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Abstract—This article presents an online efficiency optimization
strategy for a digitally controlled, wide operating range silicon
carbide based boost converter with bidirectional power flow. The
proposed strategy minimizes switching losses at any given oper-
ating point by adjusting the converter switching frequency and
dead times to optimally set the peak synchronous rectifier turn-
OFF current. This results in the converter achieving zero-voltage
switching quasi-square wave (ZVS-QSW) operation with mini-
mum inductor current ripple. The optimal timing parameters are
determined online by fit functions based on sensed input/output
voltages and inductor current, and applied to the converter in a
low-bandwidth feed-forward loop operating in conjunction with
closed-loop regulation of the converter output voltage. The fit
functions are developed from multivariate curve fitting of the
analytical solutions of the minimum-conduction ZVS-QSW state
plane over the complete range of operation. The proposed approach
enables bidirectional operation with efficiencies greater than 97.5%
for input voltages ranging from 200 to 400 V, step-up conversion
ratios up to 2.5, and power levels between 2 and 8 kW. The converter
also achieves efficiencies greater than 99% over wide power levels
at boost conversion ratios lower than 2.

Index Terms—Curve fitting, digital control, feedforward,
nonlinear capacitance, optimization, quasi-square wave, silicon
carbide, zero-voltage switching.

I. INTRODUCTION

FREQUENCY-DEPENDENT switching losses present a
significant impediment to realizing high-frequency com-

pact switched-mode power converters [1]. Of principal concern
are the turn-ON switching losses that are primarily dependent
on the device parasitic output capacitances and the reverse
recovery of the rectifier body diodes. Particularly with fast
turn-OFF wide-bandgap devices, the turn-ON losses tend to be
the dominant loss mechanism in high-frequency hard-switched
converters [2]–[5]. Reducing the turn-ON losses is the key
to achieving higher efficiencies, especially for wide operating
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Fig. 1. (a) Boost converter switching cell. (b) ZVS-QSW operating waveforms
wherein the converter achieves ZVS with a higher conduction loss penalty.

range converters, such as PFC rectifiers [6]–[9], inverters [10],
[11], and bidirectional dc–dc converters in electric vehicle pow-
ertrain applications [12]–[15].

Zero-voltage switching quasi-square wave (ZVS-QSW)
operation of pulsewidth-modulated dc–dc converters,
introduced in [16] and analyzed in detail in [6], [17], and
[18], is a well-known approach for mitigating the turn-ON

switching losses. 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. The amount of negative current required depends
on the converter input and output voltages. The ZVS-QSW
operation is illustrated in Fig. 1 for a boost converter switching
cell shown in Fig. 1(a). The individual device parasitic output
capacitances are lumped into a single equivalent capacitance
(Ceq,Q). Fig. 1(b) shows the ZVS-QSW waveforms with the
inductor current forced negative during tsr. The main switch Q1

can turn ON anytime after the “forced” ZVS resonant interval
(tdf ) ends. SR switchQ2 always turns ON with zero voltage after
the “natural” resonant interval (tdn). As seen in Fig. 1(b), an
excessive negative current at Q2 turn-OFF results in additional
circulating currents (highlighted in red), which in turn require
higher peak currents to deliver the same average inductor current
increasing conduction losses. These losses can be minimized
by optimally setting the negative current during tsr resulting in
minimum-conduction ZVS-QSW operation seen in Fig. 2(a).
Operation in this mode enables ZVS transitions with the lowest
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Fig. 2. Minimum-conduction ZVS-QSW (a) operating waveforms and
(b) normalized state-plane diagram.

possible negative current, thus reducing conduction losses [18]–
[20], but it requires precise adjustment of the timing parameters,
particularly the switching period (tsw), and the forced ZVS dead
time interval (tdf ). 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 that vary converter
timing parameters have been extensively adopted for both con-
ventional silicon-based [21]–[27] and wide-bandgap convert-
ers [5], [7]–[11], [23], [28]–[32]. Generally, two distinct ap-
proaches have been pursued. The first approach employs external
analog circuitry to detect zero crossings of either inductor cur-
rent [7]–[9], [24], [29] or switch-node voltage [23], [31] and ad-
justs timing parameters based on this information. This approach
typically leads to implementation complexity with sensitivity
to noise and delays. Moreover, it also suffers from a lack of
flexibility since most converters considered have only unidirec-
tional power flow. Shahzad et al. [9] demonstrate optimization
for both inductor current polarities with two comparator circuits
and flipping the edge-trigger logic based on polarity.

The second class of online-optimization approaches relies
entirely on digital implementation. For example, in [22] and
[21], the converter timing parameters are perturbed over a range
and values that maximize efficiency are applied. This strategy
requires long convergence times for wide operating ranges and
may not achieve maximal efficiency since only one of the timing
parameters is swept. Lookup-table-based approaches that adjust
switching frequencies and operational modes based on theoreti-
cal or empirically determined table entries for a given operating
condition are adopted in [11] and [27]. In applications where
both the input/output voltages and converter power levels must
vary, the table dimensions grow, increasing storage requirements
and complexity. Approaches that directly compute the timing
parameters are presented in [5], [10], [25], [26], [28], and [30].
These approaches reduce the computational complexity by fix-
ing one parameter, such as peak SR turn-OFF current [10], [25],
[26], dead times [5], [28], or frequency [30] and online adjusting
the remaining parameter. This results in either hard-switched
or suboptimal ZVS operation over specific ranges. A hybrid

modulation strategy combining the discontinuous conduction
and ZVS-QSW mode by introducing additional switching in-
tervals is proposed in [32]. Generally speaking, few previously
presented approaches achieve minimum-conduction ZVS-QSW
operation over wide ranges since most of them can vary only a
single timing parameter. While it may theoretically be possible
to extend some of these approaches to both frequency and dead
times, the resulting increase in complexity could end up being
prohibitive in practical implementation.

The optimization strategy proposed in this article achieves
wide-range minimum-conduction ZVS-QSW operation by on-
line adjusting both the converter switching frequency and the
forced ZVS dead time. The direct computation of the optimal
timing parameters is achieved through multivariate polynomial
functions that are developed offline from surface-fitting the
analytical solutions and are easily implemented in the controller.
A low-bandwidth feed-forward loop operating concurrently with
the feedback loop evaluates the polynomial functions that gen-
erate the optimal timing parameters for sensed input/output
voltages and average inductor current.

This article is organized as follows. Section II provides a broad
overview of the proposed control scheme. Section III illustrates
the variation in optimal timing parameters with operating condi-
tions and develops comprehensive analytical models that capture
this variation across the converter’s entire operating range. In
Section IV, multivariate polynomial curve fitting approaches are
developed for these analytical models, and implementation de-
tails are discussed. Experimental results in Section V validate the
proposed online-optimization approach for bidirectional power
flow as well as in transient operation. Additionally, efficiencies
achieved under varying operating conditions with this strategy
are compared with conventional fixed frequency/dead time op-
eration and single-parameter optimization approaches. Finally,
Section VI concludes this article.

II. OVERVIEW OF THE CONTROL ARCHITECTURE FOR ONLINE

EFFICIENCY OPTIMIZATION

Calculation of the optimal switching frequency and dead
times requires a solution of the minimum-conduction ZVS-
QSW state-plane representation shown in Fig. 2(b) that plots the
normalized inductor current jL as a function of the normalized
switch-node voltage. The current normalization factor iB is
defined as vIN/R0, where R0 is the characteristic impedance√
L/Ceq,Q. Although the timing parameters calculated from

the minimum-conduction ZVS-QSW state plane are unique for
a given combination of input voltage vIN, conversion ratio m,
and processed power (average inductor current), the state-plane
equations governing the converter’s operation in this mode do
not have straightforward closed-form expressions. They must
be numerically solved to obtain the timing parameters. Since
such a numerical computation is not suitable for direct im-
plementation on a controller platform, a twofold approach to
simplifying online optimization is adopted in this article. As
a first step, analytical models for optimal timing parameters,
fsw and tdf , are developed offline through numerical solution
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Fig. 3. Controller architecture includes a feedback loop responsible for the
output voltage regulation and a feed-forward loop that implements the online
efficiency optimization.

of the minimum-conduction ZVS-QSW state plane for the en-
tire region of converter operation. A multivariate polynomial
function is then fit to these theoretical models using a standard
curve fitting toolbox [33]. This approach, first introduced in [34],
simplifies the online optimization to evaluating polynomial
functions (fit functions) that yield the optimal timing parameters
for given operating conditions. The fit functions are then easily
implemented on a microcontroller platform and evaluated in a
low-bandwidth feed-forward loop operating in conjunction with
the feedback loop.

Fig. 3 presents the resulting control architecture. The feedback
loop responsible for the output voltage regulation contains an
outer voltage loop followed by an inner average current-mode
control loop. The current and voltage compensators designed
using standard frequency domain techniques are implemented
in discrete time with a sampling rate equal to the switching fre-
quency [35]. The online efficiency optimization, implemented
in the feed-forward path, senses the input voltage (vIN), output
voltage (vOUT), and the average input current (iL,avg) to compute
the optimal switching frequency (fsw), and dead time (tdf ) using
the fit functions g and h. It should be noted that the dead time
optimization applies only to the turn-ON transition of the main
switch (Q1). The SRQ2 turn-ON transition, which achieves ZVS
naturally, operates with a constant dead time. The predicted opti-
mal timing parameters are applied to the pulsewidth modulator
(PWM) through low-pass filters to ensure smooth transitions
as the operating conditions change. The converter eventually
settles at timing parameters that achieve minimum-conduction
ZVS for a given operating point. Given that operating conditions
are changing relatively slowly in the considered application, the
feed-forward adjustment operates at a much slower rate than
the voltage regulation loop. Furthermore, as discussed further in
Section IV-B, the proposed online-optimization strategy is easily
extended to bidirectional power flow by utilizing the absolute
value of the sensed average inductor current.

Fig. 4. Optimal fsw and tdf as functions of the conversion ratio m for fixed
vOUT = 500V and iL,avg = 25A, and vIN varying from 200 to 400V.

Fig. 5. State-plane diagrams for converter operation in (a) m < 2 continuous
conduction mode and (b) m > 2 boundary conduction mode.

III. TIMING PARAMETERS FOR MINIMUM-CONDUCTION

ZVS-QSW OPERATION

A systematic approach to numerically solving a boost con-
verter minimum-conduction state plane for the optimal tim-
ing parameters over the full operating range is shown in the
Appendix. 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 (m, iL,avg, vIN). This
step yields insight into the converter operation in minimum-
conduction ZVS-QSW mode as well as the curve fitting process.

A. Variation With Conversion Ratio m

Fig. 4 shows the optimal switching frequency (fsw) and
forced ZVS dead time (tdf ) as functions of the conversion ratio
m defined as m = vOUT/vIN. The plot is generated from the
analytical solutions by fixing the converter output voltage at
500V (thereby fixing the equivalent switch node capacitance)
and the average inductor current at 25A, and by varying the
input voltage from 200 to 400V to vary m from 1.25 to 2.5. The
optimal fsw shows a parabolic dependence on m, with maxima
at m = 2, whereas the optimal tdf splits into two curves across
m = 2 conversion line. The converter operation in minimum-
conduction ZVS-QSW mode can be divided into two distinct
regions of operation, as illustrated in the state-plane diagrams of
Fig. 5. m < 2 continuous conduction mode of Fig. 5(a) requires
a negative current jL3 at the SR Q2 turn-OFF instant to satisfy
the forced ZVS condition j2L3 + (m− 1)2 ≥ 1. Setting the two
terms equal results in minimum-conduction ZVS operation with
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Fig. 6. (a) Optimal switching period tsw and forced dead time interval tdf as
functions of iL,avg varying from 5 to 50A for fixed vIN = 300V and vOUT =
500V, and (b) state-plane diagrams for two different average inductor currents.

jL3 set optimally and the main switch Q1 turning ON at strictly
zero current and zero voltage.

Increasing m shifts the point (1.0, 0) on the state-plane hori-
zontal axis inward toward (0, 0). The optimal jL3 decreases (less
negative), resulting in smaller rectifier turn-ON time tsr, thereby
increasing fsw. The normalized angle β becomes larger, increas-
ing tdf . At m = 2, the point where 1 and m− 1 segments on the
state plane are equal, both Q2 turn-OFF and Q1 turn-ON occur at
zero current with optimal fsw and tdf reaching their maximum
values. Angle β traverses an angle of π with tdf = π

√
LCoss,Q.

Increasing m further results in m > 2 boundary conduction
mode shown in Fig. 5(b). Turning OFF Q2 at strictly zero current
results in minimum-conduction ZVS with Q1 now turning ON

with optimal negative current jL4. Optimal jL4 follows the
equation j2L4 + 1 = (m− 1)2. Both the optimal fsw and tdf
decrease with increasing m in the boundary conduction mode.
Even though a negative current is not required in the boundary
conduction mode since the converter “naturally” achieves ZVS
turn-ON for Q1, precise timing parameter adjustments are still
required to ensure the rectifier switch turn OFF at zero current (to
avoid body diode conduction) in order to achieve the minimum-
conduction ZVS-QSW operation.

The optimal timing parameters are strongly dependent on the
conversion ratio m. A curve fitting approach for optimal fsw

requires a higher order fit with respect tom. Optimal tdf requires
two independent fits across the m = 2 conversion boundary.

B. Variation With Average Inductor Current iL,avg

Fig. 6(a) plots the optimal switching period and forced dead
time interval as functions of the average inductor current (iL,avg)
from 5–50A with vIN fixed at 300 and 500V, respectively. As
evident from the state-plane diagram of Fig. 6(b), the jL < 0
region (negative vertical axis) is independent of iL,avg, implying
that the Q2 turn-OFF and Q1 turn-ON currents (jL3 and jL4),
and the forced ZVS interval tdf depend only on the input and
output voltages of the converter. Optimal tdf , therefore, remains
constant for a given vIN and vOUT, whereas optimal tsw linearly
increases with iL,avg to accommodate the increasing values of
ton and tsr, thereby implying an inverse dependence of the
optimal fsw on iL,avg.

Fig. 7. Charge-equivalent switch node capacitance Ceq,Q of the half-bridge
module as a function of the dc output voltage.

Fig. 8. Optimal fsw and tdf as functions of vIN varying from 200 to 400V for
fixed m = 1.5 and iL,avg = 25A. vOUT consequently varies from 300 to 600V
effectively varying Ceq,Q from 4 to 1.5nF.

C. Effect of Varying Switch Node Capacitance

The device parasitic output capacitanceCoss exhibits a highly
nonlinear drain-source voltage dependence. An analytical ap-
proach for taking the equivalent half-bridge switch node capac-
itance Ceq,Q [of Fig. 1(a)] into account is described in [36] and
[37] and requires calculating the charge-equivalent capacitance
Ceq,Q as per

Ceq,Q =
1

Vout

∫ Vout

0

(Coss(v) + Coss(Vout − v)) dv. (1)

The charge-equivalent capacitance for the half-bridge semi-
conductor module employed in the boost converter under consid-
eration is plotted in Fig. 7 as a function of the output voltage. The
impact of the varying switch node capacitance on the optimal
timing parameters can be evaluated by fixing m and iL,avg at 1.5
and 25A, respectively, and by varying vIN from 200 to 400V.
The converter output voltage consequently varies from 300 to
600V, effectively varying the equivalent switch node capacitance
from 4.5 to 3nF. The resulting trajectory of the optimal timing
parameters captured in Fig. 8 shows a near-linear decrease
with increasing input voltage. Each operating point on the plot
represents a distinct state plane with a different switch node
capacitance and, therefore, a unique resonant frequency and
characteristic impedance. With a near-linear trajectory, a lower
order curve-fit polynomial is sufficient to accurately capture the
variation with vIN.
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Fig. 9. Minimum-conduction ZVS-QSW (a) optimal fsw for different iL,avg
values, and (b) optimal tdf , both plotted as functions of vIN and m.

D. Comprehensive Analytical Models

The trajectories of optimal timing parameters indicate that the
minimum-conduction ZVS switching frequency is a function of
three parameters: m, iL,avg, and vIN, whereas the forced ZVS
dead time interval depends only on m and vIN. The switching
frequency analytical model can be constructed from multiple
surfaces wherein each surface represents the optimal fsw for the
variation in vIN and m for a given iL,avg. Analytical model for
the optimal tdf consists of two surfaces split across the m = 2
conversion ratio plane. The comprehensive analytical models
for optimal timing parameters over the converter’s full operating
range are developed in Fig. 9. The steps involved in developing
and plotting the models are detailed in the Appendix. Input
voltage vIN is varied from 200 to 400V and vOUT from vIN to
600V, both in steps of 5V, representing a theoretical variation
of 1.0 to 3.0 in the converter’s conversion ratio m. The average
inductor iL,avg across the optimal fsw surfaces varies from 5
to 50A in steps of 5A. The analytical models account for the
varying Ceq,Q and follow the optimal timing parameter trends
presented earlier. Although the frequency models indicate a wide
variation in optimal fsw (from less than 100 to 800kHz), not all
switching frequency values are attainable in the hardware im-
plementation. The converter is constrained to operate within the
limits fsw,min and fsw,max. Gate-driver ratings set the maximum
switching frequency threshold fsw,max while peak currents on
the magnetics set the lower limit fsw,min. Within these limits,
the converter achieves minimum-conduction ZVS-QSW at all
operating points. At operating points that require optimal fsw

beyond fsw,max, the converter operates with suboptimal ZVS

switching frequency clamped to fmax. Likewise, the converter
hard switches with fsw fixed to fsw,min at operating points re-
quiring optimal frequencies below fsw,min.

IV. ONLINE EFFICIENCY OPTIMIZATION USING MULTIVARIATE

POLYNOMIAL CURVE FITTING

This section addresses implementation issues related to the
online efficiency optimization strategy where the converter
switching frequency and the forced ZVS dead time are ad-
justed in response to operating conditions. Computation of the
optimal timing parameters is achieved through multivariate
polynomial functions that are developed from surface fitting the
analytical solutions developed in Section III.

A. Multivariate Polynomial Curve Fitting

Based on the dependencies observed in Section III, the
analytical-model surfaces employ a poly25 polynomial fit with a
second-degree polynomial in input voltage vIN and a fifth-degree
in conversion ratio m. The poly25 polynomial comprises 15
coefficients and is given by

y(vin,m) = p00 + p10.vin + p01.m

+ p20.v
2
in + p11.vin.m+ p02.m

2

+ p21.v
2
in.m+ p12.vin.m

2 + p03.m
3

+ p22.v
2
in.m

2 + p13.vin.m
3 + p04.m

4

+ p23.v
2
in.m

3 + p14.vin.m
4 + p05.m

5 (2)

where y is the optimal timing parameter (fsw or tdf ), and pi,j
are the curve-fit coefficients.

The multivariate polynomial fitting of the optimal fsw demon-
strated in Fig. 10 involves two steps. First, independent poly25
surfaces corresponding to distinct iL,avg values uniquely fit
each analytical surface from the model. This step results in ten
different poly25 surfaces

fsw

∣∣
IL,avg=Ik

= p00
∣∣
Ik

+ p10
∣∣
Ik
.vin + · · ·+ p05

∣∣
Ik
.m5

(k = 1, 2, . . . , 10). (3)

Fig. 10(a) illustrates this step for a single optimal fsw surface
with iL,avg = 5A. To keep the poly25 terms tractable, the vIN

axis is normalized with respect to the voltage sensor full-scale
value before the fitting process. In the second step, the cor-
responding coefficients (e.g., p00

∣∣
I1
, p00

∣∣
I2
· · · p00

∣∣
I10

) across
the ten poly25 functions are curve-fit with iL,avg. Due to an
inverse dependence of the optimal fsw on the average inductor
current, curve fitting the poly25 coefficients with i−1

L,avg results
in a better fit. A common curve-fit order is employed across
all coefficients to simplify implementation while adequately
reducing the root-mean-square error (RMSE) for fit coefficients.
Fig. 10(a) illustrates the fit along with computed RMSE for
two coefficients p10, and p11. Each coefficient pi,j employs a
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Fig. 10. Two-step multivariate frequency fitting process: (a) Step 1: poly25 surface fit to data points obtained from the analytical model for a distinct iL,avg, and
(b) Step 2: corresponding poly25 coefficients as functions of i−1

L,avg.

Fig. 11. Illustration of the forced ZVS dead time fitting approach.

cubic-fit shown as

pij=aij,1

(
1

IL,avg

)3

+aij,2

(
1

IL,avg

)2

+aij,3

(
1

IL,avg

)
+aij,4

(i = 0, 1, 2, j = 0, 1, . . . , 5 i+ j <= 5).
(4)

The forced ZVS dead time interval analytical models are fit
using two poly25 surfaces corresponding to the two conversion
ratio ranges m > 2 and m ≤ 2. The online optimization in
the microcontroller implementation applies the appropriate fit
during run-time depending on sensed input and output voltages
and the corresponding conversion ratio m. Fig. 11 illustrates the
tdf fit approach.

B. Extension to Bidirectional Power Flow

When the power flow reverses, the polarity of the average
inductor current flips, and the converter operates in the buck
mode. The converter operating waveforms and the minimum-
conduction ZVS-QSW state-plane diagram of Fig. 2 are redrawn
in Fig. 12 for reverse power flow. The converter processes the
same power since the absolute value of iLavg, and the input/output
voltages are equal in both cases. The waveforms indicate that a
polarity reversal in the inductor current also flips the definitions

Fig. 12. Minimum-conduction ZVS-QSW for reverse power-flow: (a) operat-
ing waveforms and (b) normalized state-plane diagram.

of the main and the SR switch. Flipping the switch definitions
implies that the natural and the forced ZVS transition intervals
also flip. For an average negative polarity, the inductor current
must now make a small positive excursion to ensure ZVS turn-ON

for the switch Q2. The corresponding state-plane representation
for reverse power flow in Fig. 12(b) keeps the definitions of
the time intervals and instantaneous current labels consistent
with the forward power flow. The forced ZVS dead time interval
flips to the jL > 0 region of the plot and must be applied to the
top switchQ2. Further inspection of the state-plane diagram and
the analytical solution for reverse power flow reveals that the
optimal timing parameters are identical in both cases, given the
same vIN, vOUT, and |iL,avg|. The analytical models and the curve
fitting approaches developed in the previous sections are there-
fore independent of the current polarity. It may also be observed
that since the converter mode of operation is defined based on
the magnitude of the current at the rectifier turn-OFF instant, the
continuous and boundary conduction modes of operation also
flip with the current polarity. Nevertheless, there is no impact
on the optimal timing parameters since the definition of the
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Fig. 13. Residual plots for poly25 fits against analytical models for (a) optimal fsw with iL,avg = 20A and (b) optimal tdf in m > 2 boundary conduction mode.

conversion ratio (vOUT/vIN where vOUT > vIN) is consistent in
both modes. As indicated in the control architecture of Fig. 3, the
feed-forward loop operates with |iL,avg|, generates the optimal
timing parameters, and applies tdf appropriately to the switch
undergoing the forced ZVS transition.

C. Evaluation of the Curve-Fit Approach

Residual plots offer an insightful method to evaluate the fit
performance and compare different fit models. Residuals are the
differences between the analytical data and fit data. Fig. 13(a)
plots the residuals from the poly25 fitting of the analytical fsw

surface with iL,avg = 20A, and Fig. 13(b) plots the dead time
residuals for the m > 2 boundary conduction mode surface.
In both plots, the residuals are scattered around zero without
displaying a systematic pattern, demonstrating that the poly25
model fits the analytical data well. Furthermore, the relatively
low magnitude of the residuals indicates a high degree of ac-
curacy between the fit and the analytically determined optimal
timing parameters. To evaluate the impact of a frequency residual
on converter operation, it is useful to consider the impact of the
residual on the switching period. As an example, the highest
residual of around 1kHz on the 20-A frequency model surface of
Fig. 13(a) results in a difference of around 30ns in the switching
period at the analytically calculated frequency of 197.9kHz.
Compared to the optimal forced ZVS dead time intervals of
250− 550ns, 30ns differences in the switching period have a
negligible impact on the ZVS transitions. The fitting errors of
less than 1ns in the dead time are smaller than the controller’s
minimum adjustable dead time of 2.5ns. The residuals may also
be converted to fixed percentage errors that are independent of
the analytical timing parameters. The 1-kHz frequency residual,
for example, represents an 0.55% error in the switching period.

D. Current Sensing and Microcontroller Implementation

Fig. 14 illustrates the inductor current sensing strategy. Both
the feedback and the feed-forward loops utilize the output from
a common sensing circuit. The sensing circuit consists of an
isolated current-sense amplifier [38] followed by a differential
amplifier stage. The isolated amplifier limits the circuit band-
width to 950kHz. Due to the limited bandwidth of the sensing

Fig. 14. Inductor current sensing strategy.

Fig. 15. Controller implementation flowchart.

circuit, the feedback signal is subject to variable operating-point
delays, which makes it more challenging to obtain a precise av-
erage value of the sensed inductor current. The low-pass filtered
version of the sensed signal is therefore provided as a separate
input to an independent ADC channel. The corner frequency
of the analog filter is placed at around 1kHz. This signal is
further filtered digitally to generate a digital representation of
the average inductor current, which is then used as an input to
the feed-forward loop, as shown in Figs. 3 and 15.

Fig. 15 shows a flowchart of the microcontroller implementa-
tion of the online-optimization approach. The high-bandwidth
feedback loop is executed in an interrupt service routine (ISR)
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triggered at the controller sampling frequency, which equals the
converter switching frequency. The sampling frequency varies
as the converter switching frequency is adjusted. The ISR gets
the ADC results, executes the voltage and the current loop com-
pensator calculations, evaluates the duty cycle command, and
updates the PWM duty-cycle register based on the PWM period
register. Additionally, the ISR also applies digital low-pass filters
on the sensed ADC values to provide the feed-forward optimiza-
tion loop with average values of the sensed converter signals.

The low-bandwidth feed-forward loop can tolerate a certain
amount of jitter between execution intervals and is therefore
implemented outside the interrupt context in the main thread
as a 200-Hz scheduled task. The task sequentially performs the
frequency and dead time optimization steps. Online frequency
optimization executes the frequency-fit steps of Section IV-A in
reverse. The controller first computes the 15 poly25 coefficients
from cubic-fit functions of the sensed average inductor current’s
absolute value. Using these coefficients and the sensed input and
output voltages, the controller determines the optimal switching
frequency by evaluating the poly25 surface-fit equation. The
optimal forced ZVS dead time is then calculated by evaluating
another poly25 equation with the appropriate set of coefficients
depending on the conversion ratio. The natural ZVS dead time
is set to a constant value that ensures safe operation without
shoot-through in all operating conditions. To ensure that the
feed-forward timing parameters are modified smoothly through
incremental changes, the optimal timing parameters are applied
to the converter through digital low-pass filters with a conser-
vatively designed corner frequency of approximately 6Hz to
minimize the impact on the feedback loops while providing
sufficiently fast updates to the timing parameters in response
to changes in operating conditions. The variables for natural
and forced ZVS dead times are updated based on the inductor
current polarity. The PWM registers are updated inside the
feedback loop interrupt right before the computation of the duty
cycle counts to ensure integrity of the duty cycle with varying
switching frequency.

The online-optimization strategy collectively for the two
parameters requires storing 90 floating-point coefficients (50
cubic-fit and 30 poly25 coefficients) and computation of 17
curve-fit equations (15 cubic-fit and two poly25) in addition to
evaluating exponents of the input parameters. These require-
ments are relatively small for modern microcontroller architec-
tures [39]. The overall execution time of 20μ s for the optimiza-
tion algorithm (with feedback interrupts disabled) measured on
the utilized controller platform is only a small fraction of the
period of the 200-Hz feed-forward loop execution rate. Addi-
tionally, a 200-MHz clock of the controller platform (see Table I)
allows for a 5-ns resolution in period adjustment that is adequate
for a 100 to 400kHz switching frequency range considered in
this application.

E. Offline Validation of the Online-Optimization Strategy

Before implementing the optimization approach on the hard-
ware prototype, an offline validation of the algorithm is per-
formed by feeding the feed-forward optimization loop with a

TABLE I
BOOST CONVERTER PARAMETERS

Fig. 16. Results of offline validation of feed-forward optimization algorithm
with arbitrarily generated converter operating conditions for (a) switching fre-
quency fsw and (b) forced ZVS dead time tdf .

vector of arbitrarily generated signals representing input/output
voltages and average inductor currents. The values received by
the 200-Hz feed-forward loop are updated every second. The re-
sults for frequency and dead time offline validation are shown in
Fig. 16(a) and (b), respectively. The curve-fit timing parameters
represented by dashed lines closely match the analytical values
shown in bold red. The low-pass filtered values of the timing
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TABLE II
COMPARISON OF ANALYTICAL AND CURVE-FIT OPTIMAL FREQUENCIES AND DEAD TIMES, TOGETHER WITH MEASURED EFFICIENCIES AT THE STEADY-STATE

OPERATING POINTS OF FIGS. 18 AND 19

Fig. 17. SiC-based boost converter prototype with a planar inductor. Converter
specifications are listed in Table I.

parameters applied in the converter controller are indicated by
the black lines. The settling time of approximately one second
allows the converter to gradually transition to the new timing
parameters. Additionally, one may observe how the curve-fit
frequency values are saturated to applicable frequency limits.

V. EXPERIMENTAL VALIDATION

The 8-kW SiC-based boost converter experimental prototype
shown in Fig. 17 operates with the parameters and components
listed in Table I.

A. Steady-State Operation and Efficiency at Selected
Operating Points

The converter’s closed-loop operation with online frequency
and dead time adjustment is verified at different steady-
state operating points. The operating points selected demon-
strate minimum-conduction ZVS-QSW operation across a wide
range of conversion ratios and power levels. Fig. 18(a) and (b)
shows converter waveforms atm > 2 andm = 2 boundary con-
duction mode, and Fig. 18(c) at m < 2 continuous conduction
mode. Bidirectional operation (with closed-loop regulation of
the low-voltage bus) is validated in Fig. 19 with vIN, vOUT, and∣∣iL,avg

∣∣ identical to the operating point of Fig. 18(c). Table II lists
the specific operating points with the expected analytical and
online-adjusted optimal timing parameters, along with the mea-
sured efficiency for each operating point. The online-adjusted
curve-fit timing parameters closely match the optimal values
predicted by the analytical models at all operating points. The
only exception is the 250− 600V , 3.7kW point of Fig. 18(a),
where the optimal switching frequency exceeds the 400-kHz
ceiling. The switching frequency is clamped to 400 kHz resulting
in a slightly suboptimal ZVS operation. At all other operating
points, the converter achieves near-ideal minimum-conduction

Fig. 18. Converter operating waveforms with the online-optimization strategy
at (a) 250–600V, 3.7kW, (b) 300–600V, 6.3kW, and (c) 350–500V, 8.0kW.

Fig. 19. Converter operational waveforms with the online-optimization strat-
egy at 350–500V, -8.0kW.



SANKARANARAYANAN et al.: ONLINE EFFICIENCY OPTIMIZATION OF CLOSED-LOOP CONTROLLED SIC-BASED BIDIRECTIONAL BOOST 4017

Fig. 20. Magnified forced ZVS transitions at 350–500V, 8kW for (a) forward
and (b) reverse power flow.

Fig. 21. Closed-loop transient response with feed-forward optimization for a
voltage reference step from 400 to 500V.

ZVS-QSW operation. Fig. 20(a) and (b) magnifies the forced
ZVS intervals in forward and reverse power flow, respectively.
The switches undergoing forced ZVS intervals flip with the
inductor-current polarity but operate with near-identical timing
parameters, confirming applicability of the optimization strategy
to bidirectional power flow. It is evident that online efficiency
optimization control strategy enables high efficiency at all con-
sidered operating points.

B. Transient Operation With Online Optimization

Fig. 21 captures the converter’s closed-loop transient response
for a step change in the output voltage reference from 400 to
500V, with the input voltage fixed at 300V. This output voltage
step results in a corresponding step in the output power from 3
to 7.5kW. The results confirm that voltage regulation is unaf-
fected by the feed-forward optimization of timing parameters.
The overshoot of about 25% in the inductor current results
in a short settling time of about a millisecond for the output

Fig. 22. Impact of varying each timing parameter (fsw, tdf , andTdn) from the
minimum-conduction ZVS-QSW optimal values (fsw,opt = 297.6kHz, tdf,opt =
230n s) on measured converter losses. The losses are measured at the operating
point vIN = 350V , vOUT = 500V , and pOUT = 6kW .

voltage. Before the transient is applied, the converter operates
with optimal timing parameters of 316.7kHz and 230n s with
a measured steady-state efficiency of 99.1%. Postapplication
of the step-reference transient, the converter settles at the new
optimal values of 255.3kHz and 255n s over around 100m s
time interval to a new steady state with a measured efficiency
of 98.9%. The waveform inserts in Fig. 21 that illustrate the
steady-state operation before and after the transient confirm
that the converter maintains minimum-conduction ZVS-QSW
operation with changing operating conditions.

C. Impact of Online Optimization on Converter Losses

Fig. 22 illustrates the impact of varying the timing param-
eters (fsw, tdf , and Tdn) away from the minimum-conduction
ZVS-QSW optimal values on measured converter losses at a
fixed operating point with vIN, vOUT, and pOUT set to 350V,
500V, and 6kW, respectively. The first set of bar plots shows
converter losses when the switching frequency is varied by ±25
and ±50kHz from the optimal value of fsw,opt = 297.6kHz. In
the second set, the forced ZVS dead time is varied by ±100
and 200n s around the optimal value of 230n s. Both sets
of experiments show that the converter losses increase as the
timing parameters deviate from the optimal values. Operating at
switching frequencies higher than fsw,opt has a severe impact on
efficiency due to turn-ON switching losses, whereas lower values
of fsw achieve ZVS at the cost of increased conduction losses.
The converter hard-switches (either partially or fully) for both
insufficient and excessive tdf values. The third set of bar plots
vary the natural-ZVS dead time interval Tdn. Starting from a
nominal value that prevents shoot-through conduction between
the switches, large variations in this dead time interval results in
relatively small increases in the losses that can be attributed to
increased conduction times of the SR body diode. Given the high
peak currents in this application, the optimal natural ZVS dead
time intervals tend to lie in the relatively small range of 10 to 50n
s. This parameter may therefore be fixed to a minimum value that
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Fig. 23. Measured converter Q = POUT/Ploss for online-optimized
minimum-conduction ZVS-QSW operation in comparison with conventional
fixed-frequency operation for vIN = 350V , vOUT = 500V and converter
power varied from 2 to 7kW.

ensures safe operation at all operating points. Fig. 22 indicates
that for a converter to maintain high efficiency with varying
operating conditions, online adjustment of both the switching
frequency and the forced ZVS interval is vital.

Fig. 23 compares the measured converter Q, defined as

Q =
POUT

Ploss
=

η

1− η
(5)

where η is the converter efficiency, for the case when the con-
verter is operating with optimal timing parameters and for the
case when the converter is operated conventionally, with fixed
frequency and dead time values. With the converter input and
output voltages fixed at 350 and 500V, the output power levels
are varied from 2 to 7kW. The optimal dead time (independent
of power) is 230ns. The fixed frequency is set to 316kHz, which
equals the optimal value at 5kW, and the fixed dead times
are set to 230 and 130ns, respectively. The results in Fig. 23
reconfirm that achieving wide-range high efficiencies requires
varying both the switching frequency and the forced ZVS dead
time of the converter. Conventional fixed-frequency operation
(even with dead time optimization, as in [21] and [30]) results
in significantly lower Q at higher power operating points due to
partial/full hard-switching. At lower power levels with higher
optimal frequencies, the fixed frequency operation results in in-
creased negativeQ2 turn-OFF currents with suboptimal ZVS and
higher conduction losses. Consequently, optimization strategies
that vary switching frequency by conservatively fixing the peak
negative SR turn-OFF current [25], [26] result in increased con-
duction losses. These losses tend to be particularly significant for
m > 2 boundary-conduction mode, where it is necessary to turn
OFF Q2 at zero current to achieve minimum-conduction ZVS
operation. The plots of Fig. 23 also indicate the benefits of dead
time optimization. At 5-kW power level, where the fixed and the
optimal frequencies are equal, a shorter than optimal dead times
results in a lowerQ due to increased switching losses. This trend
continues at higher power levels, where insufficient dead times
lead to hard-switching of higher vDS voltages.

TABLE III
COMPARISON OF EFFICIENCY PERFORMANCE

The converter achieves 99% efficiency for m < 2 conversion
ratios over a wide power range, which compares well to the
similarly high-efficiency results reported in [14] and [20] at
relatively low step-up ratios. For higher step-up ratios (m > 2),
as shown in Table III, a significantly higher efficiency and the
converter Q increased by a factor of 2 are measured compared
to the state-of-the-art boost converter described in[15].

VI. CONCLUSION

Minimum-conduction zero-voltage switching quasi-square
wave (ZVS-QSW) mode of operation enables optimal zero-
voltage switching maximizing efficiency at a given operating
point but requires precise adjustment of both the converter
switching frequency and dead times. This article presents an
online efficiency optimization strategy that dynamically ad-
justs the switching frequency and forced ZVS dead times in
a feed-forward manner to achieve minimum-conduction ZVS-
QSW operation over wide ranges of input and output voltages,
and power levels. This feed-forward optimization operating in
conjunction with feedback regulation determines the optimal
timing parameters through multivariate polynomial curve fitting
of analytical models constructed from solutions of the minimum-
conduction ZVS-QSW state planes. Taking into account the
equivalent switch node capacitance at each operating point,
the analytical models comprehensively capture the variation in
optimal timing parameters over the complete region of converter
operation. Multivariate curve fitting of these models yields easily
implementable polynomial expressions that predict the optimal
timing parameters as functions of input voltage, converter con-
version ratio, and average inductor current with a straightforward
extension to bidirectional power flow.

The proposed online-optimization approach is validated on
a 8-kW SiC boost prototype. Minimum-conduction ZVS-QSW
operation of the converter is verified at selected operating points
with diverse input voltages, conversion ratios, and power lev-
els in both directions. The online-adjusted timing parameters
closely match the optimal values from the analytical models. The
prototype demonstrates significant performance improvements
over conventional fixed-frequency and dead time approaches,
and achieves efficiencies greater than 97.5% for input voltages
ranging from 200 to 400 V, step-up conversion ratios up to 2.5,
and power levels between 2 and 8 kW. Furthermore, efficiencies
greater than 99% are measured over wide power levels for
conversion ratios less than 2. Examining the converter’s transient
response confirms that the feed-forward optimization has no
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impact on the closed-loop operation and achieves minimum-
conduction ZVS-QSW operation under varying operating
conditions.

The systematic approach to developing analytical models, the
resulting curve fitting process, and the implementation tech-
niques presented in this article can be applied to other converter
topologies.

APPENDIX

ANALYTICAL MODELS FOR MINIMUM-CONDUCTION

ZVS-QSW OPERATION

This section presents a step-by-step approach in MATLAB
to developing the analytical models for minimum-conduction
ZVS-QSW optimal timing parameters over the converter’s full
range of operation. The optimal timing parameters in the analyt-
ical models are obtained by numerically solving the minimum-
conduction ZVS state-plane equations of the converter subject
to operating point constraints (values of m, equivalent switch
node capacitance, and average inductor current).

Step 1: Create the input parameter coordinate system
The vectors for input and output voltages and the average

inductor current are set up as follows:

vin_vec = 200, 205, . . . , 400

vout_vec = 200, 205, . . . , 600

iL_vec = 5, 10, . . . , 50.

The input coordinate system (vIN, vOUT, iL,avg) consisting
of all combinations of the three operating-point variables can be
created using the function

[vIN, vOUT, iL,avg] = meshgrid(vin_vec, vout_vec, iL_vec).

Each input variable is stored as a three-dimensional (row,
column, page) matrix. The size of the each dimension is equal to
the length of the corresponding vector. As an example, accessing
each of the three matrices with an index (31, 61, 4) results
in an operating point with vIN, vOUT, and iL,avg equal to 350,
500, and 20A, respectively. Evaluating conversion ratio m at
every output/input voltage combination transforms the original
coordinate system to the (vIN, m, iL,avg) system.

Step 2: Compute the charge-equivalent switch node
capacitance

For a given output voltage in a boost converter, the charge
equivalent switch node capacitance Ceq,Q follows from (1).
The calculation of this capacitance, as detailed in [36], requires
extracting the device capacitance as a function of drain-to-source
voltage from the device datasheet, plotting the equivalent switch
node capacitance curve, and numerically integrating this curve
to evaluate the area under the curve. The charge-equivalent
capacitance is computed for each value in the vout_vec. For
the devices in the experimental prototype, this capacitance is
plotted as a function of the output voltage in Fig. 7.

Step 3: Solution using the state plane
The minimum-conduction ZVS-QSW state plane requires

vIN, vOUT, iL,avg, Ceq,Q, and the constant inductance value L.
The state-plane diagram is solved numerically to obtain the

Fig. 24. State-plane diagram example for m < 2 continuous conduction
mode, with state-plane angles and normalization factors shown.

optimal timing parameters fsw and tdf . The voltage and current
normalization factors iB and vB are shown in the m < 2 state
plane of Fig. 24 as an example.

The state-plane equations derived in [18] are rearranged in
terms of the unknown quantities jL1, jL2, jL3, jL4, and fsw,opt.
The minimum-conduction ZVS requirement reduces the num-
ber of unknown quantities by imposing the mode-dependent
constraints

jL4 = 0, for m < 2

jL4, jL3 = 0, for m = 2

jL3 = 0, for m > 2.

The function vpasolve is used to numerically solve the system
of equations for the specified unknown quantities. The unknown
quantities in the state plane all lie in the interval [0 ∞] that
may be specified as a search-range parameter to vpasolve. The
numerical solver outputs the normalized inductor currents and
the optimal frequency fsw,opt. The forced ZVS dead time interval
tdf is obtained by denormalizing the state-plane angle β found
from the solutions for jL3 or jL4. For the boost converter, β is
given as

β =

⎧⎪⎨
⎪⎩

π
2 + atan(m−1

jL3
), for m < 2

π, for m = 2
π
2 + atan( 1

jL4
), for m > 2

.

An important point to note is that the values of m passed to
the solver may vary from 0.5 to 3 since vOUT varies from 200 to
600V. Since the state-plane diagrams considered here are valid
only for the boost mode of operation withm > 1, a precondition
check is implemented before invoking the numerical solver.

Step 4: Trimming the data and plotting the model results
The optimal timing parameters fsw,opt and tdf,opt are evaluated

at every point in the coordinate system of the input variables. The
invalid operating point (m < 1) solutions are excluded from the
solutions by replacing them with NaN . Points exceeding any
other limitations, such as conversion ratio range, or power limits
may be excluded similarly.
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The model results are plotted using the surf function. Each
surface corresponds to all valid analytical solutions on a specific
page for a particular iL,avg in fsw,opt and tdf,opt matrices. Since all
pages in the tdf,opt matrix are identical, only one needs plotting.
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