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Abstract: This article represents us the method for power losses minimizing in transistors of a radio frequency key
generator (power amplifying) based on the control method application with overlapping pulses. We see fully formed
requirements for the optimal excitation mode, providing maximum efficiency and maximum operating frequency,
taking into account the finite times of switching on and off the generator GaN transistors. The article shows the ob-
tained analytical equations for calculating power in a load, loss of efficiency, as well as equations for estimating the
maximum operating frequency of the generator depending on the permissible level of losses. The article presents
graphics of curves that determine the maximum operating frequency of an RF generator for permissible switching
losses on various types of GaN transistors.
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1. Introduction. The state of the issue

When highly efficient transistor-based power am-
plifiers (generators with external excitation) of har-
monic oscillations are used, circuit design solutions
based on resonant inverters are widespread. For high
frequency applications (radio frequencies of tens,
hundreds of megahertz), the use of nitride-gallium
(GaN) transistors in these power amplifiers should be
considered an actual task [1, 2]. These transistors have
a wide band gap, i.e. they withstand high temperature
stresses and have good dynamic characteristics, which
allows them to realize switch modes at frequencies up
to a few gigahertz.

An important requirement for RF power amplifiers
is their ability to linear control of oscillation’s ampli-
tude or frequency. This requirement is satisfied by
voltage inverters with a series resonant circuit, which
are widely used up to the present in powerful radio
engineering systems and converter equipment [3, 4].
However, in recent years current inverters with a par-

allel resonant circuit are becoming more common for
high-frequency applications. The advantages of such
inverters over voltage inverters are as follows:

1) The voltage jump on the transistor when the cur-
rent is switched in the voltage inverter is approxi-
mately equal to the supply voltage, but in the current
inverter at the maximum power mode, this jump is
tens or hundreds of times smaller and approximately
equal to the residual voltage on the transistor in the
stationary mode. As a result, the losses at the fronts,
which are fundamental at sufficiently high operating
oscillation frequencies, are many times reduced, the
frequency properties of the inverter improve by 1-2
orders of magnitude, and, accordingly, the efficiency is
increased.

2) In the current inverter, almost constant choke
current is commutes, i.e. the choke has a significant
filtering effect for the high frequency current, which
allows reducing the high-frequency filtering capacity
of the power source by tens or hundreds of times.
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3) The amplitude of the high-frequency voltage
does not depend on the load, it is m/2 = 1.57 times
higher than the supply voltage, while in the voltage
inverter this amplitude depends on the quality factor
of the loaded circuit.

The disadvantage of the classical current fed invert-
er circuit is the impossibility of operation with excita-
tion pulses of transistors shorter than a half-period of
the operating frequency of the oscillations. This is ex-
plained by the fact that the choke’s current commutes
in the pauses between the excitation pulses, is open,
the current is broken, the voltage on it and on the
transistors theoretically becomes infinite. This makes
impossible to control the power (voltage amplitude at
the load) using pulse-width modulation (PWM) [6, 7].

In this paper we study a new controlled current-fed
resonant inverter circuit, which allows, in particular,
power control using PWM and eliminates overvoltage
on transistors and on a choke. For this circuit, the op-
timal excitation mode is considered, which provides
maximum efficiency taking into account the finite
transistor’s times on and off. The maximum possible
operating frequency of the power amplifier is estimat-
ed depending on the permissible level of losses.

2. Scheme and Principle of Operation

Due to the advantages described above, the current
inverter is the most preferred of all switching power
amplifiers of harmonic oscillations, including the class
E power amplifier known from numerous publications
[1, 2, 5], as long as the regulation (modulation) of
power using PWM.

When the condition of linearity of the modulation
characteristic is satisfied, the current inverter is suita-
ble for creating powerful amplifiers used in radio
communication and broadcasting with amplitude
(AM), frequency (FM) (phase) and single sideband
(SSB) modulations. Such a current inverter, which al-
lows to apply PWM, is proposed at the level of the in-

vention with the priority of 2016 [8]. The circuit of the
controlled current-fed resonant inverter is shown in
fig. 1, and the voltage and current diagrams on the
bridge elements are shown in fig. 2.
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Fig. 1. Scheme of Controlled Current-Fed Resonant Inverter

In this scheme, the choke generator based on the
transistor bridge M (T1-T4) is driven by high-
frequency rectangular oscillations with a duration
equal to half the period T of the operating frequency
oscillations (fig. 2a, 2b). The current i,,, commuted by
the bridge, has a shape close to rectangular pulses and
excites the harmonic voltage u,(t) = U,sin(wt) on
the resonant circuit Lp, Cp, R, (fig. 2d). The voltage u,
at the input of the bridge M as a result of switching has
a double half-wave form (fig. 2c).

The modulation of the oscillations is achieved by
using a switching unipolar To amplifier with PWM
(class D modulator), the switching frequency of which
is chosen much lower than the bridge switching fre-
quency. Due to the presence of a switching modulator
and the possibility of regulating the power amplifier
supply voltage, in the maximum power mode, the gen-
erator is fully utilized by the supply voltage (Un = E).

@)

Fig. 2. Time Diagrams of Voltages and Currents in a Controlled Current-Fed Resonant Inverter

The modulation characteristic can be found from
the following considerations. Neglecting the small re-

sidual voltages of the transistors operating in the
switching mode, can find the average voltage at the
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load of the switching mode class D amplifier in the
steady state:

Et
Uom = ﬁon: (1)
where ton — is the duration of a rectangular pulse that
triggers the transistor To, and Tm - is the repetition
period of these pulses. The load of the switching mode
class D amplifier is a transistor bridge M with an oscil-
latory circuit (fig. 1). Due to the small residual voltages
of the bridge transistors M, the instantaneous voltage
at its input uo repeats the voltage on the circuit, and
taking into account the commutation, the average
voltage Uom (fig. 2d) varies according to the law:
05T

1
© 05T

. 2Uy
f Uy sinwtdt = (2)

0

Uom

The average voltage on the choke in the steady state

is zero, therefore, algebraically summing (1) and (2)

we obtain the modulation characteristic:
Un Lon

—=0,5m

E Ty’ (3)

when ton varies from 0 to 2Ty /m, the voltage ampli-
tude on the circuit Un varies linearly from zero to the
maximum value of E.

A feature of the circuit is also the presence of a re-
covery diode D1, which is necessary to eliminate over-
voltages on the transistors and return excess energy
(through the Do Lo D1 circuit) to the filter capacitance
Crof the source E at times when the choke Lo current is
broken during the switching process when the transis-
tors M are locked.

Thus, the insertion of a modulator into the circuit,
which introduces only two additional elements (a
transistor To and a diode Do) and a recovery diode D1
to the circuit, does not significantly complicate the
circuit and pays off by improving the energy and fre-
quency properties of the proposed switching choke
generator [9].

3. Excitation Mode Optimization of Current-Fed
Resonant Inverter at High Frequencies

We consider optimal operation mode of the investi-
gated power amplifier with minimal switching losses.
Let us analyze the time diagrams of currents and volt-
ages during the excitation of transistors of the bridge
M with overlapping control pulses at the gates. Chang-
es in the output currents of real transistor switches
with finite turn-on and turn-off times are approximat-
ed by linear relationships when optimizing the mode.

In the initial state (¢t <t;) in (fig. 3a-e) with the
voltage uy, 5 (fig. 3a), transistors T1 and Ts are turned
on, i;=i;, (fig. 3e). It is advisable to start switching the
bridge M by turning on the transistors Tz, T4 with the
voltage ug, 4 (fig. 3d). This inclusion should be made

at the time t = t,, when u, and u, = u, (fig. 3¢, d) are
positive and sufficiently small in value:

(4a)
(4b)

U (tl) = UmSin[m(tZ - tl)]z UmSin(mtop )'

top =t —t,

i.e, with some lead ¢,, relative to the zero point of
voltage u,. In the time interval t; <t < t,, the voltage
Uy = U, is applied to the opened transistors Tz and T4
in the forward direction, as a result of which the cur-
rent i, begins to flow through them (fig. 3e). Moreo-
ver, i;,=I,=const, the current i, =1[,—i, of the
opened transistors T1 and T3 decreases with increas-
ing i,.

By the time t = t, iy=i, = Iy, i, = iy — i, = 0. At
this moment, by the voltage u,, 5 (fig. 3a), the diagonal
T1, T3 is closed and the current i; continues to de-
crease att > t,, when the voltage u, is already applied
to these transistors in the forward direction. The cur-
rent i, = [, — i, increases and at the moment t =t;
iy =0, i, =1, On this, the process of switching cur-
rent i;, by the bridge M ends.

In order to avoid excessive losses in transistors T2
and T4 when they are turned on, the voltage u,(t;)
applied to them (fig. 3c) and u,(t)at t; <t <t;, as
well as the corresponding lead time ¢,,, should be as
small as possible, but large enough to support the
switching process.

The calculated rate of increase of current i, in the
interval t; <t < t; should be higher than the rate of
decrease of current i;. Otherwise, it may turn out that
iy + i, < I,. This will cause a sharp voltage surge u,
under the influence of the self-induction EMF in the
inductor L, to the value L,, at which the recovery di-
ode D, opens and switching losses increase.

Practically possible to take in:

top = tz

(5a)
(5b)

here t,, - the time the transistor is turned on at the
rated voltage and current growth i; from zero to 0,5/,:

—t1 = Yion
y=2-=+3,

ton = 0,51/Son , (6a)
Son = lnom/tonnom (6b)
tl <t< tz, (6C)

where i,,,, and t,, ,om are the nominal passport val-
ues of the current and the on-time of the transistor.

The safety factor y should be chosen greater than
unity, since the transistors T2, T4 are turned on at low
voltages u, (t), t; <t <t, (fig. 3d), and this voltage is
divided in half between the transistors T2 connected in
series, T4.

If the load circuit Lp, Cp, R, (fig. 1) is tuned to the
resonance at the conversion frequency w, then the
first harmonic of the current i,, (fig. 3e) supplied to
the circuit must be in phase with the voltage u, (fig.
3c) on it. With the accepted linear approximation i;,
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(fig. 3e), this means that the moments t, +n7T of the

passage through zero of the voltage u,(t) and current
i1, (t) coincide.

For a fixed switching interval t; <t <t;, the
switching losses are minimal, since the voltage values

uy (1) = luy (t3)] (fig. 3¢) are minimal in absolute val-
ue. The shift of this time interval along the t axis leads
to an increase in one of these boundary stresses and
an increase in losses, since they are proportional to
the square of the voltage.

Ugy !
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Fig. 3. Time Diagrams of Voltages and Currents in a Controlled Current-Fed Resonant Inverter with optimized excitation mode

From the above consideration it is seen that the op-
timal mode of operation is possible, in which a current
break does not occur. This theoretically allows you to
work without a recovery diode D; and increase the use
of the transistor of the amplifier To voltage. However,
practically this should not be done, since during “ab-
normal” modes (malfunction of the oscillatory circuit,
violation of the excitation mode of transistors, etc.),
situations may occur with current breaks i,, of the
inductor L, and the occurrence of sharp voltage surges
on it, leading to transistor failure.

It is important to note that in normal mode neither
reverse transistor diodes nor the recovery diode D,
participate in the power amplifier operation. This re-
duces switching losses and improves the frequency
properties of the generator. The influence of the diode
D, of a unipolar switching amplifier To can be minimal
if its conversion frequency is chosen sufficiently low
(many times lower than the frequency of the genera-
tor).

4. Basic equations. Switching and conduction losses

To determine the output power, it is necessary to
determine the first harmonic I, of the current i;, (fig.
3e), applied to the load circuit Lp, Cp, R, with the am-
plitude of the voltage Um=E (fig. 3c). The first harmon-
ic of the periodic oscillation of the trapezoidal form is
expressed by the well-known formula, which is appli-
cable to i,, (fig. 3e):

_ 4y sinwyt,, 4l
™ wyt,, W

_ (‘Dyton)z]’ %)

6

where, t,, is the turn-on time of the transistor at the
rated voltage and the rise of the current i; flowing
through the transistor from zero to 0.5/, y- safety fac-
tor, that should be chosen greater than one, since the
switching on of transistors Tz, T4 occurs at low voltag-
es u, (t) (Fig. 3d), and the voltage should be divided in
half between the series-connected transistors Tz, T4.

This approximate equality is obtained by expanding
the sinusoidal function in a series and gives a high ac-
curacy of calculation, since in practice the phase angle
wYt,y, is usually much smaller than unity (one radian).
Without considering the correction term in square
brackets, formula (4) gives the value of the first har-
monic for rectangular oscillations (meanders), i.e. the
fronts of trapezoidal oscillations i;, (fig. 3e), if they are
relatively small, have a very weak effect on the ampli-
tude value of the first harmonic I,,,. Thus, the power in
the load (tuned to the resonance circuit):

1 1 _4l;sinwyt,,

P, ==Uply, ==E
L7 mm =2 1 wyt,,

2 ((*)Yton)z
=—FEl, |1 ——|.
s 0[ 6

Energy loss when two transistors T2, T are con-
nected in series, can be estimated according to i;,(T) =
Iy Yti 1y (T) = Upsin(wT) ~ EoT, yty, =T = 0:

(8)

Yton EIOQ) Yton
W, = f b1 (T (T)dT = f £ dT =
0 ytOn 0

(Von)? )
3

= El,

w.
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With the adopted linear symmetric approximation
of the current i;,(t), the energy loss W,;r when the

pair of transistors T1, T3 is turned off is approximately
equal to W,,, (9). Thus, the total power switching loss-

. w
es of four transistors at a frequency f, = - can be es-

timated by the equation:
41
PSW = (VVOTI + WOff)fo = ?EIO (Yton)Zfoz' (10)
Switching loss of efficiency:
21
AT]sw =P —— (yton)zfoz' (11)
P, 3

These losses are very small at relatively low fre-
quencies f, and increase sharply with increasing f,. If
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we limit Anyg,, = 0,01A (1 %), then can find the limiting
operating frequency of the transistor:

0,03 1 0,04
2T[2 Yton Yton .

The family of curves is shown in the fig. 4a and fig. 4b
to determine the maximum operating frequency of the
RF power amplifier. The fig.4a shows the dependence of
the maximum operating frequency on the time the tran-
sistor is turned on. In the calculation, the safety factor y
was taken equal to unity. The curves shown were ob-
tained at different values of the efficiency loss Arng,. In
fig. 4b the dependence curves are shown for losses of
efficiency equal to 25 % and different values of the safe-
ty factory.

fo.max -

(12)
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Fig. 4. Dependence of Maximum Frequency on the Turn-on Time for Different Values of a) Ang,; b) y

If we assume that the transistors of the bridge M
have a residual voltage U,.; = [jRs,; in the switch
mode, not dependent on current, then in the amplifier
there are conduction losses. Energy losses in this situ-
ation when two transistors T2, T4 are connected in se-
ries and switched on, can be estimated according to

. t
llZ(t) = [OE’ ul(t) = Ures: T/Z =>t= 0:
(7 B (T
Weona = 2 i,Ou(t)dt =2—— tdt =
0 yton 0 (13)
_ IR 1
Yeon 4f%

where Rg,; - internal resistance of bridge transistors
in saturation mode.

Energy loss for transistor To can be founded by next
equation:

DTy DTm
Wy = [ (Ot = Ry [ de =
0 0
(14)
ZDIgRsatO
fu

where, i,,(t) = I, = const - current flowing through
choke and transistor To, D-duty cycle of PWM pulses,
fu-modulator frequency, R,,;, - internal resistance of
To transistor in saturation mode.

Then total power loss in the inverter for all transis-
tors will be equal:

Peona = 2Weonafo + Wofu =
I§Rsar 1
= ———+DI3R
Yton Zfo 0 sato.
Since there is no energy recovery, the power sup-
plied to the generator (bridge M):

(15)

2
PO = UOMIO = EEIO COS (A)Yton. (16)

Then, conduction losses of electronic efficiency is
determined by:

Pcond T IO
A = =2 8
Ncond P, 2E cos wyt,, (17)
(ot o)
yton 2fo sato |-

Fig. 5 show the dependence curves for real GaN
transistors, the data for the calculation of which are
obtained from the manufacturer's technical documen-
tation. The fig. 5a shows the dependence of the maxi-
mum operating frequency versus the switching losses.
The fig. 5b shows the dependence of the conduction
losses versus the operating frequency of the generator.
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Fig. 5. The Dependence of a) the Maximum Operating Frequency on the Value of Switching Losses; b) the Conduction Losses on
the Operating Frequency of RF Power Amplifier

5. Conclusion

Proposed a new, unparalleled controlled current-
fed resonant inverter circuit, which allows, in particu-
lar, power control using PWM and eliminates over-
voltage on transistors and a choke.

In order to minimize power losses in the RF power
amplifier, a mode with overlapping control pulses is
proposed. For the proposed circuit, the optimal excita-
tion mode is considered, which provides maximum effi-
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