifiers and phase shift
control were employed in [17]. Unsymmetrical control and
modes for the bridge arm of the full-bridge converter were
implemented to achieve a wide input voltage range in [18].
An adaptive turn ratio change in the transformer facilitated
achieving a wide output voltage range in [19] and [26]. Addi-
tional bridge arm and secondary-side rectifier connections
were used in the hybrid full-bridge and LLC converter in [20].
On-the-fly topology morphing of full-bridge and half-bridge
operations is proposed in [22].

Instead of adding extra components, some researchers have
focused their research on numerically optimizing the con-
ventional LLC converter using computer-aided optimization
design [27], [28]. However, these optimizations are applied
to converters operating at a fixed or limited range of input
and output voltages. In [27], the input voltage is fixed at 12 V
and the output voltage is fixed at 400 V. In [28], the input
voltage is limited to a 25-35 V range, and the output voltage
is fixed at 400 V. Thus, the aforementioned approaches are
not relevant to fuel cell applications in which a wide stack
voltage range and a wide battery voltage range are required.

It is apparent that all the listed solutions are somewhat
difficult to implement practically because these solutions
either increase the number of components and, thus, the
size of the converter, or the complex microcontroller-based
control employed does not permit robust operation of the
converter. Because of these limitations, the phase shift LLC
(PSLLC) resonant converter has been chosen for the practical
implementation of the fuel cell module [30], [31], [32], [33],
[34].
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FIGURE 2. Microcontroller (MCU) and control circuit block diagram.

TABLE 1. Converter characteristics.

The rest of this paper is structured as follows: Section II
focuses on the features and structure of the DC-DC converter
for fuel cell application, and converter control is examined
in Section III. The voltage gain characteristics of the fuel
cell LLC resonant converter operating in a constant power
mode are presented in Section IV. The channel balancemech-
anisms, including channel temperature measurement and the
self-balancing effect at high frequencies, are described in
Section V. Efficiency optimization recommendations and
an optimization algorithm are provided in Section VI. The
experimental data are outlined in Section VII, and finally,
conclusions are drawn in Section VIII.

II. CONVERTER STRUCTURE
A simplified block diagram of the entire multichannel
converter proposed for fuel cell applications, along with
its control circuit, is presented in Fig. 2. The technical
parameters of the converter are listed in Table 1. The
outputs of the converter channels are connected in parallel
on the input and output sides. This configuration represents
the worst-case setup from a channel current balancing
perspective.

FIGURE 3. (a) Schematic and (b) waveforms of a channel of the PSLLC
converter.

The converter contains four interleaved phase-shifted LLC
resonant converter channels; a diagram and waveforms of
one power channel are presented in Fig. 3. It represents a
conventional full-bridge LLC resonant converter with phase
shift implemented.

III. CONVERTER CONTROL
The proposed fuel cell power converter is designed to use
batteries and different power consumers at its output. Thus,
the mode of operation is close to a constant power mode; the
features of this mode are examined in Section IV. As can
be seen in Fig. 2, the interleaved converter is controlled
by a microcontroller (MCU) that calculates the switching
frequency in accordance with the algorithm presented sub-
sequently. The MCU continually measures the input current,
output current, and voltages used for the switching frequency
calculation. The feedback control includes three loops that
allow for control of the input current (stack current), the
output current, and the output voltage, as shown in Fig. 2.
Therefore, the MCU also has digital-to-analog converters
(DAC) that set or limit the input and output currents and
the output voltage. The converter values and control loops
described earlier facilitate charging batteries on the output
side in different charging modes, such as under a constant
input or output current, output voltage, or power. In most
cases, the primary control method involves adjusting the set
point of the input stack current, which is the most critical
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parameter of the system. The output power and voltage can
be limited by regulating the input stack current alone.

Analog control loops are implemented to stabilize or limit
one of the following parameters: input current, output current,
or output voltage. If the switching frequency controller is
already at its maximum limit and, concurrently, the DC gain
of the converter is still high, the analog control loops regulate
the phase shift between the full-bridge legs, reducing the
equivalent duty cycle of the converter primary stage and the
energy flowing to the secondary side. The controller for this
additional control loop can be either analog or digital. In this
study, an analog controller is implemented because there
are many commercially available integrated circuits (IC) for
full-bridge converters with phase shift. Examples of such ICs
include UCC2875, UC2895, and LTC3722.

The main MCU continually controls the switching
frequency via feed-forward calculation of the theoretical
switching frequency. The algorithm endeavors to keep the
switching frequency at the highest possible maximum value
to operate as closely as possible to the conventional LLC
converter mode by trying to keep the primary duty cycle as
close to one as possible. In this case, the phase shift between
the half-bridge legs will be close to 180◦.
A specific procedure is employed to derive the con-

trol algorithm. To predict the switching frequency, the
first-harmonic approximation (FHA) method is used [11]
to calculate the DC voltage gain of the LLC converter.
The converter’s input and output currents and voltages are
measured and recorded to calculate the switching frequency.
Eq. (1) expresses the DC gain of a conventional LLC
converter.

Mdc =
Vout
Vin

=

∣∣∣∣∣∣ jωLmN Re

(jωLm + Re)
(
jωLm Re
jωLm+Re

+ jωLr +
1

jωCr

)
∣∣∣∣∣∣ , (1)

where Lm is the equivalent magnetizing inductance, Lr is
the equivalent resonant inductance, and N = N2/N1 is the
equivalent turn ratio of the transformer T1 (Fig. 3). The
parameter Lr may also include the leakage inductance of
transformer T1. Together with the resonant inductance, the
aforementioned three parameters of the transformer and can
be considered a full equivalent model of the transformer
and can be derived from measurements of transformer
parameters [47]. The parameter Re represents the equivalent
load resistance reflected to the primary side [11]. It can be
calculated from the converter load resistance RL , as follows:

Re =
8
π2

1
N 2RL . (2)

The angular frequency ω in Eq. (1) is determined as ω =

2πFsw, where Fsw is the switching frequency that must be
calculated and set by the MCU.

The simplified algorithm for the switching frequency
calculation can be developed as follows:

FIGURE 4. Flow chart diagram of the algorithm for calculating the
switching frequency of the converter.

• Constant parameters Lr ,Lm,N and Cr are defined.
• Parameter Mdc is indirectly measured and calculated
from input and output voltage measurements.

• Parameter Re is calculated and measured using the
required input current set point I setin instead of the
measured stack current at the moment Iin. With this
approach, feed-forward control of the switching fre-
quency is performed. Here, it is assumed that the main
control of the converter is performed by setting and
controlling the stack (input current). Output current
and output voltage are also controlled, but are set to
maximum safe levels to avoid over-current and over-
voltage of the battery. Consequently, the parameter Re
can be calculated using Eq. 2, as follows:

Re =
8
π2

1
N 2

V 2
out

VinI setin η
, (3)

where η is the expected efficiency of the converter (for
example, η = 0.95).

• Eq. (1) is solved numerically using the bisection method
for the variable ω, and finally, the calculated switching
frequency Fcalcsw is calculated.

The algorithm for calculating and setting the feed-forward
switching frequency F setsw is diagrammed in Fig. 4. As can
be seen, if the calculated switching frequency falls within
a permitted range of frequencies: Fminsw to Fmaxsw , the final
switching frequency for the converter is adjusted using a
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FIGURE 5. Transfer characteristics of the proposed LLC converter
calculated for different load resistances Re.

coefficient K = 0.8 . . . 1.0, which takes into account the
tolerances and accuracy of the components of the converter.

F setsw = Fcalcsw · K (4)

This coefficient can also be used to take into account the
difference between the theoretically calculated voltage gain
and the realistic one, as described in Section VII.

IV. FUEL CELL LLC RESONANT CONVERTER WORKING IN
CONSTANT POWER MODE
This section deals with an issue that is linked to the
conventional approach used in most research touching
on the theoretical calculation of LLC DC gain [11], [12],
[34]. The conventional approach is exemplified by Eq. (1),
which can be used to calculate the DC gain characteristics
of the LLC converter, depending on the switching frequency.
However, the main issue here, using such a direct approach,
is that Eqs. (1) and (2) use a constant resistance as the load RL
or parameter Re, directly assuming that the converter operates
with a constant resistance at the output. The typical transfer
characteristics of the LLC converter calculated using Eq. (1)
are illustrated in Fig. 5.

The controller for the primary system requests the current
level of the stack, thus power from the stack can be considered
a constant at any current moment in time, along with the input
(stack) voltage. This means that the converter output also
operates in a constant power mode on the input and output
sides. At the same power level, the output voltage of the
converter can vary in a wide range, depending on the battery
charge level and the operation of the entire system operation.
The required range of output voltages for the entire system
can be as wide as ±20% or higher.
It is assumed that the converter operates with constant

input values and that the gain level corresponds to Point A in
Fig. 5. At the nominal (maximum) power level, the converter
is loaded with equivalent resistance at the output Rnome , which
is calculated for the nominal output battery voltage V nom

out .
Thus, the gain characteristics of the converter at this moment
correspond to Curve 2 in Fig. 5. At some moment in time, the
battery level reduces and the voltage on the converter’s output

also reduces, but the power generated by the fuel cell remains
the same and constant. The converter controller increases the
switching frequency to reduce the converter’s gain to match
the new battery voltage level. This means that with the same
power and a reduced voltage at the output, the load resistance
RL and, therefore, Re also decrease. It is not possible, at this
moment, to calculate the transfer characteristics and voltage
gain using Curve 2 in Fig. 5. The real characteristics of the
gain will lie somewhere between Curve 1 and Curve 2 to the
right of Point A.

A similar process occurs when the battery voltage
increases. The converter controller decreases the switching
frequency to increase the converter’s gain to match the new
battery voltage level. This means that with the same power
at the output and an increased output voltage, the load
resistance RL and, therefore, Re are also increased. The real
characteristics of the gain will lie somewhere between Curve
3 and Curve 2 on the left from Point A.

Notably, this situation is not a problem for the converter
control diagrammed in Fig. 4. The algorithm will keep
switching the frequency, knowing all the needed parameters,
such as the input and output voltages and the input currents.

The corrected voltage gain characteristics are necessary for
a proper estimation of the possibility of the LLC converter
providing operation at full input and output voltage levels.
The static characteristics presented in Fig. 5 for fixed load
resistance cannot be used directly. The characteristics of the
converter are impacted by the dynamic changes in parameter
Re when the output voltage changes; however, the power level
remains constant. For each frequency, the Re resistance and
the voltage gainMdc should be calculated using the numerical
iterative method, in which the current value of the parameter
Re is used to estimate the value of the new voltage gain using
Eq. (1). The new voltage gain, along with the input voltage
and output power, will then determine the new value of the
parameter Re. The process is continuous until Re does not
change from iteration to iteration.

The corrected voltage gain will now also depend on
the input voltage Vin because the converter is driven
from the stack and power transfers from the stack to the
battery. The lower the input stack voltage at a constant power
level, the lower the output voltage; thus, the load resistance
Re decreases, impacting the resulting voltage gain.

The algorithm of the corrected voltage gain numerical
calculation is diagrammed in Fig. 6. This algorithm is
not employed in the control of the converter but allows
for predicting and calculating the possibilities of the LLC
converter delivering the required level of power to the
load. The parameter Rnome is defined as the equivalent load
resistance at nominal conditions at the output at nominal
battery voltage V nom

out and nominal (maximum) output power
Pmaxout .

Re =
8
π2

1
N 2

(V nom
out )

2

Pmaxout
(5)
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FIGURE 6. Flow chart diagram of the algorithm for calculating the voltage
gain of an LLC converter operating at constant power.

In the iterative process, the parameter Rnome is used in the
algorithm as a reference for defining the initial values of the
equivalent resistances Re1 = 20 · Rnome and Re2 = 20 · Rnome .
The parameter ε ≪ 1 determines the criteria for the iterative
algorithm to stop iterations with some accuracy when the
equivalent resistance is at steady state.

An example of the voltage gain characteristics is presented
in Fig. 7. As can be seen, Curve 4 is calculated for constant
power, and in comparison to Curve 2, it behaves as described
earlier.

The effect of the level of the input voltage is shown in
Figs. 8 and 9.

On analyzing Figs. 7–9, several facts are noteworthy.
The switching frequency of the converter operating at

constant power will place some limits on the power that
can be achieved at certain input stack voltages. Above
certain maximum and minimum switching frequencies,
which depend on the input voltage and the output power,
the voltage gain drops rapidly and theoretically decreases to
close to zero. This can be explained by the fact that with the
same power and a reduced voltage at the output, the load
resistance RL and, therefore, Re, also decrease. A reduction in

FIGURE 7. Transfer characteristics comparison for a calculation using the
constant Re (Eq. (1)) and corrected for constant power (Fig. 6).

FIGURE 8. Transfer characteristics comparison for a calculation using the
constant Re (Eq. (1)) and corrected for constant power (Fig. 6), illustrating
the effect of input voltage Vin at constant power.

FIGURE 9. Transfer characteristics comparison for a calculation using the
constant Re (Eq. (1)) and corrected for constant power (Fig. 6), illustrating
the effect of a low input voltage Vin at constant power.

the load resistance will cause a reduction in the voltage gain
and the output voltage (Fig. 7), and the drop in the voltage
will lower the load resistance further at constant power, and
so on. Thus, the process will become avalanche-like, and the
load resistance and voltage gain will rapidly drop to zero.

The effect of the input stack voltage is also evident,
especially in cases where the input voltage drops below a
certain limit: the voltage gain characteristics will include
breaks and regions where the gain is zero (Figs. 8 and 9). The
reason for this effect is similar to that described earlier, except
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FIGURE 10. Effect of changing Lr and Cr on the voltage gain
characteristic calculated for constant power.

that the output voltage drops further as the input voltage
decreases. If the calculation by the algorithm diagrammed in
Fig. 6 exhibits breaks in the voltage gain, the design of the
LLC converter should be corrected; for example, by changing
the values of Lr and Cr in the same way, the quality factor

Qrr =

√
Lr
Cr /Re is reduced by 1.5 times while maintaining

the same series resonance frequency Frr =
1
2π

1
√
LrCr

. The
result of the correction of the converter design is presented in
Fig. 10.

Typically, for practical calculation of the fuel cell LLC
resonant converter with phase shift, the voltage gain calcula-
tion presented earlier should be performed for the maximum
operating output power and the lowest possible minimum
input voltage. The input stack voltage may be specified at the
end of life of the fuel cell stack as a worst-case scenario in
which the stack voltage is diminished in comparison to the
new stack voltage. The excess voltage gain at higher input
voltages will be compensated for by operating at a higher
switching frequency and an additional phase shift between
the full-bridge legs.

As can be seen from Figs. 7–10, in a constant power
mode, the converter generates a significant increase in the
voltage gain within the low-frequency range around the pole
frequency Frm =

1
2π

1
√
(Lr+Lm)Cr

. As explained earlier, the
rapid increase in gain can be explained by the high equivalent
load resistance Re at high output voltages and constant power.
This behavior at low frequencies can be used to design a
converter that meets a wide range of output and input voltage
requirements. The only drawback to operating at frequencies
much lower than the series resonant frequency Frr is the risk
of losing zero voltage switching (ZVS) for primary switches
and, thus, increased switching losses.

V. CURRENT BALANCING METHODS
A. METHOD 1 – CURRENT BALANCING USING CHANNEL
TEMPERATURE
Power channels in an interleavedmultichannel converter need
to be balanced to conduct the same current or power to the
load [36], [37], [38], [39], [40], [41], [42], [43], [44], [45],

FIGURE 11. Converter control circuit block diagram demonstrating
current balancing via power channel temperature measurement.

[46]. Thus, a balancing technique is required for converter
robustness and a long life span. The worst case here is when
the channels are configured to be connected in parallel on the
primary and secondary sides.

Because the stack current typically cannot increase very
quickly, channel current balancing can be implemented using
a method in which the temperature of each channel is
measured instead of the current. This approach is illustrated
in Fig. 11. A temperature sensor is placed close to one of the
power switches in each channel and monitored by the MCU.
The average temperature is calculated, and the temperature
of the channel is compared with the average temperature.
A correction to the duty cycle is then applied by the MCU
in such a way as to compensate for the difference between
the channel temperature and the average temperature.

The advantages of this method of channel balancing are
its simple design and small number of components. There is
no need for current sensing in each channel; thus, the same
input DC link net—connected directly to the stack and all
the channels—can be used. This improves current sharing
between bypass capacitors on the input side of an interleaved
multichannel converter.

The disadvantage of thermal channel balancing is its
slow response characteristics. Furthermore, the channels of
the converter cannot be identical in geometry and cooling
conditions; hence, there may be some error in channel
current balancing because of the differing temperatures of the
channels.

B. METHOD 2 – CURRENT BALANCING USING A
SELF-BALANCING MECHANISM
With the voltage gain characteristics of an LLC resonant
converter operating in a constant power mode, as described
in Section IV, it is possible to explore the effect of current
imbalance in the channels. Let us consider two channels that
are connected in parallel on the primary and secondary sides.
Now, it is assumed that one of the channels has a higher
output power for some reason, and the other parameters
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FIGURE 12. Effects of increasing the output power of one of the channels
on the voltage gain characteristics of the resonant converter.

of the circuit are the same. A comparison of such channel
characteristics is presented in Fig. 12. It can be seen that
there is a reduction in gain when the switching frequency is
moving from the series resonant frequency Frr (Point A) to
the left or right. This means that, at least at these frequencies,
there is some self-balancing mechanism of current balancing
between channels. This mechanism will not balance the
channels fully because it is not based on feedback regulation
but only on natural gain reduction when power is increased
in one channel and decreased in another.

Furthermore, Fig. 13 illustrates the power imbalance effect
on voltage gain due to converter element tolerance, where
some displacement from the nominal parameters Lr and Cr
in a resonant circuit is implemented. Fig. 13 further proves
that moving from Point A to the right, there tends to be
less difference in the voltage gain than at Point A directly.
Therefore, the channel with the higher power and voltage
gain (Curve 3 in Fig. 13) will lower the output power in the
high frequency (HF) region, and in the opposite direction,
the channel with the lower power and voltage gain (Curve
2 Fig. 13) will increase the output power in the HF region.
This mechanism reduces the difference in the strength of the
currents in the channels to some degree. The expected range
of frequencies in which such a self-balancing mechanism is
expected to be effective is approximately Point A to Point C
in Fig. 13.

The natural current balancing mechanism described can be
especially useful at high frequencies (HF region) because,
in this region, it is critical to have effective channel balancing
on account of the expected efficiency reduction at high
frequencies.

It should be noted that in low frequency (LF) region, the
self-balancing mechanism might fail. As can be seen from
Fig. 13, in the LF region, the total voltage gain decreases
when the switching frequency is increased. However, the
difference in the gain increases simultaneously, which can
cause some instability or failure in channel balancing.
In conclusion, the self-balancing algorithm is most effective
in the frequency range higher than the series resonant

FIGURE 13. Effects of changing the output power of one of the channels
on the voltage gain characteristics of the resonant converter when
additional resonant circuit parameters have some tolerance or
distribution around nominal values.

frequency Frr (Point A). When the switching frequency
increases beyond Point C, there is the same tendency for the
channel balancing to fail due to the difference in the gain
beyond Point C. Thus, the proposed self-balancing method
may be useful for an LLC converter intended to operate on
frequencies higher than the series resonant frequency Frr .
Considering the foregoing reasoning, the algorithm for the

switching frequency calculation and control diagrammed in
Fig. 4 can be replaced with an algorithm that monitors the
stack current and adapts the frequency to keep this current
equal to the required value, as illustrated in Fig. 14. This
algorithm endeavors to keep the switching frequency as high
as possible so that the measured stack current matches the
required value. Thus, the switching frequency is no longer
feed-forward calculated but is controlled digitally, similar to
the switching frequency of a conventional LLC converter. The
MCU changes the frequency back and forth in small steps
1F to keep the input current steady. The small change in
frequency in each iteration corresponds to the integrator stage
in the feedback control loop. The drawback of this algorithm
is that, due to the digital implementation of feedback control
and discretization of the frequency, there are some ripples in
the stack current. The advantage of this algorithm is that it
is much simpler than the one in Fig. 4 and uses less MCU
resources. Generally, the algorithm diagrammed in Fig. 14
can be used as an alternative to the algorithm diagrammed in
Fig. 4 if some ripples in the stack current are acceptable.
The natural current balancing mechanism in an LLC

resonant converter working in a constant power mode,
as described here, may be explored further in future research.

VI. EFFICIENCY OPTIMIZATION AND DESIGN
PROCEDURE FOR A RESONANT CONVERTER FOR A FUEL
CELL SYSTEM
A. TURN RATIO EFFECT ON EFFICIENCY
It can be shown that the root-mean-square (RMS) current of
the secondary-side switches can be expressed as follows [48]:

I secRMS ≈
Pout
Vout

π

2
√
2
. (6)
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FIGURE 14. Algorithm for channel balancing via switching frequency
control in regions HF and LF in Fig. 13.

Thus, the primary side switch RMS current can be expressed
as follows [48]:

IpriRMS ≈
Pout
Vout

π

2
√
2

· N . (7)

Eq. (7) is a simplified expression of the primary current that
ignores the current component flowing in the magnetizing
inductance. For the full range of operating switching frequen-
cies, it is impossible to derive the full equation that includes
this current component; however, some approximations can
be found in [28], [55], and [61]. In our study, it is assumed
that the magnetizing current is smaller than the reflected
secondary-side transformer current. Thus, Eq.(7) is a good
approximation for the primary RMS current. It can be
assumed that the conduction losses on the primary side
are directly dependent on the RMS current in the primary
switches:

Ppricond = 2 · IpriRMS
2
· RDCon. (8)

Analyzing Eqs. (6)–(8), it is apparent that the only primary
RMS current may be reduced during the LLC converter
optimization process, and the only way to increase efficiency
is to decrease the parameter N . Thus, the target of efficiency
improvement is to decrease the parameter N to its lowest
possible minimum value. However, because the parameter N
also determines the voltage gain characteristics expressed as
Eq. (1), a lack of gain must be compensated for using the
rapid gain increase in the low-frequency range of the LLC
converter operating in constant power mode, as illustrated in
Figs. 7 and 10.

FIGURE 15. Algorithm for utilizing multi-objective optimization for
efficiency optimization in the proposed LLC converter design.

B. MULTI-OBJECT OPTIMIZATION OF THE LLC
CONVERTER
Optimization methods and approaches and their main char-
acteristics are presented in Table 5 in the appendix section—
the literature overview is summarized in this table. The
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referenced studies use different techniques and intermediate
objectives to achieve the optimal design of an LLC converter.
The most critical parameters compared in Table 5 are as
follows: objective function, design variables, input-output
voltage ranges, and how the calculation method handles the
constant power mode. Most studies research LLC converters
that operate with a limited voltage range on the output
side. If the LLC converter is designed to operate at a fixed
output voltage, the load resistance is also fixed and is used
as a constant load resistance for the gain characteristic
calculation. For the proposed fuel cell application—with
wide input and output voltages—a constant load resistance
cannot be used for the gain calculation because this resistance
changes with the output voltage in constant power mode.

Considering the foregoing reasoning, the procedure used
to optimize the converter design and achieve the high
efficiency of a phase-shifted resonant converter is illus-
trated in Fig. 15. This procedure represents multi-objective
optimization (MOO) using a weighted sum method with
normalization. Normalization can be done in relation to
user-defined minimum and maximum levels of acceptance
for each objective. These user-defined minimum and max-
imum parameters are called Utopia and Nadir points,
respectively [62]. Multi-objective optimization is performed
using multivariable function minimization. Multivariable
function minimization is based on a simple search method
that uses unit vectors as a set of search directions or as
a method of single-parameter variation [62, p. 413], [63,
Section 3.2].

Here, it is assumed that the input variable for the optimiza-
tion algorithm is given by the vector x = {Lr ,Cr ,Lm,N }. The
objective function, the minimum of which must be found, can
be expressed as follows:

J (x) = w1
|Mdc(x,Fminsw ) −Mmax

dc |

Mmax
dc

+ w2
|Mdc(x,Fmaxsw ) −Mmin

dc |

Mmin
dc

+ w3
N

N (U ) − N (N ) ,

(9)

where Mmin
dc and Mmax

dc are the minimum and maximum
voltage gains required from the converter specification; Fminsw
andFmaxsw are the specifiedminimum andmaximum switching
frequencies; the voltage gainMmin

dc is expected to be achieved
at maximum frequency Fmaxsw , and voltage gain Mmax

dc is
expected to be achieved at minimum frequency Fminsw . For
the phase-shifted LLC converter, theminimum andmaximum
gains can be specified as follows:

Mmin
dc =

Vmin
out

Vmin
in

Mmax
dc =

Vmax
out

Vmin
in

, (10)

where Vmin
in is the minimum stack voltage at the maximum

load current. Further reduction in the voltage gain at high

FIGURE 16. Results of multi-object optimization and their comparison for
different input parameters. V min

in = 60.0 V , V min
out = 200 V , V max

out = 300 V ,
Pout = 1375, F min

sw = 70 kHz , and F max
sw = 170 kHz .

input voltages is achieved by an equivalent gain reduction in
the phase shift between the passive and active full-bridge legs,
as described in Section III. The voltages Vmin

out and Vmax
out are

specified as the minimum and maximum battery voltages.
The parameters N (U ) and N (N ) in Eq. (9) are Utopia and

Nadir points for the transformer turn ratio N . Suggested
values for these two parameters may be N (N )

= Mmin
dc and

N (U )
= Mmax

dc . This is because the turn ratio parameter
N directly impacts the voltage gain of the LLC converter
(Eq. (1)), and the objective here is to minimize the parameter
N for better efficiency, as mentioned earlier. The coefficients
w1, w2, and w3 in Eq. (9) are the weighted factors for
the required minimum and maximum voltage gains and the
transformer turn ratio, respectively. Keeping w1 +w2 +w3 =

1 and changing the relationship between w1, w2, and w3,
a final converter design optimized for a minimum objective
function J (Lr ,Cr ,Lm,N ) can be achieved. As can be seen
in Eq. (9), the optimization algorithm diagrammed in Fig. 15
will endeavor to maintain the necessary voltage gain at the
extremes of the frequency range required by the general
converter specifications. Concurrently, the transformer turn
ratio parameter N is kept as low as possible. It should
be mentioned that the voltage gains Mdc(x,Fminsw ) and
Mdc(x,Fmaxsw ) in Eq. (9) are calculated using the algorithm
diagrammed in Fig. 6 for the LLC converter operating in
constant power mode.

Fig. 15 presents an optimization algorithm for four
parameters in the component’s parameter space: Lr , Cr ,
Lm, and N . Multi-objective optimization is performed using
the multivariable function minimization, which is based on
a simple search method that uses unit vectors as a set
of search directions or as a method of single-parameter
variation [62, p. 413], [63, Section 3.2]. The next steps are
as follows: First, parameter Lr alone is scanned to determine
the local minimum of the objective function J (Lr ), and Lr—
at which J (Lr ) is a local minimum—is kept fixed at the
determined value until the next iteration of this step. Second,
the parameter Cr is scanned to determine the local minimum
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TABLE 2. Parameters for multi-object optimization for different cases.

of the objective function. These same steps are performed
for parameters Lm and N . The steps are repeated, cycling
through the entire set of parameters x = {Lr ,Cr ,Lm,N } as
many times as necessary, until the objective function stops
decreasing. At the end of this series of four minimizations,
the value of the objective function J (Lr ) is stored and
compared against the previous value. If the current and
previous values of the objective function are numerically
close, with a relative accuracy ε, the process terminates
with a list x = {Lr ,Cr ,Lm,N } of variables that can now
be considered an optimized set of parameters, ready for
verification via implementation in a design.

The result of the algorithm diagrammed in Fig. 15 will
comprise a set of parameters xfinal = {Lr ,Cr ,Lm,N }

that can be used to design the fuel cell LLC converter
practically. At this point, the design must be checked for
ZVS in all frequency ranges and to confirm that the voltage
gain characteristics do not have breaks similar to those
in Figs. 8–10. If these issues are found, the weighted
factor coefficients w1, w2, and w3 may be changed and the
optimization process can be repeated until a satisfactory
result is obtained. As can also be seen in Figs. 8–10, the
voltage gain characteristics exhibit a rapid reduction in
the gain in the high frequency range; thus, the parameter
Fmaxsw can also be varied along with the weighted factor
coefficients w1, w2, and w3 for the final optimization of
the converter using the algorithm diagrammed in Fig. 15.
The parameters xfinal = {Lr ,Cr ,Lm,N } are varied and
scanned in the following corresponding limits: Lminr . . . Lmaxr ,
Cmin
r . . .Cmax

r , Lminm . . . Lmaxm and Nmin . . .Nmax . Therefore,
these limits can also be varied to obtain correct results;
otherwise, for example, although the gain characteristic can
be optimized, it can also be distorted if the resonant frequency
Frm =

1
2π

1
√
(Lr+Lm)Cr

appears to fall between Fminsw and Fmaxsw .
The results of the implementation of the algorithms

are presented in Fig. 16, showing the effect of different
parameters on the final gain characteristics. The input
parameters for the optimization in each case are presented

in Table 2. Notably, Case 3 in Figs. 15 demonstrates that,
theoretically, the minimum transformer turn ratio can be
implemented as equal to the minimum required gain: N opt

≈

Mmin
dc . However, in this instance, the voltage gain curve

varies in the wide range when the frequency changes only
slightly, and it has a steep form in the low-frequency range.
Consequently, it is possible to predict that such a steep
feature may present issues due to component tolerance,
especially in multichannel setups with parallel connections
on the primary and secondary sides. In this particular case,
current balancing becomes an issue in the LF region. Due to
the same mechanism, there may be channel output voltage
differences if the secondary sides are connected in series.
Another concern is the possible loss of ZVS in the low-
frequency range.

Case 1, which is presented in Fig. 16, demonstrates the
aforementioned situation in which the resonant frequency
Frm =

1
2π

1
√
(Lr+Lm)Cr

appeared to fall betweenFminsw andFmaxsw
due to a high initial specified Cmax

r .

C. DESIGN PROCEDURE
The following are practical steps that can be performed
to design an LLC converter with phase shift for fuel cell
application:

• Design optimization using the algorithm diagrammed
in Fig. 15 should be performed at the lowest possible
minimum stack voltage Vmin

in and the highest possible
maximum stack current Imaxin . Thus, a constant power
Pout = Vmin

in · Imaxin is used as the converter power in
the optimization algorithm.

• The weighted factors w1 = 0.4, w2 = 0.4 and w3 =

0.2 can be used as a starting point.
• The voltage gain characteristics must be checked to
confirm that there are no breaks, and they should be
monotonous.

• Weighted factors and minimum and maximum fre-
quencies may be varied as inputs to the optimization
algorithm to achieve satisfactory voltage gain character-
istics.

• After the converter parameters are returned by the
algorithm, the converter should be checked for ZVS in
the desired modes of operation.

• The designed converter should be analyzed for its com-
ponents tolerance and distribution using, for example,
the Monte-Carlo simulation.

Because the main application of the converter is a fuel cell
system, the converter is optimized specifically for fuel cell
characteristics. The fuel cell stack has a specific polarization
curve, in which maximum power is reached at the lowest
stack voltage (Fig. 1). Therefore, the minimum stack voltage
and the maximum delivered power are the most critical
parameters because the maximum current is delivered. This
requires an accurate design methodology to achieve high
efficiency, which is always challenging for low-voltage
and high-current DC/DC converters. Furthermore, at this
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FIGURE 17. Prototype of the proposed LLC resonant converter for fuel
cell application.

FIGURE 18. Comparison of the voltage gain obtained via calculation
(algorithm diagrammed in Fig. 6) and the measured values. The converter
operates in constant power mode, with parameters for the entire
converter, and all channels are connected in parallel on the primary and
secondary sides: Vin = 60.0 V , and Iin = 85 A.

voltage range, the converter should providemaximumvoltage
gain—especially at the highest load voltage. As mentioned
earlier, maximum voltage gain at minimum stack voltage and
maximum load voltage is one of the objectives of multi-
objective optimization. To guarantee operation in another

case (i.e., minimum stack voltage and minimum load
voltage), the minimum voltage gain is also an element of
optimization. It is important to have this case as an objective
because it is still desirable to operate without phase shift
under this condition to achieve high efficiency (fewer peak
currents). The last optimized parameter is the turn ratio, N ,
which directly impacts efficiency, as mentioned earlier. Thus,
the input parameters for the design procedure are as follows:

• Minimum stack voltage
• Maximum output power or maximum stack current
• Minimum and maximum battery (output) voltages
• Minimum and maximum switching frequencies

Notably, the maximum stack voltage is unnecessary in our
design methodology because the required low-voltage gain
is not a challenge for an LLC converter with phase shift.
The phase shift between the legs of the LLC converter
compensates for the excess gain at high input voltages,
reducing the equivalent duty cycle.

Practical implementation of the algorithms diagrammed in
Figs. 15 and 6 are written in the C programming language.
The source code is available online [64] and as active media
content in this paper.

VII. EXPERIMENT
A. VOLTAGE GAIN
To prove the concept of the LLC resonant converter working
in constant power mode, a power converter board was
designed and constructed, as illustrated in Fig. 17. The
parameters of the constructed converter correspond to the
parameters in Table 1. It should be noted that the parameters
of the converter design were selected to be close to those
in Case 4 in Table 2 in line with the reasoning discussed in
Section VI.
A comparison of the voltage gain calculated using the

algorithm diagrammed in Fig. 6 and the measured values
achieved by the constructed converter is presented in Fig. 18.
Here, the converter operates with a fixed stack voltage
of 60 V and a constant current of 85 A; therefore, the
converter transfers constant power to a load. Fig. 18 shows
that the algorithm yields a good prediction of the gain
characteristics; however, there are slight discrepancies at the
minimum and maximum frequency regions, which can be
explained by using FHA as the base for the LLC resonant
converter modeling. It is evident that the measured gain
at low frequencies is slightly higher than the calculated
projections, which ensures that— with some margin—the
necessary maximum gain can be reached at the minimum
switching frequency. There is a similar situation with the
high-frequency range, where the measured gain is slightly
lower than the calculated projections. This ensures that the
minimum gain can be achieved and the phase shift in the
full-bridge converter stage will be close to 180◦.

A critical observation in Fig. 18 must be emphasized.
At especially high frequencies greater than the series
resonance frequency Frr =

1
2π

1
√
LrCr

, the calculated gain
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FIGURE 19. Primary side waveforms were measured for one of the
channels of the converter, with two different approaches for channel
current balancing. All left-side waveforms (a), (c), & (e) — Channel
balancing using temperature measurement (method 1) and feed-forward
switching frequency control; feed-forward control of the switching
frequency is implemented using the algorithm diagrammed in Fig. 4, with
parameter K = 0.9 (Section V-A). All right-side waveforms (b), (d), & (f):
Channel balancing using adaptive switching frequency control
(Section V-B, method 2). Total input current Iin = 85 A, and stack voltage
Vin = 60 V . (a)–(b) Vout = 200 V , (c)–(d) Vout = 250 V ,
(e)–(f) Vout = 300 V . CH3 is the drain-source of M2 (node A), CH4 is the
drain-source of M4 (node B), and MATH is the difference between the
CH3 and CH4 voltages on the full bridge [V(A, B)]. Regarding the switches,
refer to Fig. 3.

is higher than the corresponding measured value. This
means that when a feed-forward calculation of the switching
frequency (Fig. 4, Section III) is employed, the real gain
will be lower than projected. Therefore, in reality, a lower
switching frequency is necessary to maintain a high enough
voltage gain. One way to correct the switching frequency is to
implement different coefficients K (Eq. (4)) for frequencies
below Frr and above Frr . For example, K = 1.0 for the LF
region, and K = 0.9 for the HF region.

B. PRIMARY SIDE WAVEFORMS
Fig. 19 presents the waveforms of the voltage in the legs of
the full-bridge converter’s primary side switches. Waveforms
are taken as voltages at nodes A and B from Fig. 3. This
figure also shows the phase shift difference with different
channel balancing techniques, voltage difference between
nodes A and B is also measured. All left-side waveforms
represent the first technique of channel balancing, using the

FIGURE 20. Measured values of the primary winding current in the main
transformer T1 for all four channels, with and without channel balancing.
Channel balancing is performed using the temperature measurements of
each channel, as described in Section V-A (method 1). Feed-forward
control of the switching frequency was implemented using the algorithm
diagrammed in Fig. 4, with parameter K = 0.9. Current probe transfer
coefficient: 90.9 A/V . (a), (c), & (e) — No channel balancing. (b), (d), &
(f) — With channel balancing (method 1). (a) & (b) — Vout = 200 V . (c) &
(d) — Vout = 250 V . (e) & (f) — Vout = 300 V , Vin = 60 V , and Iin = 85 A.

channel temperature measurement technique described in
Section V-A, method 1. All right-side waveforms represent
the second method, which is based on the self-balancing
mechanism described in Section V-B, method 2. As expected,
the self-balancing technique results in a phase shift between
legs that is very close to 180◦ because the algorithm
diagrammed in Fig. 14 tries to keep the frequency as high as
possible to keep the stack current Imeasin equal to the required
current I setin .

C. CHANNEL BALANCING USING TEMPERATURE
MEASUREMENTS
Fig. 20 show current balancing in all channels of the
converter. Channel balancing was performed using the
temperature measurements of each channel, as described
in Section V-A, and feed-forward control of the switching
frequency was implemented using the algorithm diagrammed
in Fig. 4, with parameter K = 0.9. The current probe transfer
coefficient was 90.9A/V ,; total input current Iin = 85A, and
stack voltage Vin = 60V .

D. CHANNEL BALANCING USING THE SELF-BALANCING
MECHANISM
Figs. 21 and 22 show the current balancing in all channels of
the converter, but with the channel balancing performed using
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FIGURE 21. Measured values of the primary winding current in the main
transformer T1 for all four channels, with and without channel balancing.
Channel balancing performed using the self-balancing mechanism
described in Section V-B (method 2). Vin = 60 V . Iin = 85 A. (a), (c), & (e):
no channel balancing; (b), (d), & (f): with channel balancing (method 2);
(a) & (b): Vout = 200 V ; (c) & (d): Vout = 250 V ; (e) & (f): Vout = 300 V . The
screenshot in (d) presents the instability waveform for the Vout = 250 V
case, and the instability waveforms in (f) are for the Vout = 300 V case.

the self-balancing mechanism described in Section V-B.
As expected, some instability is noticeable at the low-
frequency range, as discussed in Section V-B. This instability
was captured, and it can be seen in Figs. 21d and 21f for
the 60 V stack voltage and the 250 V and 300 V load voltages.
For the 67V of stack voltage, the instabilitywas captured only
for the 300 V load voltage, and can be seen in Fig. 22f. The
superior stability of the higher stack voltage is attributable to
the fact that the required voltage gain in this case is less than
for the lower stack current. Thus, the converter operates in a
higher switching frequency range in which the self-balancing
mechanism is successful, as described in Section V-B.

E. EFFICIENCY MEASUREMENT
Figs. 23 - 26 present an efficiency comparison for the
cases in which channel balancing was disabled and then
enabled for only two stack voltages: 60 V and 67 V.
The channel balancing effect on efficiency is demonstrated
using only the temperature measurements of each channel,
as described in Section V-A (method 1), as it proved to be
the most stable approach. The figures prove that channel
balancing is definitely necessary for improved efficiency and
a significantly long life span for the converter.

Switching frequency ranges and their effect on efficiency
are also demonstrated for the same conditions (Figs. 24
and 26). Notably, the highest efficiency is reached at the

FIGURE 22. Measured values of the primary winding current in the main
transformer T1 for all four channels, with and without channel balancing.
Channel balancing is performed using the self-balancing mechanism
described in Section V-B (method 2). Vin = 67 V and Iin = 85 A. (a), (c), &
(e): no channel balancing; (b), (d), & (f): with channel balancing (method
2); (a) & (b): Vout = 200 V ; (c) & (d): Vout = 250 V ; (e) & (f) —
Vout = 300 V . The screenshot in (f) presents the instability waveform for
the Vout = 300 V case.

TABLE 3. Efficiency measurements results. Vin = 60 V . Iin = 85 A.

same switching frequency despite differences in the input
stack voltage. This effect can be further investigated in
future research. The optimized region of operation can be
determined by taking the two graphs above (efficiency vs.
output voltage, and efficiency vs. switching frequency) into
consideration. The data on all the efficiency measurements
illustrated in Figs. 23 - 26 are presented in Tables 3 and 4.

F. EMI CONSIDERATIONS
The proposed converter was part of the fuel cell system tested
for electromagnetic interference (EMI) and EMC. The most
challenging tests to pass were conducted, and the radiated
emissions were measured.

A summary of the EMI improvement techniques applicable
to the proposed LLC converter is presented below.
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FIGURE 23. Efficiency vs. output voltage of the converter with and
without channel current balancing. Channel balancing is performed using
the temperature measurements of each channel, as described in
Section V-A (method 1). Feed-forward control of the switching frequency
is implemented using the algorithm diagrammed in Fig. 4, with parameter
K = 0.9. Total input current Iin = 85 A, and stack voltage Vin = 60 V .

FIGURE 24. Efficiency vs. switching frequency of the converter with and
without channel current balancing. Channel balancing is performed using
the temperature measurements of each channel, as described in
Section V-A (method 1). Feed-forward control of the switching frequency
is implemented using the algorithm diagrammed in Fig. 4, with parameter
K = 0.9. Total input current Iin = 85 A, and stack voltage Vin = 60 V .

TABLE 4. Efficiency measurements results. Vin = 67 V . Iin = 85 A.

• MCU software-defined spread spectrum for switching
frequency harmonics.

• ZVS for primary switches.

FIGURE 25. Efficiency vs. output voltage of the converter with and
without channel current balancing. Channel balancing is performed using
the temperature measurements of each channel, as described in
Section V-A (method 1). Feed-forward control of the switching frequency
is implemented using the algorithm diagrammed in Fig. 4, with parameter
K = 0.9. Total input current Iin = 85 A, and stack voltage Vin = 60 V .

FIGURE 26. Efficiency vs. switching frequency of the converter with and
without channel current balancing. Channel balancing is performed using
the temperature measurements of each channel, as described in
Section V-A (method 1). Feed-forward control of the switching frequency
is implemented using the algorithm diagrammed in Fig. 4, with parameter
K = 0.9. Total input current Iin = 85 A, and stack voltage Vin = 60 V .

• Control of dv/dt rate by placing additional capacitance
in parallel with each MOSFET.

• Snubber circuits across MOSFETs and output diodes.
• di/dt controlled by gate drive turn-on/off resistance.
• Cable radiation is improved by implementing ferrite
beads on internal cables

• Internal cables are also optimized and placed as far as
possible from switching parts (inductors, transformers,
MOSFETs).

VIII. CONCLUSION
This study presents a multichannel phase shift LLC resonant
converter with a wide input and output voltage range that
has been customized for fuel cell applications. The battery
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TABLE 5. Comparison of methods of LLC resonant converter optimization.
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TABLE 5. (Continued.) Comparison of methods of LLC resonant converter optimization.
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voltage range and the worst-case polarization curve of the
fuel cell are utilized to determine the optimum parameters
for an LLC converter. The algorithm for such a computation
is presented, taking into account the voltage gain of the
converter running at constant power. Instead of expending
resources on expensive current measurements, channel tem-
perature readings are used to perform current balancing.
For converters running at high frequencies—greater than the
series resonance frequency of a resonant converter—a natural
self-balancing mechanism was investigated. Suggestions for
maximizing efficiency via the transformer turn ratio of the
converter are provided.

Multi-object optimization is applied to achieve an optimal
design, which allows for achieving the minimum and
maximum voltage gains while maintaining a low transformer
turn ratio for high efficiency. Thus, the optimal design of the
LLC converter is guaranteed by the following rationale:

• First, we define our design goals: The converter for
the fuel cell must operate across a wide range of
both input and output voltages. The system requires an
input voltage range Vin=60-120V and an output voltage
range Vout=200-300V. At the same time, the converter
must have relatively high efficiency; hence, it must
employ a one-stage energy conversion. As described
earlier, an LLC converter with phase shift has been
selected. In this study, it has been explained that such
a converter will have a particularly high efficiency if
it has a transformer with the minimum possible turn
ratio, N , where N = Nsec/Npri. In this case, the
secondary RMS current—which depends primarily on
the load power—will be reflected to the primary side at
the minimum possible primary RMS current. This low
current guarantees low conducted and switching losses
and, thus, an increase in overall efficiency. Therefore,
the objective function is formulated in line with the
following rationale: For high efficiency, we need to
achieve minimum and maximum gains along with a
minimum turn ratio value N . Alternative optimization
methods are presented in Table 5.

• We then developed an algorithm that produced an
optimized design, with the parameters Lr , Cr , Lm, and
N as the output. Our algorithm is included as a media
file, is realized in C-language, and can easily be utilized
using any C-compiler. Different design variants are
possible; these may be employed to obtain varying
weighted factors for the objective function.

• The parameters Lr , Cr , Lm, and N fully determine
the LLC converter design and can be used for further
calculation of the converter and time-domain simulation.
Design variants can be compared for the best match of
gain characteristics with stability such that there are no
breaks in the optimized characteristic.

• Finally, an experimental prototype is tested to evaluate
the waveforms, gain characteristics, and efficiency.

A four-channel converter experimental prototype is imple-
mented and tested at a 5 kW power level. Active content and

the C language code files for converter calculations are also
supplied in this paper.

APPENDIX
See Table 5.
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