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Abstract—This article proposes a new pulse-width modulation
(PWM) scheme that reduces common-mode (CM) voltage and
switching losses simultaneously in CSI. The proposed PWM (i.e.,
reduced voltages PWM: RVM) reduces CM voltages and
switching losses by selecting the optimal zero current vector and
PWM sequence based on the CSI output voltage conditions. This
article also proves the proposed RVM achieves both objectives
(i.e., reduced CM voltage and switching losses) simultaneously
for all CSI operating conditions without compromising the other
objective. The proposed RVM inherently achieves zero-voltage
switching conditions during the zero current vector transitions,
further reducing the switching losses. Experimental results
demonstrate significant reductions in CM voltage, reaching up to
approximately 95%, accompanied by an increase of up to about
5.5% in CSI efficiency across a wide operating range compared
to alternative PWM methods, confirming the predicted
advantages of the proposed RVM.

Index Terms—common-mode voltage, current source inverter,
pulse-width modulation, switching losses

I. INTRODUCTION

UREENT source inverters (CSIs) are gaining more

attention due to their appealing advantages, including

their voltage boost characteristics, benign response to

short-circuit faults, and high-quality output waveforms
[1], [2]. Furthermore, the high switching frequency enabled by
the wideband gap (WBG) devices substantially reduces the
size of the passive components (e.g., dc-link inductors and
output filter capacitors) in CSI, making CSI attractive for a
wide range of applications such as electric vehicles and
aerospace [1]. However, the increased switching frequency of
CSI increases switching losses. Also, CSI have common-mode
(CM) resonance between the dc-link inductor and the output
filter capacitors excited by the CSI’s CM voltage v, in low-
to medium- frequency range below the CSI’s switching
frequency [3], [4]. The CM resonance causes circulating
current, additional losses in CSI, and premature magnetic
saturation of the dc-link inductor [5]. Therefore, it is necessary
to develop strategies to reduce switching losses and v, in
the low- to medium- frequency simultaneously for CSIs.
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Numerous strategies have been reported to reduce
switching losses and v, in CSIs. The first strategy is
modifying CSI topologies. Examples of this strategy include
the H7-CSI [6], CSI with resonant dc-link [7], [8], and four-
leg CSI topologies [9]. However, these hardware-based
methods can increase the volume and cost of the system.

An alternative approach is to utilize advanced pulse-width
modulation (PWM) algorithms to either reduce the switching
losses or voy, . The fundamental idea of switching loss
reduction for current-sourced topologies is minimizing the
switching voltage v,,, (or voltage stress) by utilizing an
additional zero state provided by the freewheeling diode in
current source rectifiers (CSR) [10], [11], or modifying
PWM’s sequence [12], [13], [14]. However, the additional
freewheeling diode is unavailable in CSIs, and changing
PWM’s sequence can increase CM noise [15]. Furthermore,
most research focuses on developing PWMs suitable for high
power factor conditions (e.g., >0.866: phase angle difference
between CSI output current and voltage is less than 30°, [12]).

On the other hand, the CSI’s vy, in the low- to medium-
frequency range can be reduced by replacing the zero current
vector with active current vectors [16], [17], [18]. Strategies
using virtual vectors [4] or non-adjacent active current vectors
[19] are also presented. However, these PWM schemes have
limited modulation indices, hampering their acceptance for
broad applications. Another approach to minimize CSI’s vy,
is selecting the optimal zero current vectors [5], [20], [21].
These PWMs with optimal zero current vectors can be used
for full modulation index, making them a popular vy,
minimization solution [4]. However, these PWM methods
assume high power factor operation of CSI and only focus on
minimizing CSI’s vs,, which can degrade other CSI’s
performance metrics such as switching losses and current
harmonics. Recently, Ming et al. proposed a direct carrier-
based PWM (DCM) that reduces both v,,, and high-order
current harmonics, simultaneously [22]. Nevertheless, there is
limited research on advanced PWM methods for CSI that
simultaneously reduce switching losses and vy, in the low-
to medium- frequency for all operating conditions of CSI.
Given the limitations of past work, there is a need for PWM
algorithms that 1) simultaneously reduce CSI’s switching
losses and v, in low- to medium- frequency for 2) a wide
operating conditions of CSI including low power factors.

This article proposes a new PWM algorithm named
reduced voltages PWM (RVM) where CSI’s “switching
voltage” v,,, and CM voltage v, in the low- to medium-
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frequency range are reduced simultaneously, minimizing the
switching losses and vg,,; in CSIs for a wide range of
operating conditions. The switching voltage reduction leads to
the CSI’s switching loss reduction. The proposed RVM
algorithm also has zero-voltage switching (ZVS) during the
zero current vector transitions, reducing the hard-switching
losses and contributing to higher CSI efficiency. The

contributions of this article beyond the work presented in [24]

are as follows:

1) This article mathematically proves that the proposed RVM
achieves both objectives (i.e., minimum switching losses
and v,,) without compromising each other for all CSI’s
operating conditions.

2) A new flow chart for implementing the proposed RVM
algorithm is presented. This new flow chart has fewer
voltage comparison operations than the one shown in [24].

3) This article analytically proves that the proposed RVM has
lower switching losses than the conventional PWM for all
CSI power factor angles ranging from —r to , validating
that the proposed RVM is effective for the full range of
power factors. Also, it is shown that the proposed RVM is
effective regardless of CSI’s operating conditions, such as
the modulation indices, output voltage, and dc-link current.

4) The superior vsy, and switching loss reduction
performance of the proposed RVM, including ZVS during
the zero current vector transitions, are experimentally
verified and compared to other PWM methods. In addition,
the total harmonic distortion (THD)s of the measured load
currents are compared, showing that the proposed RVM
does not sacrifice THD compared to other PWM methods.
The sections of this article are given as follows. Section II

shows the v, and switching loss reduction mechanism in the

proposed RVM. Section III proposes a new implementation
algorithm (i.e., flow chart) selecting the optimal PWM options

(simultaneously minimizing switching losses and v,,) for the

proposed RVM. Section IV shows the ZVS nature of the

proposed RVM during zero current vector transitions, while

Section V analytically proves that the proposed RVM has

lower switching loss than the conventional PWM for all CSI

power factor angles ranging from —m to w. Section VI

provides experimental validation of the proposed RVM'’s

performance and its comparison to other PWM methods, while

Section VII concludes the article.

II. CM VOLTAGE AND SWITCHING LOSS MINIMIZATION
STRATEGIES OF PROPOSED RVM

This section discusses the strategies used to reduce vy,
and switching losses in the proposed RVM. The proposed
RVM minimizes v, by selecting the optimal zero current
vector and minimizes switching losses by choosing the
optimal PWM sequence.

The baseline three-phase CSI connected to output filter
capacitors C'; and load is shown in Fig. 1(a). Currents i, i,y

Loy +UCM ;

Z1||Z,

ZoM,g

(b)
Fig. 1. Baseline three-phase CSI with output filter capacitors
C and load. (a) circuit schematic. (b) CM equivalent circuit of CSL.

1,4, and voltage v, in Fig. 1(a) are the dc-link current, CSI
output current, load current, and CSI output voltage,
respectively, where = denotes the phase (x = a, b, c¢). Each
MOSFET @,, (y =1 to 6) is connected in series with a diode
D, to form reverse voltage blocking and unidirectional current
conducting switch S, , as shown in Fig. 1(a).

The three-phase CSI’s output current’s fundamental
components for phase-z (z=a, b, ¢) are denoted as i, , and
are given by

Gak1 = ige ™M - COS(w,t)
ipk,1 = Gqe - ™ COS(wet — 27/3) (1)
Gk = Gge - M - coS(w,t + 27/3)
where w, is the fundamental frequency and m is the
modulation index defined as m = I} ; /i, where I, ; is the
amplitude of i, ;. The CSI’s output voltages are given by
Vas = ‘/s : cos(wet + ¢>
{Ubs = V; : COS(UJet - 27T/3 + ¢) (2)
Vg =V, - cos(w,t +2m/3 + )
where V is the magnitude of the phase-to-neutral voltage, and
¢ is the power factor angle between v, and ¢, ; (z=a, b, ¢).
The line-to-line voltages derived from (2) are given by
(Vap = Vi - cos(wt + /6 + ¢)
ivbc =V, - cos(w,t — 37/6 + ) 3)
Vg = Vi - cos(w,t + 57/6 + ¢)
where V;; = /3 - V, is the line-to-line voltage magnitude.

The current space vectors for the CSI are shown in Fig. 2,
where i}, ;. is the reference current vector being synthesized.
The vectors I, to I are the CSI’s active current vectors that
generate the attainable CSI current outputs. The gate control
signals s, (y=1 to 6) in the bracket shown in Fig. 2 denotes
that the switch S, is in the on-state. When the reference

*

current vector iy,

. 1s in Sector I, I, = I, and I, | = I, are
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the two active vectors where n is the sector number, as shown
in Fig. 3. On the other hand, I, I;;,, and I, are the three
types of zero current vectors used as the zero current vector
I,. The zero current vector I,,, corresponds to the switching
state where all switches in the a-phase (i.e., S;, and S,) are in
the on-state while the other switches are in the off-state, as
shown in Fig. 3. Similarly, S; and S are in the on-state for
Iy, while S5 and S, are in the on-state for /., as shown in

Fig. 3. These current vectors (and the switching states of CSI)
synthesize ;... as shown in Fig. 2 and Fig. 3.

A. Minimization of CSI CM Voltage with Optimal Zero
Current Vector Selection

The proposed RVM reduces v, by selecting the optimal
type of I, that minimizes the amplitude of v, during the
interval of 1. The type of I is an extra degree of freedom for
a PWM algorithm. For example, in PWM seq. A (see top of
Fig. 4(a)), the type of active current vectors I, and I, , are
determined by the sector number n. However the zero current
vector I, can be one of the three (ie., I,,, I}, and I..),
leading to three PWM options (i.e., Aaa, Abb, and Acc), as
shown in Fig. 4(a). The RVM used these options to minimize
vopr- The following first shows the definition of v, in CSI.

The CM equivalent circuit of the CSI system is shown in
Fig. 1(b), where the CM dc-link inductance is given by

Loy = -2 “

and v, is given by

(de2 - del)(vps - vns)
2(del + deQ)

where v,,; and v,,, are the voltages at the positive and negative

- vps + Uns
VoM = 9

)

rail of CSI, while L, and L., are the dc-link inductors on
the positive and negative rail, respectively, as shown in Fig.
1(a) [18]. The CM current i), is given by

YoM ©)
Zi\Zy+ Z1y + Loy

lem =

where Z,, Z,, and Z; are the parasitic impedances from the
positive rail, negative rail, and the load to the ground,
respectively, as shown in Fig. 1. These parasitic impedances
and L., forms the path for ¢-,,, as shown in Fig. 1.
Typically, L4 = Lgeo = Ly./2 is used to maximize Ly,
for a given total dc-link inductance L, [18]. This inductor
configuration simplifies v, into [9], [23]
Ups + Uns
Yo = =5 Q)
2
which is the v, definition used throughout this article.
Each CSI current vector (I, to I, I,,, Iy, and 1) has a
v Value based on one of the three-phase voltages (v, Uy,
V), as shown in the parenthesis next to the current vectors in

[83,82] Is(vens = —as/2)
ke

[1,52]
v Lo(ven = —ves/2)

[53,54] ,
'," Sector IT

Ii(ver = —ves/2) &7

Sector I1I

lde .
__”__.......... Sde_ .- _a-axis
Sector I

[s1,56]
-* 11(’UCM = 71/‘155/2)

’ Toa  (Vem = vas)

A L=91In (vom = vbs)
[s5,56] Is(vorr = —vas/2) I (von = ves)
Fig. 2. Current space vectors and associated v, in parentheses.

[s5,54]
Is(venr = —vps/2) S

Sector V Sector VI

s\ = He.
| D,
In+1 = 12

[ .
abek, . a-axis

Sector I tde

I, =1 [51756]

Fig. 3. Current vectors and their CSI switching states for synthesizing
reference current vector ¢, ., in Sector I.

abe

Fig. 2 [20]. For example, the value of v, is v,, when the
CSI is synthesizing I,,. Thus, vy, can be reduced by
selecting I, with the lowest |vg),|.

In a conventional PWM (i.e., center symmetric PWM in
[25]), the type of I, is predetermined by the sector number n
to minimize the number of switching events within the PWM
period T,. For example, the PWM option Aaa (see Fig. 4(a)) is
used when n =1. The proposed RVM reduces v, by
selecting the optimal type of I, that minimizes |v,,| during
the interval of I,.

The impact of changing I, on v, is demonstrated in Fig.
5. The peak-to-peak vs,, using the conventional PWM is
473.4 V while that of the proposed RVM algorithm is 259.2
V, which is about a 45.2% reduction of the v, peak-to-peak
value. This example illustrates that selecting I, with the
minimum |vg,,| can dramatically reduce vy, . Thus, the
proposed RVM algorithm minimizes v, by selecting the
type of I, with minimum |vg,,|.

B. Minimization of Switching Losses with Optimal PWM
Sequence

In addition to |ve,,| reduction, the proposed RVM reduces
switching losses by changing the type of PWM sequence (i.e.,
PWM seq. A and seq. B in Fig. 4). This section first models
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TS
PWM
sequence A [z In In+1 In Iz
Tz Tn ,I;H»l Tn Tz,
PWM option
A Vs = Wab Upe Upe UVab
aa
(conventional I’m Il I 2 I 1 I aa
Vab Upe Ube Vab
Abb I bb I 1 I ) I 1 I bb
Ace UpeiUca Ube Ube UpciUca
(Suboptimaty Lee| 1 I L |I.
(a)
T
PWM -
sequence B Iz In+1 In In+1 Iz
TZ Tn+1 Tn Tn+1 Tz
PWM option
Vs = Ueca Vbe Vbe Vca
Baa I aa I 2 I 1 I 2 I aa
VabiUbc Ube Ube  Vab!Ube
S T L, I
(Suboptimal) | =bb 2 1 2 bb
Uca Vbe Ube Uca
£t I cc I 2) 1 1 I 2 I cc
(b)

Fig. 4. PWM options with different PWM sequences and I, in Sector I
I, =1, 1,,, =1,). () PWM seq. A and associated PWM options

n

(Aaa, Abb, and Acc) with different I,. (b) PWM seq. B and associated
PWM options (Baa, Bbb, and Bcc) with different 7.

the switching energy E,,, and shows that £ are reduced by
reducing the “switching voltage” v,,,. Next, this section shows
that PWM sequence A and B have different £, (and v, ),
and optimal PWM seq. can be selected to minimize E,, (and
Vg, ). This section assumes that the reference current vector
irper 1S 10 Sector 1. The same analysis can be expanded for
other sectors, and the conclusion drawn from Sector I in this
section is general to all other sectors.

The dissipated switching energy FE,, in individual
switching devices is given by [26]

V5wl - @

_ Sw dc

Esw - Es’w,o ' L (8)
ULL,O ch,o

where £, ,, vy ,, and i, , are the reference values of the

switching energy, line-to-line voltage across the switching
device at the switching instant, and the dc-link current,
respectively, while v,,, and 7, are the instantaneous line-to-
line voltage at which the device is switching and the dc-link
current, respectively. The reference switching energy E.,, , is
given by
Esw,o = Esw,ON,o + Esm,OFF,o (9)
where E_, on, 1s the reference turn-on switching energy
while E,, opp , 1s the reference turn-off switching energy
[26]. Thus, E,, includes both turn-on and turn-off energy.
The reference values E,, ,, vy 1 ,, and i, , are switching
device’s characteristics while 7,4, typically remains constant
throughout the CSI’s operation. Thus, E,,, can be reduced by
reducing |v,, | (see (8)) when the device is switching [13],
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Fig. 5. Comparison of predicted CSI CM voltage (i.e., v,,) with different
PWM algorithms. (Simulation condition: CSI modulation index = 0.8,
excitation freq. = 100 Hz, PWM freq. = 10kHz, load resistance R ,= 20 Q,
load inductance L, = 250uH). (a) conventional PWM algorithm. (b)
proposed RVM algorithm incorporating optimal selection of the zero current
vectors to minimize v, at all times.
[26]. The proposed RVM algorithm minimizes E, (and
switching losses) by reducing the “switching voltage” v,
magnitude, enabled by selecting the optimal PWM sequence
(either seq. A or B).

Two types of PWM seq. (see top side of Fig. 4(a) for seq.

A and Fig. 4(b) for seq. B) are the additional degree of
freedom to improve the PWM’s performance. The change in
the active current vector’s order (order of I, and I, ;) in

these PWM seq. does not influence the time-averaged current
synthesized by the PWM, and both PWM seq. A and B can be
used to synthesize ;...

In Sector I, the two active current vectors I, = I; and
I,., = I, are used in both PWM seq. A (see Fig. 4(a)) and
seq. B (see Fig. 4(b)). Between I, < I, switching, switch S,
and Sy are involved in the switching transition. Assuming
Uy > 0, Sy experiences hard turn-off for I, — I, switching
and hard turn-on for I, — I, switching. The switch S,
experiences soft turn-on during I; — I, switching and soft
turn-off during I, — I; switching. Once again, this line-to-
line voltage involved in switching events (e.g., v,.) is the
“switching voltage” denoted as v,,, and are shown in Fig.
4(a). These I; <+ I, switching transitions are common in
PWM seq. A and B, and does not change £, (and v,,,).

The E_,, (and v,,,) reduction between PWM seq. A and B
comes from the switching transitions between I, and active
vectors. PWM seq. A has I, <+ I, switching transition, as
shown in Fig. 4(a). Assuming n =1 and PWM seq. A, the
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switching voltage is v, = v, between I, (or I;;)< I, as
shown in the PWM option Aaa and Abb in Fig. 4(a).
However, between I, <+ I, there are 4 switches (i.e., S|, S
and S,, Sg) and two switching voltages (i.e., vy, and v, )
involved in the switching event, as shown in the PWM option
Acc in Fig. 4(a). Compared to I, (or Iy, )< I; switching
transition in PWM options Aaa and Abb, I, <> I; in the
PWM option Acc has twice more switching which may leads
to higher E_, , and switching losses. Therefore, the PWM
option Acc is considered as a suboptimal option in the PWM
seq. A, as shown in Fig. 4(a).

The minimum switching loss during the PWM period T,
when n =1 is given by

Esw,o ’ Z.dc
Esur,A,’rrLin = . ! (|vab| + |vbc|)- (10)
LLo "~ ch,o
PWM options Aaa and Abb have E,,, = E , 4 ;- On the

other hand, the total switching energy of the suboptimal PWM
option Acc during T is denoted as E and given by

sw,Acc

sw,o " lde
E . : (2|ch| + |Uca|)-

Ace = (11)
sunaee VUrL,o  Yde,o

To show that the suboptimal PWM option Acc has a higher
£, than the other two (i.e., PWM options Aaa and Abb) for
all CSI power factors

|Uab| < |ch| + |vca| (12)
should hold for all CSI power factors. Proof that (12) is true
for all CSI power factors is provided in Appendix I,
confirming that the suboptimal PWM option Acc always has
higher switching energy than the PWM options in the PWM
seq. A for all CSI power factor angles ¢ = —m~7. Thus, in
Sector I, the optimal PWM option with PWM seq. A are Aaa
or Abb.

A similar argument is true for the PWM seq. B in Sector I.
The switching between I, (or I, )< I, has v, = v, while
the switching between I, <> I, involves both v, = v, and
Vg = Vp, » Increasing CSI’s switching frequency and
switching losses, as shown in Fig. 4(b). The total E,,, of the
PWM options Baa and Bcc with the minimum switching

losses (denoted as E,, g ,,i,) i8 given by

Esw,o " e
Esw,B,min = . : (|ch| + |Uca|) (13)
UrL,o " Ydec,o
and that of the suboptimal PWM option Bbb is given by
sw,o idc
Eqp oy = (Jvgp| + 2l ) (14)

VrL,o  Yde,o
where E,, gy, is the total switching loss in CSI during T in
Sector I with the PWM option Bbb. Thus, PWM options Baa
and Bcc have the minimum switching loss compared to the
Bbb in Sector 1.

The minimum E,, for the PWM seq. A is given by
E and that of the PWM seq. B is given by £
The optimal PWM seq. with the minimum switching loss is

sw,A,min sw,B,min"*

TABLE. 1. OPTIMAL PWM OPTIONS WITH MINIMUM v, AND MINIMUM
SWITCHING LOSSES IN DIFFERENT SECTORS UNDER DIFFERENT CSI OUTPUT
VOLTAGE CONDITIONS FOR PROPOSED RVM ALGORITHM

Sector |

Switching loss
[van| < |ve,] (seq. A)

minimization
[vap] > Vo] (seq. B)

Min |v|mzn = |Um‘

I _Il_IZ_Il_Iaa

aa

Lo—I,—1, —I,— 1

aa aa
condition does not exist

[Vmin = 0] | Ly — Ty — I — Iy — Iy,
M o] in = lv,.| | condition does not exist* | I —T, — I, — I, —I_
Switching loss minimization
Sector 11

[vea] < oy| (seq. A)

[ven] > Jop] (seq. B)

Min |1}|m,1',n = |Uns‘

I(m,iIQiIBiIZiI

aa

condition does not exist

condition does not exist

v [Vlmin = lvy,] Ly — 13— I, — I3 — Iy,
oM |v|mn = ‘T(’ | ICC_IZ_I'i_IQ_IFF ICC_I'i_IQ_I‘E_Icc
Sector Il Switching loss minimization

[Vpe] < |vgp| (s€9. A)

[Vpe] > [vgp] (s€q. B)

Min |v|mzn = |Um‘

condition does not exist

Ia 7147[37[471111)

a

[Vlmin = o, | Typ =I5 =Ly — Iy — Dy | Ty — Iy — I3 — Iy — Iy,
M ol = vl | I,— I, — I, —I,—I.. | condition does not exist
Sector IV Switching loss minimization
[van| < |vey] (seq. A) [vap| > [0 (seq. B)
Min |v|mzn = |Um‘ Iaa _14_15 _14_Iaa Iaa_IS _14_13 _Iaa
) [0l yin = lvnel | Ly — Iy — Iy — I, — I, | condition does not exist
Myl . =v.|| condition doesnotexist | I, —I. —I, —I,— I,
Sector V Switching loss minimization
[l < vl (599 A) [vey] > vy, | (seq. B)
Min [0l yim = Vel | Tnw — L5 — Ig — Iy — I, | condition does not exist
Vear [0 min = |v,,|| condition does not exist | I, — Is — I; — Is — I,
|v|m'n = ‘T(’ | 1607[57[67[57[(26 Iu07[67[57[67[uc
Switching loss minimization
Sector VI &
[vhe| < [vgp| (seg. A) [vhe| > V4] (se9. B)
Min [0],im = |v,.]| condition does notexist | I,, — I, —Is—1, — I,,
v [Vmin = o, | Ly =16 =1y = Lg — Ly | Ly — &y —Lg — 1y — Iy,
oM 9] i = ol | .. —Ig— 1, — Iy — 1. | condition does not exist

selected by comparing F

sw,A,min

and F

sw,B,min *

For

<E
[Ugp| < |V meaning that PWM seq. A can have lower
switching energy than PWM seq. B. Thus, PWM seq. A with
E. . A min should be selected when |v ;| < [v,,|. PWM seq.
B with E should be selected when |v,;,| > |v.,|. The
same logic can be expanded to other sectors; the results are
shown in Table I.

The proposed RVM minimizes the switching losses by
selecting the optimal PWM seq. with the minimum switching
energy E_ . throughout CSI’s operation, similar to the work
presented in [13]. However, the PWM shown in [13] has a
power factor limit (>0.866), while the proposed RVM is
effective for all power factor angles.

examplea when n=l, Esw,A,min sw,B,min 18 true when

sw,B,min

III. PROPOSED RVM ALGORITHM WITH REDUCED SWITCHING
LoSSES AND CSI CM VOLTAGE

The previous section showed that the proposed RVM
reduces vy, by selecting I, with minimum |vg,,| and
reduces switching losses by selecting the PWM seq. with
minimum F_, . This section proposes a new algorithm for the
proposed RVM that selects the optimal PWM option (i.e., a
combination of the optimal PWM seq. and I, type) that
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1, Vas; Vbs, Ves; Ty Togr, T

n=1 (mod 3)

n (mod 3)

n="7? (mod 3)
J \'H/Hlod 3) J

L =1y L =1, L =1, I =

Nl

Fig. 6. Flow chart of new optlmal PWM option selection algorithm for proposed RVM.

reduces the switching losses and v, simultaneously. Also,
this section shows that the proposed PWM algorithm can
simultaneously achieve both objectives (i.e., minimizing
switching losses and reducing v,,) without compromising
others for all CSI operating conditions.

A. Proof of Simultaneously Minimizing Switching Losses and
Vo in Proposed RVM

The previous section showed that out of 6 PWM options
(i.e., PWM options Aaa, Abb, Acc, Baa, Bbb, and Bcc), only 2
options in PWM seq. A and 2 options in seq. B can achieve
minimal switching losses. For example, PWM options Aaa,
Abb (PWM seq. A), and Baa, Bcc (PWM seq. B) can achieve
minimal switching losses in Sector I, as shown in Fig. 4. The
other 2 PWM options (which are the PWM options Acc and
Bbb for the case shown in Fig. 4) are suboptimal since they
have higher switching losses within their PWM period and are
disregarded (see (11) and (14)). This section shows that the
optimal PWM option, minimizing switching losses and vy,
simultaneously for all CSI operating conditions, can be found
among these 4 PWM options identified in each sector, as
shown in Table I.

Assuming synthesizing 7}, ., in Sector I, for voltage
condition |v,;| < |v,,|, both PWM options in seq. A (i.e., Aaa
and Abb) achieve the same minimum switching loss since
Eqp Amin < E (compare (10) and (13)). Since both
PWM options Aaa and Abb have the minimum switching loss
E.. A min» €ither one can be used to minimize v,,. Thus, the
PWM option Aaa can simultaneously minimize switching
losses and vg,, for the voltage condition |v,,| < |v.| &
[V]min = |Vqsl> as shown in Table I (|v],,;, denotes the CSI
output voltage with minimum magnitude). Such a PWM
option with minimal v, and switching loss is denoted as the
“optimal” PWM option in this manuscript. Likewise, the
PWM option Abb is the optimal PWM option for the
condition where |v,,| < |vz] & |V]imin = |Vps| Where both
switching losses and v, are minimized, as shown in Table L.
However, there are no optimal PWM options available for the
voltage condition |v,,| < |v.,] & |[V|,min = V5| (denoted as
condition * in Table I) since one potential PWM option Acc is

sw,B,min

proven to be suboptimal (see Fig. 4(a)) due to the higher
switching losses (i.e., 2 <FE ). Therefore, the
minimum switching loss condition might be violated if such
CSI voltage conditions (e.g., |Vy] < [Veal & [V]min = [Ves!
condition * in Table I) exist. Fortunately, it can be shown that
such CSI output voltage conditions do not exist using Theorem
1 and Lemma 1 for condition * in Table 1. Theorem 1, and
Lemma 1, and their proofs are available in Appendix IT and III,
respectively.

Combining Theorem I and Lemma 1 for Sector 1, it is clear
that under |v,| < |v,,| condition, the case where |v|,,;,
Upia = Ves does not exist (which is the condition * in Table
I). Likewise, it can be easily shown that the CSI’s output
voltage condition satisfying |v,;| > [V.0| & [Vlimin = Vimia =
v, does not exist by following the proof for Theorem I and
Lemma 1. This logic can be expanded to all other sectors,
proving that 1 out of 4 PWM options can always minimize
switching losses and v, simultaneously for each sector.
Therefore, the proposed RVM utilizing the identified 4 PWM
options in each sector can simultaneously reduce v, and
switching losses.

B. New Optimal PWM Option Selection Algorithm of
Proposed RVM

A flow chart for selecting the optimal PWM option for the
proposed RVM algorithm is shown in Fig. 6. The inputs to the
proposed RVM algorithm are the sector number n, measured
CSI output voltages (v,,, Vs, Uss), dwell time of I, (denoted
as T,,), dwell time of I, (denoted as T}, ), and dwell time
of I, (denoted as T,). The sector number n, and dwell times
(1,,, T, 1, T,) are calculated from i, ., and 7, [27].

The first step of the optimal PWM option selection
algorithm for the proposed RVM algorithm is identifying the
optimal PWM sequence (e.g., seq. A or B) with the minimum
switching losses by comparing the magnitude of the line-to-
line voltages. The second step is identifying which CSI output
voltage has the minimum magnitude Depending on
|U|min’ Ibb or Icc 18
determined to minimize |vs),|. The results of the new optimal
PWM option selection algorithm for the proposed RVM

sw,A,min sw,Acc

|v|mzn
the type of zero current vector I, = I

aa’
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Fig. 7. I, transition between two PWM periodes (each with time duration
T,/2, i.e., half PWM period) and associated gate control signals (s, to sq)
for conventional PWM. (a) smooth I, transition I, — I,,, within Sector 1.
(b) hard-switching during I transition I,, — I, between Sector I and II.

Conventional PWM Proposed RVM
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Fig. 8. Voltage (i.e., v, and v,,;) and current (ie., iz, and ig,; )
waveforms and associated gate control signals (s, and s;) of active
MOSFETs (@, and Q) during I,, — I, (a) conventional PWM under
Vgs > Vg (b) proposed RVM.

algorithm are shown in Table I for different CSI output
voltage conditions and different sector numbers n. It is clear
from Table I that 4 PWM options in each sector can
simultaneously minimize switching losses and vy, for all
CSI’s output voltage conditions.

IV. ZERO-VOLTAGE SWITCHING DURING ZERO CURRENT
VECTOR TRANSITION OF PROPOSED RVM

This section shows that the proposed RVM algorithm also
offers a natural zero-voltage switching (ZVS) feature during
the I, transitions that further reduce the switching losses and
the total number of hard-switched transitions throughout the
fundamental period.

A. Additional Switching Losses Between Different Zero
Current Vectors in Conventional PWM of CSI

In the conventional CSI PWM methods, no additional
switching event occurs at the transition point between two
consecutive PWM sequences as long as the reference current
5pe TEMAins in the same sector for both PWM sequences, as
shown in Fig. 7(a). Note that the switch S, is in the on-state
when s,= 1 and is in the off-state when s,= 0. The symmetric
nature of the conventional PWM enables this continuity
between two PWM sequences within the same sector, as
shown in Fig. 7(a). However, during the sector transitions

Fig. 9. I, transition between two PWM periodes (each with time duration
T, /2, i.e., half PWM period) and associated gate control signals (s, to sq)
for proposed RVM. (a) ZVS during I, transition /,, — I, within Sector I;
(b) ZVS during I, transition I,, — I, between Sector I and II.

(e.g., from Sector I to Sector II), the continuity between the
PWM sequences no longer applies due to the transition
between two zero current vectors (i.e., I,, and I,.) resulting
in additional switching events, as shown in Fig. 7 (b). These
additional switching events between two different I, during
sector changes are generally hard-switching, increasing the
total switching losses in CSIs. For example, during the I,, —
1., switching transition, while v, > v.,, MOSFETs @), and
Q5 experience hard-switching, as shown in Fig. 8(a). Note that
vy and 7,4, in Fig. 8 are the drain to source voltage and
current of (),, where t =4 and 5.

The additional E_,, in the I,, — I_, transition (i.e., from

Sector I to II) in the conventional PWM E . is given by
Esw,afc :L-C' |Uca|- (15)
UrL,o  Ydec,o

A similar expression can be derived for I, transitions in each
of the different pairs of sectors. Thus, the conventional PWM
has additional hard-switching losses between the transition of
different I,.

B. Natural ZVS Feature Between Zero Current Vector
Transitions in Proposed RVM

The proposed RVM separates the transition between I, and
transition between sectors. Since the root cause of additional
switching losses during sector transition is the transition
between two different I, (ie., I,,, I, , and I ) in the
conventional PWM, it is necessary to show that the proposed
RVM does not increase the switching losses during the
transitions between two different 7, and between different
sectors. This validation process ensures that the proposed
RVM achieves minimum switching losses throughout all CSI
output voltage conditions, including the sector transitions and
1, transitions.

For the proposed RVM, the I, transition can occur within
each sector or during the sector transitions. This feature of the
proposed RVM algorithm differs from the conventional PWM
methods that use a pre-defined I, for each sector. For
example, inside Sector I, it is possible that the values for
min Changes from |v .| to |v.| (i.e., from |v,,|<|v.| to
|vgs|>1ves]) leading to the change in I, from I, to I, as

ce?

|l
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., during each sector of a fundamental frequency period. (a)

conventional PWM with PWM seq. A or B with hard-switching during I, transitions. (b) proposed RVM algorithm with ZVS during I, transitions.

shown in Fig. 9(a), resulting in additional switching losses
given by (15). However, I,, — .. transition only occurs
during v,, ~ v,, in the proposed RVM (see Fig. 6), which
means that the switching voltage v,, is near zero (i.e.,
[Vg] = Vgl = 0, see Fig. 8(b)). Thus, the additional
switching during I,, — I_, in the proposed RVM is naturally
ZVS, as shown in Fig. 8(b) and the switching losses with these
additional switching are nearly zero (£, ,_. ~ 0). A similar
argument is made for the case where both sector transitions
(e.g., Sector I to II) and change in I, (e.g., I,, — I..) occurs
at the same time, as shown in Fig. 9(b), leading to ZVS
during the I, transitions.

The ZVS nature of the proposed RVM algorithm during all
of its I, transitions are generalizable regardless of the power
factor of the CSI output currents and voltages. The “switching
voltage” v,,, are shown in a colored band at the top of Fig.
10(a) for the conventional PWM and in the same band of Fig.
10(b) for the proposed RVM. The CSI output voltage
waveform in Fig. 10(a) shows that the I, transitions are hard-
switched for the conventional PWM case because the two CSI
phase voltages that determine v,,, are not equal (i.e., |v,,| >
0). In contrast, I, transitions for the proposed RVM alternative
takes place at the time instant when two CSI phase voltages
intersect, as shown in Fig. 10(b). Thus, the proposed RVM
naturally achieves ZVS during I, transitions. This reduces the
total number of hard-switching transitions during the
fundamental period, leading to a valuable further reduction of
the switching losses compared to the conventional PWMs.

V. ANALYTICAL SWITCHING LOSS MODELING FOR CSI AND
PROOF OF MINIMUM SWITCHING LOSS OF PROPOSED RVM

This section analytically proves that the proposed RVM
has lower switching loss than conventional PWM for a wide
range of CSI operating conditions. This section first derives an
analytical model for an average switching loss during the
fundamental period in a CSI’s switching device. The derived
average switching loss model reveals that the normalized
average switching voltage on S, (denoted as v, g (¢))
should be minimized to minimize the switching losses. Next,
this section derives closed-form expressions of v, g (¢) for

the conventional PWM and proposed RVM. Finally,

VUgu,s, (¢) for conventional PWM and proposed RVM are
compared, proving that the proposed RVM has minimum
switching losses for all power factor angle ¢ = —n~m.

A. Derivation of Analytical Switching Loss Model for CSI

During the PWM period T, the average switching (power)
loss in S, in the k-th PWM interval is denoted as P, g (KT})
and is given by

‘Psw,S1 (kTs) = 'Esw,S1 (kTs) : fs (16)

where E,,, (kT) is the total dissipated switching energy in S;
during the PWM interval (k — 1)7 to kT ,. It should be noted
that switching loss in switch .S, is dominated by the switching
losses in MOSFET @), during the hard-switching [28], [29].
Thus, hard-switching losses in (); are considered as the
switching losses in S for modeling P,,, ¢ (kT,) in this
section.

The total average switching loss during the fundamental
period T}, is denotes as Psw avg g, and is given by

Psw,avg,Sl Z sw 51 Ts (17)
T.i=
where N =T, /T.. Substlmtmg (16) to (17) yields
[
‘Pswang1 ZESUJS kT) T (18)
€ k=0
Assuming that T, < 1, (18) can be approximated as
fs
‘Psw,avg,S1 = % sw(e)de (19)

where 0 = w,t, 0 <t <T, and 0 < § < 2w. Substituting (8)
into (19) results in

Psw,avg,Sl = Psw,o : Usw,Sl (¢) (20)
P 7Esw,o'fs'7’dc'VLL
sw,o .
ULL,O ! ch,o
where P, , is the average switching loss constant determined

by the switching device characteristics (i.e., vy , and i, ),
and CSI’s operating conditions (i.e., iz, and V;;), f, is the
switching frequency (PWM frequency) of CSI, and v,,, g, (9)

is the normalized average switching voltage on S; which is

given by
27 |y 97
i/ | sw,Sl( ¢)|d9 (21)
27 Vir

Esw,Sl (d)) =
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Fig. 11. Switching voltage on S, (i.e., v, 5 (¢)) for different power factor angle ¢ under conventional PWM. (a) ¢ = wt/6. (b) ¢ = 271 /6. (¢) ¢ = 37 /6.

where |vg,, s (6,¢)| is the absolute value of the “switching
voltage” on S; and is a function of § = w_t and the power
factor angle ¢.

Equation (20) reveals that P,

sw,avg,s, Can be minimized by

minimizing v,,, g (¢). For a given CSI’s operating condition
(e.g. fs»ig., Vs, and ¢) and CSI’s switching devices’
characteristics (i.e., Ey, ., vpp,»> and i4.,), Py, , 1S a

constant value that is not influenced by different PWM
methods. However, different PWMs have different v,,, g (¢).

Thus, proving P, ;.4 s, 0f proposed RVM is lower than that
of the conventional PWM is equivalent to proving v, g (9)

of proposed RVM is lower than the conventional counterpart.
The normalized average switching voltage v,,, 5 (¢) is a

function of the power factor angle ¢ but not a function of
CSI’'s modulation index m or switching frequency f,, as
shown in (21). This fact means that if v, g (¢) of the
proposed RVM is always lower than the conventional
counterpart for all ¢ values (i.e., p=—m~m), the proposed
RVM has lower switching losses than the conventional PWM
for all CSI’s operating conditions. Therefore, closed-form
expressions of v, ¢ (¢) for proposed RVM and conventional
PWM for ¢p=—n~m are derived and compared in the following
section.

B. Derivation and Comparison of Normalized Averaged
Switching Voltage of Conventional PWM and Proposed RVM

To evaluate the P, .., 5, reduction performance of the

proposed RVM for all ¢ range (i.e., ¢=—m~m), analytical
closed-form expressions for v, g (¢) are derived. In three-
phase CSI, S; can switch between S5 or S;. The switching
between S; — S5 involves |v |v,,| while the switching
between S; — S5 involves |v,,, | = |v,,|- When v, < 0,5, —
S5 induces switching loss on S; (hard switching S; and soft
switching S5 ) while S; experiences switching losses when
Uy > 0 (soft switching S; and hard switching S5). In the
conventional PWM, Sectors II and IV have the switching
between S| — S5 while Sectors II and VI have the switching
between S; —S;. The S; — S5 switching in Sector II is
between the zero current vector and the active current vector,
whereas the rest is between the two active current vectors. The
switching voltage on S; (i.e., v (0,¢)) throughout one

s’w|_

sw,Sy

fundamental period (6 = —m/6 to 11w/6) for different ¢
values (¢ = /6, 21 /6, and 37 /6) are shown in Fig. 11. Green
dashed lines represent the switching voltage on S, during the
switching transitions between two active current vectors,
while the magenta dash-dotted lines represent the switching
voltage on S, during the switching transitions between the
zero-to-active or active-to-zero current vector switching.

The normalized average switching voltage on S; caused by
the switching between the active current vector switching
(denoted as v, g 44) during ©/6 < ¢ < 3w /6 is given by

—Vap

1 37T/6
'ZQG Vie

’Dsw,Sl,AA = %
where |v,,, 5 (6, ¢)| = —v,, (see Fig. 11).

1
db = —sin(¢)  (22)

The normalized average switching voltage on S, caused by
the zero current vector and the active current vector switching
(denoted as v, g 74) during m/6 < ¢ < 3w /6 is given by

1 3 /6 v.
Tsa@=5-[ g (3)
31/6—(¢p—=/6) ¥ LL
i 7w /6—(p—m/6) —u, "
27 57 /6 VLL

where the first term represents the switching voltage on S in
Sector II (see Fig. 11(b) and (c)), while the second term
represents that in Sector IV (see Fig. 11(a) and (b)). Equation

(23) simplifies to
_ 1 V3 T
Usw,Sl,ZA((b) <¢—§)'

=———coS
T 27

A similar approach can be taken for other values of ¢ and
different PWM schemes. The results are summarized in Table
IT and are illustrated in Fig. 12. The normalized average
switching voltage during the active current vector transitions
(denoted as v, g 44) is the same for the conventional PWM
and the proposed RVM and are shown in the “common”
column of Table II. This result is expected since the proposed
RVM has the same switching transitions between two active
current vectors (see v,,, = v, between I, <> I, in Fig. 4).
The proposed RVM reduces the switching losses by
minimizing the switching voltage between I, <+ I, or I, <
I, .1 on Sy, leading to less v,,, g 74 (), as shown in Table II
and Fig. 12. The total normalized average switching voltage in
the fundamental period 7, (denoted as v,,, g ) is given by

24)

Vsw,5, = Vsw,9,,44 T Vsw, 5, zA- (25)
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TABLE II. NORMALIZED AVERAGE SWITCHING VOLTAGE ON S| FOR
DIFFERENT PWM SCHEMES.

TABLE III. EXPERIMENTAL OPERATING CONDITIONS OF CSI

conditions R (Q) L. (uH) f.(Hz) m ig. (A cos(d)
power factor] conventional PWM proposed RVM common #1 5 320 50 0.5 8 1
angle ¢ 5sw.s1 ZA 5sw.s1 ZA 657_11,51 JAA zg 450 g%g 15000 015 g 0 ;7
—om 1 s 3 1 3 . .
[=m—| —gpc0s (¢> + E) - ;£ cos(¢) — 5~ ;£ cos(¢) + = #4 40 320 100 1 4 0.87
51 —r| V3 o 1] VB I #5 40 3200 300 05 8 0.51
g 3_5005 (¢ — §) +— | 5= cos <¢ _fg) += | —5osin(@) #6 40 320 300 1 4 0.51
—4r =37 3 T 1 1 3 1 .
5 7 (0-3)+5 o 2ron (@)
-3 27| /3 ™ 1 1 V3 1
55 | 2 o (0-5) +5 F 27 1(0)
—27 —m | /3 T 111 V3 1 .
[ 6 6} gcos(qﬁ—g)-i-; —?/_gcos(qﬁ-&-g) 27T\/_511[1(¢>)
- ﬂ' 3 1 1 3
—.0 — ve _ Y2
[ 6 I 77 (¢ + 6) \2/[ cos(¢) 5 |- \2/[ cos(¢)
T ﬂ' 3 1 1 3
0,—~ — ve _ Y2
[0, 2 \;fs (¢ + 6) QTF\/C_OS(¢) o e j i
T 27 1 3 ™ 1 3 T 1. . e
55 |z (05) | e (o) | e _ i
23 o s (5-T) 1_¥3 L sin(9)
6 6" |7v 27 3 T 27 27 ; e I ; 1
[Z%ﬂ’ 7 4%’} —%cos ( b+ g) % _ 2_\/5 %sin (@) Fig. 13. Experimental setup of prototype SiC device-based CSI.
[4_7r 5_7r} E (¢ N E) V3 w11 @ conventional PWM for all CSI operating conditions. It should
6’6 27 6 o7 <¢ + §) o ™ be emphasized that the switching loss reduction and efficiency
[%”,,r] ,%COS (¢ +%) _ ? cos(¢) — zi ? cos(é) +— be'neﬁt of the proposed RVM can be. generalized for CSIs with
L Lol wide output power ranges. The different output power (or
Tow,$.24 conventional PWM Taus,.24 Proposed RVM operating conditions) can be included as Psw,o and can be
Tsw,s, conventional PWM - — =T d RVM — .
o 2 . Ysu$i ProPOSe used to scale U, g and Py, . 5, @s shown in (20).
g
£ s VI. EXPERIMENTAL V ALIDATION OF PROPOSED RVM
e @ Loy ]
E & /o - < The performance of the proposed RVM is experimentally
.}é 5 NS h N y N validated under 6 different operating conditions with different
EIN load resistances R, load inductance L, modulation index m,
N s s
- fundamental frequency f., and power factor cos(¢), as
g =031 | summarized in Table III. A prototype SiC-based CSI is
N . .. ..
= fabricated, and the proposed RVM is implemented on a digital
g 0 signal processor (TMS320F28379D, TI), as shown in Fig. 13.
S - -4m/6 27/6 0 27/6 47/6 T . . .
¢ (rad) For performance comparison, the conventional PWM in [25]

Fig. 12. Normalized average switching voltages of conventional PWM and
proposed RVM. v, ¢ denotes the total normalized switching voltage.

Ugw,s,,z4 denotes the total normalized swiching voltage between zero and
active current vectors.

Comparison of v,,, g between the proposed RVM and the

conventional PWM is shown in Fig. 12. For all ¢ values (i.e.,
¢ = —m~7) U, g, of proposed RVM is lower than the
conventional counterpart. Since (20) shows that P, , is a
fixed value for a given CSI hardware (e.g., switching device),
and operating conditions (e.g., fs, ¢4, V71, and ¢), this result
proves that the proposed RVM has lower switching losses than
the conventional PWM for all ¢ values. Thus, it is proven that
the proposed RVM has lower switching losses than the

and DCM [22] are also implemented on the digital signal
processor. The CSI’s switching frequency is set to f, =100
kHz in all operating conditions. The CSI output voltages (v,
Upg» V), l0ad currents (7, g, 40g)s Lger Vopg aNd 4oy Were
measured using 1 GHz digital oscilloscope (MDASOIA,
LeCroy), and representative waveforms are shown in Fig. 14.

A. CM Voltage Reduction Performance of Proposed RVM

The superior v;, reduction performance of the proposed
RVM is consistent throughout all of the operating conditions
identified in Table III, verifying the proposed RVM’s vy,
reduction performance is effective over a wide range of CSI
operating conditions. The peak-to-peak value of the measured
Ve (Venrpp) and iopy (i, py) are summarized in Table IV.



11

IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION

Conventional PWM

Proposed RVM DCM
20V/div 20V/div-
T Ybs Ves =k Vas Ubs Ves

2ms/div 2ms/div

3A/d : 3A/div y 3A/div :
Lde Lie | e
= = = A== ===
-ty Iy I ; lgs— bys——r——lcs i las lys les

2ms/div 2ms/div 2ms/div

25V/div. - Vem 25V/div Vem

7
SOV L | [ ik
2ms/div 2ms/div

TELEDYNE LECROY
Everywhereyoulook™

50mA/div

2ms/div

100V/div 100V/div

Ims/div.

Ims/div

i i iU, i
‘ Ims/div ’
3A/div_ ‘ : J
ic
_— e :‘
i | ibs igs i las: ips ics | lgs Lp, cs

Ims/div Ims/div Ims/div
100V/div 100V/div Vem 100V/div

Ims/div

200mA/div- : TELEDYNELECROY

verywhereyoulook

200mA/div

TELEDYNE LECROY
Eyerywhereyoulook

200mA/diy
vuny/ 1

Ims/div

Ims/div

icm

lem

(b)

Fig. 14. Experimental results of measured CSI output voltages (v,,, vy, v,,), load current (i, %, %c,), ige> Vops and iy, for conventional PWM,
proposed RVM, and DCM algorithms under different operating conditions. (a) condition #2. (b) condition #3.

Under the operating condition #2, the proposed RVM
reduces veyy ,, to 51.0 V, which is about 39.7% lower than
that of the conventional PWM (i.e., 84.5 V) and about 35%
lower than that of the DCM (i.e., 77.9 V), as shown in Fig.
14(a) and Table IV. For all operating conditions, the proposed
RVM showed the lowest wvgy,,, compared to the
conventional PWM and DCM, demonstrating up to about 48%
Vo pp teduction, as shown in Table IV. The reduction of

Vo pp generally leads to the reduction of the peak-to-peak

icar (icar,pp)s @s shown in Table IV and Fig. 14. For example,
the proposed RVM reduces i, ,,, by about 30% (i.e., from
229.6 mA to 160.6 mA), compared to the conventional PWM,
and about 17.4% (i.e., from 194.4 mA to 160.6 mA) compared
to DCM, under condition #2 (see Table IV and Fig. 14(a)).

The v, reduction capability of the proposed RVM is also
well reflected in the frequency domain, as shown in Fig. 15.
The measured v,;, amplitude for the proposed RVM
algorithm is lower than that of the conventional PWM and
DCM for all CSI operating conditions.
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TABLE IV. COMPARISON OF PEAK-TO-PEAK v¢y; AND i) REDUCTION
PERFORMANCE OF DIFFERENT PWM METHODS

cond. VoM pp (V) LM pp (mA)

conv. RVM DCM conv. RVM DCM
#1 85.5 69.4 81.7 386.8 442 .4 330.6
#2 84.5 51.0 77.9 229.6 160.6 194.4
#3 411.1 263.0 418.3 662.4 621.2 658.4
#4 405.7 247.6 404.1 621.2 540.0 602.0
#5 259.5 147.1 282.3 508.4 496.8 476.6
#6 252.2 142.8 262.2 444.0 455.6 419.0

The major harmonic components of vs,, are the odd
multiples of 3" harmonics of f, (e.g., 3, 9™, 15™, ...) [4]. The
Vo reduction performance of the proposed RVM compared
to the conventional PWM and DCM can be quantified by the
average v, reduction of the odd multiples of 3™ harmonics
of f_. This metric is helpful to evaluate the v,; reduction
performance of the proposed RVM compared to different
PWM methods in the low- to medium- frequency range.

The average v, reduction performance of the proposed
RVM compared to other PWM methods for operating
conditions #1~6 are summarized in Table V. Throughout 6
operating conditions, the proposed RVM has about 75 ~ 95%
lower v, in the low- to medium- frequency region than the
conventional PWM, on average, as shown in Table V.
Compared to DCM, the proposed RVM, has about 65 ~ 95%
lower vy, in the low- medium- frequency region. These
experimental results confirm that the proposed RVM’s vy,
reduction performance is effective for a wide range of CSI’s
operating conditions.

B. Efficiency Improvement of Proposed RVM

The efficiencies and CSI loss decompositions for 6 CSI
operating conditions are shown in Fig. 16(a) and (b),
respectively. The CSI’s efficiency is given byn = P,,,/P,,
where CSI’s average output power is given by

1/fe
Pout = fe ! / vasias + vbsibs + vcsics dt (26)
0

and CSI’s average input power is given by
1/fe
Pin = fe ’ / vpnidc dt (27)
0

where v,,,, is the voltage across the positive and negative rail
of CSI (see Fig. 1(a)). Both P, and P,, were calculated

m

s>’ ZIS

using experimentally measured three-phase outputs v
(r =a,b, ¢), and dc inputs v_,,, ¢4, of the CSI.
The CSI’s loss can be decomposed into conduction loss
onq and switching loss P, where P, , is given by

1/fe
Pcond =2 fe ’ / TdsZ%c + VDidc dt (28)
0

where MOSFET’s on-resistance r,;, and diode’s forward
voltage drop V}; can be found in the datasheet [26]. The CSI
switching loss can be obtained by P, , = P,, — P, ., — P. ..4-

The conduction loss remains almost the same for different

pn>

P

C
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Fig. 15. Comparison of measured v, for conventional PWM, proposed
RVM, and DCM methods for different CSI operating conditions. (a) #1. (b)
#2. (c) #3. (d) #4. (e) #5. (f) #6.

TABLE V. AVERAGE v;; REDUCTION OF PROPOSED RVM COMPARED TO
ALTERNATIVE PWM METHODS

Operating conditions #1 #2 #3 #4 #5 #6
Conventional PWM (%) 959 877 91.6 888 795 772
DCM (%) 945 842 903 860 838 67.7
PWMs (i.e., conventional PWM, proposed RVM, and DCM)
under the same operating condition, as shown in Fig. 16(b).
Thus, CSI’s efficiency increase using the proposed RVM is
mainly attributed to the switching loss reduction of the
proposed RVM, as shown in Fig. 16(b).

The proposed RVM showed the highest efficiency
compared to other PWM methods throughout all operating
conditions with a wide range of power factors and modulation
indices, as shown in Fig. 16. The proposed RVM showed
efficiency improvement up to 4.47% (see #5) and switching
loss reduction up to compared to the conventional PWM while
showing efficiency improvement up to 5.53% (see #4),
compared to DCM.

The proposed RVM is expected to have superior switching
loss reduction performance for lower power factor where ¢ <
0, as shown in Fig. 12. As a result, the proposed RVM showed
higher CSI efficiency improvement for operating conditions
#3 to #6 than #1 and #2 (see, Fig. 16(a)). Note that even for
operating conditions #1 and #2, the proposed RVM improved
the CSI’s efficiency. These experimental results confirm that
the proposed RVM has higher efficiency and reduced
switching losses throughout a broad power factor range,
consistent with the analytical result shown in Fig. 12.

The experimental results also confirm the proposed RVM’s
superior switching loss reduction capability under the wide
modulation index range compared to the conventional PWM
and DCM. Under operating conditions #1, #3, and #5 with low
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Fig. 16. Comparison of measured CSI efficiency and CSI loss
decomposition for 6 operating conditions using conventional PWM,
proposed RVM and DCM. (a) CSI efficiency. (b) CSI loss decomposition.

modulation index, the proposed RVM showed about 0.73%,
2.01%, and 4.47% higher efficiency than the conventional
PWM. Under operating conditions #2, #4, and #6 with high
modulation index, the proposed RVM showed about 0.44%,
0.93%, and 4.22% higher efficiency than the conventional
PWM. Similarly, the proposed RVM showed higher efficiency
and lower switching losses than DCM, regardless of the
modulation indices, as shown in Fig. 16.

For all operating conditions, the proposed RVM reduced
vop and switching losses simultaneously, compared to the
conventional PWM and DCM. These experimental results
confirm that the proposed RVM can reduce v,,, and
switching losses simultaneously for a wide range of CSI’s
operating conditions.

C. Load Current THD Comparison of Proposed RVM

The total harmonic distortion (THD) is also an important
metric for PWM performance comparison. The THD of the
measured load currents i are calculated from the measured
currents, and the results are summarized in Table VI.
Throughout all operating conditions #1 to #6, the proposed
RVM showed similar or even lower THD than the
conventional PWM and DCM, as shown in Table IV. Thus,

TABLE VI. LOAD CURRENT THD COMPARISON

Operating conditions #1 #2 #3 #4 #5 #6
Conventional PWM (%) 239 2.00 194 195 334 225

Proposed RVM (%) 191 157 163 209 376 220
DCM (%) 411 318 220 312 364 266
10V /div 10V /div
I - H
50ns/div “gsk 50ns/div

20V /div

e

20V /div _

- g
. hard-switching : L
50ns/div 3A /div | 50ns/div
@ (b)
Fig. 17. Measured voltage vy, , current i4,,, and gate voltage v, , of
MOSFET Q) during I, — I, transition using different PWM methods. (a)
hard-switching (), (conventional PWM). (b) ZVS @, (proposed RVM).

3A /div

these results confirm that the proposed RVM provides reduced
Vo and switching losses without significantly compromising
the THD performance.

D. ZVS Validation of Proposed RVM During Zero Current
Vector Transitions

The proposed RVM naturally achieves ZVS during I,
transitions. As a representative case, the voltage v, and
current ¢,,, of the MOSFET @, are measured during I,, —
I, transition under the operating condition #1. For the
conventional PWM, I, — I transition occurs in the Sector
I to II transition (see Fig. 10(a)). The switching voltage is
Vg = Vqe > 0 under the operating condition #1, leading to
the hard-switching (). The experimentally measured v, , and
igsa during the I, — I, transition for the conventional
PWM is shown in Fig. 17(a). Since v, = v,. >0V, and
Vgea > 0 during 7, fall, it is clear that (), experiences a
hard-switching, contributing to extra switching losses during
the I, — I, transition.

On the other hand, in the case of the proposed RVM,
I,, — I, transition occurs when v, = v,, ~ 0V, as shown
in Fig. 17(b). The voltage v,,, remains near zero before and
after 7,,, fall, meaning that the switching loss during this
process is nearly zero. It should be noted that during the 7,
fall in Fig. 17(b), v,,, experiences voltage ringing caused by
the resonance between the device parasitic capacitance and the
parasitic inductance in the current commutation loop [30].
However, the voltage resonance has limited influence on the
switching losses [31]. Thus, this experimental result confirms
that the proposed RVM achieves ZVS during I,, — I,
transition, minimizing the total switching losses.

VII. CONCLUSION

A promising new PWM algorithm for current source
inverters named reduced voltages (i.e., common-mode voltage
and switching voltage) PWM (denoted as RVM) is proposed
in this article. The proposed RVM reduces both the CSI’s
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switching losses and common-mode voltage v,, compared to
the alternative PWM methods. A significant advantage of the
proposed RVM is that it is effective for a wide range of
operating points, including the full range of CSI power factors.
Experimental results gathered for different fundamental
frequencies, modulation indices, and power factors confirm
the appealing advantages of the proposed RVM algorithm
over other PWM schemes (i.e., conventional PWM and
DCM), including reductions in the average v, harmonics up
to about 95% in the low- to medium-frequency range,
accompanied by a CSI efficiency increase of up to about
5.5%, compared to other PWM methods.

The proposed RVM can significantly impact designing
future CSIs with high switching frequencies by simultaneously
improving efficiencies and minimizing the common-mode
voltage and current issues for broad operating conditions.
These advantages of the proposed RVM can be leveraged to
increase the volume of the CSI systems dramatically and
expand the application of CSI. In future work, the authors
recommend applying a similar idea to develop advanced
PWM methods for other systems and topologies, such as CSR-
CSI systems and matrix converters.

APPENDIX I: PROOF OF (12)

This appendix proves that (12) is true for the three-phase
system with arbitrary power factor angle ¢.

A three-phase system with an arbitrary power factor angle ¢
(i.e., (2), (3)) satisfies,

Vab + Ube + Vea = 0 (29)
Ugs + Ups + Ues = 0 (30)

Substituting (29) into (12) results in
|vab| = |vbc + Uca' S |ch| + |Uca| (31)

where it is clear that |v,,| = |v,, + v,,| is smaller or equal to
[Upe| + |v,q| due to the triangle inequality theorem. The proof.
of (12) is complete.

APPENDIX II: PROOF OF THEOREM 1

% Theorem I: Under |v,,| < |v,,| condition, v, cannot be
the middle value v,,;; among v,,, vps, and v, (V,,:4 F

Veg)-

»  Proof: There are 4 cases satisfying |v,,| < |v,,| depending
on the polarity of v, and v,,, which are given by

ca’

Vo < Ugp <0 (32)
0 < vy <vg, (33)
Vyp < 0 <y, (34)
Voo < 0 <y 335)

Dcase 1: v, < vy <0, [V < Vgl = —Vap < —Veg-
The inequality v,, < v,;, < 01is equivalent to v, < v,, <
Vps- ThUS, V,;0 = V-

2)case 2: 0 < vy < Vpgs [Vap] < |Veal = Vap < Vgg-

ca’

The inequality 0 < v,;, < v, is equivalent to v, < v,, <
Vs ThUS U, 50 = Vs
3)case3: v, <0< vy, [Vap| < [Vegl = —Vap < Veg-
The inequality v,, < 0 < v, is equivalent to v,, < v,,,
Vgs < VUgq, and the inequality—v,, < v,,is equivalent to
Vps < Vg ThUus, v, < vy, < v and v,,;4 = V.
4ycase d: v, <0< Uy, [Vep] < Veal = Vap < —Vggu-
The inequality v,, < 0 < v, is equivalent to v, < v,,,

Ups < Ve, and the inequality v,, < —v,, is equivalent to

as?
Ups > Vps - Thus, v, <wvy, <v,, and v,,;; = vy, .
Therefore, for all possible conditions for |v,;| < |v,,| (i-e.,
(32)-(35)), there is no condition where v,,;; = v.,. The

proof of Theorem I (v,,;4 # v.,) is complete.

APPENDIX III: PROOF OF LEMMA 1
s Lemma 1: Ifv,, + vy, + v, =0,

V) pin = VUpniq 18 true.

=  Proof: To prove Lemma 1, it is general enough to prove
that if v,,,;;, = vy, = vy, s true (i.e., V,,;q0 = Vps =

v|min

[V]min = Ups) and vice versa (i.e., [V],,in = Vps = Upig =
Ubs).
" PFOOf]: Umid = Vbs = |U|m1n = Ups
When v,,,,4 = Vs, U, Satisfies either
Vs < Vpg < Vg (36)
or
Ugs < Vpg < Vg (37)

Let’s first consider the case where (36) is true. From (36),
it is trivial that

3ch < Ugs + Ups + Ucs < 3Uas' (38)
Substituting (30) to (38) leads to
Vps <0< v, (39)

Therefore, under (30) and (36) conditions, v,, > 0 and
v,s < 0 is true. However, the polarity of v, is not decisive
from the (30) and (39). Thus, there are two cases: v,, >
0> vy, > v, andv,, > v, > 0> v,

I)case 1: v, > 0> vy, > v,
It is clear that |u,| < |v,| . Due to (30), |v,,| =
|vps + V.| is true. Since v,, and v,, have the same
polarity, |v,s| = |vps + Vos| > |vps| proving that |v,,| >
[vps| . Thus, |v,,| < |vps| < |v.,| meaning that [v],,;, =
Upg-

2) case 2: v, > vy, > 0> v,
It is trivial that |v, | > |v,,| . Due to (30), |vg| =
[vgs + Ups|- Since v,, and v,, are positive values, |v.| =
|Uas +Ubs| > |Ubs| . Thus, |Ubs| < |ch| and |Uas| > |Ubs|
are all true meaning that |v|,,,., = v,,. Thus, it is proven
that under (30) and (36) condition, v,,;; =V, =
|U|min =V

A similar approach can be used to prove v,,;; = vy, =

S*
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|V],in = Vps under the (30) and (37) condition. Thus,
Upid = Ups = |Vlimin = Ups 1S proven.
" PI’OOfZ.' |v|min = Ups = Upmid = Ubs
By combining |v|,,,;,, = |v,s| and (30), followings are true:
Vs | = 1= (Vas + Vo) = [0as + v < lvg ] (40)
|Ub8| = |7(va5 + UCS)| = |v(ls + vCS| < |v(,5| (41)

These inequalities (40) and (41) mean that v,, and v,
have different polarity. For example, ifv,, > 0 and v, >
0, Uys + Vg > vy, > 0 is true, resulting in |v,, + v.,| >
|v,,| contradicting (40). The same logic can be applied for
v,s < 0and v, < 0 case. Thus, when (40) and (41) are
true, v,, and v,, have different polarity, which can be
represented as

Vgs " Ups < 0. (42)
To use the proof by contradiction, let’s assume |v|,,,;, =
Ups = Uppiq F Ups- Lhere are 4 cases satisfying v, - v, <
0 (which is derived from |v],,;, = v;s) and v,,;4 F Uy
given by

Vps < Vg < 0 < v, (43)
Vgs < 0< Ues < Ups (44)
Ups < Vg < 0< Vas (45)
Voo < 0 <0, < Upge (46)

However, all (43)-(46) contradict with |v],,;, = |vp,]
proving that wv,,; # v,, contradict with |v,,;,
|vps| (proof by contradiction). Thus |v|,,., = |vps| =
[0],in = |ps| is proven. Therefore, under (30), v,,;; =
Uy = |U],nm 18 true, which can be easily generalized to
Lemma 1.
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