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ABSTRACT This article introduces a research method aimed at achieving optimal control timing for the
zero-voltage quasi-square wave switch (ZVS-QSW) in a silicon carbide buck converter across a wide range.
The method establishes the correlation function between optimal control timing parameters and load current
through composite segmented curve fitting to the plane of the ZVS-QSW state over the entire operating
range. It also compensates for the charge change on the filter capacitor to determine the load current at
the corresponding operating point. By collecting the input/output voltages and load currents and substituting
them into the correlation function, the optimal timing parameters for achieving ZVS-QSW can be determined
online. The proposed method is validated on a silicon carbide buck converter prototype with an input voltage
of 400 V. ZVS-QSW can be achieved in the conversion ratio range of 0.1-0.9. Consequently, the proposed
method not only reduces the difficulty of inductance current measurement but also simplifies and visualizes
the timing control of the converter.

INDEX TERMS Curve fitting, digital control, quasi-square wave, silicon carbide, zero-voltage switching.

I. INTRODUCTION
Zero-voltage switching quasi-square wave (ZVS-QSW)
operation in pulsewidth-modulated dc–dc converters is a
well-established method for mitigating turn-ON switching
losses, because of the constant-frequency operation with
low voltage stresses and relatively low current stresses on
active devices [1], [2]. The ZVS-QSW operation is illus-
trated in Fig. 1 for a buck converter switching cell shown
in Fig. 1(a). This approach increases the inductor current
ripple such that a sufficiently negative excursion of the
current results in a soft zero-voltage transition between
the turn-OFF of the synchronous rectifier (SR) switch and
the turn-ON of the main switch [3]. These losses can be
minimized by optimally setting the negative current during
tsr resulting in minimum-conduction ZVS-QSW operation
seen in Fig. 1(b). The amount of negative current required
depends on the converter input and output voltages [4].
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FIGURE 1. (a) Buck converter switching cell. (b) ZVS-QSW operating
waveform where the converter realizes ZVS with higher conduction loss
losses.

In response to changing operating conditions, these timing
parameters must be adjusted online to maintain minimum-
conduction ZVS-QSW operation, consequently optimizing
converter efficiency over its full operating range.

Online efficiency optimization strategies, in response to
changing operating conditions, typically rely on digital
implementations. Lookup-table-based approaches that adjust
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FIGURE 2. Operating waveform in (a) tsroff < desirable value (b) tsroff = desirable value (c) tsroff > desirable value.

switching frequencies and operational modes based on the-
oretically or empirically determined table entries for a given
operating condition are adopted in [5] and [6]. In applications
where both the input/output voltages and converter power
levels must vary, the table dimensions grow, increasing stor-
age requirements and complexity. The approach in [5], [7],
[8], [9], [10], [11], [12], and [13] aims to reduce the com-
putational complexity by fixing one parameter, such as peak
SR shutdown current, dead time or frequency, etc., and then
adjusting the rest of the parameters by on-line calculations
with known conditions, which results in the converter to
satisfy the ZVS-QSW operation only in specific ranges, and
the switching tubes can only be operated in the hard-switched
or suboptimal ZVS operation mode in other ranges. Recently,
a research method has been proposed in [4] to realize a
wide range of minimum conduction ZVS-QSW operation by
adjusting the converter switching frequency and enforcing the
zero-voltage dead time online. However, due to the difficulty
in measuring the inductor current and the high order of the
fitted surface, the computational procedure of this method is
complicated and the results are not accurate enough.

The research method proposed in this article for optimal
control timing of ZVS-QSW involves obtaining the corre-
lation function between optimal control timing parameters
and load current. This is achieved through composite seg-
mented curve fitting to the ZVS-QSW state plane across
the entire operating range, along with compensating for the
charge change on the filter capacitor to determine the load
current at the corresponding operating point. Therefore, this
method directly correlates control timing with the output-
side current, reducing the complexity of current measurement
and parameter calculation. This simplifies and visualizes the
timing control strategy.

This article is organized as follows. Section II examines
the optimal timing parameter conditions necessary to achieve
ZVS-QSW operation through the state plane, deriving formu-
las for optimal timing parameters in relation to the average
current. In Section III, analytical models of the optimal time
parameters for each operating point, considering the inductor
average current and conversion ratio, are developed. The
section also discusses the implementation details of function
fitting using the formulas derived in Section II. Section IV

establishes the connection between optimal time parame-
ters and load current by overlaying a charge on the filter
capacitor. It then briefly outlines the system control block dia-
gram. Section V validates the feasibility and accuracy of the
research strategy through simulation tools and experiments,
respectively. Finally, Section VI provides a summary of the
article.

II. ZVS-QSW CONTROL CONDITION ANALYSIS AND
FORMULA DERIVATION
Before developing the analytical models and the resulting
fit-functions from the solutions, it is helpful to inspect the
trajectory of the optimal timing parameters for variation in
each of the converter operating conditions. Since the optimal
timing parameters strongly depend on the conversion ratio
K [4], in this section, the control conditions for achieving
ZVS-QSW in Buck circuits operating at two conversion ratio
modes, K ≤ 0.5 and K > 0.5, will be analyzed by the state-
plane method. The four timing parameters ton, tdn, tsr , tdf , and
the switching cycle TSW are derived, and finally, the average
inductor current iLavg is obtained.

A. CONVERSION RATIO K>0.5
The waveforms of the buck circuit operation under differ-
ent control timing conditions are shown in Fig. 2, where
iL is the inductor current and vDS is the voltage across the
switching tube SD. The state plan of the resonance process
corresponding to the voltage between the inductor current
and the switching parasitic capacitance is shown in Fig. 3,
The horizontal coordinate of the state plane is the voltage
vDS across the switching tube SD and the vertical coordinate
is the product of the inductor current and the characteristic
impedance iL · zn.

As seen in Fig. 3, the resonant interval can be divided
into two stages: ‘‘natural’’ resonant interval and ‘‘forced’’
resonant interval. For ‘‘natural’’ resonant interval, since the
radius of the resonance circle R = vout the conversion ratio
K > 0.5 and vin − vout < vout , the resonance process is
sufficient for SU zero voltage conduction. The tsroff in Fig. 2
is defined as the time that the inductor current continues to
conduct after crossing the zero point. Fig. 3(a) shows the state
plan of tsroff = 0, at the beginning of resonance the inductor
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FIGURE 3. State-plan in (a) tsroff < desirable value tsroff = desirable value (c) tsroff > desirable value.

FIGURE 4. (a) Operating waveform in conversion ratio K ≤ 0.5
(b) Operating waveform in conversion ratio K ≤ 0.5.

current iL = 0 and the radius of the resonance circleR < vout ,
so the resonance process is sufficient for SD operates in the
hard conduction state, and the resonance waveform of vDS
and iL is shown in Fig. 2(a). Fig. 3(b) shows the state plan
of the tsroff = desirable value, at the beginning of resonance
the inductor current iL = desirable value and the radius of
the resonance circle R = vout , so the resonance process is
sufficient for SD operates in the zero voltage conduction, and
the resonance waveform of vDS and iL is shown in Fig. 2(b).
Fig. 3(c) shows the state plan of the tsroff > desirable value,
at the beginning of resonance the inductor current iL >

desirable value and the radius of the resonance circle R =

vout , when vDS reaches zero, there is still a negative current
in the inductor, causing unnecessary losses and the resonance
waveform of vDS and iL is shown in Fig. 2(c). Calculation
of the optimal switching control timing at switching ratios
K > 0.5 requires the addition of a negative compensation
current time tsroff based on the input/output voltages versus
the peak inductor current after the synchronous rectification
time tsr .

B. CONVERSION RATIO K ≤ 0.5
The correspondingwaveforms for the case of conversion ratio
K ≤ 0.5 are shown in Fig. 4(a), and the phase planes of
the resonance process of the inductor current and the volt-
age between the switching parasitic capacitance are shown
in Fig. 4(b), and the two phases of the resonance process
of the natural commutation and the forced commutation
are able to satisfy the switching tubes to realize the ZVS
conduction.

C. DERIVATION OF FORMULA
The control conditions for the realization of the converter
ZVS-QSW and the corresponding problems need to be solved
have been analyzed and presented in detail. Next, using the
example of a Buck circuit operating at a conversion ratio
K > 0.5, the equations for the control time parameters to
achieve ZVS-QSW and the corresponding equations for the
average current are derived from the state plane.

The calculation method proposed in this strategy is derived
from the operating waveform graphs and state planes under
the optimal control timing conditions in Fig. 5. Firstly, deter-
mining the peak inductor current iLpk as the intermediate
variable i1, at the end of the natural commutation, the inductor
current is i2, using the natural commutator resonance circle
radius Rn to obtain the equation

i21 · z2n + v2H = i22 · z2n + v2L , (1)

where vL = vin · K = vin, vH = vin − vL, zn =
√
L/2Cotr ,

L is the value of the inductance, Cotr is the output parasitic
capacitance of the switching tube, and thus derive

i22 = i21 +
(v2L − v2H )

z2n
, (2)

using the radius of the ‘‘forced’’ resonance circle Rf as an
intermediate variable, the following equation is given

i2r · z2n + v2L = v2H , (3)

this results in an inductive negative compensation current

i2r =
v2L − v2H

z2n
, (4)

substituting into Eq. (2), we can get

i22 = i21 + i2r , (5)

for ‘‘natural’’ resonance angles ϕn

ϕn = π − a cos(
vL√

i21z
2
n + v2L

) − a cos(
vH√

i21z
2
n + v2L

), (6)

for ‘‘forced’’ resonance angles ϕf

ϕf = π − a cos(
vH
vL

), (7)
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FIGURE 5. (a) Waveform of optimal control timing operation in
conversion ratio K > 0.5 (b) Optimal Control Timing State Plan in
conversion ratio K > 0.5.

for the resonant angular frequency ωn

ωn =
1

√
2LCotr

, (8)

thus we can deduce that

ton =
i1L
vL

, (9)

tdn =
ϕn

ωn
, (10)

tsr =
(i2 + ir ) · L

vH
=

(
√
i21 + i2r + ir ) · L

vH
, (11)

tdf =
ϕf

ωn
, (12)

in turn, we can derive the switching cycle

TSW = ton + tdn + tsr + tdf , (13)

The positive and negative charges of the ‘‘natural’’ and
‘‘forced’’ commutation processes cancel each other out, thus
the total charge of one switching cycle is equal to the sum
of Q1, Q2, Q3 and in Fig. 5(a), where Q1 = i21L/2vL , Q2 =

i22L/2vH ,Q3 = ir2L/2vH , combined with formula (5), it can
be deduced that

Q =
i21L

2
· (

1
vL

+
1
vH

) =
i21L

2vin
·

1
k(1 − k)

, (14)

where k is the conversion ratio and finally we get the average
inductor current in one cycle

iLavg =
Q

ton + tdn + tsr + tdf
. (15)

III. MODELING AND FUNCTION FITTING OF OPTIMAL
CONTROL TIMING PARAMETERS AT VARIOUS
OPERATING POINTS
Section II has analyzed the control conditions for achieving
ZVS-QSW in the converter across the full operating range.
It derived the optimal control timing and the equation for the
average inductor current. This serves as a data source for the
subsequent analysis of the control timing trends and function
fitting to achieve ZVS-QSW at each operating point.

A. MATHEMATICAL MODELING OF OPTIMAL TIME
PARAMETERS
This proposed strategy generates uniform independent
variable input voltage vin(200-400 V), output voltage
vout (0.005·vin-1·vin) and inductor average current iLavg
(0-60 A) by mathematical tools. The next step is the calcula-
tion of the dependent time parameters ton, tdn, tsr , tdf and the
inductor average current iLavg, from the second section, it can
be seen that this research strategy uses two different control
timing calculations for conversion ratios K ≤ 0.5 and K >

0.5, respectively. So for the time parameter also two separate
sets of formulas were used to calculate the obtained. Fig. 6
shows the parametric modeling of the time parameters ton,
tdn, tsr , computed from the conversion ratio K and the peak
inductor current iLpk , for conversion ratios K ≤ 0.5 and K >

0.5, respectively, in a specific range. However, the value of the
time parameter tsr is only related to the conversion ratio K .
Fig.7 shows the parametric model of the time parameter tsr
for conversion ratios K ≤ 0.5 and K > 0.5.

Fig. 6 (a, b, c, d) and 7 (a, b, c, d) show the model
surface plots of the optimal time parameters (ton, tdn, tsr , tdf )
for the independent variable input voltage vin varying
from 200 to 400 V and the inductor average current iLavg
varying from 5 A to 50 A for the conversion ratios K >

0.5 and K ≤ 0.5, respectively.
From this, we can calculate the corresponding optimal

control timing parameters ton, tdn, tsr , tdf for conversion ratio
K and peak inductor current iLpk from the resonant state phase
plane. However, the challenge in measuring the peak inductor
current renders it impossible to calculate the time parameter
required to achieve the transition of the switching tubes from
ZVS to QSW in a wide range mode, using the conversion
ratio and peak inductor current to meet the requirements
of the wide range mode. Fortunately, we also find that the
average inductor current iLavg calculated at the corresponding
conversion ratioK and peak inductor current iLpk is fixed, this
means that the time parameters for realizing the switching
tubes ZVS-QSW at the corresponding conversion ratio K
and inductor average current iLavg are fixed, and theoretically
we can derive the corresponding time parameters from the
specific conversion ratio K and the inductor average current
iLavg. However, this backpropagation process is very difficult
and the derived function is very cumbersome. Therefore, this
article proposes a method to fit the four time parameters
realizing the switching tubes ZVS-QSW with the conversion
ratio K and the inductor average current iLavg as a function of
the load output voltage vout and the inductor average current
iLavg, respectively.

B. FUNCTION FITTING
If the time parameters ton, tdn, tsr are fitted directly to the
binary polynomials of the conversion ratio K and the average
inductor current iLavg at a constant input voltage of 400 V,
the fitting function will be very complicated and less accu-
rate. Therefore, this proposed strategy uses a double fitting
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FIGURE 6. Analytical modeling of time parameters with inductor average current and conversion ratio K for conversion ratio
K > 0.5. (a)The analytic model of ton. (b) The analytic model of tdn. (c) The analytic model of tsr . (d) The analytic model of tdf .

approach, where the time parameters ton, tdn, and tsr are first
fitted to the inductor average current iLavg in a low-order
linear fashion, and then the coefficients of the primary fitting
function are fitted to the conversion ratio K in a secondary
fashion, which ultimately yields the composite function of the
optimal time parameters with respect to the buck ratio K and
the inductor average current iLavg.

1) PRIMARY FUNCTION FITTING
As an example of the optimal time parameter ton, Fig. 8 shows
a plot of the time parameter ton fitted as a function of the
average inductor current at an input voltage of 400 V and a
conversion ratio of 0.6. The curve of the time parameter ton
versus the inductor average current is fitted to obtain a 3rd
order linear function over the range of the inductor average
current of (0-0.5A)

f1(x) = p11x3 + p12x2 + p13x + p14, (16)

where p11 = 8.861e-7, p12 = −8.933e-7, p13 = 5.911e-7,
p14 = 2.393e-7◦

The curve of the time parameter ton versus the inductor
average current iLavg is fitted to obtain a 3rd order linear
function over the range of the inductor average current iLavg
of (0.5-4.5 A)

f2(x) = p21x3 + p22x2 + p23x + p24, (17)

where p21 = 2.589e-10, p22 = −3022e-9, p23 = 2.641e-7,
p24 = 7.723e-8.
Following the above method, the optimal time parameters

ton, tdn, and tsr are obtained as more accurate linear 3rd order
functions in a suitable range of inductor average current iLavg,
respectively. That will also lead to another question, i.e., how
will the segmentation point of the inductor average current
iLavg change as the conversion ratio K changes? Fortunately,
by comparing the curves of the time parameters ton, tdn,
and tsr with the average inductor current iLavg for different
conversion ratios, it is found that the curves follow the same
trend i.e., the segmentation points are the same.

2) SECONDARY FUNCTION FITTING
The strategy proposed in this article obtains multiple sets of
primary segmented functions for the variation of the time
parameters ton, tdn, and tsr with the inductor average current
iLavg at an input voltage of 400 V and a conversion ratio
K (0-1), respectively, by primary function fitting. And then
the coefficients of each primary function with the conversion
ratio K are subjected to secondary function fitting. Fig. 9
shows the segmented fitting curves of the coefficients p11 of
the primary fitting function of ton and the corresponding
average current iLavg as a function of the conversion ratio K
for an input voltage of 400 V and a range of variation of the
conversion ratio K (0-1).
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FIGURE 7. Analytical modeling of time parameters with inductor average current and conversion ratio K for conversion ratio
K ≤ 0.5. (a)The analytic model of ton. (b) The analytic model of tdn. (c) The analytic model of tsr . (d) The analytic model of tdf .

FIGURE 8. Plot of the time parameter ton fitted as a function of the
average inductor current iLavg for an input voltage of 400 V and a
conversion ratio K of 0.6.

The curve of the coefficients p11 of ton’s primary fitted
function versus the conversion ratio K is fitted to obtain a
3rd order linear function in the range of the conversion ratio
K of (0-0.4)

g1(x) = q11x3 + q12x2 + q13x + q14, (18)

where q11 = 8.861e-7, q12 = −8.933e-7, q13 = 5.911e-7,
q14 = 2.393e-7.

The curve of the coefficients p11 of ton’s primary fitted
function versus the conversion ratio K is fitted to obtain a
3rd order linear function in the range of the conversion ratio

FIGURE 9. Plot of the segmented fit of the coefficients p11 of the primary
fitting function of ton as a function of the transition ratio K (0-(1).

K of (0.4-0.5)

g2(x) = q21x3 + q22x2 + q23x + q24 (19)

where q21 = 8.861e-7, q22 = −8.933e-7, q23 = 5.911e-7,
q24 = 2.393e-7.
According to this method more accurate linear 3rd order

functions with coefficients p11 − p14 of the primary fitting
functions of the optimal time parameters ton, tdn, tsr can be
obtained in the range of suitable conversion ratios K .

The optimal time parameter tdf is only related to the con-
version ratio K . Therefore, the segmented fitting function of
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FIGURE 10. Plot of the segmental fit of tdf to the conversion ratio
K (0-0.5).

the ‘‘forced’’ resonant interval tdf versus the conversion ratio
K is shown in Fig. 10.
The curve of the time parameter tdf versus the conversion

ratio K is fitted to obtain a 3rd order linear function in the
range of conversion ratios K of (0-0.4)

g1(x) = q11x3 + q12x2 + q13x + q14, (20)

where q11 = 5.405e-7, q12 = −5.024e-7, q13 = 1.176e-7,
q14 = 1.586e-7.

The curve of the time parameter tdf versus the conversion
ratio K is fitted to obtain a 3rd order linear function in the
range of conversion ratios K of (0.4-0.5)

g2(x) = q21x3 + q22x2 + q23x + q24, (21)

where q21 = 6.058e-7, q22 = −7.661e-7, q23 = 3.272e-7,
q24 = −4.477e-7.

C. CALIBRATION OF THE FITTING FUNCTION
The strategy proposed in this article uses primary and sec-
ondary third-order function fitting in order to reduce the
complexity of a single computation and to improve the
accuracy, so the relative error between the curve-fit timing
parameters and the analytical values is a matter of great
concern. The accuracy of the fitted function is verified by
taking the optimum control time parameters of ZVS-QSW
realized at the operating points with input voltage of 400 V
and conversion ratio K in the range of (0.5-1) as an example,
and the comparison of the curve-fit values with the analytical
values is plotted in Fig. 11(a, b, c, d), where the curve-fit
values of the individual operating points are compared with
the analytical values as shown in Table 1.
The analytical values of different operating points ran-

domly selected from the optimal time parameter control
charts were analyzed with the curve-fit values, and the rel-
ative errors did not exceed 5%, which is enough to have
verified that the accuracy of the fitted function is very
satisfactory.

Due to the fact that two different ways of fitting functions
are used in this fitting for conversion ratios K > 0.5 and
conversion ratios K ≤ 0.5, and in order to improve the
accuracy of the fitting function and at the same time to reduce

FIGURE 11. (a) Comparison plot of analytical vs. curve fit values for ton.
(b) Comparison plot of analytical vs. curve fit values for tdn.
(c) Comparison plot of analytical vs. curve fit values for tsr .
(d) Comparison plot of analytical vs. curve fit values for tdf .

the order of the fitting function, segmented fitting is also
carried out at different average current points. Therefore,
in the full range mode of operation, the segmented fitting
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FIGURE 12. (a) ton fits the surface map over the full range. (b) tdn fits the
surface map over the full range. (c) tsr fits the surface map over the full
range. (d) tdf fits the surface map over the full range.

function should be very approximate at the exchange point
in order to ensure the stability of the output.

TABLE 1. Comparison of curve-fit and analytical values.

FIGURE 13. ZVS_QSW Control Structure Block Diagram.

The surface plots of the wide operating ranges of the four
time parameters calculated by fitting the obtained segmented
functions are shown in Fig. 12, segmented functions are
approximately coincident wherever they meet over the full
operating range.

IV. CHARGE SUPERPOSITION ON FILTER CAPACITORS
With the fitting method in Section III, we obtain the fitting
functions of each of the four time parameters with respect to
the load output/input voltage and the inductor average current
iLavg. Through the fitting method in Section III, we obtain
the fitting functions of the four time parameters with the
output/input voltages and the average inductor current iLavg,
respectively. However, this method is difficult and susceptible
to disturbances in measurement of the inductor current in the
high-frequency and output-voltage-variable operatingmodes.

Fig. 13 shows the block diagram of the control strategy
structure proposed in this article to realize ZVS-QSW. This
strategy removes the current Ic generated by the change of
charge on the filter capacitor from the load output average
current iavg to obtain the corresponding inductor average
current iLavg, the optimal time parameters are then calcu-
lated by bringing them together with the output and input
voltages into the fitting function obtained in Chapter III.
The predicted optimal timing parameters are applied to the
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FIGURE 14. SiC-based buck converter prototype.

TABLE 2. Boost converter parameter.

FIGURE 15. Waveforms of the gate control level as well as the voltage
VDS across the lower tube and the sense average current ILavg for an
input voltage of 400 V and an output voltage of 100 V.

pulse-width modulator (PWM) through low-pass filters to
ensure smooth transitions as the operating conditions change.
The converter eventually settles at timing parameters that
achieve ZVS-QSW for a given operating point.

V. EXPERIMENTAL VALIDATION
The previous section of this article fitted a multivariate
linear function of the optimal control timing over a wide
operating range and converted the computational factor
inductor-averaged current iLavg to the load output current
iavg by charge superposition on the filter capacitors. This
section verifies that the on-line optimal control timing of
the converter demonstrates minimum conduction ZVS-QSW
operation over a wide range of conversion ratios and power
levels.

FIGURE 16. Waveforms of the gate control level as well as the voltage
VDS across the lower tube and the sense average current ILavg for an
input voltage of 400 V and an output voltage of 240 V.

In order to verify the on-line optimization strategy pro-
posed in this article, the SiC buck converter prototype shown
in Fig. 14 is constructed in this experiment, and its relevant
parameters are shown in Table 2, and the load is resistive load.
After programming the fitting function into the controller,
we capture the gate control level as well as the voltage and
average inductor current across the downstream tube with an
oscilloscope for a gate input voltage of 400 V, and output
voltages of 100 V and 240 V. In the captured plots in Figs. 15
and 16, the switching tube all conducts at its terminal voltage
vDS = 0, i.e., the ZVS-QSW is realized. It can be verified
that the optimal control timing study method proposed in
this article can realize the ZVS-QSW operation over a wide
operating range.

VI. CONCLUSION
Realizing ZVS-QSW operation requires precise adjustment
of timing parameters, especially under changing operating
conditions. These timing parameters must be adjusted online.
In this article, we propose an optimal control timing study
method for ZVS-QSW. This method involves composite
segmented curve fitting to the ZVS-QSW state plane over
the full operating range. It also compensates for the charge
change on the filter capacitor to obtain the load current at
the corresponding operating point. This approach allows us to
establish the correlation function between the optimal control
timing parameters and the load current. The control timing is
directly linked to the output side current, which reduces the
difficulty of current measurement and parameter calculation.
This makes the timing control strategy simpler and more
visualized. The online optimization method proposed in this
article is validated on a SiC buck prototype. The online-tuned
timing parameters closely align with the optimal values of
the analytical model, enabling ZVS-QSW operation under
different operating conditions. The systematic methodology
for building the analytical model, the generated curve fitting
procedure, and the implementation techniques presented in
this article can be applied to other converter topologies.
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