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Optimal Duty Ratio Assisted PFM Control for VHF
Isolated Class E DC-DC Converter

Desheng Zhang ', Liangliang Lu"?, Wei Song
Qiao Zhang ", Member, IEEE, Han Peng

Abstract—This article presents an optimal duty ratio assisted
pulse frequency modulation control for very high frequency iso-
lated class E dc—dc converter to achieve both continuous power
flow and optimal switch timing. The continuous power flow signif-
icantly reduces output ripple of the converter, while the optimal
switch timing guarantees consistent zero-voltage-switching (ZVS)
and minimized reverse conduction loss. To pave the way for the
proposed control, a resonant fitting model is established for de-
riving the optimal duty ratio and output power under dynamic
switching frequency. The optimal duty ratio is calculated according
to zero-crossing points of the switching node voltage (v;), and it
aims to turn ON the power switch once v 4, reaches zero. This ensures
consistent ZVS while preventing reverse conduction of gallium
nitride (GaN) high electron mobility transistor (HEMT) when the
switching frequency changes. Furthermore, the proposed control
is integrated with ON/OFF modulation to extend load range of the
converter. A 10-18 MHz prototype is built to verify effectiveness of
the proposed control. Compared with conventional PFM control,
the proposed control reduces the power loss by 35.9% at 40% load
while maintains continuous power flow.

Index Terms—Isolated class E dc-dc converter, optimal duty
ratio, pulse frequency modulation (PFM), resonant fitting model,
zero-voltage-switching (ZVS).

1. INTRODUCTION

ERY high frequency (VHF) power converters feature a
‘ switching frequency above ten megahertz, which have
been promoted by the rapid development of wide bandgap
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semiconductor devices [1], [2]. They are widely used in wireless
power transfer, power amplifiers, and compact power supply
applications, since high frequency can greatly reduce the energy
buffer in power conversion [3], [4]. To promote the switch-
ing frequency above 10 MHz, soft-switching techniques are
typically required, such as zero-voltage-switching (ZVS) and
zero-current-switching (ZCS) [5], [6]. However, realization of
soft-switching for VHF power converters highly depends on
the operation conditions. When the operation condition deviates
from the optimal point, ZVS failure may occur and harms the
efficiency [7].

ON/OFF control has the advantages of consistent ZVS, fast
dynamic response, high light load efficiency and simple realiza-
tion [8], [9], which has been the most popular method for output
voltage regulation of VHF power converters. Consistent ZVS
can be achieved over a wide load range, as long as the ON-state
is well tuned [10], [11], [12]. However, the intermittent power
flow under ON/OFF control induces large low frequency ripple in
output voltage and causes large mode transition losses. To ad-
dress this issue, variable frequency (VF) ON/OFF and multipower
level (MPL) ON/OFF are proposed to reduce the intermittent
magnitude of power level [13], [14]. Furthermore, aiming at
eliminating mode transient time, zero-transient ON/OFF control is
proposed. With two extra power switch and two extra capacitors,
the ON/OFF modulation frequency can be greatly increased to
reduce the mode transition loss and ripple [15]. However, all
above ON/OFF approaches cannot fully address the ripple and
loss caused by mode transition.

Compared with ON/OFF approaches, cycling-skipping con-
trols regulate the output voltage by skipping part of cycles in
the rectifier stage, while maintaining continuous power flow in
the inverter stage [16], [17], [18]. These methods achieve smaller
filter and lower EMI than ON/OFF control, although the skipped
cycles would cause much higher voltage stress on the rectifier
diode. Out-phasing control regulates the output voltage by ad-
justing phase shift between two inverters [19], [20], [21]. This
can ensure ZVS over the whole load range, but it suffers from
degraded light-load efficiency and complex implementation.

In addition to above control methods, PFM can also continu-
ously operate the converter, which reduces the low frequency
output voltage ripple [22], [23]. However, when the switch-
ing frequency deviates from the optimal value, ZVS failure
and reverse conduction loss will severely degrade the power
efficiency. As shown in Fig. 1, when the switching frequency
deviates above the optimal value, ZVS may fail that induces
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TABLE I
COMPARISONS OF DIFFERENT CONTROL METHODS

Control method Power flow ZVS Output voltage ripple Extra power components
Conventional PFM Continuous Lost at light load Low None
Out-phasing [19], [20], [21] Continuous Yes Low Two inverter stages are required
Cycling-skipping [16], [17], [18] Intermittent Yes Medium One extra power switch is required
Conventional ON/OFF Highly intermittent Yes High None
VF ON/OFF [13] Intermittent Yes Medium None
MPL ON/OFF [14] Intermittent Yes Medium None
Zero-transient ON/OFF [15] Intermittent Yes Low tgz)vzxetf;rgagz‘:izrssv;irtc:clrl:slsi?: d
Proposed method Continuous Yes Low None

Variable frequency with constant duty ratio leads to
ZVS lost or reverse conduction loss

Fig. 1. Voltage waveforms of VHF class E DC-DC converter under conven-
tional PFM.

large switching loss. For gallium nitride (GaN) high electron
mobility transistor (HEMT)-based VHF power converters, de-
viated switching frequency would also cause increased reverse
conduction loss when the switching frequency is below the op-
timal value. To reduce reverse conduction time of GaN HEMT,
gate driver ICs with reverse conduction detection circuits are
proposed in [24], [25], and [26]. The gate driver ICs can reduce
the reverse conduction time regardless of operation conditions,
but the maximum switching frequency is constrained by the
detection circuit delay. Table I gives a comprehensive overview
of advantages and disadvantages of existing control methods.
Notably, none of these methods can realize continuous power
flow while maintaining consistent ZVS without extra power
components.

To reduce the output voltage ripple while maintaining con-
sistent ZVS, this article proposes an optimal duty ratio assisted
PFM based on a resonant fitting model for VHF isolated class E
dc—dc converter. The proposed control features reduced output
voltage ripple (owing to continuous power flow) and consistent
ZVS without extra power components. Firstly, the rectifier is
modeled as frequency-controlled inductor and resistor using
descriptive function. Then, the resonant network is simplified
with impedance fitting. Based on the simplified circuit model,
the switching node voltage (v45) and output power (P,) under
dynamic switching frequency (f;) are derived. Furthermore,
the optimal duty ratio under dynamic switching frequency is
calculated according to zero-crossing points of v, assisting
PFM to achieve minimized switching loss. The proposed control
calculates the optimal duty ratio with the real-time switch-
ing frequency, so as to turn ON the power switch once v
reaches zero. It ensures ZVS and prevents reverse conduction
of the power switch under dynamic switching frequency. Under

light load, ON/OFF control is adopted to extend the load range.
A 10-18 MHz prototype is built to verify effectiveness of the
proposed control.

The rest of this article is organized as follows. Section II
presents the resonant fitting model for VHF class E dc—dc
converter. Section III proposes the optimal duty ratio assisted
PFM control method. Section IV presents experimental results.
Finally, Section V concludes this article.

II. RESONANT FITTING MODEL FOR VHF ISOLATED CLASS E
DC-DC CONVERTER

A VHF isolated Class E dc—dc converter under closed-loop
control is shown in Fig. 2. The converter consists of a class E
inverter and a class E rectifier. The inverter stage is composed
of resonant inductor Ly, magnetic inductance L,,, resonant ca-
pacitor Cr and power switch S, which converts dc input voltage
into high frequency ac voltage. The rectifier is composed of
resonant inductor Lp, resonant capacitor Cr and diode Dp,
which converts the ac voltage back to dc. The output voltage
is regulated by PFM control. Due to resonant nature of the
converter, ZVS failure and reverse conduction may occur under
dynamic switching frequency.

To realize ZVS and prevent reverse conduction of GaN
HEMT, it is necessary to derive time-domain switching node
voltage under dynamic switching frequency. However, since
there are four states (due to on/off combination of S and D)
and five resonant components (L, L,,, Lr, Cr, and Cg) in the
circuit, it becomes very complicated to analyze the time-domain
behavior directly.

To address above issue, this section proposes a resonant fitting
model for VHF isolated class E dc—dc converter. The derivation
process includes three steps, as shown in Fig. 3.

Step 1: Modeling the rectifier based on descriptive function. This
step models the rectifier with frequency-controlled inductor
and resistor, reducing the circuit states from 4 to 2 and
reducing the resonant components from 5 to 4.

Step 2: Simplifying the resonant network with impedance fitting.
This step fits impedance characteristics of the resonant tank,
reducing the resonant components from 4 to 2.

Step 3: Deriving the optimal switch timing by solving the circuit
model in time-domain.
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Fig. 2. VHF isolated class E DC-DC converter under closed-loop control.

VHEF isolated class E DC-DC converter
with 4 states & 5 resonant components
Stepl: modeling the rectifier
with descriptive function v
Frequency-controlled inductor and resistor model

with 2 states & 4 resonant components

Step2: impedance fitting
for the resonant network N
Second-order circuit model

with 2 states & 2 resonant components
Step3: solving the circuit
model in time-domain v

Optimal switch timing to achieve ZVS

Fig. 3.
timing.

Derivation process of the resonant fitting model and optimal switch

A. Modeling the Rectifier With Descriptive Function

Since the rectifier is a nonlinear system, its characteristics
highly rely on amplitude of the rectifier input voltage, which is
controlled by switching frequency f;. Conventional method usu-
ally models the rectifier as a resistor, which induces large error
for time-domain analysis under dynamic switching frequency.
On the other hand, direcT modeling with ON/OFF states of the
diode are too complex for calculations. To address above issues,
this sub-section models the rectifier as frequency-controlled
inductor and resistor based on descriptive function, as shown
in Fig. 4.

First, the input voltage of the rectifier is approximated as

Urec (t) = ‘/rec(ws) Sin(wst + 9) (1)

where w, = 27f;, f5 is the switching frequency and 6 is the
initial phase of viec(f). Viec(ws) is amplitude of the rectifier
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Step 1: modeling the rectifier with
descriptive function

Fig. 4. Modeling the rectifier as frequency-controlled inductor and resistor
with descriptive function.

input voltage, which can be calculated according to fundamental
harmonic amplitude of the inverter output voltage.

When Dy is OFF, i flows through Cr and the output
network. Therefore, differential equations of i,z and vy are as
follows:

Lg dZLR(t) +ver(t) +vo = Viee(ws) sin(wst + 0)

Cr d”i;“) —ipn(t)

@)

At t = 0, the diode turns OFF with ZCS. Therefore, these
differential equations should meet the following boundary con-
ditions: vor(0) = vp, irgr(0) = 0. Solving (2) with the boundary
conditions yields (3) shown at the bottom of this page.

When Dy is on, i1, g flows through D i and the output network.
With a constant voltage drop of v p, the differential equations are
given by

L dzLR(t) +vp + Vo = Viee(ws) sin(wst + 0) @
VCR (t) = Up
Solving (4) yields
VCOR (t) = UD

'U0+UD

Z'LR(t) = Z'LR(toff'rec) - (t - toffrec) (5)

+ Viee(ws)(cos(wstoffrect6)— cos(w, t+0))
Lrws

where t,grec 1S the time duration when the diode is OFF. Both
toffrec and 0 are unknown parameters, and they are determined
by boundary conditions in the followings. The diode turns ON at
t = tofrec, (b) the inductor current is periodic, i.e.,

UCR(toffrec) = Up
irr(0) =irLr(T)

Furthermore, descriptive function of the rectifier is derived
based on Fourier analysis. Resistive component (iz,r, res) and

(6)

Vrec(ws)CRws cos(0) cos(ﬁ) — Viee(ws)Crws cos(wst + 6)
—+ ((UO =+ UD)(I — ORLRWE) - Vrec(ws) Sin(@)) Sin(ﬁ)
ver(t) = (“1+CrLnw?) . 3)
iLr(t) = —vo + (v, + vp) cos( \/CtL )+ 7vricl(jjrsc)‘:£1(::j§t+0)
N Viee(ws) cos( \/C;TR) $in(0)+Vyee(ws)VCRLRwWs Sin(\/ﬁ) cos(6)
(-1+CRrLRpw?)
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Step 2: simplifying the resonant tank with
impedance fitting

g Lp Rp

Fig. 5. Simplifying the resonant network with impedance fitting.

inductive component (ir,r, ina) of the rectifier input current are

calculated as
Z‘LR,res = % fOT ’L'LR(t) Sil’l(wst —+ a)dt
ILR,ind = 7T fo ) cos(wst 4 6)dt

With the resistive and inductive current in (7), the rectifier
can be modeled by frequency-controlled resistor Req(ws) and
inductor Leq(ws). Therefore, descriptive function of the rectifier
is given by (8). Furthermore, considering the transformer turn
ratio n, the VHF class E dc—dc converter is simplified as shown
in Fig. 4.

)

ZLR

Reg(wy) = Yeeled
_ Velws) (®)
Lagliog) = sl

WsTLR,ind

B. Impedance Fitting for the Resonant Network

The switching node voltage is mainly determined by fun-
damental characteristics of the resonant network Z;,,(jw). By
fitting Zi,,(jw) at w, with a simple network, the calculation
can be further reduced. In the followings, characteristic of the
resonant tank is fitted with Rp and Lp as shown in Fig. 5. The
principle is based on the fact that Z;,, (jw) is inductive at low
frequency and becomes resistive at high frequency.

In Fig. 5, impedance of the original resonant network is
calculated as

. . 1
Ziny(jw) = jwLy + — " F—— )
n2 R,

jwLop, anz Leg q

To simplify the network, an impedance fitting function is

given by (10), which is constructed by a pair of inductor and
resistor in parallel

Zu(jw) = ——— (10)

Rp jwLp

To achieve impedance fitting, Zg(jw) and Z,,, (jw) should be
equal at wg, i.e.,

Zﬁt(jws) = Zinv(jws)- (1D
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Fig 6. Bode plot of Zi (jw) and Zg¢ (jw), where L, = 72 nH, L,,, = 353 nH,
Req =89, Leq =55nH, n =4, Rp =208.7Q, Lp = 312.8 nH, and w, =
2m-11.8-109.

Combining (9)—(11), the fitting parameters Rp and Lp are
calculated as

R2
Lp= ;52 +Ls,Rp =
4 LeqReq L (n? Leq Req+ L Req)
L — L N~ Legltegim eqileq m dleq
o k¥ 8 Loy Reg bl Feo) H(wsn L Leg)” (12)
R ntw?R, Lequ
S =

(n3LegReg+nLyy, Req) +(wsnL Leq)

A fitting example is plotted in Fig. 6, which shows the fitting
result matches Z;,,, well from 0.1 w, to 3 w,. By fitting the reso-
nant network with R p and L p, the VHF class E dc—dc converter
is simplified as a second-order model, which is convenient to
solve.

C. Deriving the Optimal Switch Timing to Achieve ZVS

With the impedance fitting model in Fig. 5, this section derives
the optimal switch timing to achieve ZVS based on time-domain
description of the circuit.

During 0 <7 < #,inv, the power switch is OFF, and the circuit
satisfies the following differential equations:

LPM + Uds( ) = Vin

C dvdé(t) _ ZLP(t) + ’U'm—;%)j:(t) .

13)

The power switch turns OFF at # = 0, and turns ON at t = f,finy
with ZVS. Therefore, these differential equations should meet
the following boundary conditions: v;5(0) = 0 and v 45(fofriny) =
0. Solutions of (13) are given by

Vds (t) = Vin + Cle(iaiﬁ)t + C2e(7a+ﬁ)t

026( atp)t (1 —aCpRp + ﬁCFRP)
—016(70‘ ﬂ)t(—l + aCrRp + BCFRP)
Rp

(14)
where «, 3, ¢1, and c5 are calculated as

1 5 _ \/Lp—4CpR7%

20pRp’"” ™ 2CrRpVLp
Vi (1— —el= a+ﬂ>tnfﬁnv)

(e(a+B) toftiny —e(~=B)toftiny ) ? C2=

o =

Vin (e(’o‘*ﬁ)tofﬁnv —~1)
(e(=aFB)tofiiny —e(— =B tofiiny )

5)

C1=
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TABLE II
IMPLEMENTATION OF THE PROTOTYPE

Parameters Value
Vin 28V
v, 5V
P, 10 W
1 10—-18 MHz
Ly 65.3 nH
Ly, 358.6 nH
Ly 65 nH
Ny:N, 4
Cr 220 pF
Cr 1.8 nH
C, 60.3 pF
Switch EPC2207
Gate driver ucCC27611
Diode 2 PMEG45A10EPD in parallel
Main controller STM32F334C8T6
150 45
_w O @
Zh <35
= 50 5
30
0
0 20 25
i,,f:( - Y 10 12 14 16 18 20
ng) F0 f(MHz)
(@) (b)

Fig. 7. Calculation results of v45(¢) and 7ofiny - (@) Waveforms of v 45(t) under
dynamic f;. (b) tomny With respect to f.

During tominy < t < T, the power switch is ON. Since Rp is
much higher than ON-resistance of the power switch, v(f) is
approximated as O during the switch-ON state. Thus, the current
through Rp is given by v;,/Rp, and the current through Lp is
given by iy, p(f) = i, p(toffiny) + Vin-(t-tofiny )/L p. At steady state,
the inductor current is periodic, i.e., i1, p(0) = i, p(T). With this
boundary condition, #,iny 1S calculated. To verify effectiveness
of the proposed resonant fitting model, the modeling results
are compared with experimental results, which are provided in
Appendix A. According to the results, the proposed model can
predict the zero-crossing points precisely, so that to provide the
correct timing to achieve ZVS.

Furthermore, a calculation example is carried out. The circuit
parameters are the same as experiments, which are given by
Table II in Section IV. Fig. 7(a) plots waveforms of v 44(¢) under
dynamic switching frequency. To achieve ZVS and prevent re-
verse conduction of GaN HEMT, the optimal timing for turning
ON the power switch is when v 45(f) reaches zero (foiny)- Fig. 7(b)
plots fominy With respect to the switching frequency. Above
results present time-domain description for the converter, which
provides theoretical foundations for the proposed control.

III. OpPTIMAL DUTY RATIO ASSISTED PFM FOR VHF

ISOLATED CLASS E DC-DC CONVERTER

Based on the simplified circuit model, this section proposes
the optimal duty ratio assisted PEM control. The overall control

15471
Parameter
initialization
Optimal duty ratio R}
assisted PFM PI /i [Drive signal Gate | Ve
Vo controller| generation driver
Vref

YES

>
YES
ON/OFF Controller
S
ST

Gate
driver

S

Hysteresis

— comparator

Fig. 8. Overall schema of the proposed optimal duty ratio assisted PFM
controller.
150 150
100 100
S S
S . N 5
ZVS lost Reverse
conduction loss
% 20 40 60 o 10 o 20 T 60 80 100
Time (ns) Time (ns)
(a) (b)
Fig. 9. Switch voltage with nonoptimal duty ratio. (a) Large duty ratio leads

to ZVS failure. (b) Small duty ratio leads to high reverse conduction loss.

schema is shown in Fig. 8. A PI compensator is used to con-
trol switching frequency of the power converter. To maintain
ZV S under dynamic switching frequency, the optimal duty ratio
is determined according to the real-time switching frequency.
Furthermore, ON/OFF control is used at light load to extend load
range of the power converter.

A. Optimal Duty Ratio and Output Power Under Dynamic
Switching Frequency

For VHF power converters, it is essential to achieve ZVS,
otherwise, the power efficiency would drop dramatically. Ad-
ditionally, reverse conduction voltage of GaN HEMT is large,
hence, long reverse conduction time leads to high reverse con-
duction loss.

To improve power efficiency, it is important to turn ON the
GaN HEMT with good timing. Generally, a large duty ratio
leads to ZVS failure as shown in Fig. 9(a), whereas a small duty
ratio leads to reverse conduction loss, as shown in Fig. 9(b). To
achieve the optimal timing under dynamic switching frequency,
the optimal duty ratio is derived with zero-crossing points of the
power switch voltage. Analytical expression of the switching
node voltage is derived in Section II-C. By solving

vas (t) =0 (16)
zero-crossing points of the switching node voltage are given by
t = 0 and t = f,mny, as shown in Fig. 10(a). Therefore, the
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Modeling result

150 | 0.8 ;
|
} ¢ Circuit simulation result

Optimal switch
timing

0 20 foim 40 60 80 100 10 12 14 16 18 20
Time (ns) f«(MHz)

(@ (b

Fig. 10.  v4s(¢) with optimal switch timing and optimal duty ratio with respect
to fs. (a) v4s(7) with optimal switch timing. (b) Optimal duty ratio with respect
to fs.

16

10 |

Py(W)

0 1 1 1 1 1
10 12 18 20

14 186
J/s{(MHz)

Fig. 11.  Output power with respect to the switching frequency.

optimal duty ratio is calculated as
T — tofﬁnv

Dp=—70

a7

The optimal duty ratio decreases as the switching frequency
increases as shown in Fig. 10(b). With the result, the optimal duty
ratio can be calculated with the real-time switching frequency,
which ensures ZVS without inducing reverse conduction loss of
GaN HEMT.

Output power of the converter is calculated as

URiLR,res 'U}2{
P, = > 3R (18)
Increasing the switching frequency leads to decreased v and
increased Rqq. Thus, the output power decreases monotonically
with the switching frequency, as shown in Fig. 11. Detailed
analysis for the relationship between P, and f; can be found in
[13]. Therefore, it is possible to regulate the output voltage by
controlling the switching frequency with a feedback controller,
which provides foundations for the proposed control method.

B. Implementation of the Optimal Duty Ratio Assisted PFM

Implementation of the proposed control is shown in Fig. 8.
The optimal duty ratio assisted PFM controller adjusts the
switching frequency f; according to the output voltage error.
The optimal duty ratio is precalculated and stored in a look-up-
table. The proposed controller selects the optimal duty ratio D g
according to the real-time switching frequency f;. Then, D 5 and
[ determine the gate driving signal together.
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10 12 14 16 18 20
fs (MHz)

Fig. 12.  Switch voltage stress with respect to the switching frequency.

Fig. 13.

Magnitude(dB)

Phase(degs)

10° 10* 10° 108
o (rad/s)

Fig. 14.  Comparison of modeling result and simulation result of G(s).

Vo ‘(\
e —

Ry *"w

PI
compensator

Small signal of the converter under proposed control.

Fig. 15.

In a practical class E dc—dc converter, the switching frequency
range is limited by voltage stress and switching speed of the
power switch. Lower limit of the switching frequency is deter-
mined by the switch voltage stress. Fig. 12 shows the switch
voltage stress v 4, 1 With respect to the switching frequency f.
As the switching frequency decreases, the peak switch voltage
increases. Additionally, due to the nonlinear output capacitance
of the power switch, the peak switch voltage in real system is
larger than the calculated value. To guarantee the power switch
operates in safe operating area, the lower frequency boundary is
set as 10 MHz.
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1.57inch

1.34inch

Fig. 16.  Prototype of the VHF isolated class E DC-DC converter.

Upper limit of switching frequency (f,up) is determined by
the switching speed. As the switching frequency increases, the
optimal duty ratio and conduction time decrease. It is hard to
realize reliable gate drive when the turn-ON time is too short. To
realize reliable gate drive, the upper switching frequency limit
is set as 18 MHz. At light load (smaller than 30%), the optimal
duty ratio assisted PFM cannot regulate the output voltage to
vrer due to upper limit of the switching frequency. To address
this issue, ON/OFF control is used to regulate the output voltage
at light load as shown in Fig. 8.

C. Close Loop Stability of the Converter

The followings provide small signal analysis for VHF isolated
class E dc—dc converter under the proposed control scheme.
First, the main power stage is modeled as a frequency-controlled
current source as shown in Fig. 13.

Based on Fig. 13, the transfer function from f; to v, is given
by (19), where G;(s) is the transfer function from f; to i,, Ry, is
the load resistor and C, is the output capacitor

R, R,
1+sR.C, - 1+SRLCO'

For VHF resonant power converters, the resonant inductors
and capacitors are very small, zeros and poles of Gf(s) are
much higher than the system bandwidth. Therefore, G;4(s) can
be approximated with its dc gain G;(0), which is calculated as

9, O0P/R, 1 [ 1 0P, 1 0P,

ofs  of. 2\/RLPO afs 20, 0f,
(20)

Value of 0P,/0f is calculated according to slope of the curve
in Fig. 11. To ensure stability of the system, the maximum slope
is used as G;{0), where OP,/0f; = -2.9 W/MHz and G;«(0)
= -0.29 A/MHz. To verify the proposed small signal model,
simulations are carried outin MATLAB/Simulink. Fig. 14 shows
the modeling result of G, /(s) matches the simulation result well.
Thus, the small signal model can be used to guide control loop
design.

Small signal model of the converter under proposed control
is shown in Fig. 15.

Guy (5) = Gip(s) Gif(0) (19)

Gif(0)
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Based on Fig. 15, loop gain of the system is given by
Gif(0)Rpky, s+ ki/ky,
sR;C, S + 1/RLCO
(21)
where G,;(s) is transfer function of the PI compensator and
k, and k; are proportion and integration coefficient of the PI
compensator. Furthermore, k;/k,, is set to cancel dominate pole
of the system, while k,, is set to obtain desired bandwidth w,,.
With above conditions, k,, and k; are given by k;, = w,,C,/G0),
k; = wn/(Gi{0)R ). With the calculated parameters, loop gain
of the system is given by (22), which is a single-pole system

Gif(0)RLky
SRL CO '

The single-pole characteristic indicates that the system is
stable and has a phase margin of 90° under the proposed control.

Qrp(s) = Gup(s)Gpi(s) =

(I)Lp (S) = (22)

IV. EXPERIMENTAL RESULTS

To verify effectiveness of the proposed control method, a VHF
isolated class E dc—dc converter is built as shown in Fig. 16.
Main specifications of the converter are given in Table II. The
input voltage is 28 'V, the output voltage is 5 V, the rated output
power is 10 W, and the switching frequency is 10-18 MHz.
The main power switch is GaN HEMT EPC2207, the diode is
PMEG45A10EPD from Nexperia. The gate driver is realized
with UCC27611, which is a high-speed gate driver from Texas
Instruments. The gate driver is placed closely to the GaN HEMT,
so as to provide reliable gate drive. Air core transformer and
inductors are utilized owing to their eliminated core loss and
great frequency linearity. The air core transformer is realized
with a 4-layer print circuit board, which is mounted on back
side of the board to reduce the size. The transformer char-
acteristics acquired from impedance analyzer are provided in
Appendix B. The resonant inductor L is implemented with two
parallel-connected commercial air-core inductors from Coilcraft
(2929SQ-131, 130 nH).

To generate precise gate driving signals from f; and Dp, an
MCU(STM32F334C8T6) with internal high-resolution timer is
utilized, where the time resolution is 217 ps. Output voltage sam-
pling is realized with the internal Adc in MCU. The sampling and
PI calculation frequency is set as 100 kHz, which is much lower
than the switching frequency (10-18 MHz). To decouple the
mismatch between switching frequency and control frequency,
the optimal duty ratios under different switching frequencies are
pre-calculated based on the proposed resonant fitting model and
stored in the digital controller. The proposed controller selects
the optimal duty ratio (D ) according to the real-time switching
frequency (f5).

A. Steady-State Operations

Waveforms of v, and vy with the proposed control method
are shown in Fig. 17. At 100% load, the switching frequency is
12.1 MHz, and the optimal duty ratio is 0.63. With the proposed
optimal duty ratio, the power switch is turned ON immediately
once the switching node voltage reaches zero, which realizes
ZV'S with no reverse conduction loss induced. At 40% load, the
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switching frequency is increased to 16.7 MHz, so that to reduce
the output power and regulate the output voltage to 5 V. The duty
ratio is adjusted to 0.39 according to the switching frequency,
which guarantees ZVS without inducing reverse conduction
loss. At 20% load, the converter enters ON/OFF control mode
due to upper limit of the switching frequency.

Waveforms of v, and v 45 under conventional PFM with duty
ratio fixed to 0.5 are shown in Fig. 18. At 100% load, the
switching frequency is lower than the optimal value. With the
duty ratio fixed to 0.5, the power switch is turned on 10.4 ns
after the switching node voltage reaches zero, which causes large
reverse conduction loss. At 60% load, the switching frequency
equals the optimal value, which realizes ZVS without inducing

(©)

(a) 100% load. (b) 60% load. (c) 40% load.

3
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Loss breakdown of the converter under different load and different control methods. (a) 100% load. (b) 40% load.

reverse conduction loss. At 40% load, the switching frequency
is higher than the optimal value, which leads to ZVS failure.
The reverse conduction loss and ZVS failure can cause severe
efficiency drop. Comparatively, the proposed optimal duty ratio
assisted PFM can guarantee ZVS under dynamic switching
frequency.

Fig. 19 shows loss breakdown of the converter under different
control methods. The loss breakdown results are obtained based
on LTspice simulations. The power switch and diode used in
the simulations are level-3 SPICE models provided by the man-
ufacturer. Parasitic resistances of the transformer and inductor
are considered in the simulation, which are measured with LCR
meter and then adopted in the simulations. Losses of the power
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(a) waveforms of i, Vo, Vds, fs, and D g. (b) Detailed v 45 in area (D). (c) Detailed
vds in area (2). (d) Detailed v 45 in area (3). (e) Detailed v 45 in area (4).

switch and diode are obtained by calculating the average value
of voltage-current products at the device terminals. Losses of the
transformer and inductor are calculated according to the parasitic
resistances and root mean square values of branch currents.
Parasitic resistance of the transformer primary coil is 0.36 €2,
parasitic resistance of the transformer secondary coil is 0.04 €2,
and parasitic resistance of the resonant inductor is 0.1€2. At
100% load, the proposed control reduces the total loss by 0.61 W

(13.7% reduction). This is because the proposed control method
prevents reverse conduction of GaN HEMT with the optimal
switch timing. At 40% load, the proposed control reduces the
total loss by 0.736 W (35.9% reduction), which is because the
proposed method ensures ZV S with the optimal duty ratio under
dynamic switching frequency.

B. Transient Responses

Fig. 20(a) shows the waveforms of i,, v,, and v45 when the
load current steps from 100% to 50%. The f value is mapped
from 10-18 MHz to 0-3.3 V analog signal, while the Dp
value is mapped from 0.26-0.7 to 0-3.3 V analog signal with
internal DAC of STM32F334C8T6. After the load step, the
feedback loop gradually increases f; from 12.1 to 16.1 MHz,
which reduces the output power so that to regulate the output
voltage to 5 V. In the meanwhile, Dy is reduced from 0.63 to
0.42, so as to maintain ZVS of the power switch. Fig. 20(b)—(e)
are the detailed vy, waveforms in areas (1), 2), 3), and (@) of
Fig. 20(a), respectively. In Fig. 20(b), f; changes from 12.1 to
13.3 MHz, and D i changes from 0.63 to 0.59 that achieves ZVS.
In Fig. 20(c)—(e), the measured f; gradually changes from 13.3
to 16.7 MHz. In all transients, D g changes simultaneously with
fs, while ZVS of the power switch is recovered within three
switching cycles after f; changes.

In Fig. 21, the load current steps from 50% to 20%. The power
converter initially operates in optimal duty ratio assisted PFM
control. After 140 ps, the switching frequency reaches its upper
limit, and controller changes the control mode to ON/OFF control.
The voltage overshoot is 520 mV, and the settling time is 890 us.

C. Power Efficiency and Output Voltage Ripple

Fig. 22(a) shows power efficiency comparison among the
proposed control, conventional PFM, and ON/OFF control. When
i, = 1.2 A, power efficiency of the proposed method and con-
ventional PEM are both 75.1%. When i, is smaller than 1.2 A,
ZVS failure causes severe efficiency drop under conventional
PFM. When i, is larger than 1.2 A, the reverse conduction
loss under conventional PFM degrades the power efficiency.
The conventional PFM lost ZVS at light load, which highly
degrades the efficiency. Comparatively, the proposed method can
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TABLE III
COMPARISONS WITH OTHER CONTROL METHODS

Control method  Input voltage Output Switching Efficiency Qutput O“t‘"“t Extra power components FOMippie
voltage/power frequency ripple capacitor
Proposed control 28V 5V/I0W  12-18MHz 75%  26mV  60.3uF None 9.4-14.1
method V-uF-MHz/A
%)e;](;g?;mle;lt sv 10V/1 W 4-8 MHz 73% 20mV 20 uF Two extra power SW.ltCh 16-32
[15] and Two extra capacitors V-uF-MHz/A
Multipower level o 98—117.5
ONJ/OFF [14] 18V 5V/IOW  19.6-23.5MHz  75% 100 mV 100 uF None V-pE-MH2/A
Variable frequency o 60-75
ON/OFF [13] 18V 5V/1I0 W 20-25MHz  74% 150 mV 40 uF None V-pF-MHZ/A
. 24V 5V/I0W 30MHz  75%  180mV  10.8uF None 292
Conventional V-uF-MHz/A
ON/OFF [8], [9] 330
5V 5V2W 30 MHz 79% 220 mV 20 uF None
V-uF-MHz/A

guarantee ZVS without inducing reverse conduction loss over
the whole load range, thus achieving higher power efficiency
than conventional PFM. Additionally, the proposed method can
reduce circling current of the resonant tank with dynamic switch-
ing frequency, thus achieving higher efficiency than ON/OFF
control.

Fig. 22(b) shows output voltage ripple comparison of the
proposed control, conventional PFM, and ON/OFF control. At
100% load, the proposed control method significantly reduces
the output voltage ripple to 26 mV. For fair comparison of ripple,
a figure of merit (FOM) is defined as (23), which takes the
factors of output filter capacitor, output current, and switching
frequency into consideration [27], [28]

A(UO(;(O,_fS

Lo

F()1\/[ripple = (23)

Table III gives detailed comparisons of different control
methods. Although ON/OFF control can realize ZVS regardless
of load conditions, the intermittent power flow under ON/OFF
control causes large output voltage ripple and mode transition
losses. Compared with existing controls, the proposed optimal
duty ratio assisted PFM is the first control method that features
reduced output ripple (owing to continuous power flow) and
consistent ZVS.

V. CONCLUSION

This article proposed an optimal duty ratio assisted PEM for
very high frequency (VHF) isolated class E DC-DC converter.
It is the first control method that features continuous power
flow and consistent ZVS without extra power components. A
resonant fitting model is established with descriptive function
and impedance fitting, which provides time-domain analysis
for the converter. Furthermore, an optimal duty ratio assisted
PFM control is proposed, which turns ON the power switch
with the optimal timing. This control ensures ZVS and prevents
reverse conduction of GaN HEMT under dynamic switching
frequency. Experimental results show that the proposed method
improves the overall power efficiency over a wide load range.
Additionally, since the power converter operates continuously,
the output voltage ripple is significantly reduced. The optimized
power loss and ripple can reduce the requirement of heat sink
and output capacitor, which are beneficial to improve power
density of the system. However, limited by calculation delay of
the digital controller, dynamic response of the proposed control
is slower than ON/OFF control.

APPENDIX A

This appendix is provided to demonstrate effectiveness of the
proposed resonant fitting model. The experimental v, wave-
forms and data are measured with oscilloscope MDO3054.
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TABLE IV
DEVIATIONS OF V4g AND DUTY RATIO COMPARED WITH EXPERIMENTAL
RESULTS AFTER EACH MODELING AND FITTING STEP

Deviation of vy Deviation of duty ratio

Step 1: modeling the

. Nonevident 0.74%
rectifier
Step 2: 1rppedance Nonevident 0.85%
fitting

Step 3: solving the . o

differential equations Evident 0-49%
L6
71.8n

v2 C PWL(0 0 0.1u 0 0.101u 28)

—/ Rser=0.01
er ds_modeled_step1

EPC2207

v4

Fig. 23.  Circuit model after modeling the rectifier as parallel-connected in-
ductor (L7) and resistor (R2).

Then, the measured data is imported to LTspice as piece-wise
linear (PWL) file. Furthermore, the experimental and modeling
results are plotted in the same figure with LTspice to compare the
waveforms. Table IV summarizes deviations of modeled v 4, and
duty ratio compared with the experimental results. According
to the results, deviations of v, and duty ratio caused by step
I(modeling the rectifier) and step 2 (impedance fitting) are
nonevident. Step 3 causes evident deviation of v 4, waveform due
to nonlinear output capacitance of the power switch. Despite of
the deviated waveform, the proposed model can still predict the
duty ratio precisely owing to the use of charge-based equivalent
capacitance, so that provides correct timing to achieve ZVS.
Detailed comparisons are presented as followings.

A. Step 1: Modeling the Rectifier With Inductor and Resistor

Fig. 23 shows the circuit model after modeling step 1, where
the rectifier is modeled as parallel-connected inductor (L7) and
resistor (R2). The experimental and modeled v, waveforms
are shown in Fig. 24. Difference between the v, waveforms is
relatively small, and zero-crossing points of the v 5 waveforms
are almost the same. Therefore, after this modeling step, the
derived vy, waveform can provide correct switch timing to
achieve ZVS.

B. Step 2: Impedance Fitting to Reduce Order of the Resonant
Network

To further simplify the calculations, order of the resonant
network is reduced based on impedance fitting. Fig. 25 shows
the circuit model after impedance fitting. Fig. 26 compares the
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Fig. 25.  Circuit model after impedance fitting.
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Fig. 26.  Comparison of modeled v 4 after step 2 with experimental v 4.

modeled v 4, after step 2 with the experimental v ;5. The compar-
ison results show that the modeled v ;5 waveforms are basically
consistent with the experimental results. This is because the
switching node voltage is mainly determined by fundamental
characteristics of the resonant network, and the impedance fitting
result matches impedance of the resonant network well around
the switching frequency as shown in Fig. 6 in the main text.

C. Step 3: Solving Differential Equations of the Circuit

Fig. 27 shows the circuit model with ideal power switch.
Fig. 28 shows the modeled and experimental v 45. Despite of the
deviated waveform, zero-crossing points of v 4, are basically the
same owing to the use of charge-based equivalent capacitance.
This indicates the proposed model can predict the correct switch
timing to achieve ZVS.

Furthermore, the optimal duty ratios (Dp) under different
switching frequencies are calculated according to zero-crossing
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Fig. 29. Comparison of modeled and experimental D p.

points of v 4,. To reduce the modeling errors, parameter changes
of the air core transformer are tested with impedance analyzer
and considered in the model. The modeled and experimental D 5
are shown in Fig. 29, which shows the modeling results match
the experimental results well.

APPENDIX B

This appendix provides the transformer characteristics ac-
quired from impedance analyzer. The air core transformer is
tested with impedance analyzer 4294 A from Agilent, and the
tested results are shown in Fig. 30. The primary inductance
under open secondary coil increases from 423.9 nH to 498.3 nH
over the operation range, representing a 16.3% increase. The
secondary inductance under open primary coil increases from
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Fig. 30. Transformer characteristics acquired from impedance analyzer.

(a) Primary characteristic under open secondary coil. (b) Secondary characteris-
tic under open primary coil. (c) Primary characteristic under shorted secondary
coil. (d) Secondary characteristic under shorted primary coil.

28.2 nH to 31.9 nH, representing a 13.1% increase. The pri-
mary inductance under shorted secondary coil increases from
120.3 nH to 124.6 nH, representing a 3.6% increase. The sec-
ondary inductance under shorted primary coil reduces from
7.4 nH to 7.3 nH, representing a 1.4% reduction. Based on
the tested results, the values of L,,, and L, are calculated. The
calculated L,, changes from 358.6 nH to 430.8 nH (20.1%
increase), and Lj changes from 65.3 nH to 67.5 nH (3.4%
increase).
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