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Abstract—Despite the increasing performance of power semi-
conductors and passives components, limited timing resolution
in off-the-shelf available digital control hardware often prevents
the switching frequency in kW-scale dc/ac power conversion
to be increased above several MHz for the sake of extreme
power densities. In this paper an alternative approach to gen-
erate a sinusoidal output voltage, based on constant duty cycle
frequency shift control of a high frequency resonant inverter
stage and a subsequent synchronous cycloconverter, is analyzed.
The design of the presented converter is facilitated by means
of a derived mathematical model. A novel closed-loop control
system is proposed which achieves tight regulation of the output
voltage by means of controlling the switching frequencies of the
involved bridge legs operated in resonant mode. Characteristic
waveforms of the dc/ac converter during steady-state and load
transients are presented. Two distinct implementations of the
resonant inverter stage, constituting an intermediate voltage or
intermediate current link, are analysed and compared.

Index Terms—Dc/Ac Inverter, Soft-Switching, Resonant Con-
verter, Cycloconverter, Frequency Shift, Phase Shift.

I. INTRODUCTION

Extremely compact power conversion systems are a key
technology in the automotive and telecom industry and the de-
sign of compact power electronics has recently been promoted
by Google and IEEE in the Little Box Challenge, an open
competition to build the world’s smallest 2kW PV inverter.
As can be seen from the technical documentation of the LBC
finalists [1], [2], the majority of approaches relied on a single-
stage full-bridge based PWM inverter topology with time-
varying duty cycle for sinusoidal output voltage generation.
A constant or variable switching frequency in the range of
0.1 MHz — 1 MHz was selected by the finalists, where several
teams employed sophisticated triangular current mode (TCM)
control to enable soft-switching and push the frequency up
to the MHz. Apart from the residual switching loss, despite
employing latest GaN semiconductor technology and zero
voltage switching (ZVS) [3], and the limited performance
of magnetics at high frequency (HF), today’s existing oft-
the-shelf digital control hardware (microcontrollers, FPGAs,
PWM controller ICs) prevents the switching frequency to be
increased above 2MHz — 3MHz due to unacceptably low
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Fig. 1: (a) Generic concept of a voltage- or current-based sine ampli-
tude modulation (SAM) high frequency (HF) link dc/ac converter
with diode rectification, low-pass filter and unfolding stage. The
diode rectifier and LF unfolding stages can also be replaced with
a cycloconverter (b). The HF inverter stages are controlled by means
of either (c) sine-wave frequency shift (wffg = wstEwot) or (d) phase
shift (W' " = wst £ ¢(t)), generating an intermediate HF voltage or
current link (depending on the selected inverter implementation) with
sinusoidally varying amplitude (SAM).

duty cycle resolution. Now, keeping the expected performance
improvement of WBG semiconductors and magnetic core
materials [4] in mind, a dc/ac conversion topology which
supports switching frequencies up to ten MHz, while achieving
both a low THD and tight regulation of the ac voltage with
reasonable digital control effort, is needed.

Two alternative concepts to generate a low frequency (LF)
sinusoidal voltage from a dc source are schematically shown
in Fig. 1 (a) (b). Two resonant inverter stages, HF inverter 1
and 2, are controlled such that the respective sinusoidal output
voltages, v1 and vy, exhibit either (i) a slight difference in



frequency or (ii) a time-varying phase-shift. The voltage dif-
ference of v; and vy constitutes the voltage vs of a HF voltage
link which exhibits a sine amplitude modulation (SAM), i. e.
the envelope of v3 changes over time and resembles a rectified
sinusoid with the desired output frequency. As shown in
Fig. 1 (a) the SAM voltage link is rectified and the HF content
removed by a subsequent low-pass filter. The sinusoidal output
voltage is then obtained by means of a |ac|/ac unfolding
stage. This three-stage approach has been proposed in [5]-
[7]. The diode rectifier and LF unfolder can also be replaced
with a cycloconverter as depicted in Fig. 1 (b). This two-stage
approach with resonant link has been studied by the authors
in [8]-[10]. It should be noted that, depending on the selected
topology to implement the HF inverter stages, the generated
HF link can also feature impressed currents (i1,i2,¢3) rather
than voltages (v1,v2,v3). A similar dc/ac conversion approach
including a HF current link with fixed amplitude and a half-
wave cycloconverter is described in [11]. By means of phase-
control of the cycloconverter with respect to the resonant
current a very efficient power delivery to the mains is achieved.
The modulation concept of operating the HF resonant inverters
with constant 50 % duty cycle but slightly different frequency,
termed sine-wave frequency shift (FS) in literature [9], is
depicted in Fig. 1 (c) showing two sine waves v; and vy of
same amplitude V but different angular frequencies,

v1 = Vsin (wit) = Vsin (wit + wot)

N . 1
vy = Vsin (wat) = V sin (wst — wot) . M

The difference between v; and vy then forms the SAM HF
voltage link,

vz = v) — vy = 2V sin (wot) cos (wst) (2)

with center frequency ws = 2nf; and with w, = 27 f,
sinusoidally varying amplitude, where f, is the desired fre-
quency of the ac output. Although the duty cycle can be kept
constant in case of FS, there is still a high requirement on
the available resolution of the modulator. Given the ratio of
switching frequency and clock frequency of the implemented
modulator (microcontroller or FPGA),

f clk
N ===, 3)
Js
the smallest difference in frequency which can be set is
f clk
Afy = ———. 4
/ N(N +1) @

For a clock frequency of 150 MHz and A f, = 0.5Hz Eq. (4)
can be solved to find N = 17320. Thus, a frequency resolution
of 0.5 Hz can only be achieved if the switching frequency of
the HF inverter stage is kept below roughly 8.7 kHz. However,
this apparent limitation to use FS modulation for above MHz

operation can be resolved if dedicated clock generation or
direct digital synthesis (DDS) ICs are employed in addition
to standard microcontroller or FPGA hardware. By means of
such frequency and/or phase shift programmable ICs, control
signals up to hundreds of MHz with frequency resolution
better than 0.1 Hz can be generated [12], [13]. Another option
to generate a voltage link with sinusoidally varying envelope is
to operate both HF inverters with identical frequency but apply
a time-varying phase shift (PS), ¢(¢), between the respective
control signals such that,

vy = Vsin (wt + (1)),
vy = Vsin (wit — (1)), (5)
v3 =v1 — vy = 2V sin (¢(t)) cos (wst) ,

as analyzed thoroughly in [8]. Compared to FS, sine-wave PS
is a more generic method which allows to generate envelopes
of arbitrary shape and frequency and is the preferred technique
by the authors in [6], [7], [14]-[21]. Nevertheless, since PS
modulation at very high frequency also requires dedicated
ICs for control signal generation and because the phase shift
between the control signals must be continuously updated over
time, sine-wave FS is the preferred choice in this work.

In this paper a two-stage HF resonant link based dc/ac
converter employing sine-wave FS control is analysed in detail.
Two variants of the HF inverter stage, a SAM voltage and
current link, are introduced in Sec. II and the basic operation
of the topology is explained. A comprehensive mathematical
model of the converters is derived in Sec. III in order to
identify optimal values for the passive components. Moreover,
a novel control system is proposed for tight regulation of
the output voltage by means of FS. Section IV presents
typical waveforms of the converter with proposed FS control at
stationary operation and during load transients obtained from
simulations. Furthermore, the studied HF voltage and current
link converters are compared to a single-stage TCM inverter
by means of several performance indicators, highlighting the
benefits and drawbacks of the respective topologies.

II. SAM HF LINK CONVERTER

The dc/ac converter topologies analyzed in this paper are
shown in Fig. 2. The SAM voltage link based converter
is depicted in Fig. 2 (a), where the HF inverter stage is
implemented by means of two parallel resonant converters
(PRC). Each PRC is formed by a bride-leg with a LC resonant
tank connected between the respective switch node (A or B)
and the split dc-link midpoint O. Bridge-leg A and B are
operated with 50 % duty-cycle and frequencies w; and wo
slightly above the resonance frequency of the resonant tank
to reduce load dependency of the voltage gain, as discussed
in Sec. III-A, and to enable ZVS.
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Fig. 2: Voltage- (a) and current-based (b) SAM HF link converter
topologies with isolation transformer and center-tapped cyclocon-
verter.

As described in the introduction, w; and we differ precisely
by twice the output frequency in order to establish the SAM
voltage link v which is constituted by the difference of v; and
vq. For increased conversion efficiency and to support reactive
power transfer, a two-stage approach with cyclcoconverter
(cf. Fig. 1 (b)) is preferred. Although galvanic isolation might
not be required by the application, the transformer turns-ratio
introduces an additional degree of freedom in the design of
the respective inverter stage which helps to reduce the currents
in the resonant tank (cf. Sec. III-A). Among several options
to implement the cycloconverter, the double-winding center-
tapped realization allows full-wave cycloconversion (power
transfer in the positive and negative half-wave of v3) with
only two four-quadrant power switches. Zero current switching
(ZCS) applies to the cycloconverter (synchronous cycloconver-
sion) as long as the control signals are well synchronized to
the voltage link v3. The output inductor behaves as a current
source, which requires a commutating strategy to ensure a
path for the impressed current in L, during switching stage
transitions. One possible strategy is to keep Sg and Sg turned-
off when the current in L, is positive and to operate S5 and
S7 at high frequency. During the pos. half-wave of vs, S5 is
turned-on and S7 is off. Slightly after the zero-crossing of vs,
S7 is turned-on, initiating a current commutation between S
and S7 and allowing S5 to be turned on subsequently with
zero current. The switching frequency of the cycloconverter is
set to the center frequency obtained from the output voltage
controller (cf. Sec. III-B) and, in order to synchronize, the
carrier signal of the modulator is reset at the start of every new
vs period. This can be achieved in practice by detecting the
zero-crossing of v3 by means of a high-bandwidth comparator
circuit. To facilitate swift current commutation between the
switches, the reset of the carrier signal is slightly delayed with
respect to the vs zero crossing.

The second analysed topology in this paper is shown in

Fig. 2 (b) where the HF inverter stage is implemented by
means of two series resonant converters (SRC) which consti-
tute a SAM current link ¢35 and require an impressed voltage
at the output of the cycloconverter (C, ). The SRCs are also
operated slightly above resonance frequency to achieve ZVS
in all operating points. Now, the control of the cycloconverter
must be synchronized to the current link ¢3 to achieve ZVS
in S5-Sg. Since detecting the zero crossing of a current is
more challenging at very high frequency, the SAM current
link based topology with cycloconverter has a clear downside
compared to the voltage link based topology.

In the next section a mathematical model of the converters
is presented which allows to identify optimal values for the
resonant tank elements and transformer turns-ratio.

III. CONVERTER DESIGN AND CONTROL STRATEGY

A. Mathematical Model and Converter Design Procedure

Applying the first harmonic approximation (FHA), the cy-
cloconverter and the low-pass filter (cf. Fig. 2 (a) and (b))
can be represented by a single resistor R3 as indicated in
Fig. 3 (a) and (b) [22], [23]. R3 is calculated according to
= LQ}L Ris = iR (6)
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where subscripts (p) and (s) denominate the parallel (volt-
age HF link) and series (current HF link) resonant circuits,
R = V2 /P, represents the load connected to the output of
the converter and n,/n, is the turns-ratio of the employed
transformer.

The equivalent circuits depicted in Fig. 3 (a) and (b) are
further simplified as shown in Fig. 3 (c) and (d) by means
of introducing a time-variant resistance Rj(t). In case of the
PRC, the instantaneous power pj, = vii3 = vlé’—; provided
to the output can be written as

V2
Pip = QR— cos (wot) sin (wgt) sin (wst + wot),  (7)
3.p
substituting v3 with Eq. (2). The time variant resistance shown
in Fig. 3 (c) is calculated by means of averaging p;, over the
resonant period

1 T V2 9
Py = pip)y, = ?/0 pipdt = o sin? (wot),  (8)

and then substituting (8) in Ry, = 2‘% which leads to
’ P

Rsp 1

Rip(t) = 5 m

€))

It can be inferred that R;,(t) varies periodically with the
output frequency f, between a nominal value R3,/2 and open-
circuit.
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Fig. 3: Simplified circuits that facilitate mathematical analysis and
passive component design. Equivalent resistance Rs,,/Rs,s repre-
sents both cycloconverter and load resistor R. Circuits in (a) and (b)
can be further simplified as shown in (c) and (d) by introducing a
time-variant resistance R1,(t)/R1,s(t).

Following the same line of thought, Eq. (10) results for the
equivalent resistance of the SRC model shown in Fig. 3 (d),

Prs = 4193 R3 s = 2f2R3,s cos (wot) sin (wgt) sin (wgt + wot) ,

1 T< N
Pl,s(t) = <p],s>TS = f pl,sdt = IQR_@’S cos? (wot) ,
s JO
1
Ris(t) = 2R3,sm-
(o]

(10)

Using the basic expression for quality-factor and natural
frequency of the series and parallel resonant circuit, the
component values of the resonant tank elements are given by
Eq. (11) for the PRC and by Eq. (12) for the SRC, where in a
worst-case consideration, the minimum value of I, and Ry
over time was selected,

I - R3,p - 7T2R
tp = 2w, Qp - l(inganp7 (an
o 20, 1030,
tp wnlR3p wam2R’
Li.— QS2R3,S o 16Q5R
Coa ke (12)
1 2,,2
Crs TN,

T wnQ2Rs, 16w, QsR’

Now, the required transformer turns-ratio to meet the output
voltage requirement for given dc input voltage and resonant
tank parameters is calculated for the HF voltage link dc/ac
converter (cf. Fig. 2 (a)). The peak value of the envelope of
the rectified HF voltage at the output of the cycloconverter is
related to the output voltage according to

Vi = —==V,. (13)

Reflecting Vi to the primary side of the transformer and

observing from Eq. (2) that V= % yields

™2

V =
4n,

Vo. (14)

Introducing the voltage gain of the parallel resonant tank,
1

()] )
and considering the expression for the first harmonic of vap,

Vaol = %VDC, allows to relate the peak value of the resonant
capacitor voltage to the dc-link voltage,

|Hp| = (15)

2V

. .

V = |Hp| VAO,I = |Hp|

(16)

Substituting Eq. (14) in Eq. (16) and rearranging results in an
expression for the turns-ratio,

22V,
np, = L\[O (17)
8 [Hp| Vac
The same analysis is applied to find ng, in which
. 2 . 2V
P2 e (18)
4 T
and the series resonant tank gain is written as
1 0
Hy| = — L , 19
[H =& = = (9
-] + )
resulting in the desired turns-ratio expression
8 | Hs| Viae
ny = sl Vae (20)
772\@]0

Now according to the technical specification given in Tab. I
(Po,Vo,Vic, fo.fs), the resonant tank parameters L; ,,/Lq s and
C1,/C1,s can be computed depending on the design-space
variables f;, and @. In a next step, the occurring resonant
tank current and voltage are computed depending on f; and
Q. Then, for a maximal allowed voltage across the resonant
capacitor, the optimal value of f;, and @ is determined by
minimizing the resonant tank current. Based on the equivalent
circuits in Fig. 3 (a) and (b), analytical expressions for the peak
capacitor voltage and peak inductor current (VCI,le) of both
parallel and series resonant converters can be derived. For the
PRC, voltages v; and v can be related to the sinusoidal ex-
citations v40,1 and vpp,1 according to Eq. (21) and Eq. (22),

k1 kz} |:'Ul] {UAO 1}
_ |vao1] 21
|:k'2 k1] [ve VBO,1 @D
.l i L
by =1—w2lCy+ 2250 and k= —L27L 0 (2)
3,p R3,P
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Fig. 4: (a) Resonant tank capacitor peak voltage Ve and inductor
peak current Ity as a function of fo and @ for both voltage (p)
and current (s) SAM HF links. Ve, surfaces for both topologies are
identical (Va,p = Vc1,s = VCI). The current-based link presents less
inductor peak current if compared to the voltage-based link for the
same capacitor peak voltage. (b) Intersection curves where (I) Ver =
10 Q-[ALLP and (II) VC] =15.6 Q~IAL1,S, exhibiting a common optimum
point of f, = 38.9kHz and @ = 1.81.

Solving the linear system for v; and vy results in
[01} _ [/% k4} |:'UAO,1:|
U2 ki k3] lvBoa]’

k —k
where ks = ! and ky = 2

(23)
[y [y

This allows to express the capacitor voltage and the inductor
current,

(24)

vel = k?gvAO,l + k4vB0,la (25)
) Va0,1 — Ucl 1—Fks 4
Il = ———— = VAO,1 = —UBO1- 7 (26)
Jws Ly Jws Ly JwsLy

which can be rewritten using VAO,I = VBOJ = 2V / in order
to find the maximum value of the involved quantities,

- 2V
Verp = =2 (ks + [kal) @7)
and
;o 2Vbe (|1 ks k4 -
HRT T e | L |)

The same analysis is applied to compute the peak capacitor

)

voltage

~ 2Vbe k3
Ve« =
Cls T <‘ jwsCy

(29)
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Fig. 5: Transfer function (a,c) and input impedance (b,d) Bode plots

of the parallel (a,b) and the series (c,d) resonant converter depending
on the equivalent resistance R;.

and peak inductor current

i (|k3| + [kal) (30

of the SRC.

The derived expressions allow to plot VCl,p / VC],S and
IALLP / IALLS for several values of f,, and Q. The plot of Fig. 4 (a)
reveals the trade-off between Vm and fu for the voltage and
the current link based topology and shows that the peak current
is substantially lower in the current link based converter.

TABLE I: Technical specifications.

Output power (F,) 2kW

Output RMS voltage (V;) 230V
DC-link voltage (Vg.) 450V
Output frequency (f,) 50 Hz
Switching frequency (f;) 50 kHz
Nominal output load resistance (R) 26.5¢)

The optimal resonant tank parameter f,, and @) are listed in
Tab. II and have been obtained from the intersection curves
plotted in Fig. 4 (b). The shown intersection curves are Ver =
10902 - le,p in case of the PRC and VCl =15.6Q- le,s in case
of the SRC, where the scaling factors for both topologies were
chosen such that the max. allowed 500V across the resonant
capacitor is attained for the optimal values of f, and @ in
order to minimize resonant tank current.

TABLE II: Optimal resonant tank parameter.

Maximum tank capacitor voltage (Ve /Vers) 500V
Resonant tank natural frequency (f,) 38.9kHz
Resonant tank quality factor (Q) 1.81
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Fig. 6: (a) Combined amplitude and frequency control loop. A second-order generalized integrator (SOGI) phase locked loop (PLL) measures
the output frequency w, and feeds a controller C,, to impose the correct desired frequency-shift between w; and w». A second controller
C, changes both frequencies w; and wy simultaneously to compensate output voltage amplitude variations. The block diagram of (b) details

the SOGI block internal structure.

Once optimum values for f,, and ) are found, the quantities
n, L1 and Cy are calculated with Eq. (6)-(20) according to the
specifications in Table 1. The optimized circuit parameters are
summarized in Table III.

TABLE III: Voltage (p) and current (s) based links main parameters.

Transformer turns ratio (n,)  0.860
Tank inductance (L) 49.9uH
Tank capacitance (C'p) 336 nF
Output inductance (Lqp) 500 uH

Output capacitance (Cqp) 2uF

Transformer turns ratio (n) 1.96
Tank inductance (L ) 82.4uH
Tank capacitance (C' 5) 203 nF

Output capacitance (C,) 4pF

The input impedance (Z;) and transfer functions (v1/vao
and i1 /vao) Bode plots of both parallel and series resonant
converters with optimized circuit parameters are depicted in
Fig. 5. An increase in the equivalent tank resistance R;
represented by dashed lines in the plots reveals how the
magnitude and the phase changes with varying load. The PRC
transfer function gain near the natural frequency f, increases
for higher R; values, while the opposite behaviour is found in
the SRC. Since R;(t) varies over the output period (cf. Eq. (9)
and Eq. (10)) it is not feasible to operate the converters with
fs = fo where the magnitude varies strongly with R;. The
operation above resonance is the preferred option (positive
phase of Z;) since it also enables ZVS of the half-bridge
MOSFETs. The Bode plot of the PRC and SRC transfer
functions in Fig. 5 (a) and Fig. 5 (c) also exhibit a difference
in the slope of the magnitude above resonance frequency. In
case of the PRC the magnitude decreases with —40dB/dec
while the SRC features a slope of just —20dB/dec. The se-
lectivity (quality factor) of the PRC improves with increasing
resistance R, while it decreases in case of the SRC. Thus, the
PRC features better harmonic attenuation and more sinusoidal

HF-link waveforms. This renders the PRC better suited for
applications that require very low THD in the output voltage,
particularly at light loads.

B. Proposed control strategy

Using FS modulation, the resonant links are excited by
square-wave voltage waveforms with frequency wy = (ws+wo)
and wy = (ws—w,), respectively. The center frequency of both
resonant links,

ws = (w1 +w2)/2, (3D

sets the prevailing gain of the PRC and SRC transfer functions
(cf. Eq. (15) and Eq. (19)) and allows to adjust the amplitude
of the output voltage v,. The angular frequency of the output
voltage,

wo = (w1 — wa)/2, (32)

can be controlled by precisely adjusting the difference between
w1 and wa.

Fig. 6 depicts the developed control system to regulate the
output voltage v,. A phase-locked-loop (PLL) [24] algorithm
is applied to determine the angular frequency w, of the output
voltage v,. A deviation of w, from its reference value w;
is compensated by means of PI controller C,, with addi-
tional feed-forward term (w(). The amplitude of the output
voltage v, is obtained from the dg-transformation (vgq) and
controlled to meet the amplitude reference v; by means of
compensator C, with additional feed-forward of the angular
switching frequency value (w{). The excitation frequencies
of the respective bridge-legs, w; and ws, are then computed
according to Eq. (31) and Eq. (32). The control signals of
the HF link MOSFETSs, S-S54, are then obtained from PWM
with 50 % duty cycle and the respective frequency. The PWM
unit generating the control signals for the cycloconverter stage,
S5-Ss, is parametrized with wg in order to synchronize the
cycloconversion to HF voltage v3, as explained in Sec. II.



IV. SIMULATION RESULTS AND PERFORMANCE
COMPARISON

Fig. 7 illustrates circuit simulation results of the voltage
based SAM HF link converter designed in Sec. III for station-
ary operation at rated output power. The characteristic voltage
waveforms are shown in Fig. 7 (a) over a mains period and in
Fig. 7 (b) over two resonant periods. Considering Fig. 7 (a),
it can be seen that the individual resonant tank voltages,
v1 and wvo, exhibit a fluctuating amplitude with twice the
output frequency which can be explained by the time-varying
equivalent resistance Rj(t) (cf. Sec. III-A) which essentially
alters the transfer characteristics of the resonant tank over time
(cf. Fig. 5 (a)). Note, that this fluctuation would become more
severe if the resonant tank would be operated closer to its
resonance frequency. Voltage vs presents the desired SAM
shape, which is then cycloconverted (v,.) and low-pass filtered
to generate v,. The waveforms with respect to the resonant
period are depicted in Fig. 7 (b). Exciting the resonant tank
above the resonance frequency, the input impedance becomes
inductive (positive phase) and an increasingly triangular rather
than sinusoidal shape of the currents ¢;; and i, can be
recognized. Note, that the results of the HF current link based
converter are omitted since the waveforms are very similar
to the voltage link based converter and the main discrepancies
are highlighted in the performance comparison presented at the
end of this section. The performance of the voltage link based
converter subject to several stepwise load changes is shown
in Fig. 8, demonstrating the excellent performance of the
proposed FS control system described in Sec. III. At¢ = 25 ms
a stepwise decrease to 50 % of the load is initiated followed
by another 25 % reduction at 85 ms. At ¢ = 145ms, a stepwise
increase of the load back to 2kW rated power is shown. It can
be seen that even under severe load changes, the output voltage
is controlled tightly. Also shown in Fig. 8 are the computed
control variables, switching (f;.) and output (f,.) frequencies,
required to ensure the correct output frequency and amplitude.
The low values of converter passive components explain the
fast dynamic response of the circuit, which leads to v, spikes
during abrupt load transients. Also note, how the amplitude
fluctuation of viand vy depends on the prevailing load.

TABLE IV: TCM inverter parameters.

Inductance 62.2 pH
Capacitance 26.6 uF

Lower current boundary 5A
Lower switching frequency 50 kHz

In order to compare the performance of the voltage and
current SAM HF link converters, several performance indi-
cators were computed. The performance of a two-level full-
bridge inverter operating in triangular current mode (TCM)
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Fig. 7: Steady-state simulation results of the voltage-based SAM HF
link inverter at rated output power for a mains period (a) and two
resonant periods (b).

[25] is included as a benchmark, designed for the technical
specifications shown in Table I which results in the parameter
values summarized in Table IV. Since TCM features a variable
switching frequency, the inductance value is chosen such that
the minimum switching frequency corresponds to the 50 kHz
of the SAM converter for a similar size of the passives. Fig. 9
shows the performance indicators with respect to output power
and in the form of a radar chart. The indicators were chosen
in order to easily recognize features and drawbacks of each
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Fig. 8: Transient response simulation results for a 50 % stepwise load
reduction after 25 ms followed by another 25 % reduction at 85 ms

and a final stepwise increase to the 2kW rated power at 145 ms,
demonstrating the performance of the proposed control strategy.

topology. The inductor RMS current (I1;/I1,), the switching
frequency (f;) and the output voltage THD (THD,,,,) provide a
gauge of the conduction losses, switching losses and harmonic
distortions, respectively. The average switching frequency over
a v, period was computed in case of the TCM inverter.

Concerning conduction losses, the current link inverter
presents a better figure of merit compared to the voltage link
due to the lower tank inductor RMS currents (I1;/1I1,). The
output voltage THD is around 2 % at rated power, but increases
drastically in case of the current link converter if P, is reduced
below 1kW, exceeding typical THD limits when operating at
light loads. This is explained by the huge dependency of the
SRC tank gain on the output load (cf. Fig. 5), which requires a
large increase of f; to keep the amplitude of v, at its nominal
value under light load. In contrast, the THD,, in case of
the voltage link converter is almost independent of the output
power. Finally, regarding the f indicator, it can be seen that
the average switching frequency of the TCM inverter is clearly
above both SAM converters.

V. CONCLUSIONS

In this paper an alternative approach to conventional PWM
with varying duty cycle to generate a low frequency sinusoidal
output voltage in dc/ac converter applications is studied in
detail. By means of constant duty cycle frequency shift (FS)
control of a HF inverter stage at the dc side, an intermediate
HF voltage or current link is established which exhibits a
sinusoidally varying amplitude at the desired output frequency.
A second cycloconversion stage with subsequent low-pass
filter yields the desired ac output. Two variants of the HF
inverter stage, a voltage or current link implemented by means
of parallel or series resonant converters, respectively, have
been analyzed. Based on a derived mathematical model of
the converter, the resonant tank passives and transformer
turns-ratio were chosen considering a minimization of the
current stress for a given maximum resonant capacitor volt-
age in a 2kW 400V dc/ac application. A novel close-loop
control systems is proposed which allows to tightly regu-
late the frequency and amplitude of the ac voltage. A dg-
transformation based PLL and two individual PI controllers
are implemented to compensate both amplitude and frequency
deviations by adjusting the switching frequency of the re-
spective HF inverters. The presented simulation results show
excellent transient performance of the converter. In case of
the PRC-based HF inverter, an abrupt load step of 75 % of
nominal power settles within an output period and requires
a shift of the center frequency (avg. frequency of both HF
inverters) by roughly 4kHz. Moreover, the performance of
PRC and SRC implementations were compared to a single-
stage TCM inverter regarding current stress, THD of the output
voltage and switching frequency. Interestingly, the resonant
inductor current is significantly higher in case of the PRC
implementation compared to the SRC which exhibits values
just slightly above the TCM inverter. As a consequence high
conduction losses must be expected in case of the PRC
implementation which leads to reduced efficiency particularly
at light loads since the current stress in the resonant stage
remains high. At nominal output power both HF inverter
implementation show low output voltage THD values in the
same range as the TCM inverter. Unfortunately, in case of
the SRC implementation the THD increases significantly at
light loads. It can be concluded that the HF current link based
converter with FS control is a viable option to realize above
MHz, kW-scale dc/ac power conversion. However, dedicated
timing ICs are needed to realize FS control and the exact
synchronization of the cycloconverter to the HF current link
by means of current zero-crossing detection is crucial.

REFERENCES

[11 Google, “Little box challenge,” www.littleboxchallenge.com, 2016, ac-
cessed: 2017-07-26.



I/ (A) |

35 T T T 7 T
B0 6}
< 25| S X 51
oy 20 f-ooeeeeerdeo e L 4
SR ] SIS SN Q 3}
g L0t g 2|
Sp i Ly :

0 . . : 0 : : :

0 05 10 15 20 25 0 05 10 15 20 25

P, (kW) P, (kW)

250 : ;

200 |+ @ e — Voltage SAM HF link (I)
=50l o — Current SAM HF link (II)
z — TCM inverter (III)
= 100 |- o e
< ; : — 0.8P,

0o A H 0.4P,
0 : : :
0 05 10 1.5 20 25
P, (kW)

N,

switches

f; (kHz)

Fig. 9: Performance indicators for comparing both voltage (I) and current (II) SAM HF link converters and the triangular current mode
(TCM) inverter (III) [25]. The current-based inverter shows better results regarding tank inductor RMS current values (Ir;/I1») which leads
to lower conduction losses. In contrast, the voltage-based inverter has lower output voltage total harmonic distortion (17'H D).

[2]

[3]

[4]

[5]

[6]

[7

—

[8]

[9]

[10]

[11]

[12]

[13]

[14]

K. A. Kim, Y.-C. Liu, M.-C. Chen, and H.-J. Chiu, “Opening the box:
survey of high power density inverter techniques from the little box
challenge,” CPSS Trans. Power Electron. and Appl., vol. 2, no. 2, pp.
131-139, 2017.

D. Neumayr, M. Guacci, D. Bortis, and J. W. Kolar, “New calorimetrie
power transistor soft-switching loss measurement based on accurate tem-
perature rise monitoring,” in Proc. of the 29th International Symposium
on Power Semiconductor Devices and IC’s (ISPSD), 2017.

TDK Ferrites and Accessories, “Pc 200,” https://goo.gl/C3R7FZ, ac-
cessed: 2017-11-12.

P. Savary, M. Nakaoka, and T. Maruhashi, “Novel type of high-frequency
link inverter for photovoltaic residential applications,” IEE Proc. B -
Electric Power Appl., vol. 133, no. 4, pp. 279-284, July 1986.

1. J. Pitel, “Phase-modulated resonant power conversion techniques for
high-frequency link inverters,” IEEE Trans. Ind. Appl., vol. IA-22, no. 6,
pp. 1044-1051, Nov 1986.

X.Liand A. K. S. Bhat, “A comparison study of high-frequency isolated
dc/ac converter employing an unfolding Ici for grid-connected alternative
energy applications,” IEEE Trans. Power Electron., vol. 29, no. 8, pp.
3930-3941, Aug 2014.

C. A. F. Ferreira and B. V. Borges, “Sine-wave amplitude-modulation
concept for linear behavior of phase-modulated resonant converters,”
IEEE Trans. Ind. Electron., vol. 60, no. 5, pp. 2074-2083, May 2013.
V. T. Ranganathan, P. D. Ziogas, and V. R. Stefanovic, “A dc-ac power
conversion technique using twin resonant high-frequency links,” IEEE
Trans. Ind. Appl., vol. IA-19, no. 3, pp. 393-400, May 1983.

A. K. S. Bhat and S. D. Dewan, “Resonant inverters for photovoltaic
array to utility interface,” IEEE Trans. Aerosp. and Electron. Syst.,
vol. 24, no. 4, pp. 377-386, 1988.

A. Trubitsyn, B. J. Pierquet, A. K. Hayman, G. E. Gamache, C. R.
Sullivan, and D. J. Perreault, “High-efficiency inverter for photovoltaic
applications,” in Proc. of the IEEE Energy Conversion Congress and
Exposition (ECCE), Atlanta, USA, 2010.

Silicon Labs, “Any-frequency i2c programmable xo (100 kHz
to 250 MHz),” https://www.silabs.com/documents/public/data-sheets/
Si514.pdf, 2012, accessed: 2017-11-12.

Analog Devices, “Low power, 12.65mW, 23V to 5.5V,
programmable waveform generator,” http://www.analog.com/media/
en/technical-documentation/data-sheets/AD9833.pdf, 2012, accessed:
2017-11-14.

P. Savary, M. Nakaoka, and T. Maruhashi, “A high-frequency resonant
inverter using current-vector control scheme and its performance evalu-
ations,” IEEE Trans. Ind. Electron., vol. IE-34, no. 2, pp. 247-256, May
1987.

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

[23]

[24]

[25]

R. J. King, “A design procedure for the phase-controlled parallel-loaded
resonant inverter,” IEEE Trans. Aerosp. and Electron. Syst., vol. 25,
no. 4, pp. 497-507, Jul 1989.

A. K. S. Bhat, “Fixed frequency pwm series-parallel resonant converter,”
in Conference Record of the IEEE Industry Applications Society Annual
Meeting, 1989.

K. Oguchi, E. Ikawa, and Y. Tsukiori, “A three-phase sine wave inverter
system using multiple phase-shifted single-phase resonant inverters,” in
Conference Record of the IEEE Industry Applications Society Annual
Meeting, 1990.

K. Oguchi and E. Ikawa, “A three-phase dual-inverter system with high-
frequency links and sinusoidal current outputs,” in Proc. of the 13th
Intern. Telecom. Energy Conf. (INTELEC), Kyoto, Japan, 1991.

A. K. S. Bhat, “Fixed-frequency pwm series-parallel resonant converter,”
IEEE Trans. Ind. Appl., vol. 28, no. 5, pp. 1002-1009, Sep 1992.

S. N. Vaishnav and H. Krishnaswami, “Single-stage isolated bi-
directional converter topology using high frequency ac link for charging
and v2g applications of phev,” in Proc. of the IEEE Vehicle Power and
Propulsion Conference (VPPC), Chicago, USA, 2011.

Y. Du and A. K. S. Bhat, “Analysis and design of a high-frequency
isolated dual-tank Icl resonant ac-dc converter,” IEEE Trans. Ind. Appl.,
vol. 52, no. 2, pp. 1566-1576, March 2016.

R. L. Steigerwald, “A comparison of half-bridge resonant converter
topologies,” IEEE Trans. Power Electron., vol. 3, no. 2, pp. 174-182,
Apr 1988.

R. Erickson and D. Maksimovic, Fundamentals of Power Electronics.
Springer US, 2001.

M. Ciobotaru, R. Teodorescu, and F. Blaabjerg, “A new single-phase pll
structure based on second order generalized integrator,” in Proc. of the
37th IEEE Power Electron. Spec. Conf. (PESC), Jeju, S. Korea, 2006.

D. Neumayr, D. Bortis, E. Hatipoglu, J. W. Kolar, and G. Deboy, “Novel
efficiency-optimal frequency modulation for high power density dc/ac
converter systems,” in Proc. of the 3rd IEEE International Future Energy
Electronics Conference (IFEEC), Kaohsiung, Taiwan, 2017.



