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ABSTRACT This paper investigates the Electromagnetic Interference (EMI) noise signature of three-
phase three-level (3L) Triangular Current Mode (TCM)-modulated grid-tied Photovoltaic (PV) inverters that
achieve full Zero Voltage Switching (ZVS) and thus minimal switching losses over the entire mains period
and/or ensure > 99 % efficiency. Further required is a very high power density, which facilitates installation
and is achieved with high switching frequencies > 100 kHz. The impact of the characteristic variation of
fsw in all three phases and the therefore different instantaneous switching frequencies in each phase on the
overall converter EMI noise signature is analyzed and it is found that the consideration of only one single
phase is sufficient to characterize the noise emissions. Numeric approaches to estimate the detector output
of EMI test receivers are compared and it turns out that the peak value of the noise voltage envelope is
a useful measure to determine the required filter attenuation, provided the phase-shift of the harmonics is
considered in the envelope detection. Finally, a hardware demonstrator of a 6.6 kW, > 99% efficiency three-
phase 3L-TCM PV inverter with a power density of 6.2 kW/dm? (102 W/in®) is designed and the theoretical
findings are verified. Moreover, the impact of parasitic capacitances from the switch-nodes and from the
floating dc link to Protective Earth (PE) is thoroughly studied qualitatively and quantitatively with the result
that these capacitances considerably reduce filter attenuation (35 dB at 150 kHz in the case at hand), requiring
sufficient design margin.

INDEX TERMS Electromagnetic interference (EMI), triangular current mode (TCM), inverter, dc-to-ac
converter, soft switching, zero voltage switching (ZVS).

I. INTRODUCTION

Modern renewable energy sources such as wind and solar
power are pivotal to limit the global temperature rise to
1.5 °C above pre-industrial levels [1] according to the “Net
Zero Emissions by 2050 Scenario (NZE)”’. To achieve this,
their share of the total consumed energy must increase from
11.5% (in 2019; including hydro power) to 32% in 2030 [2],
[3]. PV inverters that interface solar panels with the public
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three-phase grid play a central role in this transition. Given the
vast amount of currently and prospectively installed inverters,
a very high power density and system efficiency is required.
The former is achieved with high switching frequencies fgy
to reduce the value and volume of filtering elements ensur-
ing compliance with EMI regulations, whereas the latter
demands for Soft Switching (SSW) operation [4] to ensure
low switching losses despite elevated switching frequencies.
In this regard, TCM operation [5] (sometimes also denoted
Critical Conduction Mode (CRM)) has been proposed in
order to achieve full ZVS [6] over the entire mains period,
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FIGURE 1. (a) Single-phase 3L T-type bridge-leg of the investigated PV
inverter operated with TCM modulation, including the 2-stage LC EMI
output filter. (b) Characteristic TCM current waveform (i ;) and filtered
current (i ,) including the required TCM current I;cy to enable ZVS in
every switching transition. (c) Resulting switching frequency variation
over one mains period including the average fsw (dashed). (d) Required
frequency separation for the design of the output filter to not excite filter
resonances and to leave some control margin.

particularly in single-phase Power Factor Correction (PFC)
rectifiers [7], [8], [9] but also in three-phase rectifiers [10],
inverters [11], [12], [13], [14] or bidirectional converters [15],
[16]. Characteristic for TCM is a large inductor current rip-
ple, which on the one hand minimizes the filter inductor
value and volume and on the other hand reverses the current
flow direction at the end of each switching pulse interval to
enable ZVS for the high-side and low-side transistors in a
half-bridge configuration. The large current ripple leads to
slightly increased semiconductor conduction losses of around
30% compared to a purely sinusoidal fundamental frequency
current [17], which is, however, overcompensated by the
substantial reduction of switching losses for high switching
frequencies, thereby allowing the desired operation at fgy
above 100 kHz to maximize power density. At the same time,
fsw locally varies over one mains period, which renders EMI
filter design challenging [9], [18], particularly if the occurring
maximum value fsw max falls within the regulated conducted
emissions band starting at 150kHz [19]. By providing a
three-level (3L) voltage at the switch-node, i.e., by more
closely representing the desired sinusoidal output voltage
waveform, e.g., by means of a T-type converter structure [20]
as shown in Fig. 1 (a) for one phase leg of the considered
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three-phase 3L-TCM PV inverter, the variation of fgy, can
be reduced and a further volume reduction of the filtering
elements is achieved [21]. In contrast to other realizations
that include phase-coupled filters [12], [15], [16], the fil-
ter capacitors C; and C; of the two-stage LC output filter
are connected to the dc-link midpoint ‘m’, which gives a
fully phase-modular converter structure that, e.g., facilitates
economies of scale, has lower complexity of manufacturing
and control, and allows operation also with only one or two
grid phases. Moreover, simultaneous filtering of Differential
Mode (DM) and Common Mode (CM) EMI noise compo-
nents is achieved, while the CM filtering/attenuation can be
further improved by means of small toroidal cores placed on
the output phase connections (“‘plug-on choke’’), which again
simplifies manufacturing and facilitates scalability. The char-
acteristic TCM inductor (L) current waveform is depicted in
Fig. 1 (b) together with the resulting switching frequency
variation inherent to TCM operation in Fig. 1 (c).

There exist alternative concepts to achieve full ZVS with
the help of auxiliary resonant circuits at the switch-node [21],
[22], in the bridge-leg [23], [24] or on the dc-link side [25],
[26]. However, employing additional circuits—apart from the
additional hardware effort—typically requires precise timing
and results in a complex control implementation compared
to TCM modulation, which simply adjusts the timing of
the switching instants and does not require any additional
circuitry [21].

There are fundamental differences regarding the EMI noise
signature between TCM-operated converters and systems
operated with conventional Pulse Width Modulation (PWM).
The inherent f;,, variation of the former naturally spreads the
total noise energy over a wide frequency range (similar to
spread-spectrum modulation [27]), which can be beneficial
to comply with regulatory conducted emissions Electromag-
netic Compatibility (EMC) standards such as CISPR 11 (EN
55011) [19], whereas the latter shows noise spurs at multiples
of fsw (and the respective sidebands), corresponding to a
concentration of the noise energy at distinct frequencies. The
EMI signature of single-phase TCM rectifiers and inverters
has been comprehensively analyzed in literature [21], [28],
however, the very important implications of having three
bridge-legs—each with variable f;y,, i.€., at every point in time
(e.g., during one fundamental/mains period) three different
switching frequencies fsw.a, fow,b and fow ¢ are occurring in
phases a, b and c—on the overall noise emissions have not
been studied so far. In this paper, first basic filter design
guidelines based on the TCM operation are provided in
Section. II. Based on the operating principle of EMI test
receivers, Section. III then analyzes and compares the EMI
signature of a three-phase 3L-TCM inverter (i) by con-
sidering only one single phase and (ii) by simultaneously
considering all three phases by means of a decomposition into
CM and DM noise components. Finally, a hardware demon-
strator of a 6.6 kW three-phase 3L-TCM PV inverter accord-
ing to the specifications listed in Table. 1 is presented and
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TABLE 1. Specifications of the considered three-phase 3L-TCM PV
inverter.

Description Parameter Value
Output Voltage Amplitude Vout 325V
Output Current Amplitude (per Phase) fout 13.5A
Output Power Pout 3x 2.2kW
Output Frequency Sfout 50Hz
Grid Reactive Power (oF 10% of Pgyt
DC-Link Voltage Ve 800V
ZVS Current Itcm 4A
Max. Switching Frequency fsw,max 140kHz

EMI Compliance Standard CISPR 11 Class A

measurements verify compliance with regulatory standards
on conducted emissions. Thereby, the influence of parasitic
switch-node capacitances is thoroughly investigated.

Il. TCM OPERATION AND FILTER DESIGN

The variable switching frequency of TCM-operated con-
verters results from the non-linear hysteresis control where
the switching actions are invoked when the inductor current
reaches the predefined minima and maxima of the desired
envelope, hence ensuring the required polarity reversal in
each switching pulse interval as well as the correct aver-
age current value to deliver the desired output power (cf.
Fig. 1 (b)). The choice of L is critical as it defines the
current envelope as well as the occurring fsy variation (cf.
Fig. 1 (¢)) during one mains period, where the maximum
value fsw max has to be constrained to values below 150 kHz.
For a given fsw max and modulation index M = 2Vqyt/ Ve, it is
found as

_ Vae  Msin(or) - [1 — M sin(or)]
Afsw,max

L (1

lout Sin (wt1) + ITcm

where the Yoy and ?Out are the amplitudes of the output
voltage and current, w is the grid frequency as defined in
Table. 1 and ITcpm is the required negative current to achieve
full ZVS,! determined based on the semiconductor output
capacitances [17], [29]. As calculated in [21], the time instant
t1 where the maximum switching frequency fqw, max Occurs is
given by

\/ITCM (;out + MITCM) — v MItcm
Vv M?Out .

With the specifications in Table. 1, Ly = 36 puH results,
independent of the output current (part-load operation), i.e.,
the current ripple amplitude always stays the same and the fy,
variation does not change for part-load operation, facilitating

sin (wty) =

@

TEven though the choice of ITcy affects the fsw variation and hence the
EMI filter design, because of efficiency considerations it is typically not
sensible to select a higher ITcy value than needed for full ZVS.
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EMI filter design.”> The remaining filter components (CLC
filter, highlighted in blue in Fig. 1 (a)) have to be dimen-
sioned in order to fulfill the EMI regulations. Thereby, full
phase modularity is assumed (valid assumption as verified
in Section III). The total capacitance Ci,y = C; + C3 is
constrained by the specified maximum grid reactive power
consumption Qy = 0.1 Py (10% of the per-phase rated
output power, i.e., 0.22 kVAr), hence, Cor < 2 Qg/ (w{zgut) =
13.2 uF. Selecting C; = C, = 6.6 uF maximizes filter
attenuation for a given Cyy and finally, L, follows from the
required filter resonance frequency fic = 1/2n/L2Cr2)
with C;p = C1(C/(C; + C») to achieve the required
attenuation. The filter resonance must be constrained to
Jae < fswmin/3 and foe > 10fou to prevent exciting
the filter resonances and to provide sufficient control mar-
gin (cf. Fig. 1 (d)). Thus, f is either constrained by the
required filter attenuation or by the demanded frequency
separation.’

IIl. EMI NOISE ANALYSIS

First, the frequency spectrum of the noise source must be
characterized and at each frequency, the difference between
noise voltage and regulatory limit (weighted according to
the EMI test receiver detector as explained in the following
section) corresponds to the required filter attenuation Affreq.
To determine the noise voltage spectrum, one can (i) examine
all three phases simultaneously and separately consider the
CM component vem = 1/3> . vsw,i» i = {a, b, ¢} and DM
COMPONENts Vdm,; = Vsw,i — Vem With D, vam,; = 0 or (ii)
assume full phase modularity and no inter-phase dependen-
cies of the noise voltage spectra, i.e., consider only one single
phase (e.g., phase a).

Fig. 2 (a) shows the three-phase grid-interfaced 3L-TCM
inverter with indicated parasitic capacitances from each
power semiconductor drain to PE (Cy), from the dc-link
rails to PE (C;) and from the dc supply midpoint to PE
(Cy), as well as the EMI filter. The EMI equivalent circuit
where the three 3L bridge-legs are replaced with the CM and
DM noise voltage sources (based on the modeling approach
in [30]) including the two-stage LC EMI filter is then shown
in Fig. 2 (b). The ac output is connected to a Line Impedance
Stabilization Network (LISN) that models a fixed mains
impedance of 502 in the conducted emissions frequency
range between 150kHz and 30 MHz (Rjis, = 50€2) and
enables noise measurements with help of an EMI test receiver.
Moreover, an optional CM choke L., is included.

2Alternatively, the current envelope could be narrowed for part-load
operation (while still reaching ITcy; for achieving ZVS), thus result-
ing in lower conduction losses and better part-load efficiency but poten-
tially adversely impacting EMI filter design due to concentration of
spectral energy at distinct frequencies (fsw,max and harmonics), similar to
conventional PWM.

31f no filter design is found that fulfills both criteria, a higher-order filter
structure must be employed.
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FIGURE 2. (a) Three-phase 3L-TCM PV inverter and (b) its corresponding EMI equivalent circuit including parasitic drain capacitances C4 from each
power semiconductor to PE as well as parasitic or desired capacitances C; from the dc-link rails to PE and additionally a capacitance Cg modeling
either the isolation capacitance of dc supplies or the capacitance of PV panels to PE. Further included is an optional CM choke L¢m at the phase output

connections.
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FIGURE 3. (a) CM and (b) DM equivalent circuit resulting from Fig. 2.
Indicated are the current paths of the modulation imposed emissions
(red) and the parasitically imposed emissions (blue), where the latter are
only relevant for CM.

A. SIMULTANEOUS THREE-PHASE NOISE
CONSIDERATION

Considering first case (i), the respective CM and DM noise
voltages result from the calculated switch-node voltage spec-
trum shown in Fig. 4 (a) (blue line, exemplary showing phase
a; nicely visualizing the distributed spectral energy within the
fsw range without dedicated peaks) and separate CM and DM
equivalent circuits can be found (Fig. 3 (a) and (b)). Thereby,
the potential impact of the three switch-node voltages with
different local f; at every point in time is implicitly included
in the CM/DM voltage calculations. As outlined in [33],
noise emissions can be categorized into modulation imposed
(highlighted in red in Fig. 3) and parasitically imposed (high-
lighted in blue in Fig. 3) mechanisms, whereas the latter
are defined by the parasitic capacitances Cyg, C; and Cy and
can often not be accurately determined during the design
stage. From the CM equivalent circuit in Fig. 3 (a) follows
that the dc-link/midpoint referenced EMI filter composed of
L1C1L,C; cannot effectively filter the parasitically imposed
currents that flow through Cy cm = 6Cy (highlighted in blue
in Fig. 3 (a)), since parts of these currents return through the
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FIGURE 4. Calculated spectra (FFT, blue), worst-case quasi-peak
approximation (QPp,ax [31], orange), phase-correct envelope peak
estimation (PKeny [32], yellow) and simulated quasi-peak detection
(time-domain simulation, red diamonds) of (a) the switch-node voltage
Vsw,a and (b) the LISN voltages vj;s, sum,a (thick lines, light color) and
Viisn,a (thin lines) where the former is determined using a CM/DM
decomposition of the three-phase switch-node voltage and the CM and
DM equivalent filter transfer functions and the latter is determined in a
phase-modular way by considering only one phase voltage. Both curves
are identical and lie on top of each other.

LISN and C; to the midpoint ‘m’ (the impedance of C; in the
pF range is much lower [at switching frequency] compared
to the impedance of Cyqcm and Cyy, = Cg + 2C; + 6(Cy,
both in the nF range, and also much lower than the LISN
resistance, hence C, appears as short-circuit for the return
current). Only an additionally placed CM choke L.y, provides
series impedance and thus reduces the voltage across the
LISN measurement resistor. For pure DM noise there is no
potential difference between the dc-link midpoint ‘m’ and
the load/grid star point (here PE), thus the two points can be
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(virtually) shorted together for the DM analysis (dotted line
Fig. 3 (b)) and the parasitic capacitances have no influence.

From a modulation imposed emissions point of view the
shorted connection of ‘m’ and PE is the worst-case (no
voltage drop across Cy,, i.e., the voltage across C, directly
appears at the LISN if L., is neglected), whereas for parasit-
ically imposed emissions the direct connection (C, = 00)
is the best-case, since any current flowing through Cg cm
directly returns to the source without flowing through the
LISN. In practice, Cp, in a phase-modular converter structure
with filter capacitors referenced to the dc-link/midpoint is
limited by the maximum allowed ground leakage current of,
e.g., < 9mA (rms) (30% of the 30 mA Residual-Current
Device (RCD) limit), due to grid voltage imbalances and/or
filter capacitor tolerances, which lead to a CM excitation of
the midpoint ‘m’ with respect to PE [34]. Assuming a grid
voltage imbalance of £3%, capacitor tolerances of +20%
and a nominal total per-phase filter capacitance of 13.2uF,
Cy, must be below 750 nF, which is higher than the typical
earth capacitance of standard mono- and polycrystalline solar
panels for a power rating of 6.6kW (= 400 — 730nF) [35].
Since the parasitic capacitances on the converter (in partic-
ular the switch-node capacitances Cg) cannot be accurately
determined during the design stage, it is good practice to first
consider only the modulation imposed noise emissions and
thus assume a direct connection between ‘m’ and PE. The
filter is then designed with sufficient margin to account for
the influence of the parasitic capacitances.

EMI test receivers are super-heterodyne mixers [36], which
convert the measured input signal with help of a local oscil-
lator at frequency fi, to a (constant) intermediate frequency
fir around which a so-called Resolution Bandwidth (RBW)
filter (bandpass filter with a —6 dB bandwidth of 9 kHz [37])
extracts the relevant frequency content. Afterwards, the enve-
lope xeny Of the frequency-selected and bandpass-filtered
noise voltage in time-domain is determined before differ-
ent detectors (average, peak or Quasi-Peak (QP) detectors)
weight the shape and repetition rate of xepy to finally end
up with the noise voltage quantity that is subject to reg-
ulatory limits [32]. This process is repeated for numerous
frequency points fi, between 150kHz and 30 MHz to cover
the full regulated frequency range. There exist limits for the
average value Xy = 1/T fOT Xenv(#)d?) and the QP value
Xqp, which is determined by a lowpass filter with charging
time constant 7, = 1ms and discharging time constant
tg = 160ms [37] (non-linear filter), where QP limits for
CISPR 11 Class A are indicated in Fig. 4 (dark-gray) and
are typically more challenging to fulfill compared to the
average limits. The non-linearity of the QP detector makes
numerical calculations difficult, hence various approxima-
tions and modeling approaches have been presented, such
as the so-called QP [31], which by adding the magni-
tudes of all spectral components within the RBW ends up
with a conservative estimate of the QP value (in fact QP .«
combines envelope detection and QP determination, however
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more closely estimates the peak value of the envelope, which
by definition is always higher or equal than the QP value).
Fig. 4 (a) shows the QP,,, of the switch-node voltage
spectrum (orange curve). When considering the phase-shift
of the harmonics in addition to their magnitude, xeny can be
more accurately determined using a Hilbert transform [32],
[38]. The peak value PKg,y of this phase-correct envelope
is further indicated in Fig. 4 (a) (yellow line) and is a
more realistic worst-case approximation of the actual QP
values determined using circuit simulation in time-domain
(red diamonds), whereas QP,,,, is always ~ 10 — 15dB
higher than PKepy. Thus, in case of TCM modulation with
spread spectrum, the phase-correct approximation with PKepy
is preferably used to estimate the EMI emissions rather than
QP,.x- Calculations and simulations have shown that in
case of conventional sinusoidal PWM the difference between
QP .x and PKcpy is very small because there is usually only
one dominant spectral component within one RBW, hence
the phase-shift has practically no influence.

The difference between the estimated QP noise emissions
at the switch-node and the respective regulatory limits results
in the minimum required filter attenuation at each frequency.
In practice, a certain additional margin of 10 — 20dB is
usually added to account for tolerances of the filter and
for influences of parasitic elements such as the previously
examined capacitances Cq. According to the CM and DM
equivalent circuit, the filter elements have to be scaled to
finally determine the emitted noise voltage at the converter
terminals, i.e., Viisn,em and Viisn,am,; (cf. Fig. 3 (a) and (b)),
which are then recombined (phase-correct summation) to
Viisn,sum,i» | = 1{a, b, c}, exemplary shown for phase a in
Fig. 4 (b), again as spectral components (light blue), QP .«
(light orange), PKcpy (light yellow) and simulated QP values
(red diamonds). As mentioned above, a direct connection
between midpoint ‘m’ and PE is assumed, and no parasitic
capacitances and no CM choke are included to represent the
worst-case for modulation imposed emissions.

B. FULLY PHASE-MODULAR NOISE CONSIDERATION

An alternative and potentially simpler way to determine noise
emissions is to consider case (ii) with assumed full phase
modularity and no inter-phase dependency, i.e., only one
single phase (e.g., phase a) is investigated. Only modula-
tion imposed emissions are considered, hence the parasitic
capacitances as well as the CM choke are neglected at this
point and a short-circuit between ‘m’ and PE is assumed.
Applying the calculated switch-node voltage to the filter
model results in the corresponding LISN terminal voltage
Viisn,a depicted in Fig. 4 (b) as spectrum (blue), QP .«
(orange) and PKeyy (yellow) with thin lines. Evidentially, the
calculated LISN voltages for both cases are equal. Thus, for
designing a dc-link/midpoint referenced EMI filter in three-
phase TCM converters it is sufficient to consider only one
single phase. It is again visible that the PK.p, approximation
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TABLE 2. Main components of the three-phase 3L-TCM hardware
demonstrator.

Parameter Value Part

Power Semiconductor

Tp,n and Ty 1.2kV, 16 mQ, SiC  C3MO0016120K [39]
Tp,1 and Ty, 650V, 15mQ, SiC ~ C3MO0015065K [40]
Gate Driver +2.5/-5A UCC27531
Signal Isolator 100kV/us, 2.5kV IL 711-3E

Filter Inductor L 36 uH
Filter Capacitor Cy 6.6 uF, X2 rated

12 turns, 420 X 71 pm
2x B32926C3335K

Filter Inductor L, 150 uH 25 turns, 0.8 mm

Filter Capacitor Co 6.6 uF, X2 rated 2x B32926C3335K

Damping Inductor Lyq 150 uH 7447706151

Damping Resistor Ryg  6.9Q

Control Platform Xilinx Zynq 7020 TE0720-03-1C
Zynq Control Platform

3® AC Output
/

DC Link

FIGURE 5. Photograph of the hardware prototype with dimensions of
175mm x 135mm x 45mm (6.89in x 5.31in x 1.77in) resulting in a
power density of 6.2 kW/dm3 (102 W/in3) and highlighted main building
blocks.

more closely matches the simulated QP value compared to the
(pessimistic) QP,... Nevertheless, to include sufficient mar-
gin, the minimum required attenuation is determined based on
QP .x, since as mentioned above the influence of parasitic
elements (filter self-parasitics and parasitic capacitances of
the switch-nodes to PE) are usually not included in the con-
verter design stage but can significantly impact the final filter
attenuation as shown in Section. IV-A.

Finally, the resultant filter components to fulfill the regu-
latory limits are Ly = 36 uH, C; = 6.6 uF, L, = 150 uH and
Cp = 6.6 uF. The corner frequency foc = 7.2kHz fulfills
both constraints indicated in Fig.1 (d) with fsw min = 50kHz
and is damped with a series connection of Lpq = 150 uH and
R>4 = 6.9 Q2 in parallel to L, (cf. Table. 2).

IV. HARDWARE DEMONSTRATOR AND EXPERIMENTAL
VERIFICATION

To verify the results, an ultra-compact > 99% efficiency
hardware demonstrator of the three-phase 3L-TCM inverter
is designed and commissioned. From the photograph in Fig. 5
the phase-modular structure can be clearly recognized in the
layout. Further highlighted are the most relevant building
blocks and components (in particular the filter elements),
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FIGURE 6. Calculated (blue line) and measured (red dots) efficiency of
the three-phase 3L-TCM inverter using an ohmic load. Note that both
curves do not include the auxiliary power consumption.

which are also listed in Table. 2. The converter volume of
1.06 dm? (64.8 in?) results in a power density of 6.2 kW/dm?>
(102 W/in3). The power semiconductors are equipped with
small heat sinks and thanks to the very high efficiency,
no forced cooling is required, which is of great advantage
considering maintenance and lifetime.

The theoretically calculated and measured efficiencies
over the output power range are depicted in Fig. 6 (mea-
surements taken with a Yokogawa WT1800E precision power
analyzer) and indicate the achieved target of > 99% full-
load efficiency (99.28% at Py = 6.6kW, i.e., 48 W total
losses or 16 W per phase, not considering the auxiliary power
consumption in the Watt range, e.g., the driver and measure-
ment circuits and the control circuit). The calculated losses
include calorimetrically measured semiconductor switching
losses, their conduction losses (ohmic forward conduction
and reverse conduction in the internal body diode) and the
filter inductor copper and core losses. In addition, a par-
asitic layout and geometry-related capacitance of Csy =
200 pF from each phase’s switch-node to dc-link potential
is included, which leads to additional per-phase switching
losses Pagg = 0.5 Csw(Vdc/Z)zfsw,avg = 14W (fsw,avg =
87.2kHz, cf. Fig. 1 (c)).

Fig. 7 (a) shows the measured TCM inductor currents (ir ;)
in all three phases for full-load operation (Poy; = 6.6 kW) as
well as the local variation of f; in phase b with a maximum
value of 140kHz. Further indicated is the negative current
itcMm = 4 A to facilitate ZVS at every switching instant.
The switching operation is temporarily suspended around
the zero-crossings (indicated in Fig. 7 (a)) because for 3L
operation, no current-forming voltage across the inductor
L1 is present at duty-cycles of 50%, and the desired current
envelope cannot be tracked. This introduces a certain amount
of distortion, which could be mitigated if Hard Switching
(HSW) two-level transitions would be allowed during these
time intervals, as it is done, e.g., in TCM PFC rectifiers [9].
Note, however, that HSW transitions might slightly increase
the EMI emissions in the upper megahertz range due to the
typically higher dv/dt compared to SSW transitions.

A. EMI COMPLIANCE VERIFICATION
The blue curve in Fig.7 (b) shows the measured conducted
EMI noise emissions of phase a under full-load conditions
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FIGURE 7. (a) Measured waveforms of the TCM inductor current (i ;) of
all three phases highlighting the negative current izc); = 4 A to facilitate
ZVS and including the measured switching frequency indicating a
maximum value fsw,max = 140 kHz. (b) Measured EMI spectrum using a
peak detector rather than a quasi-peak detector as a worst-case indicator
to verify full compliance with CISPR 11 Class A limits. At 150 kHz, the
quasi-peak value would be QPK = 75 dBp.V whereas the peak detector
shows 79 dB.V.

with a peak detector. The peak detector is a worst-case esti-
mate of the emitted noise but enables significantly faster
measurement times (few seconds compared to several hours if
the QP detector would be used instead with the same number
of frequency points). Due to slight asymmetries in the filter
layout and construction of the filter elements, the three phases
show somewhat different EMI noise signatures. Phase a is
depicted as it corresponds to the worst-case. Further indicated
are the regulatory CISPR 11 Class A QP limits according
to [19] (red line) and it is verified that the system is compliant
even with the worst-case peak detector.* While the peak
detector outputs 79 dBuV at f = 150 kHz, the corresponding
(measured) QP output is only 75 dBuV.

From the circuit simulation results highlighted with red
diamonds in Fig. 4 (b) only 40dBuV (QP value) noise at
the output would be expected at f = 150kHz, whereas
the experimentally measured QP value is 35 dB higher, i.e.,
75 dBuV. The difference can be explained with aforemen-
tioned circuit parasitics, particularly the parasitic capaci-
tances from each power semiconductor drain to PE (Cy)
and the parasitic capacitances from the dc-link rails to PE
(Cr and Cy), which are not considered in the initial filter
design procedure from Section. III and are highlighted in the
CM equivalent circuit of the noise source and filter struc-
ture in Fig. 8 (a.i) including their component values. For
the measurements the converter is placed without shielding
enclosure and the utilized dc supplies (two series-connected
Xantrex XDC600-10) are largely decoupled with CM chokes,

41t is common practice to perform fast initial measurement using a peak
detector and only around frequencies where its output exceeds the regulatory
limits use the QP detector, which typically shows a lower output, for a more
detailed analysis.
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FIGURE 8. (a.i) CM equivalent circuit as shown in Fig. 3 (a) with labeled
component values and (a.ii) construction of the final summed LISN noise
voltage Vjisn sum,i- i = (@, b, ¢} composed of a CM and DM portion. (b)
Simulated magnitude response of the transfer function from vsy to the
Viisn,sum, i- indicating the influence of the switch-node capacitance C4 ¢
(CM equivalent) and Cpy on the filter attenuation, assuming a small CM
choke with Lcm = 110 1H at the three-phase output (three turns on a VAC
T60006-L2040-W424 toroidal core).

Frequency (Hz)

as otherwise the intrinsically emitted CM noise at their dc
output terminals would already exceed the regulatory limits.
Therefore, the effective capacitance Cy, from the dc-link
midpoint to PE is composed solely of six parasitic drain
capacitances (Cq = 20 pF per switch is assumed for a floating
heat sink installation [33]; three from the switches 7}, , and
three from the switches Ty p), i.e., Cm = 6Cq = 120pF,
and does not include the isolation capacitance from the dc
supplies to PE. Similarly, each switch-node is composed of
two parasitic drain capacitances, hence the CM switch-node
capacitance Cyq cm = 6Cq = 120 pF is included as well. The
low ratio Cpy/Cq,cm = 1 and high ratio Z¢,, /(Rjisn/3) = 530
(Cm = 120pF correspond to 8.8k at 150kHz) result in
a considerable (parasitically imposed) CM noise voltage vi,
across Cy, (indicated in Fig.8 (a.i)) and hence across the
series combination of LISN and L.y, and of course across the
LISN itself (Viisn,cm; again assuming 3C5 acting virtually as
short-circuit for f > 150kHz, since |Zc—19.8uF@150kHz] =
0.054 Q < Ryisn/3). Fig. 8 (b) visualizes the resulting simu-
lated LISN voltage viisn, sum,; Normalized to a noise emission
vsw and thereby the degradation of the attenuation for the filter
designed according to the procedure outlined in Section. III,
if the parasitic switch-node capacitance Cg cm is considered
(orange curve) compared to the idealized case without Cq,cm
(blue curve). The indicated LISN voltage accounts for the
influence of the parasitic capacitances only on the CM portion
and not on the DM portion of the emissions, i.e., Viisn,sum,i
is composed of a CM (green) and DM (orange) part (cf.
Fig.8 (a.ii)).

Atf = 150 kHz the impact of the parasitic capacitances on
the filter attenuation (degradation by about 35 dB) explains
the observed difference of 35 dB between measurement and
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calculation. It also highlights the importance of including
sufficient attenuation margin during the filter design stage,
in particular if the circuit parasitics are unknown and/or can
only be roughly estimated. Here, even a small CM impedance
(Lem = 110uH), realized with a single nanocrystalline
core (VAC T60006-L2040-W424 from Vacuumschmelze,
43 mm [1.71in] outside diameter, three turns) placed at the
three-phase output terminals, is sufficient to reduce the (CM)
emissions below the regulatory limits (see Fig.7 (b); note
that a similar CM impedance could also be realized with
a single turn and a few more / different cores (*“‘plug-on
choke”). From a manufacturability point of view, this is very
simple, since no additional PCB-mounted and voluminous
component is required and no modification is required to
change from three-phase to single-phase operating mode.

Interesting to note is that if a PV array would be used
instead of the decoupled dc supply, the now increased Cy, of
approximately 700 nF and the thereby high ratio Cr, /Cy,cm &
5800 and low ratio of Zc,, /(Riisn/3) =~ 0.1 (Cn = 700 nF
corresponds to 1.5 at 150kHz) would greatly help to
improve the attenuation of parasitically imposed emissions
as indicated with the dashed line in Fig.8 (b). As mentioned
in Section. III, according residual leakage current limits of
installed RCDs must be fulfilled and impose an upper limit
for Cp,.

V. CONCLUSION

Grid-tied high-efficiency Photovoltaic (PV) inverters are
instrumental building blocks for the transition to renewable
energy sources. To maximize power density, high-frequency
Soft Switching (SSW) operation and multi-level switching
stages are favorably used, as they allow to minimize the
value and size of the dc-link capacitor and input/output fil-
ter elements, while still achieving > 99% conversion effi-
ciency. Triangular Current Mode (TCM) modulation thereby
ensures full Zero Voltage Switching (ZVS) in every switch-
ing transition at the expense of increased conduction losses
(& 30% higher) and a variable switching frequency (over
the mains period). Considering a fully phase-modular three-
phase three-level (3L) T-type PV inverter operated with TCM,
this paper analyzes the impact of the three instantaneously
different switching frequencies in each phase on the over-
all converter Electromagnetic Interference (EMI) signature.
It turns out that it is sufficient to consider solely the emissions
of one single phase for the filter design, which greatly facili-
tates the process. Moreover, it is found that for the occurring
spread-spectrum noise emissions, previously utilized approx-
imations for EMI test receiver detectors that consider only
the magnitude but not the phase-shift of the spectral compo-
nents are over-pessimistic, whereas phase-correct envelope
detection mechanisms provide a more accurate estimate of
the expected EMI signature. Finally, a hardware demon-
strator of the investigated 6.6 kW, 99%+ efficiency three-
phase 3L-TCM T-type PV inverter with a power density of
6.2 kW/dm? (102 W/in?) is designed to experimentally verify
the findings of this paper. Measurements confirm a high
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efficiency of > 99% over a large range of output power,
i.e., 99.28% at full-load (not considering the auxiliary power
consumption in the Watt range) as well as full compliance
with CISPR 11 Class A EMI limits. Thereby, the influence
of converter parasitic capacitances on the achievable filter
attenuation is analyzed in detail and it is found that parasitic
capacitances from the switch-nodes to Protective Earth (PE),
which are typically unknown or very difficult to estimate
during the design stage, are particularly critical in combina-
tion with dc-link referenced EMI filters, since the resulting
Common Mode (CM) currents bypass the installed filter
stages. Sufficient filter design margin is therefore required
to account for these effects and eventually, already a very
small CM inductor (e.g., a single toroidal core placed on the
phase output connections) is sufficient to provide the required
additional attenuation to comply with the regulatory limits.
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