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ABSTRACT With an objective to reduce the switching losses in a bidirectional resonant CLLC DC/DC
converter for electric vehicle (EV) charging applications, this paper presents an elaborate frequency depen-
dent general harmonic approximation (GHA) based secondary side turnoff current minimization technique
by investigating the optimum operating point to achieve synchronous rectification (SR). Formulation of an
accurate all-inclusive gain model is presented, specifically focusing on effect of parasitic components on the
resultant gain-frequency trend, backed with thorough experimental validation. Further, meticulous modeling
of the GHA based state equations is presented to obtain a contour of feasible operational frequencies
and corresponding phase shifts to ascertain accurate SR operation with a multi-dimensional optimization
technique to ensure reduced switching losses. In addition to that, to precisely characterize the resonant tank
equivalent circuit, stressing on its effect on SR phase calculation, a detailed 3D finite element analysis (FEA)
based R-L-C modelling of the employed high frequency planar transformer (HFPT) is explained. To validate
and benchmark the performance of the proposed gain model while ensuring accurate SR operation, a 1
kW all-GaN based CLLC experimental prototype is developed for a resonant frequency of 500 kHz, with a
power density of 106 W/inch3. Experimental waveforms at corner conditions are presented for a wide-gain
bidirectional operation, portraying a peak converter efficiency of 98.49%.

INDEX TERMS EV charging, resonant converters, synchronous rectification, switching losses.

I. INTRODUCTION
Resonant CLLC DC/DC converters have found widespread
acceptance in the field of EV onboard and wireless charging
[1], more-electric-aircrafts (MEA), and naval power supplies
due to their well research merits like high efficiency, wide
voltage gain range, bidirectional power flow capability and
zero voltage switching (ZVS) for the primary side bridge
[2], [3]. Additionally, with an aim to achieve superior power
density for such converters, various research works have been
published that aim at increasing the operational frequency of
the converters, thus enabling reduction in size for magnetic
components [4]. However, increasing the frequency inherently

leads to increased AC losses in the transformer windings
and higher switching losses leading to significant degradation
in the converter efficiency. In that context, facilitating soft
switching for the secondary side by enabling SR [5] is a
necessity for efficient power conversion.

Several studies have been published in the literature that
have implemented various techniques to correctly realize SR.
A summarized comparison is presented in Table 1 that qual-
itatively compares the most leading state-of-the-art works by
elaborating on various metrics of performance and implemen-
tation. The method explained in [6] senses the voltage across
the body diodes of the switches, based on the reverse current
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TABLE 1. Merit Review of Different State-of-the-art Works on SR Implementation

flow, to detect the turn-on instant. The study mentioned in [7]
is based on resonant inductor voltage sensing which is used to
formulate the instantaneous current flowing through it, which
is used to actively detect the turn-on instants corresponding
to current zero-crossings. Zhuoran et al. in their study [8]
utilize a Rogowski coil and a zero-crossing detector (ZCD)
to synthesize the switching instants. However, all the above-
mentioned methods utilize an extra voltage/current sensor to
realize SR, which increases the overall cost and losses in the
circuit. Further, in these cases, accuracy of SR highly depends
on the sampling frequency of the sensor, which limits their
use for high frequency application. In addition, intermediate
failure in the auxiliary sensing circuit might adversely affect
the power stage due to damage caused due to inaccurate phase
tracking.

The studies presented in [9], [10], [11], [12], [13] provide
an elaborated time-domain model highlighting the switching
instants and formulating detailed system equations, to ana-
lytically calculate the required phase for enabling SR. These
methods portray superior tracking accuracy, which is suffi-
ciently backed by detailed sensitivity analysis corresponding
to change in system parameters. However, these methods
include relatively complex mathematical synthesis and solv-
ing complicated differential equations for each switching
instants with several small signal approximations, limiting its
widespread acceptance. In addition to that, these methods do
not account for the stray components appearing in the resonant
tank, thus rendering the work deficient.

Addressing the limitations of time domain models, the
works in [13], [14], [15] utilize frequency dependent first
harmonic approximation (FHA) model to synthesize the
state equations and corresponding obtain the required
phase to enable SR. However, FHA ignores the effect of
higher order harmonics in formulating the system equations,
thus limiting the accuracy of presented analysis. Further,
inaccurate phase tracking based on FHA results in a degraded
efficiency due to higher mismatch between the secondary
current zero-crossings, leading to higher switching losses.
To address the limitations of FHA, the study presented in
[16] utilizes an extended harmonic approximation (EHA)
strategy to synthesize the phase shift for ensuring minimal
switching losses. In addition, detailed sensitivity analysis is
also presented which highlights the accuracy of the proposed

method for significant changes in resonant tank parameters.
However, this method, like all the previously referred works,
does not account for the stray components: (a) winding
resistance and (b) inter and intra-winding capacitance of
the HFPT, leading to inaccuracy in terms of frequency
modulation to achieve a particular gain, which significantly
affects the resultant phase tracking accuracy.

Addressing the aforementioned limitations pertaining to
the state-of-the-art methods of enabling SR, the key contri-
butions of this paper are as follows: (a) Intricately curated
all-inclusive GHA based modeling of CLLC converter with
asymmetric tank accounting for stray parameters and their ef-
fect on the resultant gain trend, highlighting the experimental
accuracy of the presented analysis, (b) A non-approximated
frequency domain model-derived formulation of required
phase shift enabling SR, accounting for the stray parameters
and corresponding minimization of turnoff current based on
multi-dimensional optimization approach, and (c) Precise pa-
rameterization of frequency dependent winding losses in con-
junction with thorough analytical characterization of leakage
inductance, winding resistance and stray capacitances based
on 3D FEA for multiple winding configurations of HFPT.

The rest of the paper is structured as follows: Section II
presents the GHA based model of CLLC topology with de-
tailed analysis on the gain derivation accounting for the stray
components of the resonant tank. A comprehensive analysis
turnoff current minimization approach enabling SR for the
secondary side switches is presented in Section III. Section IV
characterizes the tank parameters emphasizing the analytical
modelling of stray parameters. Further, Section V provides
various experimental analysis at different operating conditions
to validate the presented analysis. Finally, Section VI points
out some conclusive points with relevant discussions.

II. FREQUENCY DOMAIN GHA BASED EQUIVALENT
CIRCUIT SYNTHESIS AND MODELING FOR ASYMMETRIC
CLLC
Fig. 1 shows the bidirectional CLLC DC/DC converter
topology operating at a resonant frequency fr = 1

2π
√

LpCp
=

1
2π

√
LsCs

, where Cp and Cs denote the resonant capacitors for
the primary and secondary side, respectively and Lp and Ls

denote the resonant inductors obtained as integrated leakages
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FIGURE 1. CLLC topology with zoomed in comprehensive HFPT circuit
model.

FIGURE 2. Voltage gain versus frequency trend of the designed CLLC
converter.

from the HFPT designed with a turns ratio of n : 1 and mag-
netizing inductance Lm.

Referring to the application of auxiliary charging systems
corresponding to (400-600 V) to (24-28 V) conversion, a turns
ratio (n) of 22:1 is selected based on the trade-offs between
the core loss and winding loss, to adhere to the unity nominal
gain requirement of the CLLC converter resulting in efficient
voltage regulation [7], [9], [17], [18]. Fig. 2 shows the FHA
based voltage gain magnitude versus the switching frequency
( fs) trend of the designed CLLC converter for the design
specifications mentioned in Table 5. As observed, for a de-
sign gain range from G = 0.88 (for 600V − 24V conversion)
to G = 1.54 (for 400V − 28V conversion) corresponding to
the corner operating conditions, with the selected turns ratio
and resonant tank parameter selection, the gain modulation
is seamlessly achieved by varying the operational frequency
between 200 kHz and 650 kHz.

Please note the tank is considered asymmetric (i.e., Lp �=
n2Ls, Cp �= n2Cs) to bring in more design flexibility in terms
of supporting wider gain range for both forward and reverse
power flow. Also, it is practically difficult to ensure that the
designer would be able to fabricate a leakage inductance of
Ls = Lp/n2, which is in the range of ∼100nH for the high
step-down transformer under this study. The advantage of
having asymmetric tank structure in CLLC converter is ex-
tensively discussed in [18], [19], [20]. As discussed in the

FIGURE 3. Gain and Input Impedance graphs (a)–(b): Forward and Reverse
Power Flow Gain Magnitude versus switching frequency trend; (c)–(d)
Input Impedance for Forward and Reverse Power Flow for varying
mp, ms, Qp, Qs.

referenced works, due to asymmetric nature of Lp and Ls, the
quality factors (QP and QS ) (as shown in (1)) and correspond-
ing resonant inductance ratios (mP and mS ) (as shown in (2))
are different for forward and reverse power flows. Further, as
observed in [21], [22], the values of Q and m play a crucial
role in deciding the profile of the gain curve.

QP =
√

Lp
Cp

n2Rseq
; QS =

n2
√

Lp
Cp

Rpeq
(1)

mP = Lp

Lm
; mS = Ls

Lm
(2)

Rpeq = 8V 2
in

π2Pin
; Rseq = 8V 2

o

π2Po
(3)

To illustrate the variation of gain trends with respect to
different values of Q and m factors, Fig. 3(a)–(b) portray
the FHA based gain versus frequency obtained by varying
Lp and Ls, while Fig. 3(c)–(d) portray the input impedances
perceived for forward and reverse power flow respectively.
Further, as observed, the variations in the leakage inductances
affect the maximum achievable gain, the frequency range for
the gain requirement, and the gain gradient (dG/df ) for a
particular loading condition for forward and reverse power
flow. Based on this trend, an iterative design analysis is carried
out to comprehend the aspects pertaining to the frequency
modulation range for accurate voltage regulation (adhering
to the least count precision of the microcontroller) [23], loss
budget for understanding the switching/conduction losses at
different operational frequencies (based on the RMS values of
tank currents) and ensuring inductive operative zone for ZVS
(decided by the selection of Lm) [24]. Following this analysis,
the specifications as mentioned in Table 5 were selected for
ensuring superior efficiency and desired voltage regulation
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FIGURE 4. Reconfiguration of CLLC equivalent circuit accounting for stray
components,.

for both forward and reverse power flow by implementing
asymmetric tank structure.

Further, to provide intricately curated realistic model high-
lighting the stray components, a comprehensive HFPT circuit
representation is highlighted in Fig. 1 and thoroughly ex-
plained in Section IV. As observed, Rp and Rs signify the
effective winding resistances of the HFPT employed. Further,
Cp,in and Cs,in denote the intra-winding capacitances of the
primary and secondary windings of HFPT, while Cps,in signi-
fies the inter-winding capacitance between the two windings.

To account for the influence of the above-mentioned stray
components on the system performance, the equivalent tank
structure shown in Fig. 1 is remodeled using a series of star
(Y)-delta (�) conversions to obtain the effective impedance
parameters in equivalent Y and � models, as shown in Fig. 4.

Zp = Rp + jωLp; Zs = n2 [Rs + jωLs
] ; Zm = jωLm (4)

Zpp = Zp + Zm + ZpZm
Zs

Zps = Zp + Zs + ZpZs
Zm

Zss = Zs + Zm + ZsZm
Zp

⎫⎪⎬⎪⎭ (5)

Zp,Y = XCp,in ||Zpp

Zps,Y = XCps,in ||Zps

Zs,Y = XCs,in ||Zss

⎫⎬⎭ (6)

Z�,p = Zp,Y Zps,Y
Zp,Y +Zps,Y +Zs,Y

Z�,s = Zs,Y Zps,Y
Zp,Y +Zps,Y +Zs,Y

⎫⎬⎭ (7)

Ze f f ,m = Zp,Y Zs,Y
Zp,Y +Zps,Y +Zs,Y

Ze f f ,p = Z�,p + XCp

Ze f f ,s = Z�,s + XCs

⎫⎪⎬⎪⎭ (8)

Z f ,pp = Ze f f ,p + Ze f f ,m + Ze f f ,pZe f f ,m
Ze f f ,s

Z f ,ps = Ze f f ,p + Ze f f ,s + Ze f f ,pZe f f ,s
Ze f f ,m

Z f ,ss = Ze f f ,s + Ze f f ,m + Ze f f ,sZe f f ,m
Ze f f ,p

⎫⎪⎪⎪⎬⎪⎪⎪⎭ (9)

To formulate an all-inclusive GHA based gain equation,
a detailed multi-harmonic AC equivalent impedance model

FIGURE 5. GHA equivalent model for CLLC converter for forward power
flow.

based on the equivalent tank model is shown in Fig. 5. The res-
onant tank is excited by a square-wave voltage of magnitude
corresponding to the DC input that can be decomposed into a
series of multiple sinusoidal voltage sources that essentially
accounts for the fundamental and higher order harmonics.
Considering G2V operation, for finding the gain equation
considering the inclusion of higher order harmonics and the
parasitic components, with a constant input voltage source
Vin, the reactive power flow in the system is assumed to be
negligible. This assumption is realized as the tank parameters
(mentioned in Table 5) are designed in a way that the superim-
posed phase lag between VS and IS (obtained as a GHA based
superposition of phase lags between fundamental and higher
order harmonic components) at operating conditions corre-
sponding to fs > fr and fs < fr is restricted within ±2.5◦ at all
the corner conditions, which results in the amount of reactive
power to be under 4.3% of the total apparent power. Thus,
the secondary side can be modelled as a load with equivalent
resistance Ro,GHA [16], as shown below:

Ro,GHA = 8n2Ro

π2

2m+1∑
k=13,5,...

1

k2
(10)

As observed in Fig. 5, GHA enables the designer to analyze
the effect of each harmonic component on the resultant gain
by individually formulating the system equations for each
component and superposing them to synthesize the equivalent
gain. In that context, the input voltage (Vp(t )) and correspond-
ing input current (Ip(t )) to the resonant tank can be written as
summation of ‘k’ harmonic components as shown below:

Vp (t ) =
2m+1∑

k= 13,5...

Vp,k
sin (kωst )

k
= 4Vin

π

2m+1∑
k= 13,5...

sin (kωst )

k

(11)

Ip (t ) =
2n+1∑

k= 13,5...

Vp,k
sin (kωst − αk )

k

1∣∣Ze f f ,in,k
∣∣ (12)

where, Ze f f ,in,k = Ze f f ,p,k + Ze f f ,m,k||(Ze f f ,s,k + Ro,GHA)
denotes the input impedances and αk = ∠Ze f f ,in,k .

Referring to (11)–(12), the cumulative power input ac-
counting for the series connected voltage sources signifying
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FIGURE 6. Gain comparison of FHA, GHA [16], and presented gain model,
with experimental obtained gain versus frequency trend.

summation of k harmonic components can be written as:

Pin = 1

2

2m+1∑
k= 13,5...

Vp,kIp,k cos (αk ) (13)

Further, substituting (11)–(12) in (13), the input power is
formulated as shown below:

Pin = 1

2

2m+1∑
k= 13,5...

V 2
p,k∣∣Ze f f ,in,k

∣∣ cos (αk ) (14)

= 8V 2
in

π2

2m+1∑
k=13,5,...

1

k2

1∣∣Ze f f ,in,k
∣∣ cos (αk ) (15)

The GHA based gain (|G|∠ϕg) accounting for all the stray

components is derived by equating (15) to V 2
o
R , invoking the

power balance condition as shown below:

|G| = nVo

Vin
= 2

√
2

π
n

√√√√Ro

2m+1∑
k=13,5,...

1

k2

1∣∣Ze f f ,in,k
∣∣ cos (αk )

(16)
where, ϕg is the gain angle which is obtained by finding the
angle of equivalent impedance networks used to obtain the
gain magnitude (nVo/Vin).

Fig. 6 elucidates the gain versus frequency curves for first
harmonic approximation (FHA), GHA [16], and the proposed
gain model as shown in (16) with the experimentally ob-
tained gain modulation trend for the design specifications
mentioned in Table 5. As observed, due to intricately curated
gain characteristics accounting for all the stray components in
the asymmetric CLLC under study, the presented gain model
follows the experimentally obtained gain model with an av-
erage mismatch of 0.44%, thus validating the exactitude of
presented analysis.

In addition to that, it is worthwhile to note that the ac-
curacy of the proposed all-inclusive gain model depends on
the amount of harmonics considered while formulating the
analytical model. To understand this dependency, Table 2

TABLE 2. Accuracy Comparison for Increasing Order of Harmonics
Included in the Proposed Model

elucidates the effect of increasing number of harmonic com-
ponents included in the analytical model of the proposed
method and correspondingly compares the resultant error be-
tween the analytical and experimental gain points for four
cases.

As observed in Table 2, with a defined mismatch threshold
of <0.1% between the analytically formulated and experi-
mental gain values, the order of harmonics considered in the
proposed model is limited to k = 31. Further, to prove the
accuracy of the proposed all-inclusive gain model, zoomed in
snapshots of two instances of the gain plot comparison are
presented in Fig. 6. As observed, implementing FHA based
modeling, the unity gain point appears at operational switch-
ing frequency equal to the resonant frequency (500 kHz).
However, when verified experimentally, the unity gain point
shifts to 522.3 kHz, which matches the response portrayed
by the proposed all-inclusive gain model. This occurs to due
to the effect of parasitic components and higher order har-
monics present in the system, which is encompassed by the
proposed all-inclusive GHA based gain model. In addition to
that, the nominal gain point (|G|=1.54) occurs at 248 kHz
switching frequency, which also coincides with the plot elu-
cidated by the proposed gain model. The above two instances
indicate that the inclusion of parasitic components in the gain
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FIGURE 7. Waveform comparison for (a) fs < fr and (b) fs > fr .

modeling plays a crucial role to obtain accurate output voltage
regulation.

III. OPTIMUM PHASE-FREQUENCY CONTOUR-ENABLED
SR BASED TURNOFF CURRENT MINIMIZATION
With an objective to reduce the on-state conduction losses in
conventional diode based secondary side bridge, the use of
active switches operating with phase shift (ϑ) with respect to
the primary side gate pulses facilitates accurate phase tracking
with the switch voltage, resulting in reduced turn-off losses.
Further, precise estimation of the mentioned phase shift is
quintessential for enabling SR; the failure to do so results
in significant turnoff losses, which is directly proportional
to the error in phase tracking (ϑe). Fig. 7 elaborates on this
phenomenon by depicting the inaccurate phase tracking for
two cases: (a) fs < fr and (b) fs > fr and compares it with an
accurately estimated SR operation.

As observed, due to inaccurate phase shift provided to
switch S5 (represented by dotted lines), the current at turnoff
instant is not zero, leading to additional switching losses as
seen in (17)–(18).

iturnof f = |Is| sin ϑe (17)

Pturnof f = 2 · 1

2
Voiturnof f fstof f = Vo |Is| fstof f sin ϑe (18)

For cases including operation at fs < fr or fs > fr , a gain
angle (ϕg) between VP and VS will exist, which needs to be
factored in for maintaining the resultant gain for SR operation.
In that context, a combination of { fs, ϑ} operating points
corresponding to the desired gain and connected load will
be required to ensure the required phase shift between the
primary (VP ) and secondary (VS ) bridge voltages. In order to
synthesize the required phase shift (ϑ̂) to alleviate the turnoff
losses through SR, a detailed analysis elaborating on the sys-
tem equations incorporating the effect of stray parameters
is presented in this section. Referring to the � equivalent
model as shown in Fig. 4(d), the secondary voltage can also

be synthesized as a combination of ‘k’ voltage sources, each
corresponding to the harmonic content of the quasi-square
waveshape, as shown below:

Vs (t ) =
2m+1∑

k= 13,5...

Vs,k
sin k

(
ωst − ϕg

)
k

= 4nVo

π

2m+1∑
k= 13,5...

sin k
(
ωst − ϕg

)
k

(19)

where, ϕg is the gain angle that essentially represents the phase
difference between primary and secondary bridge voltages at
a particular loading condition.

Utilizing (11) and (19), the current equations in the system
can be formulated as follows:

ipp (t ) = 4Vin

π

2m+1∑
k= 13,5...

sin
(
kωst − ∠Z f ,pp,k

)
k

1∣∣Z f ,pp,k
∣∣ (20)

iss (t ) = 4nVo

π

2m+1∑
k=13,5...

sin
(
k(ωst − ϕg) − ∠Z f ,ss,k

)
k

1∣∣Z f ,ss,k
∣∣

(21)

ips (t ) = 4Vin

π

2m+1∑
k= 13,5...

sin
(
kωst − ∠Z f ,ps,k

)
k

1∣∣Z f ,ps,k
∣∣

− 4nVo

π

2m+1∑
k=13,5...

sin(k(ωst−ϕg)−∠Z f ,ps,k )
k

1∣∣Z f ,ps,k
∣∣
(22)

Referring to Fig. 4(c), the secondary bridge current is(t ) can
be synthesized (as shown in (24)) as a sinusoidal waveform
having a zero crossing at ωst = ϑ , where ϑ accounts for the
effect of additional phase shift required.

is (t ) = ips (t ) − iss (t ) (23)

is (t ) = 4nVo

π

2m+1∑
k= 13,5...

(Ak − Bk ) sin (kωst − ϑk ) (24)

where, ϑk = δk − ∠Z f ,ps,k , δk = tan−1 G cos β
1−G sin β

, βk = π
2 −

kϕg, Ak =
√

1+G2−2G sin βk
k|Z f ,ps,k | and Bk = 1

k|Z f ,ss,k | .
The analytical model developed for is(t ) provides a generic

correlation of operating points (Vin, Vo, Po) and is valid for
any given set of phase and operational frequency set, where
its practical amplitude limit is decided by the load power
level. Fig. 8 portrays a phasor diagram elucidating the above-
mentioned phase relationships between the port voltages and
current for ‘kth’ harmonic component.

Please refer to the terms Ak and δk in (24), which have
implicit dependence on the voltage gain magnitude (G) and
gain angle (ϕg), so the SR accomplishment i.e., the solution of
is(t ) = 0 inherently incorporates the voltage gain constraint.
Additionally, the function of is includes the effects of the
operating frequency (ωs) and SR enabling phase shift (ϑk ).
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FIGURE 8. Phasor diagram explaining the phase relationship for kth
harmonic component.

FIGURE 9. Plot of f∗
s versus ϑ∗ for different loading conditions.

To obtain the required phase shift between the primary and
secondary side gate pulses, the zero crossing of (24) is an-
alyzed for one switching cycle (t ∈ {0, 2π}) by numerically
solving the equation by substituting the values of {ωs, ϑ}
in an iterative loop. For a defined nominal voltage gain, the
solution of iturnof f → F (is) = 0 results in a contour of fea-
sible solutions of {ω∗

s , ϑ
∗} corresponding to the rated load,

all resulting in near-zero turnoff current. To elucidate this
phenomenon, Fig. 9 shows the set of possible combinations
of { f ∗

s = ω∗
s

2π
, ϑ∗} plotted for different load powers.

A. NEWTON BASED TURNOFF CURRENT MINIMIZATION
FOR OPEN LOOP OPERATION
To obtain the most optimum operating point resulting in mini-
mum value of iturnof f , an iterative multi-dimensional Newton
method [25] using minimization approach with a residual er-
ror margin (ε) of 0.1%, as shown below:

min iturnof f → solve{
ω̂s, ϑ̂

} F (is {X}) = 0 (25)

where, X denotes a matrix of all the feasible values of
{ω∗

s , ϑ
∗} and F is the set of non-linear function depicting the

values of is at the switching transition corresponding each pos-
sible value of {ω∗

s , ϑ
∗} for one switching cycle (t ∈ {0, 2π}),

FIGURE 10. Plot of turnoff current cost function with respect to f∗
s and ϑ∗

at 1 kW loading and output voltage – 28 V.

as shown below:

X =

⎡⎢⎢⎢⎢⎢⎢⎣

{
ω∗

s,1, ϑ
∗
1

}
{
ω∗

s,2, ϑ
∗
2

}
...{

ω∗
s,n, ϑ

∗
n

}

⎤⎥⎥⎥⎥⎥⎥⎦ ; F (is {X}) =

⎡⎢⎢⎢⎢⎢⎢⎣
is,1

{
ω∗

s,1, ϑ
∗
1

}
is,2

{
ω∗

s,2, ϑ
∗
2

}
...

is,n
{
ω∗

s,n, ϑ
∗
n

}

⎤⎥⎥⎥⎥⎥⎥⎦
(26)

Iteratively solving (25) for u iterations, the (u+1)th solution
set is formulated as shown below:

X (u+1) = X (u) − J−1(X (u)F
(
is
{
X (u)}) (27)

J
(
X (u)) ε

{
F
(
is{X}(u))} = −F

(
is
{
X (u)}) (28)

where,

J
(
X (u)) =

⎡⎢⎢⎢⎢⎢⎣
∂F(is,1)

∂X1

∂F(is,1)
∂X2

· · · ∂F(is,1)
∂Xn

∂F(is,2)
∂X1

∂F(is,2)
∂X2

· · · ∂F(is,2)
∂Xn

...
∂F(is,n)

∂X1

...
∂F(is,n)

∂X2

. . .
...

· · · ∂F(is,n)
∂Xn

⎤⎥⎥⎥⎥⎥⎦
(29)

ε
{
F
(
is{X}(u))} = F(is

{
X (u+1)} −F

(
is{X}(u)) (30)

J(X (u) ) denotes the Jacobian matrix, while
ε{F(is{X}(u) )} represents the residual error of the uth
iteration. Further, applying the constraint ε{F(is{X}(u) )} <

0.1%, results in optimum set of solution → {ω̂s, ϑ̂}. It is
worthwhile to note that as the formulation of is(t ) (as seen
in (24)) includes the influence of higher order harmonics
due to adoption of GHA based approach and the effect of
parasitic components in the resonant tank, the solution set
({ f ∗

s = ω∗
s

2π
, ϑ∗}) obtained provides an accurate estimate of

optimum operating points, resulting in significantly reduced
turnoff losses.

Fig. 10 graphically shows the contour of the minimization
function by plotting F(is{X}) with respect to varying values of
{ f ∗

s = ω∗
s

2π
, ϑ∗}, highlighting the optimum operating point for
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FIG. 11. Closed loop voltage regulation through PFM.

a rated load of Po = 1 kW for a voltage conversion of 400-28
V. As observed, the global minima of the function lies at
{iturnof f , f̂s, ϑ̂} = {1.3 A, 465.2 kHz, 45.89◦} which ensures
minimal switching losses due to implementation of SR. An
additional constraint (200 kHz < f̂s < 650 kHz) for forward
power flow and (430 kHz < f̂s < 650kHz) for reverse power
flow, corresponding to the selected design parameters, is en-
forced for limiting the solution of the minimization function
to the frequency operating points adhering to the ZVS (i.e.,
inductive zone) occurrence, as obtained from the all-inclusive
gain graph. Applying this constraint, if the solution set adheres
to the ZVS range for the designed specifications, the result is
deemed to be optimal.

B. SR ENABLED PULSE-FREQUENCY MODULATION (PFM)
BASED CLOSED LOOP REGULATION
The closed loop regulation of the CLLC converter to achieve
the voltage regulation and SR action is shown in Fig. 11.
As observed, the sensed output voltage (Vo) is compared
with its reference value (Vref

o ) to generate the error (Voe),
which is then processed in a PI controller to obtain the
value of the frequency shift (�ωs). The frequency perturba-
tion is then added to ω∗

s , which portrays an initial estimate
of the switching frequency (generally obtained from open
loop gain plots), to obtain the required modulated frequency
(ω∗

s + �ωs). A limiter is used to constrain the operational

frequency (200 kHz < f∗
s (= ω∗

s +�ωs
2π

) < 650 kHz) to stay in
the limits based on the ZVS criteria, gain requirements and
device stresses for forward power flow, while the limiter is set
to 430 kHz < f ∗

s < 650 kHz for reverse power flow. This is
done by setting the time base period (TBPRD) register limits
in the microcontroller employed. Further, a voltage-controller
oscillator (VCO) is used to generate the gate pulses for the
primary side switches (S1 − S4) corresponding to the modu-
lated frequency signal. To enable SR for the secondary side
switches (S5 − S8), an additional phase shift (ϑ) is added
based on the look-up table (corresponding to Fig. 9) that
encompasses the information pertaining to the connected load,
realized using a time-variable delay block.

IV. PARAMETRIC R-L-C MODELING OF HFPT FOR
ALL-INCLUSIVE GAIN MODEL ESTABLISHMENT
Following the comprehensive gain model highlighting the
effect of stray components (Cp,in, Cs,in and Cps,in) in the
resultant gain versus frequency trend presented in Section II
and corelating its dependency on switching loss minimization
using SR, it is hence noteworthy to study the effect of different

FIG. 12. Generic HFPT model to analyze the R-L-C parameters.

winding configurations based on the structural configuration
of the windings. In addition to that, accurate characterization
of effective winding resistance to yield minimum winding
losses is also essential for ensuring high efficiency power
conversion, specifically at higher operational frequencies. It
is well established [26], [27] that interleaved winding config-
urations result in minimized winding losses due to relatively
even current density distribution. However, interleaved con-
figurations result in significantly lesser values of leakage
inductances, thus rendering it infeasible for the mentioned
leakage integrated CLLC converter design. Referring to the
above-mentioned objectives, a detailed 3D FEA based R-
L-C analytical modelling and quantification is presented in
this section for non-interleaved winding configurations (see
Fig. 12).

A. ANALYTICAL MODELLING FOR R-L-C SYNTHESIS
Complying to the objective of achieving higher power density,
thus eliminating the external resonant inductors, adjustable
air gaps between the core (hw ) and the windings (hg) are
provided to enable intentional flux leakage in a controlled
manner. Corresponding to this leakage flux, the linked elec-
tromagnetic energy (∈) is used to analytically quantify the
leakage inductance as shown as follows:

∈w = μo

2

∑∫ ht

0
H2lwbwdl = 1

2
LwI2

w ; w ∈ {P, S} (31)

where, μo represents the permeability of the core, H denotes
the field strength, which is formulated by the ampere turns
linked, lw is the length of each winding, bw is the window
width of the core and ht is the thickness of the conductor.
Further, dl is the incremental thickness situated at a distance
of l from the inner surface of the conductor, as observed in
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Fig. 12. Utilizing (31), the leakage inductance can be analyti-
cally formulated as:

∈w = μo

2
lwbw

[
n
∫ ht

0

(
Iwl

bwhw

)2

dl +
(

n1Iw
bw

)2

(ht +h1+hw )

+
(

(n1 + n2) Iw
bw

)2

(ht + h2 + hw )

+
(

(n1 + n2 + n3) Iw
bw

)2

(ht + h3 + hw )

+ . . . for k layers . . . +
(

nIw
bw

)2

(ht + hw )

]
(32)

Lw = 2∈w

I2
w

(33)

where, Iw represents the RMS value of primary/secondary
winding current, nx; x ∈ {12, 3..k} denote the number of
windings in each layer.

Further, to quantify the AC winding losses in the HFPT an-
alytically, Dowell’s equation [28] is employed, that formulates
the ratio of AC resistance (Rac) to the winding DC resistance
(Rdc) for different winding configurations, as shown below:

Rac

Rdc
= γ

2

[
sinh γ + sin γ

cosh γ − cos γ
+ (2m − 1)2 sinh γ − sin γ

cosh γ + cos γ

]
(34)

m = MMF (k)

MMF (k) − MMF (k − 1)
; Rdc = ρlw

hwbw

(35)

where, MMF(k) denotes the magnetomotive force (MMF) of
windings in layer k, ρ is the resistivity of the conductor and
γ = ht

δ
, where δ is the skin depth. As observed in Fig. 12, the

MMF increases linearly proportional to the NI product of the
winding layers, which results in higher Rac

Rdc
for the inner PCB

layers.
Fig. 12 also shows the voltage distribution of the primary

winding which is assumed to vary linearly according to the
turn distribution for each layer. Thus, the potential at each turn
of the winding (Vu) can be formulated as:

Vu = (n + 1) − u

n
Vw; u ∈ {12, 3 . . . n} (36)

Referring to the voltage difference (Vuv) between two ad-
jacent winding or windings in two adjacent layers, a virtual
capacitor is created accounting for the overlapping surface
area of the conductors and corresponding distance between
them.

Cuv = εoεrSuv

duv

; Suv =
∫ lt

0
wo,uvdl (37)

Where, εoand εr denote the permittivity of air and rela-
tive permittivity of the dielectric material respectively, Suv is
the overlapping area between turns u and v as observed in
Fig. 12 duv denotes the spacing between the two conductors,
wo,uv is the overlapping conductor width and dl represents

an infinitesimally small sectional length of a turn, which is
integrated over the entire circumference to form a complete
turn of length lt . Thus, the inter (Cwy,in) and intra-winding
(Cw,in) capacitance can be formulated as follows:

Cw,in =
k−1∑

x=12,3...

Cwx =
k−1∑

x=12,3...

εoεr

∫ lt

0
dl

q∑
y=1

woq

hx
(38)

Cwy,in = εoεr
nwywwy

h�

lt∫
0

dl (39)

where, q denotes the number of conductor overlaps, nwy is the
number of windings in the last layer of primary winding and
wwy is the width of each winding.

B. 3D FEA MODELING, VERIFICATION, AND COMPARATIVE
ANALYSIS
To verify the analytical formulations presented to character-
ize the HFPT parameters and to choose the most optimum
winding configuration resulting in minimum winding losses,
three winding configurations are compared in Table 2 for a
4-layer PCB for primary (connected in series) and secondary
(connected in parallel) winding by solving the FEA model
in ANSYS Maxwell electrostatic and eddy current solver.
As observed in Table 3, winding configuration {7P-4P-4P-
4P},{1S-1S-1S-1S} results in minimum value of winding
resistances, while achieving the required leakage inductance
required to satisfy the ZVS constraint, thus rendering it the
most optimum winding configuration. (Please note the se-
lected design specifications of HFPT are as follows: hw =
1.9 mm, hg = 0.5 mm, ht = 70 μm (2oz. of Cu), {h1, h2, . . .}
depending on standard 1.6 mm 4-layer PCB [21], lt =
90 mm, bw = 20 mm).

C. SENSITIVITY ANALYSIS OF THE HFPT COMPONENTS
As the HFPT parameters are prone to change in temperature,
operating condition and layout, it is important to understand
the effect of variation of the tank parameters with respect
to change in resultant gain, optimum phase and operational
frequency of the system. To elucidate this change, a sensitivity
term (SM

N ) [29] is introduced, that is defined as the relative
change in the parameter M with respect to relative variation in
parameter N.

SM
N =

dM
M
dN
N

(40)

Further, Table 4 shows the analytically calculated sensi-
tivity of resultant gain (G), the optimum phase shift ϑ̂ and
the operating frequency (ω̂s) with respect to ±15% variation
in the tank parameters. As observed in Table 4, the change
in the resultant operating points (G, ϑ̂ and ω̂s) is relatively
small for changes in the tank parameters. On the other hand,
the sensitivity of stray capacitances is relatively larger that
might lead to considerable changes in the optimum operating
points. However, as observed in (38) and (39), the values
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TABLE 3. Analytical and Simulation Findings For Winding Configurations Under Study

TABLE 4. Sensitivity of Tank Parameters

FIG. 13. Thermal image of the HFPT assembly during rated load operation.

of stray capacitance depend on the dielectric constant of the
insulation used and the overlapping conductor thickness and
relative distance between them. As the copper windings are
fabricated in the PCB, their thickness and dimensions are
relatively constant for any given operation status, temperature,
or aging. Further, the dielectric coefficient of the FR4 material
also remains constant with temperature (typical range of op-
eration: −20 ◦C to to 170 ◦C ) as verified in [30], [31]. It is
also ensured that the thickness of the windings of the HFPT
are selected in such a way that at rated load condition, the
temperature rise is limited to 40° adhering to IPC 2221 [32].
To validate the same, a thermal image depicting the winding
temperature at the rated loading condition is shown in Fig. 13.
Thus, the values of stray capacitances are relatively unfazed
with change in temperature, aging or operation status, thus
leading to minimal effect on the resultant gain, optimum SR
phase shift and the operating frequency.

In addition to that, the value of magnetizing inductance
(Lm) depends on the selected magnetic core which portrays
non-linear relation in permeability with change in operational
frequency [33]. In that context, the resultant value of Lm de-
pends on the reluctance (	) offered by the core, and can be

analytically formulated as:

	 = 1

μoAe

[
hg + le

μr

]
(41)

Lm = n2

	 (42)

where, Ae and le denote the effective area and length of
the core respectively and μr is the relative permeability of
the core. Please note that for the selected magnetic core
(FR45810EC) with a specific value of hg, μr varies non-
linearly with the operational frequency ( fs), which for the
CLLC resonant converter topology is modulated as per the
loading conditions, due to its dependency with the resultant
gain (G). Referring to the material properties of R-material
[34], it was observed that the sensitivity of μr with respect
to frequency variation for the required gain range at all load-
ing conditions (G ∈ [0.88 to 1.54] for fs ∈ [200650] kHz) is
Sμr

f = dμr/μr
dfs/ fs

< 1.29%, leading to a sensitivity in resultant

Lm with respect to μr to be SLm
μr

= dLm/Lm
dμr/μr

< 1.62%. Utiliz-
ing this dependency, the gain trend for selected specifications
experiences a variation of <1.85%, which validates the core
selection and its variation with a negligible effect on the out-
put voltage regulation and corresponding SR action.

V. EXPERIMENTAL VERIFICATION AND BENCHMARKING
To validate the findings and analysis presented in the previous
sections, an experimental prototype (as shown in Fig. 14) is
developed for the specifications corresponding to auxiliary
charging systems for ground military vehicles [35], [36] as
mentioned in Table 5, and detailed analysis elucidating results
obtained for both light and heavy loading conditions are pre-
sented. This prototype is developed with a targeted application
of bidirectional EV charging, where the high voltage side cor-
responds to a DC link voltage of 400 V-600 V nominal, while
the low voltage side corresponds to a battery at 28 V nominal
with a depletion threshold of 24 V [37], [38]. In addition
to that, following similar investigation pertaining to the gain
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FIG. 14. Experimental proof-of-concept for developed CLLC converter.

TABLE 5. Design Specifications For Bidirectional CLLC

and phase shift requirement, experimental results of reverse
power flow are also presented accounting for the switching
loss minimization objective. The required gate pulses with a
phase shift enabling SR are provided using TMS320F28379D
dual-core digital signal processor. The primary side bridge
is realized using Transphorm TP90H050WS (900 V, 22 A,
63 m�) cascode GaN-FETs, while the secondary side consists
of four EPC2020 (60 V, 90 A, 2.2 m�) switches connected in
parallel, thus enabling an all-GaN power converter solution,
ensuring a superior power density of 106 W/inch3. Following
the analysis presented in Section IV, an accurately modelled
HFPT is fabricated using {7P-4P-4P-7P, 1S-1S-1S-1S} wind-
ing configuration, thus facilitating reduced winding losses and
achieving required integrated leakage inductance. Magnetic
planar EE core FR45810 from Mag Inc. is used to realize the
HFPT, that results in a core loss of 4.2 W for an operational
frequency of 500 kHz.

A comprehensive flowchart to elucidate the optimization
approach and its implementation is presented in Fig. 15. As
observed, with the knowledge of the design specifications and
HFPT parasitic components, an offline calculation of opti-
mum operating points is executed using multi-dimensional
Newton optimization method. With respect to the cost func-
tion (min iturnof f ) defined, the function F (is{X (u)}) is solved
iteratively and corresponding error ε{F (is{X }(u) )} is calcu-
lated for every iteration. The algorithm converges when the
criteria: ε{F (is{X }(u) )} < 0.1% is satisfied (which indicates
that the function has reached its minimum value), resulting in
operating points {ω̂s, ϑ̂} that correspond to minimum turnoff
current. To quantify the stop criteria for the optimization al-
gorithm, Fig. 16 portrays the plot of the error with respect

FIG. 15. Implementation of the proposed algorithm for turnoff current
minimization.

FIG. 16. Function convergence plot with respect to number of iterations.

to number of iterations. As observed, the function converges
after 54 iterations, when the error values satisfy the convergent
criteria (ε{F (is{X }(u) )} < 0.1%). The number of iterations
can be further reduced by adding a learning coefficient αk in
the optimum point tracking process [25]. These optimum
points are stored along with the load information in the micro-
controller (TMS320F28379D) as a lookup table. The number
of entries in the lookup table significantly affects the accuracy
of SR control, which is selected by analyzing the storage space
and corresponding computation time of the microcontroller
and % efficiency degradation (as compared to 1% variation in
load) on account of linear interpolation applied to the nearest
entry in the lookup table. In that context, Table 6 provides the
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TABLE 6. Accuracy Comparison for Increasing Order of Entries in Lookup
Table and Corresponding Efficiency Degradation

FIG. 17. Experimental Waveforms for 400-28 V conversion at 1 kW
elucidating SR.

analytical comparison of increasing number of lookup table
entries with respect to accuracy of SR tracking.

As observed in Table 6, by restricting the mismatch to <1%
(avg.) corresponding to an efficiency degradation of 0.84%,
the number of lookup table entries can be restricted to 33, thus
ensuring accurate SR tracking while avoiding any additional
computational burden to the microcontroller employed.
For open loop operation of the developed converter at the
optimal operating point, the load information is sensed, and
corresponding gate pulses are given to switch S1 to S4 having
a switching frequency of f̂s = ω̂s

2π
. In addition to that, the gate

pulses are shifted by a phase of ϑ̂ and are applied to secondary
side switches (S5 to S8) to obtain the required SR action.

Please note, due to significantly high magnitude of Is,
the interface between the HFPT and secondary bridge PCB
is made using 20 Litz wires of same specification, con-
nected in parallel to (a) facilitate near-equal sharing of current
amongst all the wires and (b) to minimize any additional
stray inductance, thus ensuring optimal tank design. Relevant
experimental results for Is have been obtained by probing one
of the Litz wire.

Figs. 17–18 show the experimental results obtained for
forward power flow for a voltage conversion of 400-28 V,
obtained at 462.9 kHz with a SR phase shift of ϑ = 46.9◦,

FIG. 18. Experimental Waveforms for 400-28 V at 1 kW elucidating ZVS.

FIG. 19. Experimental Waveforms for 400-24 V conversion at 1 kW.

resulting in minimum switching losses (of 62 mW), portray-
ing a strong agreement with the presented analysis, having
a mismatch of 0.29% only. As observed, the instantaneous
current at turn-off instant is significantly less (∼1.4A), which
ensures ominously reduced turnoff losses for the secondary
side switches. Further, as observed in Fig. 18, the primary
current lags the primary bridge voltage thus achieving ZVS
operation [39] (ip < 0 at turn-on), which matches the pre-
sented analysis and justifies the winding selection and ZVS
based constraint.

Pturnof f = 2
1

2
Voiturnof f fstof f = 62mW (43)

In addition to that, as observed in Fig. 17, as the optimum
operating point occurs at fs < fr , there is a small phase lag
(<1.7◦) between VS and IS , where the reactive power (Q) of
the system is not zero. This phase refers to the superimposed
phase lag obtained as cumulative phase difference between
fundamental and higher order harmonic components obtained
by GHA based harmonic decomposition of VS and IS . But,
as this lag is relatively small and falls in the ±2.5◦ limit as
discussed in the initial assumption adopted (10), the Q due to
this phase lag is negligible and does not interfere with the SR
action, maintaining reduced switching losses at the secondary
side.

To elucidate the wide-gain capability of the designed con-
verter, Fig. 19 shows experimentally obtained waveforms
for 400-24 V conversion, with its optimum operating point
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FIG. 20. Experimental Waveforms for 600-28 V conversion at 1 kW.

FIG. 21. Experimental Waveforms for (a) 400-28 V (b) 400-24 V conversion
at 100W.

located at { fs, ϑ} = {452.5 kHz, 42.2◦}. As observed, the pri-
mary switches undergo ZVS turn-on, while the secondary
side switches experience minimal switching losses (84 mW)
accounting for the comprehensive phase identification method
used to enable SR.

Further, to elucidate the optimum SR phase and frequency
tracking for a higher voltage step down condition, Fig. 20
portrays the experimentally obtained waveforms for 600 V-28
V conversion at the rated load of 1 kW. As observed, the ZVS
and SR operations are retained, thus also achieving superior
efficiency for a wide input voltage gain range.

While adhering to the efficiency maximization objective by
reducing the secondary side switching losses at higher loading
conditions, the presented analysis also portrays its effective-
ness in light loading conditions. Fig. 21(a)–(b) illustrates the
converter operation at 10% load, while achieving the required
gain range to obtain Vo = 28V and Vo = 24V , respectively.
As observed, ZVS operation is maintained, while the turnoff
losses at the secondary side are limited to 59 mW due to
accurate SR tracking.

Further, to portray the feasibility of efficient reverse power
flow for V2G applications, Fig. 22 shows experimentally ob-
tained waveforms implementing the optimal phase detection
method as explained in Section III. As observed, the turnoff
current is reduced to∼ 0.5A that corresponds to switching
losses of only 62 mW in the secondary side, in addition to
ZVS at the primary side, leading to reverse power peak effi-
ciency of 96.2%.

To benchmark the efficiency improvement of the proposed
SR method for 400 V-28 V and 400 V-24 V conversion, a

FIG. 22. Experimental Waveforms for reverse power flow (a) 28-400 V (b)
24-400 V conversion.

FIG. 23. Loss breakdown and comparison of 400-28 V and 400-24 V
conversions.

detailed analytical loss breakdown at rated load of 1kW is pro-
vided in Table 7, that compares the various aspects of system
losses for FHA, GHA, and the proposed method. As the SR
action maintains a near-zero phase angle between secondary
current and bridge voltage fundamental, it results in the least
RMS current for a specific power transfer amount and reduces
the device and winding conduction losses, when compared
to other conventional FHA and GHA methods. Therefore, an
illustrative loss breakdown for 400 V-28 V and 400 V-24 V
conversion is graphically presented in Fig. 23. As observed,
due to the accurate characterization of the system parasitics
and inclusion of all the higher order harmonic components in
the analytical model, the steady state values of SR enabling
phase shift (ϑ) and operational frequency (fs) obtained from
the turnoff current minimization algorithm result in significant
reduction of the SR phase tracking error (ϑε ) (less than 0.1%),
as compared to the FHA and GHA based approaches (∼12%
and ∼4% respectively). This ensures substantial reduction
in the switching losses incurred in the secondary side, thus
portraying a reduction of 77.9% and 46.4% in the overall
switching losses for a 400 V-28 V conversion as compared
to FHA and GHA based approaches respectively. Moreover,
as observed in (44), for the same amount of output power
(Po) processed in the converter, as the phase lag error (ϑε )
is reduced, the RMS value of secondary side bridge current
is also reduced, which results in reduction in the conduction
losses of the switches (31.1% and 23.4% as compared to
FHA and GHA respectively) and AC winding losses of the
HFPT (22.4% and 21.3% as compared to FHA and GHA
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TABLE 7. Comprehensive Loss Breakdown and Comparison for FHA, GHA and The Proposed Method

FIG. 24. Efficiency trend for various loading conditions (a) Forward Power
Flow; (b) Reverse Power Flow.

respectively) for a 400-28 V conversion.

Po = 1

2

2n+1∑
k= 13,5...

Vs,kIs,k cos (ϑε ) (44)

Further, Fig. 24(a) compares the forward power flow effi-
ciency trend, while Fig. 24(b) portrays the reverse power flow
efficiency trend for various loading and corner gain condi-
tions. As observed, due to elaborate and precise modelling
accounting for the stray components affecting the system op-
erating point, the proposed model yields a peak efficiency
of 98.49% at an ambient temperature of 22 ◦C , depicting
its superiority even at a high operational frequency. The
main reasons leading to this enhanced efficiency profile trace
back to the aspects including the employment of GaN de-
vices that portray ultra-low body capacitors [40] and low
Rds,on [41] resulting in reduced switching and conduction
losses, optimized selection of phase-frequency operating point
to facilitate reduced turn-off losses in the secondary bridge,
and an optimum HFPT winding selection leading to reduced
winding resistance and corresponding high-frequency AC
losses.

VI. CONCLUSION
Meticulously considering the effect of stray parameters on
the performance of a bidirectional asymmetric CLLC DC/DC
converter, a comprehensive GHA based modeling and anal-
ysis is presented in this paper. Stressing on the influence of
the stray components, a detailed all-inclusive gain model is
derived, which is further validated with several experimen-
tally obtained gain points, portraying an average mismatch
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in gain modulation trend of 0.44% only, thus confirming its
accuracy. Unlike other state-of-the-art methods focusing only
on phase modulation or frequency modulation, the proposed
SR phase detection technique provides a contour of feasible
{ω∗

s , ϑ
∗} points for different gain/load operations. Further, a

non-linear multi-dimensional minimization function for the
secondary current zero crossing is defined with an error mar-
gin of 0.1%, that tracks the phase required to facilitate SR,
and is experimentally verified elucidating a phase error of
0.29%. To facilitate the proposed SR tracking method and
to ensure optimum transformer design, a thorough parametric
RLC modeling of HFPT aided with detailed 3D FEA analysis
is presented. To validate the presented model and SR phase
detection method, exhaustive experimental analysis for a 1kW
prototype operating at 500 kHz resonant frequency with re-
sults at various corner conditions are presented. Experimental
results for forward power flow for 400-28 V and 400-24 V
are provided which portray a turnoff current of ∼1.4A, high-
lighting reduction in switching losses, thus achieving a peak
efficiency of 98.49%. In addition to that, the reverse power
flow capabilities of the designed converter are also verified for
different conditions (28-400 V and 24-400 V), which due to
accurate phase detection, portrays a peak converter efficiency
of 96.2%.
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