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New Optimal Common-Mode Modulation for
Three-Phase Inverters with DC-Link
Referenced Output Filter

Michael Antivachis, Dominik Bortis, Ander Avila, and Johann W. Kolar

Abstract—A two-level inverter followed by a DC-link referenced
output filter is a promising solution for high-speed low-voltage
drive systems. A limitation of this power electronics topology,
however lies in the high current ripple and hence additional losses
occurring within the filter inductors. This shortcoming can be
addressed by means of an appropriate modulation technique.
This paper details two new modulation strategies, tailored to the
specific characteristics of three-phase inverters with DC-link ref-
erenced output filter, utilizing the instantaneous common-mode
(CM) voltage as a degree of freedom, in order to decrease the output
inductor’s current ripple. It is deduced that a constant (DC) CM
injection modulation (DCCMM) or an AC CM injection modu-
lation (ACCMM) with arbitrarily large amplitude yields the best
performance depending on the operating point. The CM pattern
that minimizes the inductor current ripple envelope results from
the combination of the two schemes and constitutes the optimal
CM injection modulation (OCMM). Furthermore, the proposed
modulation schemes are tested on a 300 W hardware demonstra-
tor driving a 300 krpm custom designed motor, where a reduction
of the total inverter losses of up to 11% is observed.

Index Terms—DC-link referenced output filter, high-speed
drives, modulation scheme, optimal CM injection.

I. INTRODUCTION

IGH-SPEED low-voltage (LV) drive systems spread

across a wide range of applications such as turbocom-
pressor systems, drills, medical equipment and air-condi-
tioning units [1], [2]. Typically, a two-level pulse width
modulated (PWM) inverter with high switching frequency f;
is preferred in order to provide the motor with a high quality
sinusoidal current that minimizes the induced machine loss-
es (cf. Fig. 1(a)). The insertion of an AC differential-mode
(DM) interface filter between the converter and the machine
further smoothes the motor terminal currents and voltages
[3]. An AC-side common-mode (CM) filter suppresses the
high-frequency CM voltage applied to the machine terminals
and hence protects the motor insulation and bearings from
overvoltage stress [4]. Moreover, the CM filter is an effective
measure against conducted EMI noise, since it provides to
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Fig. 1. In (a) the schematic of a two-level inverter with a DC-link refer-
enced output filter followed by a high-speed motor is depicted. In (b) the
correlation between the normalized peak current ripple Al and the instan-
taneous duty cycle d is presented. In (c) the sinusoidal duty cycles for two
different modulation depths are shown, while in (d) and (e) the resulting
inductor currents and current ripples of phase a for the different modulation
depths M, are illustrated respectively.

the CM currents, induced by the switching operation of the
converter, a low impedance path that confines the CM noise
within the inverter stage. The DC-link referenced output fil-
ter, presented in Fig. 1(a), performs simultaneously CM and
DM attenuation [5]-[7] and thus is a prominent choice for
LV drive systems.

Accordingly, the incorporation of a DC-link referenced out-
put filter allows for higher motor efficiency and CM noise sup-
pression, at the expense of decreased converter performance,
since the volume and losses of the output filter are added to
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the converter stage. There has been extensive research towards
counterbalancing the negative impact of the output filter by
means of appropriate inverter modulation techniques [8]-[11].
For three-phase inverters employing carrier-based PWM tech-
niques, the available degree of freedom is the shape of the in-
jected CM duty cycle dy,(¢) [12]. Hence, the duty cycles of the
three phases can be written as

d,(t) = My cos(wt) + dem(t)
dy(t) = My cos(wt — 2%) + dem(t) 1
do(t) = My cos(wt + %”) + dest(t)

where M, is the modulation depth defined as M, = %/XZ and v

is the peak output phase voltage. Furthermore, the local av-
erage of the inverter switched voltages is given as <Uz‘,o>TS=
d; (t)% ,wherei € {a, b, c}.

The aim of the CM injection with duty cycle dqy(¢) is
the minimization of the current ripple across the inductor
and hence the mitigation of the inductor related losses. For
example, in the case of a two-level inverter followed by an
exclusive DM filter, the injection of an approximately tri-
angular CM pattern yields the lowest filter inductor current
ripple (standard space vector modulation - SVM) [13], while
a sinusoidal third harmonic injection (THM) results in simi-
larly high inductor performance. Moreover, the injection of a
roughly rectangular CM component, known in the literature
also as discontinuous modulation (DCM) [14], [15], leads to
a reduction of the switching losses. However, in the case of
a two-level inverter with a DC-link referenced output filter,
the formulation mechanism of the filter inductor current #;
is fundamentally different compared to a simple DM filter,
because high-frequency currents are allowed to flow through
the DC-link connected capacitors C/2 from/towards the DC-
link. Thus, the traditional modulation techniques do not yield
anymore the desired performance gain. Instead, the optimal
shape of injected CM duty cycle dq(?), that minimizes the
current ripple in the filter inductor, must be revisited and
redefined according to the special characteristics of the filter
topology at hand.

In response to those concerns, this paper details the de-
grees of freedom when selecting a modulation scheme and
proposes two modulation techniques that reduce the filter in-
ductor current ripple. In a first step, the constant CM shifting
(DCCMM) of all three phases dq\(f) = M, is presented, and
subsequently the injection of a AC CM pattern (ACCMM)
with arbitrarily large amplitude d,(f) = =My cos(Nwt) (N =
3,6,9,..) is examined. The inductor current ripple formula-
tion and trade-offs between the two modulation schemes are
analyzed and quantified in Sec. II. Afterwards, the achiev-
able system performance, in terms of inductor RMS current
ripple, is evaluated by means of a multi-objective optimiza-
tion. Based on the results, the optimal CM injection modu-
lation scheme (OCMM) is proposed. In Sec. III, the claimed
performance benefit is validated against experimental mea-

surements and finally the conclusions are drawn in Sec. I'V.

II. GENERALIZED CM INJECTION MODULATION

First, the current ripple formation of the filter inductor in
the case of a two-level inverter with a DC-link referenced
output filter is analyzed. The standard modulation case,
where all duty cycles are purely sinusoidal (sinusoidal mod-
ulation - SM), i.e. without any CM pattern injection (dqy(?) =
0), is considered (Fig. 1(c)). The switched-node voltage v,(¥)
of phase a with respect to the DC-link midpoint o, contains a
fundamental component, as well as high-frequency harmon-
ics concentrated around and above the switching frequency
1. (cf. Fig. 2(a)). This switched voltage, with voltage levels
between +V,/2 and —V},/2, is subsequently smoothed by
the output filter and results in a predominantly sinusoidal ter-
minal voltage v,., = M, cos(wf), with respect to the load open
star-point #. Moreover, due to the connection of the output
filter capacitors (C/2) to the positive and negative DC rails
(p,m), a stable sinusoidal terminal voltage v,., = M, cos(wf?)
with respect to the DC-link midpoint o is also generated. The
difference between the switch node voltage v,, and the ter-
minal voltage v,., yields the current ripple inducing voltage
across the inductor v, = v,, — v,,. The inductor voltage v, is
clearly a two-level voltage and generates an inductor current
ripple similar to the case of a single-phase inverter. Due to
the DC-link referenced output filter, the current ripple of
each phase Al is independent of the remaining two phases
(cf. Fig. 1(b)) and is determined by the duty cycle d|(t) of the
corresponding phase i € a, b, c as

Al = LF di;g}; GV ,
_ Al (1+d)(1 —di)Vpc @

V3 8v/3 fsL ’

where d, € [—1, 1].

If a triangular carrier signal is defined in the interval [—1,
1], the duty cycle that maximizes the instantaneous inductor
current ripple Al is d; = 0. The corresponding peak and
RMS current ripple over a switching period are then calcu-
lated as

AIPk,max - VDC
BAL 3)
AIRMS o AIPk,max _ VDC
e V3 8V3f,L

and illustrated in Fig. 1(b).

In contrast, the current ripple is zero when the duty cycle
is in the vicinity of 1 or -1. For low modulation depths M,
the duty cycles of all three phases remain close to the zero
line for the whole fundamental period 7. As a results, the
current ripple and inductor losses are maximized when the
modulation depth, and hence the machine induced voltage,
speed and power are low (Fig. 1(c)-(e), M, = 0.2). Conse-
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Fig. 2. In (a.i), the spectrum of the inverter switch node voltage v,, is shown
when the standard sinusoidal modulation (SM) of (a.ii) is employed. (b.ii)
illustrates the DCCMM technique, where all the duty cycles are shifted

upwards by a DC voltage component vy, = dem % , where d = M,. The

resulting advantageous spectral shaping of the inverter voltage is depicted
in (b.i), where spectral content is transferred from the switching frequency
£, to the DC component. In (c.i), the qualitative inverter voltage spectrum
distribution is illustrated, when ACCMM (c.ii) modulation is employed. In
this case, an AC CM component is injected to the three phase duty cycles
leading to a reduction of the high frequency voltage spectrum, whereas a
part of the spectral content around the switching frequency f; is shifted to
the frequency of the CM component fy.

quently, for the standard modulation (i.e. no CM injection),
the low load and part load efficiency deteriorates due to
the high ratio between the losses induced within the filter
inductor and the low output power. It becomes evident that
steering away from the unfavorable duty cycle d, =0 is a
path towards superior inductor performance. This can be
achieved by means of CM injection, meaning that an iden-
tical signal d.\(?), either constant or variable, is added to
the duty cycles of all three phases as shown in (1). This CM
signal vey = v, = dCM% shifts the voltage of all three in-
verter terminal nodes either higher or lower with respect to
the DC-link midpoint o. If examined from the frequency do-
main standpoint, the injection of a low-frequency CM signal
advantageously shapes the spectral content of the inverter
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Fig. 3. Constant CM shifting (DCCMM) overview. In (a), the available 1/,
values depending on the modulation depth M, are depicted. In (b), the effect
of different values of M4, on the duty cycle of phase a for a constant modula-
tion index M, = 0.2 is visualized. In (c) and (d), the impact of the DCCMM
modulation technique on the inductor current and the current ripple is
shown respectively.

switch node voltage v,,, i € a, b, ¢, i.e. energy is transferred
from the switching frequency harmonics to the low-frequen-
cy component corresponding to the injected CM pattern (cf.
Fig. 2(b.i)-(c.1)). Hence, the current ripple inducing high-
frequency voltage harmonics is limited and accordingly the
output filter inductor efficiency is increased. Two CM signal
types are proposed and explained within the remainder of the
chapter: a positive or negative constant shifting (DCCMM)
(cf. Fig. 2(b.1)-(b.i1)) and an AC CM pattern (ACCMM) (cf.
Fig. 2(c.1)-(c.ii)) with arbitrarily large amplitude. Both op-
tions are compared against the standard modulation scheme
(SM) with purely sinusoidal duty cycles, in terms of inductor
current ripple.

A. DC CM Modulation (DCCMM)

The constant CM injection strategy (DCCMM) utilizes
a constant CM signal d., = M, that shifts all instantaneous
sinusoidal duty cycle signals d; away from the high current
ripple region around d, = 0 towards a lower ripple zone close
to either d, = 1 or d; = —1. Hence, the CM shifting can be
either positive or negative, with symmetric effects on the
inductor current ripple. The constant CM shifting technique
is visualized in Fig. 3(b) for the example with modulation
depth M, = 0.2. For a given modulation depth M,, the accept-
able range of the M, injection must be defined. This can be
easily derived by the constraint that all the duty cycle signals
must not exceed the carrier boundaries (i.e. =1 <d; < 1). De-
pending on the modulation depth M|, the M, injection limits
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are then calculated by

My € [0,1] , dem(t) = Mo
My € [Momin, Mo.max],

Momin(M1) = —(1 — My)
Mo max(M1) = (1 — My),

“)

where:

and the available modulation space for M, is visualized in
Fig. 3(a). It should be noted that the feasible M, interval
becomes wider for low modulation depths M;: for instance
when M, = 0.2 (cf. Fig. 3), the M, parameter can be freely
selected within the interval [-0.8, +0.8]. In contrast, for
M, = 1, the M, value must be compulsively kept at zero,
otherwise the instantaneous duty cycles would exceed the
carrier boundaries. When M, > 1 (i.e. overmodulation), the
DCCMM technique is impractical, since it provokes unde-
sired pulse dropping which in return dramatically increases
the inductor current ripple. In other words, the DCCMM
scheme is only advisable for the linear modulation region, i.e.
M, € [0,1].

The effect of the CM injection on the current envelope is
profound, which means that the current ripple envelope is
contracting with increasing CM injection M, (cf. Fig. 3(c)),
thus the CM shifting positively impacts on the inductor
performance. For the simple sinusoidal modulation (SM),
the current ripple reaches its maximum at the zero crossings
of the duty cycle which is at the time instants ¢ = 2* and 22
(cf. Fig. 3(d), M, = 0). However, if a constant CM shifting is
applied, the time instances of the zero crossing are changing.
This means that for 0< M, <M, the two zero crossings are
approaching t = % , while for 0 < M, < M, no zero crossings
take place and the maximum current ripple is solely found at
t="2 (cf. Fig. 3(d) for M, = 0.4 or M, =0.8).

B. AC CM Modulation (ACCMM)

In a second step, an alternative CM injection technique is
examined which employs a sinusoidal AC CM pattern dq(?)
= =M, cos(2nf\t) with a frequency f.\, = f = Nf, and an am-
plitude My. By choosing a large amplitude M,, the highfre-
quency spectrum of the switch node voltage v,, is reduced
and instead more spectral content is concentrated at the CM
signal frequency fy (cf. Fig. 2(c)). Hence, the high-frequency
current ripple is reduced and superior performance in terms
of losses can be achieved. Special attention should be paid to
the reactive phase current flowing through the filter capaci-
tors, since the N order harmonic current IAC,N , calculated as

Iex = MxVoer N £,C, ®)

is proportional to the amplitude M), and the frequency f of
the AC harmonic voltage. Especially for high speed motor
drives, where the fundamental frequency f, can be in the
kHz-range, the reactive currents at the frequency fy = N- f;

become significant and hence should be limited. Otherwise
additional conduction losses are occurring in the inductors
and semiconductor devices, degrading the overall system
performance. In the course of this research, which focuses on
ultra-high speed drive systems, the frequency of the AC CM
signal must be set to the lowest possible CM frequency fey,
= 3f;, thus the ACCMM reduces to a generalized third har-
monic modulation scheme (GTHM). According to the con-
ventional third harmonic injection (THM), the amplitude of

the third harmonic, M, is typically set to % or % in order to

allow linear overmodulation (i.e. M1 € [1, %] ). In contrast,
for the proposed generalized third harmonic modulation
scheme (GTHM), the amplitude of the third harmonic M is
considered as a degree of freedom that can be set arbitrarily.
The GTHM clearly constitutes an extension of the conven-
tional third harmonic modulation, thus both are applicable in
the overmodulation region (i.e. M1 € [1, %] ).

Depending on the modulation depth M|, the maximum
and minimum allowable value of third harmonic injection
M, must be defined in a similar fashion as in the case of DC-
CMM, i.e. the modulation index is constrained within —1 <
d; < 1. The closed form solution can be found as

M e [o, jg} dewi(t) = — M cos(3wt)

M3 S [MS,mim M3,max]

where: M3 min (M) = —(1 — M)
(6)

Solving nonlinear equation

M cos(P) — M3 max cos(3¢) = 1

b sin! ( 9 M3 o — Ml)

12 M3 max

The corresponding modulation area, which is asymmetric,
is depicted in Fig. 4(a). In Fig. 4(b), third harmonic patterns
with different amplitudes are superimposed on the sinusoidal
duty cycle of phase a, for the example of modulation depth
M, =0.2. As can be noticed, the generalized third harmonic
injection shapes the current ripple envelope in a way that it is
continuously alternating between high and low current ripple
(cf. Fig. 4(c)) whereas the inductor current stress decreases,
with increasing M, values (cf. Fig. 4(d)). In analogy to DC-
CMM, it should be noted that for GTHM the available range
of M, values is wide for low modulation depths A, and for
high modulation depths the M, parameter is increasingly re-
stricted.

Af&max (M1> .

C. Optimal CM Modulation (OCMM)

The idea behind the two modulation schemes, constant
CM shifting (DCCMM) and generalized third harmonic in-
jection (GTHM) is now established. The corresponding pa-
rameters M, and M, constitute degrees of freedom and must
be selected in a way that minimizes the inductor current
stress. From a numerical optimization standpoint, the mod-
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Fig. 4. Generalized third harmonic injection (GTHM) overview. In (a), the
allowable M; values depending on the modulation depth M, are depicted.
In (b), the effect of different values of M, on the duty cycle of phase a for a
constant modulation index M, = 0.2 is visualized. In (c) and (d), the impact
of the GTHM modulation technique on the inductor current and the current
ripple is shown respectively.

ulation parameters M, and M;, which are subject to linear
constraints M, ., < My < My, and M; ., < M < M, .., TEP-
resent the optimization variables and have to be optimized in
such a way that for a given modulation depth M, the optimal
CM values M, ,, and M, resulting in the lowest inductor
RMS current ripple, are found. Accordingly, the objective
function F is defined as the normalized inductor RMS cur-
rent ripple over a fundamental period 7, and quantifies the
effectiveness of the employed parameter combination of M,
and M,,

F— AIRMS _ \/ T, f AIEa(t)dt (7)

Al RMS,max 3 \}@;

The goal of the optimization algorithm is to identify the op-
timal set of parameters M,, and M,, such that the objective
function F is minimized.

The optimization procedure for the parameter M, of the
constant CM injection techniques is analyzed first. For one
modulation depth M, (cf. Fig. 3(b) with e.g. M, = 0.2), the ac-
ceptable M, parameter values (in this case M, € [—0.8, +0.8])
are swept and for each M, case the resulting normalized
RMS current ripple F(M,, M,) is calculated. Subsequently,
the M, value that results in the minimization of the objective
function (i.e. minimum current ripple) is selected as optimal
modulation choice M, (M,) (cf. Fig. 3(c),(d), M,,,(0.2) =
0.8). The process is iterated for all the modulation depths M,
€ [0, 1] as visualized in Fig. 5(a), and thereby the optimal

value of the constant CM shifting scheme (DCCMM) is de-
rived. It should be noted that the constant CM injection scheme
is symmetric in the sense that identical performance is attained
by shifting upwards by +M, or downwards by —M,, while the
optimization reveals that the largest |M,| leads to the lowest
inductor current ripple. The optimal values of M 00p1 depend-
ing on the modulation depth M, are highlighted in Fig. 3(a),
while Fig. 5(c) shows how the current ripple for the opti-
mized DCCMM technique in comparison to the standard
sinusoidal modulation (SM) evolves over different operating
points.

The same optimization procedure used for M, can be ap-
plied for the optimization of the parameter M, of the GTHM
modulation scheme. The optimal amplitude A, of the third
harmonic that yields the lowest current ripple (i.e. minimizes
F(M,, M,)) is calculated for each modulation index M, and
thus the optimal third harmonic injection modulation scheme
is derived (cf. Fig. 5(b)). In this case, the inductor current
ripple changes in an asymmetric fashion with respect to M,.
Indeed, the amplitudes of the third harmonic +M; and —M,
(negative amplitude indicates phase shift of 180°) result in
different inductor performance. In analogy to the DCCMM,
the optimization deduces that the maximum positive am-
plitude of third harmonic always yields the best inductor
performance as visualized in Fig. 4(a). A key feature of the

GTHM is that in contrast to the DCCMM it can also be used

, % ]. The minimum

in the over modulation region M, € [1
current ripple achievable by employing GTHM over the
whole converter operation range is plotted in Fig. 5(c), and
is compared against the corresponding performance of the
sinusoidal modulation (SM).

A possible combination of two CM injection patterns
(DCCMM, GTHM) is also investigated. In this case, the
inserted CM pattern is d.y = My—M; cos(3wt). The results
reveal that merging both modulations (i.e. simultaneously M,
# 0 and M, # 0) does not yield superior performance in terms
of current ripple. Instead for low modulation indexes M, < 0.5
the exclusive utilization of constant CM shifting (DCCMM)
(i.e. M, # 0, M, = 0) allows for the smallest current ripple,
while for high duty cycles M, > 0.5 the generalized third har-
monic injections (GTHM) is more effective (i.e. M, = 0, M,
# 0). The modulation scheme that transitions from DCCMM
(below M, = 0.5) to GTHM (above M, = 0.5) constitutes the
optimal CM injection modulation (OCMM) as indicated in
(Fig. 5(c)) and minimizes the inductor losses over the whole
inverter operating range. At the transition point M, = 0.5,
the parameter M, must be decreased while the parameter
M, must be increased in a way such that all the duty cycles
remain within the carrier limits, and that the output DC-link
referenced filter is not excited. To this end a smooth transi-
tion is proposed according to which the values of M, and M,
are progressively adjusted within a transition interval M, €
[0.4, 0.6] around the transition point M, = 0.5. Namely, the
parameter M, is linearly decreased with respect to M,, from
M,=0.6 at M, = 0.4 to M, = 0 at M, = 0.6. Accordingly the
parameter M, is increased from M; = 0 at M, = 0.4 to M, =
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Fig. 5. Optimization procedure of the DCCMM and GTHM modulation
parameters M, and M. In (a), the DCCMM strategy is analyzed: for each
modulation depth M, all the possible values of the optimization parameter
M, are sweped and the corresponding normalized current ripple is calculated
for each value. The M, value that yields the lowest RMS inductor current
ripple F (cf. (7)) constitutes the optimal choice and is highlighted. In (b),
the same optimization method is visualized for the case of GTHM and the
parameter value M;. The optimal set of parameters M, and M, ., for each
modulation depth M, are visualized in Fig. 3(a) and Fig. 4(a) respectively.
Finally, in (c), the performance of the optimized DCCMM and GTHM, in
terms of current ripple, is depicted and is compared against the standard
sinusoidal modulation (SM).

0.68 at M, = 0.6. The proposed transition strategy ensures
uninterrupted inverter operation at the expense of increased
current ripple (suboptimal selection of M,, M, in the transi-
tion region).

D. Inverter Component Stress

In order to provide a comprehensive overview of the total
inverter performance when the OCMM is employed, the
stresses on the remaining converter components (i.e. DC-
link capacitor, power semiconductors) are derived by means
of analytic closed form expressions. There, a sinusoidal out-
put inverter current /; , = I, cos(w,t—®) (i.e. current ripple is
neglected), slightly lagging the motor AC voltage v,.,, = M,
VDC cos(m,f) by the phase angle @ (i.e. low reactive power con-
sumptlon), is assumed in the course of the calculations [16].

For the stress analysis of the power semiconductors, first
the RMS current stress of the top- and low-side devices of
phaseleg a are examined. The same consideration can be
extended to the remaining two phases due to symmetry. The
local RMS current (i.e. over one switching period 7,) of the
low and high side switches of phase-leg a are calculated as
follows,

(Tonighrms (1)) = 1+Tda(t) (1),
®)
(Tusonsus()) = - 1)

where d,(t) = M, cos(wt) +M, — M, cos(3wt).
Based on the local RMS values, the global RMS current
stress over a fundamental period 7, can be calculated as

To 1+ M, 0
a JHigh,RMS — a High, RMS 4

T M 0
a Low,RMS — a Low, RMS

As can be noted from (9), in the case of DCCMM (i.e. M,
# 0, My = 0), the RMS current burden is unequal between
the top- and low-side switch. For example, when positive
DC CM shifting (M, > 0) is selected, the duty cycles of all
three phases are shifted upwards and therefore the relative
on-time of the high-side semiconductors is longer than the
corresponding on-time of the low-side devices. Hence, high-
er RMS current stress and losses on the high-side switches
are caused (9). For increasing M, values, which are only
present for low modulation depths M, the unequal current
sharing becomes more pronounced. In this case, however,
in many motor drive applications (e.g. compressors) the
speed, the EMF and the current amplitude 7, of the motor are
small and accordingly the unequal distribution of the current
stress on both high and low devices is no more critical. On
the contrary, the GTHM (i.e. M, = 0, M, # 0) modulation
equally distributes the current stress among the semiconduc-
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TABLE I
HARDWARE DEMONSTRATOR SPECIFICATIONS

Parameter Value
Motor

Speed n 300 krpm
Resistance R, 0.041Q
Inductance Ly, 4.72 uH
Power P 300 W
Losses P oss,m 5W
Inverter

DC-link voltage Vpc 48V
Output phase RMS voltage Vo 19V
Fundamental frequency fo 5kHz
Switching frequency fs 140kHz
Filter inductance L 17pH
Filter capacitance C' 1.33puF
Power density p 1.91 kW /dm?

Efficiency n 97.29% (=~ 9W losses)

tors, since the expressions of (9) do not depend on M;. The
switching performance remains roughly unaffected from the
employed modulation scheme, since the same total number
of switching transitions occurs independent of the modula-
tion strategy.

The input DC-link capacitor conducts the high frequency
switched current /,in, which in return causes losses in the
equivalent series resistance (ESR), and could reduce the life
time especially for aluminium electrolytic capacitors. A sim-
ple expression relating the capacitor RMS current with the
modulation depth M, and the AC-side power factor cos(®)
is given in [17], which is independent of the applied inverter
control scheme,

I
Ic; = —,|2M
C,in,RMS \/5 1 Ar T 16

@ + cos?(¢9) (\/§ - 9M1>}- (10)

This analytic approximation assumes sinusoidal inverter
output currents and thus neglects the marginal increase of
the input capacitor current stress caused by the output cur-
rent ripple (up to 8% - [17]). Large circulating CM currents,
flowing through the DC-link referenced output filter capac-
itors C/2 in the case of GTHM ((5) - ic,s = MVyo73f,0),
could further increase the input capacitor RMS current.
However, the small capacitance values C/2 typically selected
for the implementation of the output filter in order to mini-
mize the fundamental reactive phase current IAC,1 = M,Vpcr-
£.C<0.1 [, inherently limits the CM currents /... Therefore,
the effect of the small circulating CM currents can also be
disregarded and the analytic expression (10) can be used for
the DC-link capacitor design and loss estimation when any
of the discussed modulation schemes SM, DCCMM, GTHM
or OCMM is employed.

III. EXPERIMENTAL VALIDATION

In order to validate the claimed performance benefits derived
from the proposed CM injection techniques, a hardware demon-
strator was assembled and tested. Thereby, an industry solu-
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Fig. 6. An overview of the high-speed motor drive test setup employed for
the experimental verification is depicted in (a). In (b), the two-level inverter
prototype with a DC-link referenced output filter is shown, while in (c),
the constructed ultra-high speed permanent-magnet motor is presented.
In (d) the inverter efficiency curve is plotted over the whole power range
when sinusoidal modulation (SM) is utilized. In (e), the measured smooth
sinusoidal motor currents under nominal speed (i.e. 300 krpm) and power
operation are shown. The slight imbalance of the phase currents originates
from asymmetric geometric construction of the phase windings.

tion example of a high-speed motor drive, which features an
output power of 300 W and a rotational motor speed of 300
krpm, is used. The detailed specifications are recapitulated
in TABLE I, while the test setup is visualized in Fig. 6(a).
The hardware prototype includes a two-level inverter em-
ploying the latest generation of GaN devices and a DC-link
referenced output filter as depicted in Fig. 6(b). A two-pole
permanentmagnet (PM) slotless design, able to withstand the
mechanical stress related to the high rotational speeds and
exhibiting very low leakage inductance [18], [19], is selected
for the high speed machine implementation. The custom 300
krpm motor prototype (cf. Fig. 6(c)) is built in a back-to-
back (B2B) configuration. In particular, the inverter driven
motor is connected to the same shaft as an identical gener-
ator, which subsequently feeds a diode rectifier with an ad-
justable DC load (cf. Fig. 6(a)). Thereby, the torque and the
speed of the motor can be adjusted independently, offering
maximum testing flexibility. A cascaded speed and current
controller in dg-axis reference frame is implemented using
a digital signal processor (DSP) in order to drive the ma-
chine. The motor angle € is provided by a hall sensor board
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Fig. 7. In (a.i), the measured inductor currents with (M, =
modulation depth is M,
and (b.ii) for the same modulation depth M,

(b.ii)

0.8) and without (M, =
= 0.2. Afterwards, the inductor current ripple is derived by means of data post-processing in (a.ii). The same quantities are plotted in (b.1)
= 0.2 when GTHM is employed. In (c), the measured inductor current ripple Alyyg is compared with its theoreti-
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0) DCCMM are depicted. The fundamental frequency is £, = 1 kHz and the

cally calculated counterpart (cf. Fig. 5(c)). In (d), the reduction of the losses attained by the two proposed modulation techniques (i.e. DCCMM and GTHM),

compared to the standard sinusoidal modulation (SM), is plotted.

that is directly mounted on the machine chassis. Standard
sinusoidal modulation (SM) is initially employed in order to
commission the inverter-motor combination. The measured
inverter efficiency curve and the nominal motor currents at a
rotational speed of 300 krpm are shown in Fig. 6(d) and (e)
respectively.

In a next step, the two proposed modulation schemes
are implemented. The optimal values of the CM injection
parameters M, and M, corresponding to different mod-
ulation depths M, (cf. Fig. 3(a) and Fig. 4(a)) are stored in a
lookup table (LUT) within the microcontroller memory and
are accessed seamlessly during system operation. Depending
on the applied modulation depth M, the optimal injection
parameter is directly selected from the LUT or a linear inter-
polation between the two nearest values is performed. For
a motor speed of 60 krpm (i.e. fundamental frequency f, =
1 kHz) and the rated motor torque (i.e. rated motor current
10 A, M, = 0.2), the two proposed methods, DCCMM and
GTHM, were tested and the measurement results are plot-
ted in Fig. 7(a),(b). The beneficial shaping of the inductor
current ripple envelope is evident for both modulation strat-
egies. Based on the experimental measurements, the RMS
inductor current ripple Al is extracted for different oper-
ating points and is compared against the theoretically calcu-
lated values. An excellent matching between the theoretical
and experimental results is observed in Fig. 7(c). Finally, the
inverter losses are measured for multiple power levels P €

[0 W, 350 W]. The achieved loss reduction by employing
DCCMM or GTHM, compared to the standard sinusoidal
modulation (SM), is shown in Fig. 7(d). The loss reduction
is originating exclusively from the minimization of the in-
ductor current ripple. Especially for low modulation depths,
where a wider range of CM injection parameters M, and
M, is available (cf. Fig. 3(a) and Fig. 4(a)), the loss benefit
is more significant. At the best case, a reduction of the con-
verter losses by ~. 1 W with respect to the nominal converter
losses of 9 W is exhibited.

IV. CoNCLUSIONS

Two new modulation techniques, towards highly efficient
low-voltage inverters are proposed and analyzed in this pa-
per. The need for new modulation schemes, beyond the state-
of-theart solutions, is established for the case of a two-level
inverter followed by a DC-link referenced output filter. The
degree of freedom, when selecting a modulation technique,
is the injected CM voltage pattern d\(7). The unique induc-
tor current ripple formation of the DC-link referenced filter
motivates the reconsideration of the optimal CM injection
waveforms. The proposed constant CM shifting of the duty
cycles (DCCMM) is described first, and afterwards the
generalized third harmonic injection modulation (GTHM)
is introduced. The main idea behind both schemes lies in
the shifting of the inverter switched voltage spectral content
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from the switching frequency towards a low CM modulation
frequency (i.e. fo,, = 0 or 3f;). Both methods are evaluated
by means of optimization in terms of inductor current ripple.
It is concluded that for low modulation depths the DCCMM
is more effective, while for high modulation indexes the
GTHM yields superior performance. Finally, a benchmark
high-speed motor drive is assembled, including a 300 W
converter and 300 krpm motor. The hardware demonstrator
is successfully used as framework in order to validate the
functionality and effectiveness of the proposed modulations
schemes. A loss reduction up to 11% is attained compared to
standard sinusoidal modulation.
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