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Common Mode Power Control of Three-Phase
Inverter for Auxiliary Load Without Access to
Neutral Point

Junfei Tang
Georgios Mademlis

Abstract—The purpose of this article is to investigate the poten-
tial of obtaining an auxiliary dc output from the common-mode
switching harmonics of a three-phase inverter without access to
the neutral point of the ac load. To achieve this, the control of
common-mode (CM) switching harmonics with space vector mod-
ulation is proposed. With this control, CM switching harmonics
can be regulated independently from the differential mode power
flow to the main three-phase load. To physically implement the
CM power flow, a harmonic extraction circuit is placed in par-
allel with the main three-phase load. The extraction circuit is
formed by series-connected inductance and capacitance. Due to
the LC series resonance and the mutual coupling of the inductance,
only common-mode switching harmonics can pass through the
extraction circuit. The extracted harmonics are then rectified and
delivered to the auxiliary dc output. The control and topology are
verified in both simulations and experiments. In the end, it is shown
in experiments that there is no significant difference of the inverter
efficiency after the auxiliary dc load is connected. This method can
be used for instance to drive an ac machine while charging a low
voltage battery or powering a compressor simultaneously.

Index Terms—Power electronics, switching harmonics, common
mode (CM), zero-sequence.

1. INTRODUCTION

LECTROMOBILITY and renewable power generation

have become popular due to increasing concerns regarding
climate change [1]. In these applications, power electronic con-
verters are widely used for transferring power between electrical
machines, grid, and batteries. It is common that an ac machine
is driven while an auxiliary dc load needs to be powered simul-
taneously [2]-[4]. This auxiliary dc load can be a low voltage
battery or a compressor for instance. Usually the main ac load
and the auxiliary dc load are powered by separated converters,
which complicates the system and increases the cost.
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Therefore, it becomes valuable to investigate the potential of
obtaining an auxiliary dc output in parallel with the ac output
of the same inverter. This idea is theoretically possible. In the
switching patterns of space vector modulation (SVM), there ex-
ist both differential-mode (DM) and common-mode (CM) volt-
age components. It is the line voltages, i.e., the DM components,
that deliver power to the ac load, while the zero-sequence volt-
ages, i.e., the CM components, are not contributing to ac power
transfer. Thus, by extracting and rectifying the CM switching
harmonics from the inverter ac output, it would become possible
to obtain an auxiliary dc output from the same inverter. The
reason to focus on the CM switching harmonics instead of
the SVM third harmonic is that, during the acceleration and
deceleration of a machine, the frequency of the third harmonic
will vary, while the frequency of CM switching harmonics is
fixed which is easier to extract.

Analysis on CM switching harmonics has been pursued in
previous studies. In [5], a zero-vector redistribution technique
is proposed to suppress zero-sequence current in open-winding
permanent magnet synchronous motor. In [6] and [7], a hybrid
SVM is developed to instantaneously eliminate zero-sequence
voltages. The proposed method is used in dual-fed open-end
winding permanent magnet synchronous machine (PMSM) for
aircraft. In [8], an optimized zero-sequence voltage injection
method is proposed to eliminate circulating current in parallel-
connected three-level converters. In [9], the effects of carrier
wave phase shifts on circulating current of parallel-connected
inverters are studied. Among these studies, the focus is mainly on
the elimination of CM power flow. In [10], a generic multilevel
SVPWM technique is proposed to eliminate the CM voltages for
multiphase drives. In the technique, only switching states that
produce zero CMV are applied.

Furthermore, the idea of utilizing CM voltage components to
obtain an auxiliary dc output is proposed in a few studies. In
[11], the CM components are extracted by accessing the neutral
point of a three-phase load. In [12], additional circuit branches
are added to control the CM power flow. The schematic diagram
of the circuit is shown in Fig. 1(a). In [13], a neutral point power
transfer topology for low voltage battery charging is proposed.
The circuit diagram is shown in Fig. 1(b). An additional asym-
metric half bridge which acts as a bidirectional buck converter
is connected to the neutral point of the three-phase winding. In
[14], the feasibility to integrate the charging of 12 V battery to
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Fig. 1. Schematic diagrams of the circuits proposed in previous studies which
utilize the neutral point of the three-phase load to extract common mode
switching harmonics for auxiliary power output. (a) Schematic diagram of the
circuit proposed in [12]. (b) Schematic diagram of the circuit proposed in [13]
and evaluated in [14].

the 48 V drivetrain in electromobility is evaluated. The focus is
on charging efficiency in regeneration, motoring and idle modes
of the machine operation.

However, there are drawbacks of these proposed topologies.
Firstly, to extract the CM switching harmonics, the neutral point
of the three-phase windings needs to be connected. However, the
neutral point is not always accessible in the machines that are
already in use, and to have the neutral point accessible in new
machines would increase the cost. Second, before the harmonic
currents reach the neutral point, they need to pass through the
machine windings. This would introduce torque ripples and
additional copper and iron-core losses to the machine. Conse-
quently, the machine performance would deteriorate. Therefore,
it is preferable to extract the CM switching harmonics and make
use of them without accessing the neutral point.

The purpose of this article is to investigate the potential of
obtaining an auxiliary dc output from the inverter switching
harmonics without accessing the neutral point of the ac load. To
realize this, three key challenges are to be confronted. First, the
CM switching harmonics need to be under independent control
from the DM power flow to the ac load, so that the auxiliary dc
output can be adjusted according to the demand and the original
functionality of the inverter is not sacrificed. Second, a circuit
topology needs to be designed so that CM harmonics can be
extracted and delivered to the auxiliary dc output. Third, the
impact of the CM harmonic extraction on the inverter needs to
be investigated.

To tackle these challenges, the control of CM switching har-
monics with SVM is proposed. With this control, CM switching
harmonics can be regulated independently from the DM power
flow to the main ac load. To physically implement the CM
power flow to the auxiliary dc load, a harmonic extraction circuit
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Fig. 2. Schematic diagram of the proposed circuit which utilizes common
mode switching harmonics for auxiliary power output.
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Fig. 3. Three-phase inverter with SVM. (a) Three-phase inverter. (b) SVM
hexagon on o 3-plane.

is designed and placed in parallel with the ac load as shown
in Fig. 2. The circuit and control are verified in simulations
and experiments. Finally, the impact on inverter efficiency is
investigated.

The advantage of the proposed method is that, both a main
ac load and an auxiliary dc load can be simultaneously powered
from only one inverter, which simplifies the system and saves
the cost. The novelty of this work is that the advantage can
be achieved without access to the neutral point of the main
ac load. Due to the page limit, the technical details regarding
dynamic control, switching frequency optimization, and thermal
modelling are not covered in the article.

II. CoNTROL OF CM SVM SWITCHING HARMONICS

The switching harmonics in SVM patterns consist of both CM
and DM components [15]. In this section, the SVM switching
harmonics, especially the CM contents, are analyzed. As shown
in Fig. 3(a), a two-level three-phase inverter with uq, as the dc-
link voltage is considered in this article. However, the analysis
can be extended to converters with multilevel and multiphase.
The SVM hexagon on «5-plane is shown in Fig. 3(b), where the
entire hexagon is divided into six sectors [16].

A. Common- and Differential Mode Contents of SVM States

The vectors of SVM states can be defined as

VSVM = [1}0 V1 V2 V3 U4 Vs Vg 1)7]
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TABLE 1
SVM SWITCHING STATES IN ABC AND 3y COORDINATES

State Vector = 5 ale =
CM vo | -1/2 -1/2 -1/2 0 0 -1/2
odd | v, 1/2 -1/2 -1/2 ¢ 2/3 0 -1/6
even v, /2 1/2 -1/2¢ 1/3 1/¥3 1/6
odd | vy | -1/2 1/2 -1/2 -1/3 13 -1/6
M even | v, | -1/2 1/2 1/2¢ 2/3 0 1/6
odd vs | -1/2 -1/2 1/2  -1/3 —1/¥3 -1/6
even i g 1/2 -1/2  1/2 1/3 —-1/V/3 1/6
CM v, /2 1/2  1/2 0 0 1/2
01100011
=({00111001} (1)
00001111}
A duty cycle vector can be defined correspondingly
dsvm = [do dy da d3 dy ds dg d?]T 2)
Therefore, the duty cycle vector for the three phases are
dape = [da dy dc]T =Vsvm dsvm. (3)

Hence the three-phase output voltages can be described as

= Udc dabc . (4)

With amplitude-invariant Clarke transform [17], the voltage
vector can be transformed from abc-frame to aSy-frame

Uabe = [ua Up UC]T

T
Uap~y = [Ua ug u'y] = Tabc—>aﬁ'y Uabc &)

where T qpe—apy 18 the transform matrix. In o3y-frame, the
DM and CM components can be clearly identified. The DM
components are described as wu, and ug, whereas the CM
component is described as ..

If the mid-point of the inverter dc-link is regarded as the
reference ground, then by using (5), the eight SVM state vectors
in both abc- and afBvy-frame can be summarized as in Table 1.
The states are illustrated as green circles in 3-D afv-frame in
Fig. 4. As can be noticed, none of the states are located on the
af-plane. The projection of the state vectors from the 3-D space
to the avfB-plane form a hexagon in green, which is actually the
SVM hexagon in Fig. 3(b). The state vectors in 3-D space form
a hexahedron. All six faces are rhombi. The upper three rhombi
are shown in yellow in Fig. 4(a) while the lower three are shown
in blue in Fig. 4(b). From the table and the figure, the following
conclusions can be drawn: for all the eight states, u, 7# 01is valid.
This means there is no state that gives purely DM components;
and only for vy and v, ||uag|| = 0 is valid, whereas for all the
six other states, ||uqg|| # 0 is valid.

Usually, vg and v7 are classified as zero states since they only
give CM component, while the other six states are classified
as active states since they give DM components. Furthermore,
among all the active states, vy, v3, v5 are with odd number of 1
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Fig.4. SVM switching states in o/3y-frame (a) Upper three rhombi and SVM
hexagon. (b) Lower three rhombi & SVM hexagon.

TABLE II
Duty CYCLES OF THREE PHASES

Sector d, dy, d.
1 d,+d,+d, d, +d,; d,
2 d, +d, d,+d;+d; d,
3 d, d;+d,+d; d,+d,
4 d, dy+d,; dy+ds+d,;
5 de¢ +d, d, ds+deg+d,;
6 de+d, +d, d, de+d,

and hence can be classified as odd states, while vo, v4, vg can be
classified as even states. This categorization is proposed in [6]
and it is used here for the convenience of analysis later.

B. Determination of Duty Cycles in SVM

The duty cycles of three phases, d,, dp, and d., can be
determined from the duty cycles of the switching states, dj,
dy, ds until d7, as given in Table II.

To obtain dy until d7, firstly the sector where the vector is
located needs to be identified. Thereafter, an angle fgo- can be
defined to describe the location of the vector within each 60°
hexagon sector. The calculation of g¢- is illustrated in Fig. 3(b).
The voltage vectors in each sector are marked in blue while the
corresponding fgo- is marked in purple. The calculation of 0gg-
can be formulated by using #340-, which is the absolute angle in
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2T, as
0360° sector 1
27 /3 — O360- sector 2
03600 — 27/3 sector 3
Os0- = 47 /3 — O360- sector 4 ©)
03600 — 47/3 sector 5
27 — B3600 sector 6.

Then the duty cycles of odd and even states can be formulated
(N

The sum of duty cycles of all active states can be defined as

doaq = Mg cos (060O + Tl'/6) s deven = My sin Ggo-.

6
dDM = Zdz = dodd + deven = Mg COS (960O - 77/6) (8)

i=1

while the remaining can be defined as dcy

dCM =1- dDM =1- m, COS (0600 — 7T/6) (9)
which is shared between vy and v7
dom = do +d7. (10)

In default SVM scheme, dcy is evenly shared between vy
and v7. However, there are other possibilities, which will be
described in the following section.

C. Parameters to Determine SVM Switching Patterns

In this article, two disciplines are respected to determine the
SVM switching pattern: the line voltages implemented by the
SVM pattern in average of a switching cycle should follow
the request, and maximally one turn-ON switching action and
one turn-OFF switching action of each half-bridge branch are
allowed within each switching cycle. The first discipline is the
basic requirement for the inverter to drive the three-phase load,
whereas the second is to avoid unnecessary switching losses.

When both disciplines are fulfilled, a specific SVM switch-
ing pattern can be determined by three parameters: amplitude
modulation index m,; distribution of CM state vector k7; and
interleave shift .

1) Amplitude Modulation Index m,: To form a continuous
rotation of the projected voltage vector on a3-plane u,g, the
maximum possible length of the vector is the radius of the
inscribed circle of the SVM hexagon

Udc
7
The amplitude modulation index is used to describe the length

of the voltage vector, and it can be defined as the radius in per
unit by taking wu,,,x as the reference base

_ Nuagll _ V3 - fluasl

Udc

QY

Umax = maX{”“@BH} =

Ma 12)

umax
A certain value of m,, indicates a certain level of line voltages.
The line voltage rms can be determined as
Mg - Udc
V2
In this article, linear modulation range, m, between 0 and
1, is considered. In case of overmodulation, (7) becomes not

13)

Uline.rms =
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valid anymore. However, the CM harmonics are decided in the
same way from the duty cycles of the switching states. Thus, the
conclusions thereafter are still valid.

2) Distribution of CM State Vector k7: Assuming all phases
share the same triangular carrier wave, based on the algorithm
introduced in Section II-B, di, d2, d3 until dg are decided by
mg. Hence if m,, is decided, according to (8) and (9), dpy and
dcn are decided consequently. However, as for how dcy is
shared between vy and vz, there are many possibilities. This is
described by a distribution factor k7 in this article

k‘7:d7/ch€[O, 1] (14)

which means the share of d; over dcyi. A higher k7 means to
shift all phase voltage references up by the same amount while
the line voltage references are kept constant. In traditional SVM,
dy and d7 share dcy equally, which means k7 = 0.5. In this
article, k7 is allowed to vary between 0 and 1.

3) Interleave Shift a: The interleave shift in this article
means to introduce phase difference between triangular carrier
waves in the SVM. An interleave shift will not change the
average voltage in each phase, but will change the time instant
when the switching actions occur. Thus, the line voltages will
be the same and this will not violate the SVM disciplines.

D. Control of Switching Harmonic Contents

Fourier analysis can be performed to quantify the harmonic
contents for each switching cycle. For one single phase leg,
considering a waveform centered at zero time instant, then the
amplitude of the cosine component at harmonic order h is

2 -sin (hwd) — sin (hr
m-h
while the amplitude of the sine component by, is zero due to
half-wave symmetry. The complex form is therefore

2 - sin (hrd) — sin (h)
- h '
When an interleave shift « is introduced, the complex Fourier
component of this phase becomes

2 sin (hrd) — sin (hm) ol (17
T h

Considering the waveform of Phase B as centered at zero and
phase A leading B by a while phase C lagging B by «, then the
CM content can be formulated as

cp=ap +7b,= (16)

Cp =

Uysw 2 sin(md,)cosa + sin (mdy,) + sin (7md.) cos a

Uge T 3
(18)

The time-domain waveforms of the switching frequency com-
ponent with k7 = 0 and & = 0° are shown in Fig. 5. A total
of 360 points are calculated in each fundamental cycle, i.e., 1
point per degree. As can be noticed, with a lower value of m,,
the average over one fundamental cycle is higher and the ripple
is lower.

The average values of the switching frequency component
over one fundamental cycle with « = 0°, 30°, 60°, and 90°
are shown in Fig. 6. The average value of the component is not
linear with respect to m,. An increasing « leads to a decreasing
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average value. At = 30°, 60°, 90°, and 120°, all the average
values in the map decrease to 91.1%, 73.2%, 33.3%, and 0% of
that at « = 0°. This can be explained analytically. The average
value of the switching harmonic content over one fundamental
cycle can be calculated as

U’y.sw - 1 27

U~ .sw
= —=—d0.
Udc 2 0

Udc

(19)

Due to three-phase symmetry

2 2m 2m
/ sin (wd,) d0:/ sin (mwdy) df :/ sin (wd..) df .

0 0 0

(20)

Hence, the average can be calculated by considering only one
phase and using a scaling factor 1+2gese

o . 21
Upsw gg  1H2cosa 2 [T 0 ade. @)
0 Ude 3 T Jo

Witha = 30°,60°,90°, and 120°, the scaling factor 1t2gose
gives 0.911,0.732,0.333, and 0 which are consistent with Fig. 6.
In addition, the integrations of sin(wd,, ) in sectors 1, 2, and 3 are
equal to those in sector 6, 5, and 4, respectively, due to symmetry.
Therefore, (21) can be simplified as

or /3 (sin (mdo) + sin (mdy)
/0 sin (wd,) df = 2/0 { +sin [ (dg + d7)] }dé’.
(22)

It should be pointed out that, the derivations in (20)—(22)
are based on the assumption that the three-phase voltages are
balanced. In case of an unbalance condition in grid applications,
the results presented in Figs. 5 and 6 need to be analyzed
separately. However, if the three-phase voltages are balanced
while the currents are not, then the SVM switching pattern is
not affected. In this case, the derivations in (20)—(22) and the
results presented in Figs. 5 and 6 are still valid.

III. EXTRACTION OF CM SVM SWITCHING HARMONICS

In this section, the principle of harmonic extraction is ex-
plained and then a model of the circuit is established. The
validation of the circuit is presented in the following section.

A. Topology

The schematic diagram of the entire circuit is shown in Fig. 2.
The output of the inverter is split into two branches. One branch
goes to the main ac load, which can be an electrical machine
or a grid for example. The other branch goes to a harmonic
extraction circuit which blocks DM harmonics while lets CM
harmonics pass. After the extraction circuit is a transformer. The
transformer is used for galvanic isolation and is not necessary
for the functionality of the extraction circuit. The secondary side
of the transformer is connected to a full-bridge rectifier, and then
to the auxiliary dc load. The auxiliary dc load can be a battery or
compressor for example. The harmonic extraction circuit and the
transformer form a resonance circuit. The resonance frequency
is tuned to the switching frequency. Hence, the CM switching
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Fig. 7.

DM- and CM-passing coils. (a) Reference direction of currents. (b)
DM-Passing coil. (c) CM-Passing coil.

B. Harmonic Extraction Circuit

The extraction circuit is built to only let the CM switching
harmonics pass through. To realize this, the circuit consists of a
CM-passing coil which only lets CM components pass through,
and capacitors connected in series which resonate with the coil.
The resonance is tuned at the switching frequency, so that only
the CM switching harmonics are able to pass through.

1) CM-Passing Coil: With the positive direction of coil cur-
rents defined in Fig. 7(a), three-phase currents can be decom-
posed into CM and DM components. The CM part is the average
of the three currents
iq + 1y + ¢

3
where 7., 75, and ¢, are the three-phase currents in the extraction
circuit and ¢cyy is the CM component of them. The remaining
part is the DM components

oM = (23)

DM = %abe — ECM (24)
where
IDM.a ia icM
iDM = | iDM.b | Cabe = | @b |, TcM = | tcM (25)
1DM.c lc CM

where ipn.q, iDM.b, and ippp . are the three-phase DM compo-
nent currents in the extraction circuit. Hence from (23) and (24),
the sum of DM currents is zero

iDM.a + iDM.b + iDM.c = 0. (26)

There are two ways to wind three-phase coils symmetrically
as shown in Fig. 7(b) and (c). The flux linkages generated by the
three-phase coils can be formulated as

¢abc - Labc iabc (27)

where ;. is the flux linkage vector and L ;. is the inductance
matrix

dja Lg Ly, Ly,
djabc = ’(/)b ) Labc = Lm Ls Lm (28)
wc Ly, Ly, L

Due to symmetry, all the self-inductances Lg are equal, so are
the mutual inductances L,,,. The self-inductances are the sum of
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TABLE IIT
DM- AND CM-PASSING COILS

DM-Passing Coil CM-Passing Coil

L Ly —Lu/2
Ly Ly+Ls Ly+ Lo
Lu+Ls  Lm Ly Ly+Ls —Lw/2  —Ly/2
Lape Ly  Lu+L, Ly —Lw/2 Ly+Ls —Ly/2
Ly Ly  Lu+L, —Lw/2  —Lw/2 Lu+L,
Lem Ly + 3Ly L,
Lpm L, Ly + 3Ly/2

the magnetizing inductance L j; and the leakage inductance L,
Ls=Ly + L,. (29)

The magnetizing inductances L, indicate the ability of a coil
for generating flux that links all other coils. The generated flux
can be shared by other coils in series, as shown in Fig. 7(b), or in
parallel, as shown in Fig. 7(c). The link between different coils
is indicated by mutual inductances L,,,.

In the case of CM current component,

Yeu = Lape tom = (Ls +2L,,) icm. (30)
Thus the CM inductance is
Loy = L +2L4,. 3D
In case of DM current component
Ypm = Lave ipm = (Ls — Lin) ipm. (32)
Thus the DM inductance is
Lpy =Ls — Ly, (33)

As for the arrangement in Fig. 7(b), the main flux from one coil
is shared by the other two in series. Thus, the mutual inductance
equals magnetizing inductance

Ly, =L . (34)

As for the arrangement in Fig. 7(c), the main flux is shared
by the other two in parallel. Besides, the flux generated by each
coil counteracts each other. Thus, the mutual inductance should
be half of the magnetizing inductance with a minus sign

L= —Ly /2.

A summary of these two winding arrangements is concluded
in Table III. As can be noticed, by increasing Lj; while min-
imizing L,, in case of Fig. 7(b), CM components are blocked
while DM components can pass. Hence it is a DM-passing coil.
In case of Fig. 7(c), the situation is the opposite, which means
it is a CM-passing coil. In this article, the focus is to make use
of the CM switching component. Thus, only a CM-passing coil
is applied in this article.

2) Resonance Circuit: A resonance can be formed by the
CM-passing coil and the capacitance in series. The series-
resonance is designed to extract the component at the switching
frequency. The equivalence of the circuit from three-phase to
single-phase in terms of the CM switching harmonic is illus-
trated in Fig. 8. The resistance in three-phase can be regarded as

(35)
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Fig. 9. Rectifier connected with capacitive or inductive load. (a) Rectifier and

capacitive load. (b) Rectifier and inductive load.

being placed in parallel and becomes 1/3 in single-phase. The
same applies for capacitance and inductance. The equivalent
inductance in the CM circuit is the leakage inductance of the
CM passing coil according to (29).

C. Rectifier and DC Load

The output of the transformer is connected to a rectifier. At the
output of the rectifier is a dc load. The dc load can be capacitive
or inductive as shown in Fig. 9. Due to the resonance formed by
the CM-passing coil and the capacitors as shown in Fig. 8, the
extraction circuit behaves as a band pass filter. Hence only the
harmonic content at the switching frequency can pass through
the extraction circuit and reach the input of the rectifier. In

TABLE IV
POWER ELECTRONIC INVERTER PARAMETERS

Parameter Symbol Value Unit

DC-Link Voltage Uge 200 v

Sine Fundamental Frequency fsin 100 Hz
Switching Frequency fow 30 kHz
Drain-Source Resistance Rds.on 2.6 mQ

Anti-Parallel Diode Voltage Drop Ve 4.7 v

this case, the rectifier load can be represented as an equivalent
resistance at the sinusoidal frequency [18].

In case of a capacitive dc load, the voltage U is kept constant
in steady state as shown in Fig. 9(a). The equivalent resistance
can be calculated as

Urec.ac.amp o 4/m-Ug 8 @ 8

R = = =— . = _— .R.
ea-C Irec‘ac‘amp 71—/2 -Ir w2 Ir s
(36)

In case of an inductive dc load, the current I, is kept constant
in steady state as shown in Fig. 9(b). The equivalent resistance
can be calculated as

Req.L _ Urec.ac.amp o 77/2 -Ur o ﬂj ) % _ 12 'R

Irec‘ac‘amp B 4/7T'IL B 8 Iy, 8
(37)

In the validation part, a capacitor is placed at the output of the
rectifier. Therefore, it is considered as the capacitive case shown
in Fig. 9(a).

IV. EXPERIMENTAL VERIFICATION

An experimental setup is constructed to verify the control and
circuit. Analytical results are calculated based on the modeling
in Section III and compared with the experimental results. In the
end, the impact on the inverter efficiency is investigated.

A. System Setup

The experimental setup is shown in Fig. 10. Code Composer
Studio is used to program TMS320F28379 for controlling the
three-phase inverter. The three-phase outputs of the inverter are
split into two branches. One branch goes to the three-phase RL
load whereas the other goes to the extraction circuit. Toroidal
cores and litz wires are used to make the CM-passing coil. The
toroidal cores are made of 3C90 ferrite which is cost-effective
and suitable for frequencies up to 200 kHz [19]. The cross-
section area of each core is 172 mm?. Three layers of cores are
stacked on top of each other to avoid saturation. The capacitors
used here are from the C-CAP series in CELEM with coaxial
technology. The three capacitors are placed in one row and
clamped between a copper plate on top and an aluminum plate
on bottom. The currents passing through the three capacitors join
at the copper plate, and the joint current goes to the transformer.

1) Three-Phase Inverter: Theinverter is constructed by three
silicon carbide power modules CAB450M12XM3. The parame-
ters and operating condition of the inverter are shown in Table I'V.
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Fig. 10. Experimental setup. (a) Control panel, transformer, resistors, and
inductors. (b) Extraction circuit.

TABLE V
ELECTRICAL PARAMETERS OF HARMONIC EXTRACTION CIRCUIT

Parameter Symbol Value Unit
Resistance Rgxr 47.73 mQ
Self-Inductance Lgxr 963.02 pH
Mutual-Inductance Mgyt 959.19 pH
Capacitance Cgxr 85 nF

2) Harmonic Extraction Circuit and Transformer: The pa-
rameters of the extraction circuit and the transformer are shown
in Tables V and VI, respectively. The transformer used in this
article is the one designed for brushless excitation in [20]. Litz
wires with a strand diameter of 0.1 mm are used to form the
windings on both sides. Pot cores with an airgap in between
form the main flux path.

3) Three-Phase RL Load and DC Load: The parameters of
the three-phase RL load and dc load are listed in Table VII. The
values are measured by powering the load from the inverter
and applying fast Fourier transform (FFT) to the voltages and
currents.
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TABLE VI
ELECTRICAL PARAMETERS OF TRANSFORMER

Parameter Symbol Value Unit
Primary Side Resistance Rpq 138 mQ
Secondary Side Resistance Ry, 33.05 mQ
Primary Side Self-Inductance L, 107.57 uH
Secondary Side Self-Inductance Ly, 16.66 uH
Mutual-Inductance Ltm 35.57 pH
TABLE VII

PARAMETERS OF THREE-PHASE LOAD, RECTIFIER AND DC LOAD

Parameter Symbol Value Unit
AC Load Phase Resistance Rg1 22.45 Q
AC Load Phase Inductance Ly, 32.38 mH
Diode Forward Voltage Drop Ve 0.84 \Y%
Auxiliary DC Load Capacitance Cr 40 uF
Auxiliary DC Load Resistance R¢ 10.8 Q
Auxiliary DC Load Inductance L¢ 83.05 mH
C1=Cexr*3 L1=Lm+Lexr/3 Ly=Lrz" (N1/ Nz)2
o 1| N ‘aaas )
Y — LM=Lm'N1/N2
o { } { } o

Ri=Rr1+ Rexr/ 3 R; =Rz (N1/ N2)2 + Req

(@

Admittance [S]

10 15 20 25 30 35 40 45 50
Frequency [kHz]

—e— Analytical: No Load —— Measurement: No Load
—e— Measurement: Load

(b)

—— Analytical: Load

Fig.11.  Resonance analysis. (a) Diagram of resonance circuit. (b) Admittance
of the resonance circuit.

4) Resonance Profile: The diagram of resonance circuit is
shown in Fig. 11(a). The extraction circuit and the transformer
primary side form the resonance circuit in no-load condition. In
load condition, the transformer secondary side and the equiva-
lent resistance of the rectifier with the dc load are in parallel with
the transformer magnetizing inductance. The circuit parameters
are referred to the primary side of the transformer. The total
admittance is firstly calculated based on the circuit parameters,
and then measured with an RLC meter. The results are shown in
Fig. 11(b). The vertical axis shows the admittances in logarithm.
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Fig. 12.  Auxiliary voltage output in from theoretical calculations.

The resonance points are indicated in tabs, and the resonance
frequencies are around 30 kHz. If a different switching frequency
is selected, then the resonance circuit should be adjusted ac-
cordingly so that the resonance frequency equals the switching
frequency. In load condition, the admittance curves become
damped due to the load resistance. In this article, the switching
frequency is fixed. If the switching frequency is variable in some
applications, then the resonance profile should be designed in
such a way that the amplification is relatively flat within the
range of frequency variation.

B. Analytical Results

Assuming that (1) the inverter and rectifier are lossless, and
(2) purely the CM harmonic at switching frequency passes the
extraction circuit, then the auxiliary dc output voltage can be
calculated using the profile in Fig. 6. Based on the circuit shown
in Fig. 11(a), the overall admittance of the CM branch at 30 kHz
is 0.1975 S, including the CM extraction circuit, the transformer
and the equivalent resistance of the dc load. 21% of the CM
branch current goes to the dc-load whereas the remaining goes
to the magnetizing branch of the transformer. From there, the
auxiliary dc output voltage is calculated, and the profile is shown
in Fig. 12. The maximum is reached in case of k7 = 0.5 and
o = 0°. The shape of the profile changes when k7 varies. The
curves are symmetric with respect to k7 = 0.5, e.g., the k7 =
0.4 curve is the same as the k; = 0.6 curve. Adding shift o
scales down the curves evenly which is consistent to (24).

C. Simulation Results

To verify the analytical results, the SVM algorithm is pro-
grammed in Simulink while the circuit topology is built by
PLECS blocks. The simulation results are presented in Fig. 13.
The shape of the profiles here closely follows the analytical
curves shown in Fig. 12. In analytical calculations, the side-band
CM harmonics are neglected, while in simulations, the side-band
CM harmonics contribute to the auxiliary output. Hence, the
curves in simulation results are slightly higher than those in
analytical results.
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Fig. 13.  Auxiliary voltage output in circuit simulations.
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Fig. 14.  Auxiliary voltage output in experiments.

D. Experimental Results

Experimental results are shown in Fig. 14. The curves here
closely follow the analytical results shown in Fig. 12. In ana-
lytical calculations, converter losses are neglected. Due to this,
the auxiliary dc output voltage is overestimated. However, at the
same time, the side-band CM harmonics contribute to the aux-
iliary output in experiments, but not in analytical calculations.
In the end, the discrepancies due to these two factors are more
or less canceled. Hence, the overall results in Fig. 14 closely
follow the profiles in Fig. 12. As can be noticed, the auxiliary
voltage output varies with all three parameters, m,, k7, and a.
This further indicates the possibility to independently control
the auxiliary voltage output utilizing CM switching harmonics
by tuning k7 and « without violating the control of three-phase
power. In the plots of auxiliary dc output, the curves cover a wide
voltage range at low levels of m,. However, as m, increases,
all curves start to converge. At m, = 1.0, there are minor
differences between different curves. Besides, at this point, the
voltage across the auxiliary dc load becomes very limited despite
of whichever k7 and « is chosen.

1) Original Case: m, = 0.5; kz = 0.5; and o = 0°:
With k7 = 0.5 and a = 0°, the inverter is operating with
conventional SVM technique which gives the maximum amount
of CM switching harmonics. The time domain waveforms in this
case are measured. Waveforms in one electrical fundamental
cycle are presented in Fig. 15. The inverter output currents
1INV.abe Shown in Fig. 15(a) are split into the three-phase load
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Fig. 15. Time-domain waveforms m, = 0.5, k7 = 0.5, and a = 0° (a)

Inverter currents. (b) Three-phase load currents & extraction circuit currents. (c)
Transformer primary side current and auxiliary load current.

currents 7 gy, 4be and the harmonic extraction currents tgxT.qbes
as shown in Fig. 15(b). ig1, qbe are sinusoidal at 100 Hz while
IEXT.abe contain switching harmonics. The harmonic currents
going through the harmonic extraction circuit are all in phase.
This indicates that the CM passing coil successfully blocks the
DM components. The currents from three-phase harmonic ex-
traction circuit join together and the sum goes to the transformer
as shown in Fig. 15(c). After the rectifier, the current becomes a
dc quantity and goes to the dc load. The dc load currentis 7.40 A.

2) Variation of k7: mq = 0.5; kz = 0.0; and o = 0°:
With k7 = 0.0 and @ = 0°, the CM switching harmonics are
reduced by placing 100% inactive duty cycle to state vector v7.
The waveforms are shown in Fig. 16. As can be noticed, the
three-phase RL currents in Fig. 16(b) are the same as those in
Fig. 15(b). This indicates that the adjustment of CM switching
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contents does not affect the power going to the three-phase
load at fundamental frequency. At the same time, the harmonic
contents going through the extraction circuit reduce. This leads
to cleaner waveforms of inverter output currents and lower
amplitude of transformer current. Consequently, the current that
reaches the dc load reduces. The dc load current is 5.26 A.

3) Variation of a: my, = 0.5; ky = 0.5; and o« = 90°:
With k7 = 0.5 and o = 90°, the CM switching harmonics are
reduced by introducing interleave phase shift of carrier waves.
The waveforms are shown in Fig. 17. The three-phase currents
going to the RL load in this case are not affected either. Compar-
ing with the case of k; = 0.0and @ = 0°, the harmonic currents
are reduced more significantly. Consequently, the current that
reaches the dc load reduces to 2.75 A, 37% of the case with
maximum CM switching harmonics. From analytical analysis,
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the CM harmonic at the switching frequency in this case are 33%
of the maximum. These two percentage values are similar, which
means the variation of power transfer can be roughly calculated
by comparing CM switching harmonic contents.

4) Summary: The experimental results of the three presented
cases are given in Table VIII. As can be noticed, the efficiency
of the CM power flow branch, including extraction circuit,
transformer and diode rectifier, reaches 93.18% in the traditional
SVM case. However, when k7 and « are regulated to decrease
the CM power flow, the efficiency of the CM power flow branch
decreases. This is due to two reasons. One reason is that, the
diode rectifier becomes less efficient when the power flow
decreases since the voltage drop across the diode PN junction
is almost constant. The other reason is that, as the CM power
flow decreases, the DM switching harmonics increase. The DM
flux is then built in the CM-passing coil and this is why the DM

TABLE VIII
SUMMARY OF EXPERIMENTAL RESULTS OF THREE TYPICAL CASES

mg 0.5 0.5 0.5
Case k; 0.5 0.0 0.5
a 0° 0° 90°
AVG Voltage [V] 201.13 201.08 201.12
DC-Link AVG Current  [A] 3.99 2.39 1.27
Active Power  [W]  802.19 479.97 256.24
RMS Voltage  [V] 64.91 64.84 89.06
Aé‘ﬂ‘)‘a 4 RMSCument [A] 135 135 1.35
Active Power  [W] 124.31 123.69 124.87
AVG Voltage  [V] 79.33 56.32 29.23
‘g‘g‘gioaﬁ AVG Current  [A]  7.40 5.26 2.75
Active Power  [W]  587.38 296.24 80.40
Inverter Efficiency [%] 94.08 94.41 86.09
CM Branch Efficiency
(including extraction circuit, [%] 93.18 89.93 83.98
transformer and diode rectifier)
Total System Efficiency [%] 88.72 87.49 80.11

power flow is prevented from passing the branch. However, at
the same time, the DM flux also causes iron-core losses, and
therefore the efficiency of the CM branch decreases.

As shown in Fig. 2, the path to the auxiliary dc load is in a
parallel branch with the path to the main ac load. The power
flow to the main ac load is decided by the SVM voltage pattern
at the inverter output, and this is not affected after the path to the
auxiliary dc load is connected. However, when « is regulated
to decrease the CM power flow, the switching harmonics in
SVM are shifted from CM to DM, and DM harmonics cannot be
cancelled in line voltages of the main AC load. This will result
in DM current ripples in the main ac load.

It can also be observed that, due to the additional power
consumed by the auxiliary dc load, the current going through
the inverter increases. Hence, in practical implementations, the
inverter should be dimensioned considering the peak power as
the sum of the expected peak power of both the ac and dc loads.
However, it should be noted that in many applications, the peak
power consumption of the auxiliary dc load does not necessarily
occur simultaneously as that of the main ac load. For example, if
the proposed method is applied in the powertrain of a vehicle and
the traction motor operates at peak power, the charging of the
LV battery through the auxiliary dc output can be temporarily
reduced. After the power consumption of the traction motor
reduces, the LV battery charging rate can increase again.

E. Impact on Inverter Efficiency

From the results presented in Section IV-C and IV-D, it can
be concluded that it is possible to extract the CM switching
harmonics and use them to power an auxiliary dc load. To in-
vestigate whether the harmonic extraction would have an impact
on the efficiency of the inverter, two tests are conducted. First,
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Fig. 18. Experimental comparison of inverter efficiency between the cases
with and without the auxiliary dc load.

the inverter is only connected to a three-phase RL load. In each
phase, the resistance is 2.21 2 and the inductance is 219 pH.
Thereafter, the CM harmonic extraction branch and the auxiliary
dc load are connected in parallel with the original three-phase
RL load. In both cases, the dc-link voltage is 200 V and the
switching frequency is 30 kHz. The SVM is fixed to k7 = 0.5
and o = 0°, while m,, is swept from 0 to 0.9 with step of 0.1
and an additional point of 0.95. The inverter efficiency in both
cases is calculated as

-Pinv ou J'\Ein inv.ou
n :P_i'_t x 100% :% x 100%  (38)

i=1 Pinv.in
using the voltage and current measurements, where
= Uinv.a * Z.inv.a + Uinv.b - Z'inv.b + Uinv.c - iinv.c

(39)

Pinv.out
Pinv.in = Uinv.dc * inv.dc

and Nyg;y, is the number of samples taken over an integer number
of fundamental cycles. The results are shown in Fig. 18. The
maximum inverter input power reaches 7.15 kW. The maximum
power delivered to the auxiliary dc load reaches 1 kW. The
percentage of auxiliary load power consumption with respect to
the total power consumption on both loads is shown in green. As
can be seen, the curve decreases as m,, increases. The efficiency
difference at different inverter input power levels and different
percentages of auxiliary load power consumption is generally
below 0.5%. Hence the influence of the extraction circuit on the
inverter efficiency is minor.

V. CONCLUSION

CM switching harmonics of a three-phase inverter can be
extracted and rectified to power an auxiliary dc load. In this
article, a control method and a circuit topology are proposed
to realize this idea even without access to the neutral point
of the three-phase load. The auxiliary dc output voltage is
dependent on CM switching harmonic contents which can be
further controlled by regulating SVM switching patterns.

To physically implement the CM power flow, an extraction
circuit is proposed where the CM switching harmonics of the
inverter are extracted, rectified, and delivered to the auxiliary dc
load. In the extraction circuit, a CM passing coil in resonance
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with series-connected capacitors is employed and the resonance
is tuned at the switching frequency.

An experimental setup is constructed to verify the circuit and
control. The auxiliary dc output voltage reaches the maximum
when the zero states share the same duty cycle within one
switching period. The output voltage can be scaled down evenly
when an angle shift « is introduced between the carrier waves
for all three phases. The scaling factor is analytically found out
to be 1252 The efficiency of the CM power flow branch,
including extraction circuit, transformer and diode rectifier,
reaches 93.18% in the experimental prototype. The experimental
results closely follow the analytical results. This shows that the
proposed method works as expected. In the end, the impact of
harmonic extraction on the efficiency of the inverter is investi-
gated. In the test, the inverter input power reaches 7.15 kW and
the inverter efficiency stabilizes around 99%. The efficiency is
not significantly affected when the auxiliary load is connected.
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