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Abstract - In this paper, a PWM scheme for three-level full-
SiC uninterruptible power supplies (UPSs) is developed to achieve
a high power density. Two key passive components are selected for
size reduction of the ac-ac stage; common-mode (CM) EMI filter
and dc-link capacitors. To reduce the CM noise, a new vector
combination is proposed based on synchronous switching among
three-phases. The proposed combinations align CM voltage
(CMV) to be a single pulse per switching period. Thanks to the
simple shape, CMV cancellation between a three-level rectifier
and inverter can be maximally utilized. A transition between the
three combinations can control the drift of neutral point voltage.
An equivalent carrier-based implementation is developed.
Secondly, a simple algorithm to compensate neutral point voltage
fluctuation is proposed both for differential-mode (DM) and CM
output voltage. Low-order harmonics on three-phase currents and
an additional high-frequency CM noise by misaligned switching
instant can be eliminated. The proposed compensation can be
implemented by a simple correction on carrier-slopes and injected
zero-sequence voltage. The proposed PWM scheme is verified with
20 kW full-SiC UPS switching at 60 kHz with 140 uF dc-link
capacitors.

Index Terms— Ac-ac conversion, back-to-back converter,
common-mode voltage, pulse width modulation, neutral point
voltage, silicon carbide, three-level converter.

I. INTRODUCTION

Superior loss characteristics of wide-bandgap (WBG)
devices is improving both power density and efficiency of
power electronics. Uninterruptible power supplies (UPSs) as
Fig. 1 are one of the applications that may highly benefit from
the low-loss characteristic of SiC MOSFETSs [1], [2]. A double
conversion efficiency can be as high as 98% while the power
density of the power electronics system can significantly be
improved compared to Si-based converters.

On the other hands, three-level topologies were widely
adopted in grid-connected inverters. By adoption of SiC
devices, the voltage harmonics can be small thanks to the high
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Fig. 1. Three-phase uninterruptible power supply comprised of full-SiC
Neutral Point Clamped (NPC) phase legs.

switching frequency and multi-level voltage, and the size of the
filter can be minimal [3]-[6]. Also, there exist benefits on
electromagnetic interference (EMI) [7].

An increase in switching frequency brings a change in the
contributions of passive components on total volume [8]-[11].
The portion of EMI filters in the total volume increases,
especially the common-mode (CM) part [12]. In [8], optimized
designs are compared between a Si-based inverter and a SiC-
based inverter. The portion of the EMI filters increased from
4% to 18% of the total volume. Secondly, the contribution of
dc-link capacitors increases in the three-level topologies [10],
[11]. A low-frequency fluctuation exists on neutral point
voltage (NPV), and, if this fluctuation is not compensated, an
error on the voltage synthesis will occur which distort the three-
phase currents. In the full-SiC inverters, the filter inductance is
small, and the amount of the distortion can be more severe.
Large dc-link capacitors can suppress this low-frequency
fluctuation. However, the size of these capacitors is not relevant
to the switching frequency. Thus, they may take a considerable
volume for full-SiC three-level inverters. The optimization
result in [10] showed that the dc-link capacitors take up to 42%
of the total volume, even at 36 kHz switching.

Reduced CMV PWM schemes have been investigated to
decrease the volume of the CM EMI filter [14]-[16], [17]-[20],
[21]-[25]. When the vectors with zero CMV are only used,
CMYV can be eliminated [21]. However, it limits the modulation
index (MI) to be below 1. In [19], [22], a flipped carrier or a
sawtooth carrier is used to arrange the switching sequence so
that the maximum CMYV is limited. In [20], a space-vector
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modulation which uses a combination of large, medium, and
zero-vector (LMZ) is proposed. For the NPV balancing, the
other combination with a large, medium, and small-vector
(LMS) is used. However, all these schemes focus on a single
three-level inverter. In the configuration as Fig. 1, the CMV
cancellation presents between the rectifier and inverter. When
the CMV pattern of the rectifier and inverter are different, this
cancellation cannot be utilized, or even CMV emission will be
worsened. In [14]-[16], a PWM scheme which can utilize the
CMYV cancellation of the ac-ac stage is has been developed. A
zero-sequence voltage (ZSV) to synchronize a part of switching
instants between the rectifier and inverter is injected [14], [15]
or the switching states of all three phases are rearranged to
maximize possible cancellations [16]. However, these schemes
are limited only to the two-level back-to-back converter.

On the other hand, dc-link unbalance can be compensated for
differential-mode voltage (DMV) to avoid the -current
distortion[26], [27]; by using the geometry of distorted vector
triangles [26] or changing carrier-slopes [27]. In [28], the
impact of NPV fluctuation on low-frequency CM current is
analyzed to meet the ground current limit. However, the impact
on high-frequency CM noise is not investigated, which is the
main concern to meet EMI standards such as IEC62040-2. Most
of reduced CMV PWM schemes assume a stiff dc-link, and the
compensation of the NPV unbalance mostly focuses on DMV,
not on the CMV, or to achieve both simultaneously.

In this paper, a reduced CMV scheme for the ac-ac stage of
the full-SiC three-level UPS is proposed. The proposed PWM
scheme achieves three goals to reduce the size of the CM EMI
filter and dc-link capacitors; reduction of CMV, control of NPV
drift, and compensation of NPV fluctuation on both DMV and
CMV. Three vector combinations are found which align CMV
as a single pulse at the center of switching period. Such a simple
shape and an alignment of CMV make it easy to utilize the
cancellation between the three-level back-to-back converter.
The drift of NPV can be prevented by choosing one of the three
combinations depending on neutral point currents. A carrier-
based scheme is presented to avoid complexity in
implementation. A simple compensation method of NPV
fluctuation is proposed based on the correction of carriers for
DM voltage and ZSV for CM voltage. Furthering [13], details
on the principle of the proposed PWM scheme, especially on
NPV compensation on CMV, are included, and also
comprehensive simulation results are shown. The proposed
scheme is verified experimentally with the prototype 20 kW
full-SiC UPS at 60 kHz switching.

II. PROPOSED SWITCHING SEQUENCES

A. Switching states and CM equivalent circuit of the three-level
ac-ac stage

A definition for switching states of a three-level phase leg is
shown in Fig. 2(a) and Table 1. A space-vector diagram of a
single three-level inverter is shown in Fig. 2(b). Depending on
the magnitude of the voltage vector, all vectors are classified
into large, medium, small, and zero vector. The color of the
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Fig. 2. (a) A NPC phase leg. (b) A space vector diagram of a three-level
inverter (c) Carrier-based PWM scheme.

Table 1. Definition of switching states for a NPC phase leg.

Switching state (S,) Q1 Q2 Q3 Q4
P ON ON OFF OFF
(6] OFF ON ON OFF
N OFF OFF ON ON

vector indicates the polarity of the generated CMV: red for
positive, blue for negative.

The vector sequence can also be implemented based on two
carriers: high-side carrier (Carry) and low-side carrier
(Carr,) as Fig. 2(c). The zero-sequence voltage reference
(vys) is added to v, vy, Vs and the resultant voltages is
referred to pole voltages (vy,) as

V:ﬂ ZV:S +V:A (x = a,b,C) (1)
Modulation index is defined as
MI v:bcs ( 2)
V)2

A switching state for phase-x (S,) is determined by Carry,
Carry, and vy,. When vy, is above zero, it is compared with
Carry. If vy, is larger than Carry, the switching state is at ‘P’
state, otherwise ‘O’ state. When vy, is below zero, it is
compared with Carr;, and the switching state is similarly
determined between ‘O’ and ‘N’ state. The output voltage is
determined as

v.]2 S =P
v, = 0 S =0 x=a,b,c 3)
V.2 S =N

The duty ratio of P-state (dp,), O-state (dy,), and N-state
(dpy) is determined as

. d, =v, 105V,
ifv, 20, * “
' d, =1-d,
* @)
d, =-v 105V,
else ’
d()r =1- dm
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Fig. 3. (a) CM equivalent circuit of the ac-ac stage. (b) CM circuit model
for LCL filter (c) Simulated waveforms of i .y, inp» Lem,inv,Lisns lemrec,LIsN»

and icm, sy

When the pole voltage of the rectifier for phase-x is defined as
Vyn.rec» CMV of the rectifier (ch,rec) can be written as

+v +v
an,rec bn,rec cn,rec

vcm rec = (5)
’ 3

The CM equivalent circuit for the ac-ac stage is shown in Fig.
3(a). A CM impedance of the LCL filter is labeled as Z; ;./3
and modeled as Fig. 3(b). A load resistor is R;,qq. A line
impedance stabilization network (LISN) is Z;;sy/3 . The
parasitic capacitances between the module outputs and a
heatsink (Cy), or dc-bus and a heatsink (Cp,s) presents. The
parameters for the CM EMI model can be found in Table 5 [29].

Based on a superposition principle which short-circuits the
rest of voltage sources in the system to analyze the contribution
from a single source, the contribution of the rectifier and the
inverter for the LISN current can be analyzed. Among the total
CM current generated by the inverter (icm,im,), a part of CM
currents flows toward LISN (icm_im,,us,\,) instead of returning
back to the neutral point through Cg or Cp, as the solid blue
line in Fig. 3(a). CM current flowing into LISN by the rectifier’s
CMV (icm,rec,LISN) can be also derived, and the total LISN

current (icm,LISN) can be reconstructed as

lcm,LISN = lcm,rec,LISN _lcm,inv,LISN (6)

When the rectifier and the inverter operates simultaneously,
these currents can cancel out each other depending on the
parameters of the system, and leads to reduction of voltage drop
across LISN.

Based on the frequency domain model, icp, iy, sy, and
icmrec,isy are simulated separately under nominal condition in
Table 5 with SVPWM. Waveforms for five switching-periods
are shown in Fig. 3(c). It can be seen that i, iny sy, and
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Fig. 4. Switching sequences for (a) LMZVC, and (b) LMSVC [20].

g
©
‘/{,{; OPN

SVAVAVAN
IVAVA,

S, BPEPE O SPimPs, S, O PINNPENP: O
‘Smea (6] (0] » .Smd P O [0) 0 P >

(a) MMS" (b) MMS~
Fig. 5. Proposed switching sequences: (a) MMS VC, and (b) MMS*VC.

iemrecisy are in-phase, and i, sy benefits from the
cancellation between the rectifier and inverter under given
condition. In this sense, subtraction of Vg, rec and Vepy iy, as
(7) will govern the CM noise generation.

Vembte = Vemree — Vem,im ()

Therefore, if the vy ec and Vg, iy have a similar CMV
pattern, the CMV cancellation can be maximized, which help
to reduce CM noise emission [29] depending on the impedances
of the paths.

LMZ vector combination (LMZVC) as Fig. 4(a) is
introduced in [20]. The reference for a voltage vector on DQ-
frame is labeled as Uyj.s. A combination of large, medium, and
zero vector is used to synthesize Uy, . Since the CMV is only
generated by the large vector, CMV with a magnitude of V,;./6
can be aligned to be a single pulse at the center of a switching
period (Ts,,) as Fig. 4(a). The other LMS vector combination
(LMSVC) in Fig. 4(b) utilizes a combination of large, medium,
and small vector, and is used for neutral point voltage
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balancing. However, both the large and small vector generate
CMV with a magnitude of V,;./6. The three vectors are

arranged as Fig. 4. Three CMV pulses exist per I when the

large or small vectors are used. Therefore, when LMZVC and
LMSVC are used in the back-to-back configuration, vy, rec
and v, in, Will not cancel each other when they are not in the
same switching sequence, and increasing noise emission.

B. Medium-Medium-Small vector combination (MMSVC)

In order to maximize the CMV cancellation for the ac-ac
stage, two vector combinations with a similar CMV pattern are
required. The proposed combination is shown in Fig. 5(a) and
(b). Two medium vectors which do not generate CMV, and one
small vector at the center of Ty, are used. Only CMV with a
magnitude of V. /6 is generated when the small vector is used.
When the small vector is aligned at the center of Ty, , the
transition of the switching states for all three phases is limited
to twice per Ty, similar to LMZVC. Thus, there exists no
additional switching compared to the LMZVC. These
combinations are named as MMS VC and MMS*VC depending
on the polarity of CMV pulse. MMS VC generates CMV with
negative polarity and MMS*"VC with positive polarity.

In LMZVC and MMSVCs, CMV per Ty, is limited to a
single pulse which is aligned at the center of Ty, . When
LMZVC and the MMSVC with the same polarity of CMV are
used together, two center-aligned CMV pulses can cancel each
other, mitigating emission of CM noise. There exist other
combinations which use two medium vectors and a small vector
such as PON-OON-OPN. However, only combinations without
additional switching within T, are considered to avoid an
increase in switching-loss.

C. Carrier-based implementation

For a space-vector PWM, a sector for the voltage reference
has to be identified. According to the shape of the triangle in
Fig. 5, the sectors for the proposed MMSVCs cannot be easily
determined by MI and voltage angle.

An equivalent carrier-based implementation is used instead.
The switching state waveforms in Fig. 4(a) and Fig. 5 are drawn
for the same voltage reference. These vector combinations
employ synchronous switching among different phases. The
primary difference between the three combinations is the choice
of two phases to make a synchronized switching. For example,
with the given reference in Fig. 4 and Fig. 5, phase-A and -B
for the LMZVC, phase-B and -C for the MMS VC, and phase-
C and -A for the MMS*VC switch in a synchronous manner.

The choice of carriers decides the location of switching states
(P, O, N) within T,,. By changing the polarity of Carry or
Carry, the sequence between O-state, and P- (or N-) state can
be reversed. In this work, two types of a carrier pair are used
depending on the slope after the reference updates as shown in
Fig. 6. The type-A pair locates the O-states at the beginning and
end of T, while the type-B pair locate the O-state at the center
of Ty,,. With the given carriers, zero-sequence voltage (ZSV) to

{ : Update of vf,”

I, [k]
(b) Tvpe-B

LIkl T [k +1]

(a) Type-A
Fig. 6. Two types of a carrier pair: (a) Type-A, and (b) type-B.
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Fig. 7. Carrier-based implementation for the LMZVC, and MMSVCs.

enforce the synchronous switching between the two phases can
be calculated.

Examples for the carrier-based implementation are shown in
Fig. 7. For the MMS VC in Fig. 7(b), Vpeq s and vy, s switch
synchronously. Specifically, transition instants of N — O state
for Vineas (Tmean—o)> and O — N state for vjin ¢ (Trminoon)
are synchronized. To realize such a sequence, the type-B and -
A carrier are used for vy, s, and v, o, respectively. For
Vmax.s> the type-B carrier is used so that the O-state is located
at the center of Ty,,, and this aligns the CMV at the center of
Tsw- A similar carrier allocation among the three-phases can be
found in [18] for reduced CMV PWM schemes of two-level
inverters. Lastly, ZSV to make the synchronous switching
(U;S,MMS—) can be calculated from

T | Vs + Vs
med NoO | )
2 V.12
T:w v:”'” S V; MMS~
min,0—>N =— 1 + - (9)
2 V.2
7—r'ned,N~>() = ]—;m‘n,()aN (10)

Note that deviation of the switching instants by the dead time
or asymmetry in the hardware is not considered which may
misalign the actual switching instants.

The type of the carriers to implement the MMS*VC can be
similarly derived. The phases correspond to Vg and vy
are compared with Carry. To have vy, 5 and vy, 5 switch at
the same moment, type-A and -B carrier pair are used for v,
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Table 2. Summary of carrier pairs and zero-sequence voltage for three
switching sequences.

LMZ MMS MMS'
Phases w/
h vy, Ui vy, Ui vy, v,
Synchronous max,s’ Ymin,s med,s’ Ymin,s max,s» Ymed,s
switching
5] *
g: VUmax,s A
H *
E VUmed,s A
= «
8 1;min,s A
* * * *
v Umax,s + Vmin,s Vdc + Umax,s Vdc + 1Jmin,s
zs - T, T T
2 4 2 4 2
_ S IR B J
Val? Vi Vi Val? |

[
* L
'VdC/Z Vs 1z v:s,Mm}:.x MMS™ 'Vd[’-
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Fig. 8. Voltage references (U}, Vs, Vis) and corresponding zero-sequence
voltage reference for LMZVC, MMS*VC, and MMS VC. (a) MI = 0.67,
(b) MI= 0.8, (c) MI= 1.0, and (d) MI = 2/+/3

and v}, ¢, respectively. The carrier pair for vy, ¢ is set to be
the type-B to distribute N-states at both ends of T, . For
LMZVC, the switching instants of vy, s and vy, ; are in-
sync and the type-A carrier pair is used for the three phases. The
carrier types and ZSVs are summarized in Table 2. For different
modulation indeX, Vg, Vs, Vos and three ZSVs are plotted in
Fig. 8.

D. Covered vector space

The vector space covered by LMZVC can be found in [20].
The vector space that each MMSVC covers can be found from
Vmax,ss Vmed.s> Vmin,s ad V5. The vector space between the

inner hexagon and the outer hexagon of the three-level inverter
fulfills the condition of

V.2<v,. . —v

max,s min,s

<Vae (1)
On the other hand, to stay in the linear modulation range with
the carrier-based PWM schemes, the inserted v, should not set

Vmax,s and vy, o beyond V. /2 or =V /2 as

v:nax,s + V:s < Vdc/2 (12)

NPN OPN PPN

(b) MMS~

Fig. 9. Vector space covered by (a) LMZVC [20]., (b) MMS VC, and (c)
MMS*VC.

*

vmin,s+v:s >_Vdc/2 (13)

The vector space for the MMSVCs that meets (11) ~ (13) can
be found by sweeping V. and is shown in Fig. 9. Two
MMSVCs cover most of the range for 2/3 < MI < 1.0, and a
part of space for MI > 1.0.

Note that v;s, Mums+ OF Vzs yms— can also be inserted when the
reference voltage vector lies within the inner hexagon while the
linear modulation is maintained. In this case, one medium
vector and two small vectors, or even three small vectors will
be used depending on MI range. Therefore, the presented
implementation is limited to 2/3 < MI < 2/ V3.

III. NEUTRAL POINT VOLTAGE BALANCING

A. Dynamics of neutral point voltage unbalance

In three-level topology, the difference between the upper
(vgen) and lower de-link voltages (v4.,) defined as NPV
unbalance (Avy.). In a practical condition, drift or divergence
of Av,,. may exist due to any hardware asymmetry or operating
condition. Therefore, this NPV unbalance must be limited to
ensure that the SiC MOSFETs operate within their safe
operating area.

The neutral point current of the three-level inverter
determines the dynamics of Av,. . With given dc-link
capacitance (Cy.), the equation for Av,. in the rectifier-
inverter configuration can be written with a function of neutral

point current of the rectifier (l ) and inverter (IWW) as

nprec

1

—JG+i,)dr 9)

de

Avdc = vch _vch =

The duty-ratios for the O-state decide a switching-cycle average
of i )and ¢ ). The duty-ratio of O-state for

np,rec ( lnp,rec np.inv ( lnp,inv

x-phase of the rectifier is referred as d where x = a, b, c.

Ox,rec

The equation for the 7 can be written as

np,rec

i =d g rectaree T Aoprecti ree T Aoerec, (15)

np,rec a,rec” a,rec Oc,rec”c,rec

The one for the inverter-side can be similarly derived as

lnp,inv = ()a,invla,inv + d()b,invlb,inv + d()c,invlc,inv (16)
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Since the voltage reference of the rectifier and inverter is
mainly determined by the line voltage, d, and d are

Ox,rec Ox,inv
similar once the same PWM methods are used for both sides.
The direction of the rectifier and the inverter currents are

opposite considering the power flow, thus most of 7,, . and

i .
np,inv
the power flow toward the battery or the variation of line
voltage, the current and MI for the two sides may not be

identical. Thus, 7 and cannot be fully canceled and

> “np,rec np,inv

cancel out during normal operation [30]. However, due to

deviate Av, .

B. Principle and flowchart of NPV control

The NPV control can be achieved by modifying ZSVs of the
rectifier or inverter. In this PWM scheme, the degree of freedom
for ZSV is dedicated to enforcing the synchronized switching.
Therefore, control of NPV drift is achieved by choosing ZSVs
among the LMZVC, and MMSVCs. In the followings, the
rectifier is assumed to take control of NPV. The rectifier may
operate with a unity power factor (u.p.f.) for the most of the
time to maximize the power transfer with given current rating.
On the other hand, the operating point or power factor of the
inverter-side vary by the load condition.

The value for Zp of LMZVC, and MMSVCs can be easily

calculated based on Table 2, (4), (15), and (16). In Fig. 10, they
are compared within 120° when the rectifier operates at the
rated condition in Table 5. Depending on MIs between 2/3 and
2/+/3, available angles for the MMSVCs are limited by (11),

(12), and (13). For MMSVCs, i
MMSVC is able to cover that voltage angle. Among the three,
Zp of LMZVC has the smallest magnitude thus fluctuation of

are drawn only when

Av,, is the smallest. For a given MI, Z,, of two MMSVCs have

an opposite polarity which can either increase or decrease Av,
. Also, with consideration of MI range, LMZVC can operate for
the most of the time and MMSVCs can be selected when NPV
needs to be controlled. Near maximum MI, both MMSVC pairs
are available only near 30°, 90°,150°, 210°, 270°, and 330° but
still can deviate Av,. from the trajectory by LMZVC according
to Fig. 10.

A simple flowchart for NPV balancing is shown in Fig. 11.
The balancing algorithm operates when either instantaneous
value of Av, or its moving average (Avdc_avg) go over a

preset limit. Once the absolute value of Av, goes over the

limit, ZSV for MMSVCs can be checked whether they are
available according to (11), (12) and (13). When either of
MMSVCs can be used within the linear modulation range,

1 is calculated based on (4) and (15), and its polarity can

np,rec

be checked. Finally, the combination can be selected which can

reduce |A"dc

Variation of 1/, .. at unity power factor, rated current

40

30T MMS

Current Magnitude [A]

-30 1 o MI = 0.98
e MI- Lot
40 | | —
30 60 20 120

Voltge Angle [Deg]
Fig. 10. Switching-cycle average for neutral point current of the rectifier
when the angle for the voltage reference is between 0° to 120°, unity power

factor, and rated current.
|Avd: > Avdc,ﬁmn‘ ? or
‘Avdc,m‘g > AV g timit ?
Yes
Vaans OF Vi vnsst
available?
Based on (9) ~ (11)

Yes ¢

Calculation of 7, e
based on (3), (13)

Choice of ZSV
based on iy, . , AV,
v

MMS- MMS* LMZ

Fig. 11. Flowchart for selection among LMZVC, and MMSVCs for NPV
balancing.

Note that, with NPC phase-leg, a direct transition from N- to
P-state or vice versa require a simultaneous switching of two
MOSFETs and an overvoltage may be imposed on Q2, or Q3
during the transient [31]. From Fig. 7, transitions between
MMS*VC and MMS~VC force the phase v,,,,4 to jump between
P- and N-state if it happens during NPV balancing. Therefore,
LMZVC which places O-state at the beginning and end of Ty,
must be inserted between two MMSVCs to avoid voltage
stresses on Q2, and Q3.

IV. COMPENSATION OF NPV UNBALANCE FOR OUTPUT DMV
AND CMV

Two major design considerations to size the dc-link
capacitors of the three-level inverters can be hold-up time to
ensure continuity of electric power under the power
interruption, or suppression of 3™ harmonics fluctuation of
NPV. However, in UPS, dedicated energy storage such as a
battery rack provides energy during the power interruption, and
dc-link capacitors may be designed solely to limit the low-
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Fig. 12. Misalignment of switching instants by modification of carriers.

frequency ripple on NPV. Thus, the size of the dc-link
capacitors does not benefit from the high f;,, of the full-SiC
phase leg. Along with the size reduction of the output filter
inductors, these dc-link capacitors may take a considerable
portion of the total volume [10], [11].

To further improve the power density, small film capacitors
can be used for the dc-link capacitors. However, the fluctuation
of NPV creates an error on the output differential-mode (DM)
voltage, and the output current will contain low-order
harmonics. Since the filter inductors of the full-SiC inverters
are designed to be small to maximize the benefit of high
switching frequency, the degree of this deterioration will be
more severe compared to the Si-based inverters.

A. Compensation of DMV

With the unbalance, the magnitude of v,,, for the P-state and
N-state is not equal and is written as

vch Sx =P
v, o= 0 S =0 x=a,b,c (17)
Vaer, S, =N

For the carrier-based PWM schemes, carrier length is
compensated to avoid the error by this unbalance. Instead of

using ¥, /2, actual values for upper (v, ) and lower dc-link
(V4 ) are used to calculate duty ratio as Fig. 12(a). When vy,
is over 0, it is compared with Carry whose peak-to-peak length
is v, as (18). Otherwise, it is compared with Carr; whose
peak-to-peak length is v, . In this way, the error on output

DMV can be easily compensated. With the modified carriers,
dpy, Aoy, and dy, are determined as

if‘ V:" > 0, dPx = v)tn /vdL‘H
de = 1 - dP‘C
L (18)
else { de = _Vxn /Vch
de = l - dN,\'

B. Compensation of CMV

Since the proposed vector combinations reduce CMV
through the synchronous switching, the modification of the
carriers causes deviation of actual switching instants, as shown
in Fig. 12 (a). For the LMZVC as an example, the transition
from O-state to P-state for vy, ¢, and from O-state to N-state
for v, s by the modified carriers can be written as

* *

W 1 vmax,: + vzx JLMZ

2 %

dcH

T v+ v*, A
T, oy = | I+ (20)
| 2 vch

Without correction on vjs;yz, the asynchronous switching
generates additional two glitches with a duration of

(19)

max,0—>P

AT,

cmv,LMZ = |Tmax,04>P - 7’:'lin,0~>N | (2 1)

Substituting (19) and (20), (21) can be rearranged as

o Lm0 1))
v Mz | 5 + + + Vimz
Voerr Ao Varr — Vaa

Two dc-link voltages can be represented as a function of the
unbalance and full dc-link voltage as

(22)

_ Vdc + Avdc — Vdc B Avdc (23)

> Vaer >

Vaecr = >

With (23), and substituting v ;> Without the compensation
from Table 2, (22) is rearranged as (24).

cmv,LMZ

T A . ~
Ki”“_—:”:i(vm,s i) @

Based on ZSVs from Table 2 and the geometry in Fig. 7 the
duration of the CMV glitches can be similarly calculated for
MMSVCs from

T;mv,MMS’ = |Tm€d,N—>0 - Tmin,O—)N | (25)
Tl’mv‘MMSJ' = |Tmax,04)P - T;ned,P%0| (26)

Final results from (24), (25), and (26) are summarized in
Table 3 as a function of the unbalance ratio (Avy./Vye). A
range of AT,,,, is visualized in Fig. 13. The length of the
glitches increase as the degree of NPV unbalance increases.
When Avg. /Vy. is 0.05 thus upper and lower dc-link capacitor
are at 420V and 380V, the relative length of AT,,,,, reaches 4%,
2.6%, and 2.4% for LMZVC, MMSVC, and MMS*VC,



IEEE POWER ELECTRONICS REGULAR PAPER
Table 3. Length of additional CMV glitches by Av,,
ATcmv

Ts_wl Avdc/vdc
2 |1 = (Avg./Vao)?

* *
Umax,s ~ Vmin,s

Vdc/z

LMZ

MMS Ts_w Avdc/Vdc
2 (1= Avg/Vye

MMS* Ts_w Avdc/Vdc
2 1+ Avg/Vy,

Table 4. Modified ZSV for CMV

Compensated v,

* *
LMZ 1Jmax,svch + Umin,sdeH

Vacu t Vacr

*
Vch 1Jmax,s

2 2

MMS

*
1]min,s

MMS+ Vdch
2 2

Length of CMV glitch by Av_

LMZ MMS- MMS*

Avdt;ydr =5%

A /\/\ Av ¥, =375%
Avdrlyd( =25%

, /_\/_\ Av WV, =125%

2 N N

Lo

V. =0 %
Avm&m 0%

T
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0
0 60 120 0 60 120 0 60 120

Theta [] Theta [7] Theta [*]
Fig. 13. Duration of additional CMV glitches for 0 < 6 < 120°

respectively. Considering f;,, of the prototype full-SiC UPS,
these glitches increase CM noise emission over a few MHz
range which may be difficult to be contained by CM EMI filter
due to the impact of parasitic components, or may penetrate
through auxiliary circuits and interrupt the proper operation of
the control system.

Thanks to the simplicity of the carrier-based implementation,
these additional glitches on CMV can be compensated by
modification on the ZSV based on the geometry of Fig. 7, and
(21), (25), (26). For an example, v, can be recalculated
from (22) which ensures the synchronous switching between
Vmax,s ad Uy, ¢ under modified duty calculation as (18), thus
makes AT, 1z zero. For MMS VC case, v pys- to make
synchronous switching can be derived based on (25) as

* * * *

vmin & +v MMS™
+——— | 27
2 v

dcL

0= T;w vme’l’s + VZSVMMsi _ T;w 1

2 v

dcL

The ZSV for the MMS*VC can be similarly derived, and the
results for the three sequences are summarized in Table 4. The

Table 5. Parameters for UPS

Parameter Value Parameter Value
Grid voltage 480V DC-link voltage 800V
Grid frequency 60 Hz Power-rating 20 kW
Fow 60 kHz Rivad 115Q
e ooty e i)
Crac1 25 pF Craca 9 pF
Rfact 23kQ Ry aca 6.56 kO
Coc 3uF Cae 146 uF
C, 74 pF Cous 100 pF
additional CMV glitches can be eliminated by this

compensation.

Note that the impact of the dead time on CMV and its
compensation are not within the scope of this paper. The dead
time may generate additional CMV pulses depending on the
polarity of the three currents and two phases involved in
synchronous switching. Also, any asymmetry in hardware on
the propagation of the gating signals will have an impact.

V. SIMULATION RESULTS

To verify the proposed PWM scheme, PLECS simulation is
performed. The circuit configuration for the ac-ac stage is the
same as Fig. 1. The parameters for the ac-ac stage are
summarized in Table 5. The dead-time is not included for the
simulation.

Firstly, the implementation of the three sequences and their
CMYV waveforms are simulated. The waveforms of vy, Ve, recs
Veminy » and Ve pep for SVPWM and the proposed PWM
scheme are shown in Fig. 17 for a line cycle and 10 switching-
cycles near 30°. For SVPWM, the nearest vectors are used and
the voltage-levels of v, transit only among {V;./6, Vy./2,
V4c/3} near 30°. The CMVs have 6 step changes within T,
and, with presence of the cancellation, total 6 CMV pulses are
generated per Ty, . The waveforms of the proposed PWM
scheme are shown in Fig. 13 (b). The inverter operates in
LMZVC and the sequence for the rectifier-side is chosen based
on the NPVB. For the proposed PWM scheme, change in the
sequence can be confirmed by output voltage of v,,. According
to Fig. 9, the voltage level of v, near 30° changes between {0,
Vae/3, Vae/2, 2Vy/3} for LMZVC, {V,./6, V4. /2} for
MMS-VC, and {0, V,;./3, V4./2} for MMS*VC. From Fig. 17
(b), transitions among the mentioned voltage-levels can be
confirmed. For CMV, a single CMV pulse of the MMSVC with
the same polarity cancels out with the CMV of LMZVC and
Vem pep cONtains only two pulses per Ty,,.

Note that there exists an instant that v, 5., has a magnitude
of V4. /3. Due to a small difference in the angles of voltage
references between the rectifier and inverter, polarity of vy, iy
may change before the other when both operate in the same
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Fig. 17. Time domain waveforms of V45, Ve recs Veminy » a0 Ve pep (2)
SVPWM, and (b) proposed PWM scheme.

sequence. In such a condition, the magnitude of v, ;¢ reaches
V,4./3 for a short period.

Secondly, the NPV balancing is simulated. The size of the
capacitor is selected to be 140 uF. When only the rectifier or
inverter operates with the dc-dc stage, 3™ order harmonics on
NPV is limited to 5% of total dc-link at rated condition. The
limit for instantaneous value is set to 60 V, 5 V for the moving
average. The simulation result is shown in Fig. 14. The
reference for Av,, is changed from 0 V to 50 V and then back
to 0 V. It can be seen that MMS*VC is used to elevate Av,,. to
50 V, and MMS-VC is used to set it down to 0 V. In the
zoomed-in waveform on Fig. 14(b), a change in T, .. towards
positive polarity is observed during MMS*VC. By transitions
among LMZVC and MMSVCs, the drift of NPV can be
prevented.

Lastly, the impact of NPV unbalance for the full-SiC 3-level
inverter, and their compensations are simulated. As shown in
Table II, the minimal inductance of 133 xH is used. The
bandwidth of DQ-axis current controller is set to 1 kHz. The
cases with and without the compensation by the carriers are
shown in Fig. 15. With the small Av,., the output current is
severely distorted, and THD of output current shows 7.2%.
With the compensation, the THD drops to 2.4%. The result

420
1 2 400

60
T e S——
20 ; :

0 o

-20

10
20 : ]
0
20 d
-40

0.1 02 135 140 145 x le-1
Time [s] Time [s]
(@) (b
Fig. 14. Simulated waveforms for NPV balancing (a) for 20ms, (b) for a
single 60Hz cycle.
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Fig. 15. Impact of Av,. compensation on THD of the rectifier-side
currents
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Fig. 16. Waveforms of dc-link voltages, carrier, switching states and the
duty reference, CMV by LMZVC (a) Without dc-link unbalance, (b) with

confirms that such compensation is critical for the full-SiC
multi-level inverter to utilize the benefit by high f;,,,.
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The compensation of CMV is simulated. The time-domain
waveforms of dc-link voltages, carriers and references,
switching states, and resultant CMV are shown in Fig. 16 for
T, when the rectifier operates in LMZVC as an example. The
voltage reference is set at MI = 1.0, and = 55° . For the figures
on the 2" row, normalized values (Vi /Vacy, Vin/Vac,) from
(18) are used for demonstration instead of v,,, V5, and ve,. By
comparing Fig. 16(a) and Fig. 16(b), additional glitches are
observed when the dc-link unbalance is 40V. Modifications of
the carrier-slope as (18) misalign the switching instant of phase-
A and phase-C. The simulated width is 0.66 us or 0.04T,
which is in accordance with Table 3. In Fig. 16(c), these glitches
are eliminated by a small modification of v, based on Table 4.
The amount of change in ZSV value was from 84.5V to 100V.
Thus, the impact of the dc-link unbalance to high-frequency
CM noise can be compensated.

Note there is a small shift on v, ;.. during ‘PON’ state.
When Av,, is non-zero, the magnitude of v,,, is different for P
and N state as (17), and, as a result, the value of vV e 1S
Avy. /3 for ‘PON’ state.

VI. EXPERIMENTAL RESULT

A prototype 20 kW full-SiC UPS is built. A picture of the
prototype UPS is shown in Fig. 18(a). A full-SiC NPC module
from Microchip (APTMC60TLMS5CT3AG rated at 1.2 kV, 40
A) is selected to build the phase-leg. A single low ESL film
capacitor (FFVS6K0147K—from AVX Corporation) with 140
u1F isused for each de-link. The LCL filter was designed to meet
THD of 4%. A dead time of 200 ns was inserted to avoid a
shoot-through. Details of hardware can be found in [32]. The
parameters for the ac-ac stage is the same as Table 5.

The experimental setup to measure EMI is shown in Fig.
18(b). A big copper plane is placed as a ground potential. MX45
from California Instrument served as the ac source. LISNs with
50 uH inductance is placed between the MX45 and the three-
phase input to the rectifier. 20 dB attenuators are connected to
the LISNs for the noise measurement and the voltage-drops of
three-phases are simultaneously measured with a multichannel
digital oscilloscope (Tektronix MSO5104). One hundred mega-
samplings per second(MS/s) is used and the measured data is
logged and post-processed offline to extract the DM and CM
components. A water-cooled resistor bank was used for ac-
loads and connected to the inverter with 10 m long cable. No
EMI filter is inserted.

First, the implementation of the LMZVC and MMSVC is
verified. When 20 kW power is transferred from the rectifier to
inverter, three-phase output voltages of the rectifier and inverter
are directly measured with six-channel scope at 50M/sec
sampling (Yokogawa DL7480). The measured voltages are
transformed into stationary DQ-axis to observe the trajectory
and three CMV waveforms. The results are shown in Fig. 19.
In Fig. 19 (a), SVPWM is used, and nearest vectors are selected
in DQ-frame. In waveform of Vg, ., 6 step changes exist
within T, and six pulses in v, 5., are observed. On the other
hands, the LMZVC and MMS-VC generate a single CMV pulse
with negative polarity, as shown in Fig. 19 (b). The trajectory

- 4“
dc load bank "

3-ph agload
- ¥
UPS

178 mm

Rectifiens

N g 9
N

\(i] filigh

Fig. 18. (a) A picture of the prototype 20 kW full-SiC UPS (b) EMI test
setup
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Fig. 20. Waveform of v,5 at MI = 1: A line-cycle and zoom-in for 3T,

can confirm a change in vector combination on DQ-frame and
the waveform of v,,. In the waveform of v, voltage-level
corresponding to a large and zero vector can be observed during
LMZVC, and medium and small vector for MMC-VC. Thanks
to the simple shape of CMV, v, pp, shows only two pulses per
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Tsw- The small glitches during MMS VC are caused by the dead
time.

A line-cycle, zoom-in waveform of v,; and THD value at MI
=1 is shown in Fig. 20. For MMSVCs, two combinations are
selected in turn every 60°. In Fig. 4, the triangle formed by three
vectors of MMSVC is similar to LMZVC. THD of MMSVCs
case also shows similar value which is 53.5% while THD of
SVPWM case shows 35%

The measured CM noise spectrum when UPS operates in
double-conversion mode is shown in Fig. 21. Note that, at the
nominal condition, the voltage reference for two stages are
almost identical except the voltage drop across the filter stage,
and most of the CMV already are canceled. The proposed PWM
scheme shows 4 dB decrease at 180 kHz and around 6 dB
decrease at MHz range in Fig. 21(a). In Fig. 21(b), the MI for
inverter was adjusted to 0.6 while the rectifier stage was at the

THO= 4.1 %

(@)
Harmonic spectrum of phase-A rectifier current

- w/o Ay, compensation
- w/ Av, compensation

60 600 1.2k 1.8k 2.4k
Frequency [Hz|
©)

Fig. 24. Waveforms of rectifier phase-A and -B current [20 A/div]
and, Vg, Vgor [80 V/div] when Av,. = 40V (a) w/o compensation on
DMV, (b) w/ compensation on DMV, (c¢) comparison on frequency
spectrum up to 40™ harmonics.

rated condition to demonstrate the CMV reduction when CMV
of the two stages are not fully cancelled. In this case, the
proposed PWM scheme reduced the maximum 16 dB at low-
frequency range, and near 10 dB at MHz range.

Secondly, the NPV balancing capacity is tested. A moving
average is calculated and Avye e 1S set to be 60 V for the
instantaneous value and 10 V for the moving average. When
UPS operates at the rated power, Av,, is set to 100 V and the
NPV balancing is performed by the rectifier. The result is
shown in Fig. 22. From Vg, rec, Vpn,rec> aMd Vgp rec, choice of
the vector combination can be confirmed. The vector
combination of inverter changed from LMZVC to MMS*VC,
and the NPV can be set back to 0. The same experiments have
been performed for three different Mls: 0.66, 0.8, and 1.07 and
the dynamics of Av,. are shown in Fig. 23. Since the
MMSVCs only covers a part of the vector space over MI = 1,
the transient for MI = 1.07 case is slower than the other two
cases. Therefore, sizing of the dc-link capacitors should
consider this to ensure that the NPV does not diverge at the high
MI range.

Lastly, the impact of NPV unbalance for the full-SiC 3-level
inverter, and their compensations are tested. As shown in Table
5, the minimal inductance of 133 uxH is used. For the
demonstration, Avy, is controlled to be 40 V by the inverter,
and the rectifier-side currents are measured. The bandwidth of
DQ-axis current controller is 400 Hz. The cases with and
without the compensation for DM voltage is shown in Fig. 24.
With the small inductors, the output currents are severely
distorted, and THD of output current shows 7.3%. With the
compensation, the THD drops to 4.1%. From the frequency
spectrum in Fig. 24(c) the magnitude of low-order harmonics
such as 5™ harmonics reach 2 % without any compensation.

To demonstrate the misaligned switching by modification of
the carriers, Avy, is controlled to be 40 V by the inverter and a
waveform of vy, o is shown in Fig. 25. The rectifier operated
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compensation

with LMZVC during the zoom-in period. When v, is not
compensated as Table 2, the switching instants cannot be
synchronized, and additional glitches are generated as Fig.
25(a). The impact on the frequency spectrum is shown in Fig.

26. According to Av,./V;. = 0.05 condition in Fig. 13, 3 to 4%

of Ty, will be the length of the glitch, which is 1.5 to 2 MHz
range. Without the ZSV compensation, the CM noise increases
by 6 dB at 1.7 MHz, wherein passive EMI filters may not easily
handle the noise due to the parasitic components. Maximum §
dB reduction was observed between 1 — 10 MHz. The proposed
method to re-synchronize the switching instant does not suffer
from a high computational burden and could effectively
suppress an additional CM noise from the misalignments under
dc-link unbalance.

VII. CONCLUSION

In this paper, a PWM scheme is proposed for the full-SiC
three-level UPS to reduce the size of the CM EMI filter and dc-
link capacitors. MMS vector combinations together with LMZ
vector combination are proposed to utilize CMV cancellation

of the ac-ac stage fully. A simple carrier-based implementation
based on synchronous switching is demonstrated to avoid
complexity in the implementation. The experimental result a
showed a maximum of 16 dB decrease at low-frequency range
compared to the conventional modulation scheme, thanks to
CMYV cancellation between the rectifier and the inverter. A
capability of neutral point voltage balancing is demonstrated.
Convergence time ranged maximum of 20 ms for modulation
index range between 0.66 to 1.07 with given power rating and
de-link capacitor design. Lastly, the compensation of neutral
point voltage fluctuation is developed for both DM and CM
voltage. THD of the rectifier current is reduced by 43% while
the maximum 8 dB decrease can be achieved for CM noise
between 1 to 10 MHz

With the proposed PWM scheme and compensations for
neutral point voltage, CM noise and the size of dc-link
capacitors can be reduced, thus can improve the power density
of a full-SiC three-level ac-ac stage. Analysis of the impact
from the dead-time and detailed sizing of dc-link capacitors
within controllability of neutral point voltage are left as future
work.
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