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Abstract—In resonant converter, controlling phase an-
gle is important as insufficient phase can lead to semi-
conductor devices to enter complete or partial hard-
switching conditions. This is exceptionally challenging
when operating at multi-MHz switching frequency. This
paper proposes a concept of calculating phase angle from
resonant topology inherent property of power handling
capability. A Class-PN resonant converter topology is
operated with a series-parallel compensated load at 6.76
MHz. The phase angle is measured using experimental
waveforms and compared with calculated values by pro-
posed methodology of using the power handling capability.
The proposed methodology calculates phase angle with an
error of 3.2-6.6° compared to measurement when the input
DC voltage is varied from 180-300 V.

I. INTRODUCTION

Modern wide bandgap (WBG) semiconductor tech-
nology such as silicon carbide (SiC) and gallium nitride
(GaN) devices have an order of magnitude lower junc-
tion capacitance than silicon counterparts. This leads to
exceptional switching capability with small switching
losses. The obvious progression to take advantage of
low switching losses was to increase the switching fre-
quency and increase power density of the converter [1].
However, in order to increase the switching frequency
even further to MHz region requires resonant converter
topologies to achieve soft-switching operation. To main-
tain soft-switching in resonant converter, sufficient re-
active energy is required to charge-discharge the output
capacitance (Cpss) of the semiconductor device [2]. Fig.
1(a) shows schematic of a voltage source (v;) connected
to series resonant load. The voltage source (v;) represents
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Fig. 1. Voltage source resonant converter connected to series
resonant load (a) schematic, (b) impedance curve, and (c) waveform.

a voltage source resonant converter. Since the resonant
converter is a voltage source type, the impedance seen
by the resonant converter has to be inductive represented
by Z; here. Fig. 1(b) plots the impedance (Z;) versus
frequency curve for the series resonant load comprised
of inductor (L,) and capacitor (C;). As shown, the
impedance is minimum at the load natural frequency
(fo = 1/27v/L;C;). The right side of natural frequency
(fo) represents inductive load region. The operating
frequency of voltage source resonant converter (fsw)
has to be in this region for soft-switching operation.
Fig. 1(c) shows the voltage and current waveforms for
the resonant converter. The phase difference (¢/) is such
that the load current (i) lags the converter voltage (v;),
representing operation in inductive region of load.

High frequency resonant converters are used in com-



mercial applications such as wireless power transfer
(WPT), induction heating and medical applications [2]-
[4]. In practical applications the load dynamics does
not remain same and varies based on several factors,
such as the distance or orientation between transmission
and receiving coils in WPT or the temperature of work
material in induction heating [5], [6]. Thus the natural
frequency of the load (fy) varies. To ensure that the
resonant converter operating frequency (fsw) remains in
the inductive region and sufficient phase angle is main-
tained to achieve soft-switching. A closed-loop system
is developed based either on zero cross detection (ZCD)
or phase locked loop (PLL) controller. Several industrial
application have utilized PLL based closed-loop control
on resonant converter topology like full-bridge series
LLC or Class-E with LCC series-load [7]-[9]. ZCD
mechanism is another methodology, used frequently in
converters operating in boundary conduction mode [10],
[11]. ZCD in both these works is used for controlling
the gate signal of synchronous rectification such that the
devices can achieve soft-switching and improve system
efficiency. Similarly in LLC resonant DC-DC converters
for high power, high current applications, ZCD is used
to find switching instant of synchronous rectification in
soft-switching operation [12], [13]. The work in [12] is
based on current sensing technique using current trans-
former (CT), while [13] is based on voltage detection.
However both these ZCD technique have been criticized.
For example current sensing transformer (CT) is bulky
and leads to large power loss, while voltage sensing solu-
tion are prone to noise due to circuit parasitic inductance.
Therefore alternative approaches have been proposed in
literature to develop closed-loop control based on the
understanding of converter topology [14], [15]. These
alternative approaches may not be universally applicable
to all converter topologies however they have better
performance. In this paper, a phase detection method for
a high frequency resonant converter is presented. The
presented methodology also utilizes an inherent property
of resonant converter called power handling capability
and requires only the DC input current and peak value
of output AC current of the converter to calculate phase.
A four-switch resonant topology called Class-PN is used
as a voltage source resonant converter [16]. Phase angle
calculation on experimental results of a series-parallel
resonant load have been presented.

Section II explains the relationship between the phase
angle and the input, output current of the Class-PN reso-
nant converter. Section III presents experimental results
of Class-PN at four operating points and measures the
phase angle using experimental waveforms and compares

it to calculated values. Finally, section IV takes into
account the compensation for current measurement probe
and provides adjusted values for the measured phase
angle.

IT. PHASE CALCULATION USING POWER HANDLING
CAPABILITY OF CLASS-PN

The power handling capability or normalized power
handling capability has been used as a figure-of-merit
(FOM) to evaluate a resonant topology [17]. It is defined
as the ratio of maximum voltage subjected to semicon-
ductor switch drain-source (Vsy) to the DC link voltage
(Vbc), multiplied by the ratio of peak current through
the switch (Isym) and the DC current (Ipc). The power
handling capability (c,) is defined as (1),
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Lower value of power handling capability means
worse device utilization. In [16], it is shown that Class-
PN has a power handling capability of 0.636 which is
more than 6x higher than other single-switch topology
like Class-E. Higher power handling capability in Class-
PN is due to Vgy being equal to Vpc as shown in Fig.
2(b). Power handling capability for Class-PN can be
derived from its operation behavior. Fig. 2(a) shows the
schematic of Class-PN connected to a series resonant
RLC load.

As the output voltage (v;) is a dual-pole DC voltage
application (Positive and Negative) on the resonant load.
The ouput voltage and current waveforms for Class-PN
shown in Fig. 2(b) is defined as (2).
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In (2) the output voltage transition have been ne-
glected for simplifications. It can be seen that the current
(i;) through the resonant RLC' load has a phase delay of
1), because the load is tuned to be inductive at the oper-
ation frequency (fsw). Based on the switching scheme,
the current through the four switches is expressed as (3),
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Fig. 2. Class-PN topology with a resonant load (a) schematic, and
(b) voltage and current through switches and load current in a single
period.

By combining the current through the devices, DC
input current from the DC link can be presented as (4),

1
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The power handling capability of 0.636 in Class-PN
is a theoretical limit and achieved when the converter is
operating at load natural frequency, i.e., fsw = fo and
the phase angle (v) is 0, i.e., cosi®y — 1 in (4). However,
as Class-PN is a voltage source type resonant converter
topology that requires reactive energy from the load to
achieve soft-switching as discussed in section I. Thus the
converter is operated in the inductive region of the load.
Therefore, (4) can be rewritten as (5),

— (5)
s

Thus in Class-PN by only measuring the peak value
of output resonant current (Igy) and converter input DC
current (Ipc), one can calculate the phase angle of load

).

III. EXPERIMENTAL RESULTS OF CLASS-PN

To validate the methodology, phase angle between
the Class-PN output voltage and current waveform are
measured and compared to the value calculated by (5)
at different operating points. Class-PN is operated with
a series-parallel compensated resonant load. Fig. 3(a)
shows the compensated resonant load network. The
primary and secondary side are coupled via a core-less
high frequency transformer. & is the coupling co-efficient
between the winding. Because of the core-less design
the winding are weakly coupled (k < 1). Therefore,
the primary side winding (Lp) is series compensated
by capacitor (Cp), while the secondary winding is com-
pensated by capacitor (Cs) in parallel to winding (Ls).
Rp, Rg represent the winding equivalent series resistance
(ESR) on primary and secondary side respectively.

Rp  Cp Rs
) k
i J e
Vr Lp LS = CS RL
(a)

Re Cp (1-kH)Lp

v Ls ==Cs || Q3Rs ||Ry

equivalent transformer model

Re Co (1-kH)Lp Rp Co (1-k)Lp

”f@@ IS

Fig. 3. (a) Series-parallel compensated resonant load, (b) simplified
equivalent transformer model representation, (c) secondary side
resonant components cancelled out and (d) equivalent simplified
series resonant load.



Fig. 3(b) shows the transformer windings replaced
by an equivalent model with an ideal transformer shown
as highlighted portion [18]. The turns ratio of the ideal
transformer is defined by k£ : n, where n is the turns
ratio defined by the winding inductances as (6),

(6)

In Fig. 3(b), the secondary side ESR (Rg) is trans-
formed to parallel equivalent component Q3 Ry, where
Qr is unloaded quality factor of secondary side [19].
In Fig. 3(b) on the secondary side, Cs is tuned such
that it cancels out with secondary inductance (Lg) at
the converter switching frequency (fsw = 1/27+/LsCs).
This leads to the simplified load structure shown in
Fig. 3(c). Finally the equivalent load resistance (R; =
Q% Rs//Ry) is also moved to the primary side with turn-
ratio transformation. This leads to the final equivalent
simplified series resonant load as shown in Fig. 3(d).

For the hardware development, the air-core trans-
former secondary winding (Lgs) is designed with a value
of 3.1 pH. And the secondary side compensating capac-
itance (Cs) is tuned at 179 pF. This gives the Class-PN
switching frequency (fsw) of 6.76 MHz. The primary
side compensating capacitor (Cp) is chosen to be 79 pF
such that the natural frequency it forms with the primary
side inductance ((1 — k?)Lp) is lower than Class-PN
switching frequency (fsw). The values for k, and Lp are
0.5 and 10 pH respectively. Thus the overall load natural
frequency (fy) seen by the Class-PN resonant converter
is 6.5 MHz. Therefore the necessary condition for soft-
switching operation of the semiconductor devices in
Class-PN is maintained, i.e., fsw > fo. Fig. 4 shows the
hardware setup containing Class-PN resonant converter
connected to series-parallel compensated resonant load.
The load hardware development as well as the simplifi-
cation steps in Fig. 3 are presented in detail in [20].

Fig. 4. Experimental setup containing Class-PN resonant converter
connected to series-parallel resonant load.

Fig. 5 shows output waveform of Class-PN at four
different operating conditions. The input DC link voltage
(Vbe) is increased from 180 to 300 V, while the converter
switching (fsw) is kept constant at 6.76 MHz. The load
utilized under all conditions is the same that is discussed
previously. There are three signals in each waveform.
The Class-PN output voltage (v;) is measured by a high
voltage, high frequency passive probe PPE2kV with a
bandwidth of 400 MHz, whereas for Class-PN output
current (¢;) measurement, a 50 MHz bandwidth current
probe CPO30 is used [21]. Along with Class-PN output
current, its input DC current (Ipc) is also plotted. CP030
is also used for Ipc measurement. As indicated in Fig. 5,
the measured phase angle (¥meqs) 1S relatively constant
for the four operating conditions as the load and the
converter operating frequency (fsw) are fixed. For the
four operating conditions the phase angle has variation of
only 0.5°, varying between 60.5° to 61°. Also indicated
in the figure, are peak Class-PN output current (Igy)
as well as input DC current (Ipc) values for each of
the operation conditions. The three measured quantities,
Ymeas> Ism ,and Ipc are summarized in Table 1. The
Table also contains the calculated phase angle (icac)
based on the (5). However it can be seen that the )¢y 1S
significantly lower than e, This is due to the current
probe CP030 limited bandwidth of 50 MHz. Next section
presents the discussion on probe bandwidth limitation.

TABLE I
VALUES FOR DIFFERENT OPERATING CONDITIONS IN FIG. 5.

DC link Voltage (Vpc)
Parameters | 180V | 240V | 270 V | 300 V
wmeas 61 ° 6] ° 60.50 6050
Ism 425 A | 56 A 6 A 6.8 A
Ipc 183 A | 242 A | 251 A | 28 A
Yeale (5) 47.4° 47.2° 48.8° 50°

IV. ADJUSTMENT FOR PROBE RISE TIME

In Table I, the phase angle measurement (¢yeqs) 1S
based on experimental waveform of Class-PN output
voltage and current. It is noticed that the impact of probe
bandwidth on the measurement has not be considered.
Specifically the current probe (CP030), that is used to
measure the current waveforms has a limited bandwidth
of only 50 MHz. Using the probe rise time delay (%sc)
as given in (7) [21], [22]. This leads to rise time delay
of 7 ns for the 50 MHz bandwidth CP030.
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Fig. 5. Class-PN topology current and voltage waveforms at fixed fsw of 6.76 MHz and different Vpc of (a) 180 V, (b) 240 V,

V, and (d) 300 V.

The phase angle measurement is adjusted for the
current probe rise time delay. The adjusted phase an-
gle measurement (Ymeas(adj)) 18 summarized for the four
measurements in Table II.

TABLE II
FINAL VALUES FOR DIFFERENT OPERATING CONDITIONS.

DC link Voltage (Vi)
Parameters | 180 V | 240V | 270 V | 300 V
wmeas 610 610 6050 6050
wmeas(adj) 44° 44° 43.4° 43.4°
Yeale (5) 47.4° 47.2° 48.8° 50°
error 3.4° 3.2° 5.4° 6.6°

In Table II the adjusted phase angle measurement

(¥meas(adjy) and calculated phase angle (t)cqc) have an
error of only 3.2-6.6°.
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V. CONCLUSION

The paper has presented a new method of using
power handling capability to measure phase angle in
Class-PN resonant topology. Experimental results have
been shown to validate the proposed method. Based
on the proposed method calculated phase angle has an
error of 3.2-6.6° compared to experimentally measured
waveforms when operating the resonant converter at
6.76 MHz. Therefore, novel controller circuit can be
developed for ultra-high frequency resonant converters
that does not require PLL or zero cross detection (ZCD).
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