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Abstract—An electric vehicle (EV) charger can operate in an
autonomous mode to create its own grid by utilizing the EV
batteries during grid blackouts. This requires three-phase four-
wire inverters as the grid-side ac/dc port of the EV charger
to supply unbalanced loads. Although silicon carbide (SiC)
MOSFETs can be adopted to increase the power density of
these inverters, the second order ripples exhibited on the dc
bus caused by unbalanced loads need to be mitigated by a large
dc capacitance—increasing the size of inverters. In this paper,
an improved neutral leg for three-phase four-wire inverters is
presented, which not only provides the neutral current for unbal-
anced loads like a conventional neutral leg, but also reduces the
second order ripples on the dc bus without the need for additional
hardware components. Furthermore, it can reduce by 50% the dc
capacitance compared to its conventional counterpart. A control
strategy featuring power decoupling capability is included for the
improved leg. It was built with SiC MOSFETSs and experimentally
assessed with a three-phase inverter, with results verifying its
effectiveness. For completeness, the performance of the improved
neutral leg is also evaluated through simulations in PLECS and
compared to a conventional neutral leg.

Index Terms—Neutral leg, three-phase four-wire inverter, sec-
ond order ripple, SiC MOSFET, electric vehicle.

NOMENCLATURE

Dac Instantaneous ac output power.

P, Average output power.

D2w Second-order ripple in output power.

Py, Amplitude of second order ripple in output power.
) Imbalance factor.

UpC DC bus voltage.

Vavg Average value of dc bus voltage.
Vinaz  Peak value of dc bus voltage.

AV Amplitude of dc bus voltage ripple.
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Vi.ms  RMS value of phase-to-ground ac voltages.
Ve Voltage on neutral capacitor C_.

Vou Amplitude of second-order ripple on Vi _.
Ipc_2w Second order current ripple in dc bus.

Tge Decoupling current injected to C_.

I. INTRODUCTION

HREE-phase inverters have been widely used as an inter-

face between active distribution networks and distributed
energy resources [1], such as solar photovoltaics, energy
storage systems and electric vehicles (EVs). The increased
penetration of distributed energy resources into conventional
centralized power systems is shifting them to become de-
centralized [2], where a grid-tied inverter can work in an
autonomous mode to form its own grid [3]. For example, due
to the rapidly increasing deployment of EVs, the use of their
batteries as energy storage media has enabled flexible power
management of decentralized distribution networks, includ-
ing concepts such as vehicle-to-grid, grid-to-vehicle, vehicle-
to-home and vehicle-to-load [4]. In particular, vehicle-to-
grid/load applications require EVs to work in an autonomous
mode so that an independent grid is formed during power
outages [5].

In an autonomous mode of operation, EVs must use the on-
board or off-board chargers (i.e. dc/ac converters) to build the
independent grid. Such a grid can either be single-phase ac for
a single home or three-phase ac for a large community [6].
When a three-phase ac grid is formed by EVs, the EV chargers
may be potentially exposed to unbalanced loads. Three-phase
four-wire inverters are required to provide a neutral wire for
unbalanced load currents [7].

There are various topologies of three-phase four-wire invert-
ers. The simplest one is the conventional three-phase three-
leg inverter with split dc bus capacitors (split-link topology)
proposed in [8], which connects the neutral point of the ac
loads to the mid-point of the dc bus. This topology uses the
least number of semiconductors (six switches only). However,
the voltage balancing of the split capacitors is difficult [9] and
a large capacitance is required to attenuate voltage variations
exhibited by them [10]. Another topology is the three-phase
four-leg inverter (four-leg topology) proposed in [11], which
includes an additional fourth leg to provide a neutral current.
A three-dimensional space vector modulation is proposed in
[12] for this topology, which enables a 15% higher utilization
of the dc bus voltage compared to a split-link topology. In
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[13], a neutral current minimization control is proposed for the
four-leg topology. One of the main drawbacks of the four-leg
inverter is the electromagnetic interference problems caused
by the high-frequency operation of the neutral leg [14]. Also,
the control loops of the neutral leg and of the three-phase
inverter are coupled, which requires more complex control
algorithm compared to its counterpart. A third topology is the
three-phase inverter with an independently controlled neutral
leg (neutral-leg topology) proposed in [15]. This topology
is a combination of the aforementioned two configurations,
where the mid-point of the split dc bus is connected to the
neutral leg. In [16] , a paralleled PI and H infinity control
method is proposed to provide the neutral current through the
neutral leg and the neutral inductor instead of doing so through
the split capacitors. As a result, voltage balancing of the
split capacitors can be maintained and the capacitance value
reduced. Moreover, this topology also allows an independent
control of the neutral leg and avoids the electromagnetic
interference problems exhibited by the four-leg inverter [17].
In [18], the dc bus voltage utilization of the independent-
neutral-leg topology is increased by 15% through injecting
a third-order harmonics to the neutral point.

The structure of an EV charger in an autonomous mode
is shown in Fig. 1. It consists of an isolated dc/dc converter
and, the aforementioned third topology of three-phase four-
wire inverters, which has an independently controlled neutral
leg, and LC filters. In this system, besides the need to supply
neutral current, another challenge is the second order current
and voltage ripples on the dc bus caused by unbalanced loads
[19], which is not addressed in the aforementioned literature.
In [6], the relation between these ripples and the unbalanced
load currents is analyzed. It is reported in [20] and [21]
that these ripples should be addressed with care as they can
propagate to the EV batteries which, consequently, might
deteriorate their performance and decrease their lifetime. In
[22], an adaptive sliding mode control scheme is proposed
to reduce the voltage ripples by storing them in the dc bus.
However, bulky dc capacitors are still required for power
decoupling and to limit the overall voltage ripple on the dc
bus to a suitable range, which reduces the power density of
the converter.

To increase the power density of EV chargers, wide bandgap
semiconductors, such as silicon carbide (SiC) metal-oxide-
semiconductor field-effect transistors (MOSFETs) and gallium
nitride (GaN) high-electron-mobility transistors (HEMTs)
have been widely adopted for on board battery chargers [23]
and fast EV charging station [24]. In [25], SiC MOSFETs
are adopted in the ac/dc converter to increase the switching
frequency to 250 kHz which, in turn, reduces the required
inductance of the grid-side filter. However, the capacitance of
the dc bus is related to the second order ripples and its value
cannot be reduced by increasing the switching frequency. To
reduce the dc capacitance, a compensator is presented in [26]
so that the ripples are mitigated. However, such a compensator
requires additional semiconductors and passive components.
Other solutions available in the open literature also require
additional active power decoupling circuits in series [27] or
in parallel [28] with the dc bus, which inevitably increase the

total cost and losses of the system.

In this paper, an improved neutral leg for three-phase
four-wire EV chargers including its operation principles is
presented. This topology provides neutral current and reduces
second order ripples on the dc bus while simultaneously
enables an adequate operation under unbalanced loads. The
dc capacitance requirements of a conventional neutral leg
and of the improved neutral leg to mitigate the second order
ripples on the dc bus are analyzed and compared. Since the
dc bus ripples are reduced, it is shown that the adoption
of the improved neutral leg can reduce by 50% the dc
capacitance value compared to when a conventional neutral
leg is used. This, in turn, further reduces the overall size of the
neutral leg. For completeness, the control strategy of the three-
phase four-wire inverter incorporating the improved neutral
leg is included. To highlight its benefits, the improved neutral
leg is compared with its conventional counterpart in terms
of efficiency, size of neutral inductors, and fault tolerance
capabilities. Simulation results obtained using PLECS and
experimental results obtained through a laboratory test rig are
provided to verify the operation of the improved topology. The
main contributions of this paper are summarized as follows:

1) The second-order ripples on the dc bus of three-phase
four-wire inverter are reduced by the improved neutral
leg without additional hardware cost.

2) Control strategy for the improved neutral leg is proposed
to ensure that the improved neutral leg can provides
neutral current and reduces second-order ripples simul-
taneously.

3) Due to the reduced second-order ripples, the improved
neutral leg can reduce by 50% the dc capacitance value
compared to a conventional neutral leg.

II. DC CAPACITANCE REQUIREMENTS IN CONVENTIONAL
SIC-BASED NEUTRAL LEGS

Fig. 2a shows the conventional neutral leg for a three-phase
four-wire inverter. To calculate the size of its dc capacitor, a
volume comparison of the main passive components of the
neutral leg is carried out. A 10 kW three-phase four-wire
inverter is used as an example to facilitate the comparison.

A. Total DC Capacitance Requirements

For three-phase four-wire inverters supplying unbalanced
loads, the instantaneous output power at the ac side p,. is
given as

pac:Po+p2w:P0+P2WCOS(2wt+¢) M

where P, is the average value of the output power; and Ps,,
w and ¢ are the amplitude, angular frequency and phase angle
of the second order power ripple ps,,, respectively. Detailed
derivation of (1) and values of P,, P»,, w and ¢ can be found
in [29]. An imbalance factor ¢ is defined as

_ P
P,

The larger the value of § is, the more unbalanced the operation
of the inverter will be.

0 2
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Fig. 1. Structure of a three-phase four-wire EV charger in an autonomous mode with an independently controlled neutral leg.
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(b) With the improved neutral leg by removing C'.

Fig. 2. Three-phase four-wire inverter with neutral legs.

Due to power balance between the ac and dc sides, the
second order power ripple po,, inevitably propagates from the
ac to the dc side, which leads to second order ripples in the dc
bus voltage. It is often required to limit such ripples because
they can compromise system performance [30]. For example,
a large voltage ripple on the dc bus may lead to a high voltage
stress on switches, thereby deteriorating the power quality of
output voltages and currents of the inverters [31].

To achieve smooth dc bus voltage and current, large dc
capacitors are often required to limit the ripple within a
required range. For conventional neutral legs (see Fig. 2a),
C4 and C_ are used for this purpose, while Cpc is a very
small film capacitor representing the sum of the film capacitors
placed close to power switches for filtering out switching
noises. Here, C'p¢ is neglected when calculating the total dc
capacitance. Assuming that Cy = C_ = Cl, the dc bus
voltage and the amplitude of the second order voltage ripple
on the dc bus are respectively given as [32]:

3)
“4)

vpe = Vaug + AV sin (2wt 4 6)
P2w 5Pa

AV = =
WONVavg WONVavg

where Vg4 is the average dc bus voltage, and AV and 6 are

the amplitude and phase angle of the second order voltage
ripple on the dc bus, respectively. The voltages across C'; and
C_ are balanced by regulating ¢ to zero; that is,

1

Vo, =Vc_ = sUDC

5 ®)

where vc, and ve_ are the voltages across the capacitors Cy
and C_, respectively.

For three-phase four-wire inverters, the capacitance of C .
and C_ must be large enough so that the following conditions
are met [18]:

(6)

Ve > \/iv;"ms
Ve > \/i‘/rms

where V,.,,,s is the RMS value of phase-to-ground ac voltages.
Substituting (3), (4) and (5) into (6) yields

0P,
sin (2wt + 9) 2 2\/§Vrms-

V v — Y <, 7
“ * WCNVa'ug ( )
The required V5,4 can be obtained by solving (7),
5 0P,
Vavg 2 V2Vims +1/2V2,, + —=. ®)
WCN

The peak value of dc bus voltage V,,,,, can be then calculated
as

46 P,

8V2 —.
+ wCN

™ ms

Vinaz = avg + AV > &)

Since a higher V,,,, implies a higher voltage stress, Cy
should be large enough to limit V;,,4., that is,

0P, . 4
2V2Vims)  (Vinaz + 2V2Vims)

Cn 2
N w (‘/m(m -

(10)
Since C. = C_ = Cy , the total capacitance required in the
conventional neutral leg is given by

0P, 8
w (V;nam - 2\/5‘/7‘ms) (Vma:c + 2\/5‘/;"7715) .
(1)
C'total,con is often large so bulky and vulnerable electrolytic
capacitors are required. However, this leads to a low power
density and a reduced reliability of neutral legs [33].

Ctotal,con 2
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Fig. 3. Volume comparison of main passive components of conventional

neutral legs with Si IGBTs, SiC MOSFETs and the improved neutral leg with
SiC MOSFETs for a 10 kW three-phase inverter. The total volumes of the
components are 0.674 L, 0.651 L, 0.429 L, respectively. Detailed calculations
are provided in the Appendix.

B. Volume Considerations

The volume of the main components of the neutral leg for a
10 kW three-phase four-wire inverter is shown in Fig. 3. The
detailed calculation method is presented in the Appendix. It
can be seen that the volume of the dc capacitors accounts for
70% of the total volume of the main passive components in
the conventional neutral leg based on Si IGBTs. The size of
the inductor can be significantly reduced with an increased
switching frequency by replacing the Si IGBTs with SiC
MOSFETs. However, this marginally contributes to the total
volume reduction since large dc capacitors are still required
to mitigate the second order power ripple due to unbalanced
loads (as shown in Fig. 3). To reduce the total volume of the
neutral leg, the dc capacitance should be reduced. As it will be
shown in Section III, this can be achieved with an improved
neutral leg configuration.

III. IMPROVED NEUTRAL LEG WITH REDUCED
CAPACITANCE

A. Topology and Operation Principles

To reduce the required dc capacitance, a novel improved
topology of neutral legs is presented. This is shown in Fig. 2b.
Compared to the conventional one (see Fig. 2a), the improved
neutral leg is achieved by either removing the upper capacitor
C.; or the lower capacitor C'_ from the dc bus. The first option
is adopted in this paper. Although such a modification seems
minor, it is important as it enables the reduction of second
order ripples on the dc bus by diverting them from the dc bus
to capacitor C_. As a result, a significant reduction of the
required dc capacitance is achieved.

The improved neutral leg is operated in the same manner
as its conventional counterpart, i.e. by switching on and off
the two switches in a complementary way to provide neutral
current. The improved configuration can also be controlled
independently from the three-phase inverters.

By removing C+, the equivalent capacitor of the dc bus is
reduced. Compared to the large neutral leg capacitors designed

for low-frequency second-order ripples, the remaining dc bus
capacitor only need to filter out the switching harmonics and
thus can be quite small. The voltage controller of the isolated
dc/dc converter should be redesigned according to the reduced
dc bus capacitor to achieve stability according to [34].

B. Capacitance Reduction through the Injection of Second
Order Currents

In the improved neutral leg, the second order power ripple
P2, on the dc bus can be compensated by injecting second
order decoupling current to C_:

ide = Igecos (2wt + Oy,) . (12)

The voltage of C'_ is regulated to % but it will exhibit
second order ripples due to the injected current. The voltage
Vo and instantaneous power pc_ of C_ can be respectively

calculated as:

Vi Tge .
ve = 712)0 + Qu;zl sin (2wt + 6a,,)
1%
= % + Vi sin (2wt + 0a,) (13)
pe_ =vo_ic. = wC_Vo,Vpe cos (2wt + 6a,,)
+ wC_Vg, sin (4wt + 205,,)
=po—_20w + PO—_dw- (14)

where pco_ 9, and po_ 4, represent the second order and
fourth order components in the expression for po_, respec-
tively.

If the instantaneous power of the neutral inductor Ly is
neglected, the second order power ripple on the dc bus can
be compensated if pc_ 2, in (14) is equal to py, in (1).
Therefore, term V5, presented in (14) can be calculated as

P2w _ 5Po
WCLVDC - wC,VDC'

The second-order decoupling current /4. can be calculated as:

Vv2w:

15)

2P,
Ide = QWC_UQW = )

16
Voo (16)

= 2ipc_2w
where va,, = Vo, sin (2wt + 0a,); ipo_aw is the second-order
current ripple on the dc bus.

Like the conventional neutral leg, ve_ should fulfill (6) to
have an undistorted ac output, thus

Vbe i 0P,
2 wC_Vpe
Therefore, the capacitance requirement of C_ can be calcu-

lated according to the maximum value of the dc bus voltage
Vmaw

vo_ = sin (nwt + Hnw) Z \/§Wms (17)

o> 6P . 2

- w (Vmaw - 2\/§Wms) Vmam .
The total capacitance in the improved neutral leg is the value
C_ since only one capacitor is used. Therefore,
0Py 2

c_> . .
N w (Vmam - Qﬂmms) Vmaz

(18)

Ctotal,pro = (19)
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Fig. 4. Comparison of total dc capacitance (Vimqz = 750 V, imbalance factor
§ = 0.5).

The minimum total capacitance in the improved and conven-
tional neutral legs can be compared using (11) and (19) as

_ (Vmam + 2\/§Vrms> < 1
o AV, 0 2

Ototal,p'ro

Ctotal,con (20)
According to (20), the improved neutral leg reduces the
total dc bus capacitance of a conventional neutral leg by
at least 50%. The capacitance requirements of both neutral
leg configurations are compared in Fig. 4, with their volume
comparison shown in Fig. 3. With a 50% reduction of dc
capacitance, the total volume of the improved neutral leg is
significantly reduced by 34%.

C. Impact of the Injected Second Order Currents

1) Impact on Provision of Neutral Current Provision:
Although one capacitor has been removed in the improved
neutral leg, it has the same capability as the conventional
neutral leg to provide a neutral current to unbalanced loads.
This is achieved through active control. The current provided
by the neutral inductor Ly consists of two parts, namely

Ly =N +ic_ 21
where iy is the neutral current required by the unbalanced
loads and ic_ is the compensation current injected to C_ to
reduce second order ripples on the dc bus. Two independent
controllers can be adopted to regulate 7y and ¢c_ so that the
improved neutral leg provides the required neutral current. The
overall control strategy is presented in Section IV.

2) Impact on Three-Phase Output Currents iy, irp and
ir.: In the conventional neutral leg, the neutral point is
regulated to a value % However, harmonic currents will
be introduced to the three-phase output currents due to the
existing second order ripples on the dc bus [32]. Compensators
should thus be designed to eliminate the harmonics [35]. In
the improved neutral leg, although the second order ripples are
compensated, the neutral point contains a second order voltage
ripple instead. Therefore, the three-phase current controllers
should be designed to compensate the harmonic currents
induced by the neutral point variation.

3) Impact on the DC Bus Voltage Vpc: According to (14),
although the second order power ripple on the dc bus is
compensated, an additional fourth order power ripple pc— 4.
is introduced by C_ which will cause, in turn, fourth order
ripples on the dc bus. However, the amplitude of po_ 4. is
much smaller than that of P,,,. This may be guaranteed if V5,
is limited to less than 10% of Vpc by properly choosing the
capacitance value of C'_ to reduce the dc bus voltage stress.
On the other hand, to further reduce the fourth order ripples,
a fourth order voltage component can be added on C'_

Vi
Vo = be + Vo, sin (2wt + sz) + Vi sin (4wt + 64w) .

2
(22)

The instantaneous power of C'_ can be calculated accord-
ingly as

PC_ = PC—_2w + PC—_dw + PC—_6w + PO—_8w (23)
where

Pe— 2w = WCON Vo, Ve cos (2wt + 6,,) (24)

+ wCnN Vo, Vi, cos (2wt — O, + 044,) (25)

PO— 40 = WONVE, sin (4wt + 205,) (26)

+ 2wCN V4, Vpe cos (4wt + 04,,) 27

Pe—_6w = WONVau, Vi, sin (6wt + 0oy, + O4,,) (28)

PO 8w = 2wCNVE, sin (8wt + 204,,) . (29)

To compensate both the second order and fourth order
ripples, the following equation should be fulfilled:

(30)

PC—_2w = P2w
PC—_4w = 0.

A collateral effect of this compensation is that sixth and
eighth order ripples are introduced. However, their amplitudes
are even smaller than the fourth order power ripple, as shown
in Fig. 5. This implies that the total ripples on the dc bus
are further reduced and the dc bus capacitance can be much
smaller.
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Fig. 5. Amplitude of the remaining power ripples on the dc bus after
compensation (relative to the original second order power ripple).
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Fig. 7. Control for the improved neutral leg and the three-phase inverter.

IV. CONTROL DESIGN extract the second-order ripple from the dc-bus current.
2) A resonant controller G4 (s) is used in the current loop
The control strategy for the three-phase inverter with the of the improved neutral leg to remove the second order
improved neutral leg is shown in Fig. 6. This consists of ripples from the dc bus.
two independent parts as in conventional neutral leg: one for 3) A notch filter G,,0¢ch () is adopted in the voltage loop
the neutral leg and another one for the three-phase four-wire of the improved neutral leg to remove the second-order
inverter. As a comparison, the control strategy for the inverter ripples from the feedback signal of Vo _ .
with the conventional neutral leg is shown in Fig. 7. The 4) Gpo(s) is included in the three-phase current loop
differences between two control systems are hlghhghted in to compensate second order harmonics in output ac
red color, including: currents.

1) In the improved neutral leg, the dc-bus current is cal- It can be seen that the control system of the improved
culated based on the measured three-phase voltages neutral leg does not need any extra hardware compared to
and currents. A resonant filter G y;jcr(s) is adopted to  conventional neutral legs. It is worth mentioning that the
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proposed control scheme only considers a single grid-forming
inverter with fixed amplitude and phase angle of output three-
phase voltages like [36]. For multiple grid-forming inverters
in parallel operation, the widely-used droop control methods,
such as the method presented in [37], can be adopted to
generate the references of voltage amplitude and phase angle.
The control design is detailed next.

A. Control Scheme of the Improved Neutral Leg

This consists of two control loops: inner current loop and
outer voltage loop.

1) Inner Current Loop:

Like the conventional neutral leg, the inner current loop
of the improved neutral leg receives output signal of the
voltage loop and the measured neutral current as reference
signals to control the average voltage on C_ and provide
neutral current to the load. A simple proportional-integral (PI)-
resonant controller is used:

1 1 S
TriN 82 + wd

Gin(s) = Kin(1+ ) (31

TiNS
where K is the proportional gain; 7, and 7,y are the time
constants of the integrator and the resonant term; wy is the
fundamental angular frequency.

To achieve power decoupling (i.e. to reduce second-order
ripples on the dc bus), a decoupling current is added as another
reference signal for the current loop. The dc-bus current ¢ pc
is firstly calculated:

ipe — ValLa + UblL, + VclL, (32)
Vbe

The second-order ripple in i p¢ is extracted using a resonant

filter G fizter(s):

2£1(2wo)s
$2 4+ 2£1(2wo)s + (2wp)?
where &; = 0.3 defines the cutoff frequency of the resonant
filter.

According to (16), the extracted second-order ripple of ipc
is multiplied by 2 as shown in Fig. 6 to obtain the decoupling
current 74.. A second-order resonant controller is used as
the decoupling controller to provide the decoupling current
through the improved neutral leg:

Ki S

Gde(b) - ?-le32 ¥+ (20.}0)2
where 74, is the time constant of the resonant controller.

The block diagram of the current loop for the improved
neutral leg is shown in Fig. 8, where e~*7¢ represents the
delay caused by the PWM and digital computation processes
[38]. The forward open loop transfer function of the block
diagram can be derived as:

Gfilter(s) = (33)

(34)

_ Vpeo
G N (5) = (Gin(s) + Gae(s))e 5T —— 2=
FW,zN( ) ( 1N( ) de( )) 2(5LN+Rp)
KinVpe  _gr, 1 L s
2(sLN+Rp)e ( +TiN5 TN 82 +wh
1 s

) (35)

+ Tie 82+ (2wp)?

The cross-over angular frequency w._;x, proportional gain
K,y and time constants (7;n, TN, Tde) can be calculated
according to [39]:

T/2—=bm_iN
We iN = — 7,
Kin =2we_inLn/VDce

TiN = TrN = Tde = 30/we_in

(36)

where ¢,,_;n is the desired phase margin of the current loop.
The controller parameters are summarized in Table II. The
bode plot of the current loop for the improved neutral leg is
shown in Fig. 9, which shows that the current loop is stable
with a phase margin of 57°.

Converter ive(s)  Plant |

L) Controller Delay  Gain v +- ; :
< Gin(s) i e’JTJI_)' V2 M(S): SLy+R, I1\(5)

G () S —

Fig. 8. Block diagram of the current loop for the improved neutral leg.
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Fig. 9. Bode plot of the current loop for the improved neutral leg.

2) Outer Voltage Loop:

The outer voltage loop of the improved neutral leg aims to
control the average dc voltage on C'_ to be VDTC The block
diagram of the outer voltage loop is shown in Fig. 10. Since
second-order decoupling current is injected into C_, second-
order voltage ripple exists on Vi _. Therefore, a notch filter
Groten(s) is added in the feedback path to remove the second-
order ripple from the measured Vi _:

s2 + (2wp)?
52 4 252(2&)0)8 + (2&}0)2

Gnotch(s) = (37)

where &> = 0.3 defines the cutoff frequency of the notch filter.
A PI controller G, (s) is used in the voltage loop:

1

TyN S

GvN(S) :KvN(l'F ) (38)

The close-loop transfer function of current loop can be derived
from the (35):
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Grw_in(s)
G. §) = —"7"77
- (s) Grw_in(s) +1
The open loop transfer function of the voltage loop can be
derived as:

(39)

G’L)N (S)GCZ_N(S)GnotCh(S)

Grw_un(s) = <
_ Kuy (1+ 1 y Grw_in(9)
sC_ TN S Grw_in(s)+1
52 + (2wp)?

X2 + 265 (2wo) s + (2wg)? (40)
The controller parameters K,y and 7,y are tuned based on
the frequency response of the open loop transfer function to
ensure a stable system with sufficient phase margin [40]. The
controller parameters are summarized in Table II. The bode
plot of the voltage loop for the improved neutral leg is shown
in Fig. 11, which shows that the voltage loop is stable with a
phase margin of 23°.

ide (‘S)

Controller Current loop + Plant :

Vpc/2 1, I : :
LR NNy IO oy CVARES, SNy o NP

Notch filter
Gnmch (*S)

Fig. 10. Block diagram of the current loop for the improved neutral leg.
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Fig. 11. Bode plot of the voltage loop for the improved neutral leg.

B. Control of the Three-phase Inverter

The three-phase four-wire inverter operates in an au-
tonomous mode to provide balanced three-phase voltages for
unbalanced three-phase loads. Thus, the three-phase currents
are unbalanced. A cascaded controller is used with an outer
ac voltage loop and an inner current loop. The three phases
are independently controlled using proportional-resonant (PR)
controllers for both current and voltage to improve power
quality. The structure of these PR controllers is given as

1 S
Gopn (8) = Kopn(1 + —— —5——)

41
Truph 52 + ) ( )

1 s
Giph (8) = Kipn(1 + Triph 52 + w(z)) (42)
where K, and K, are the proportional gains of the voltage
and current controller, respectively; T,,pp, and 7.5y, are the
time constants of the resonant integrator in the voltage and
current controllers, respectively.

In addition, the second order harmonics need to be com-
pensated by the current controller due to the voltage variation
of the neutral point caused by the power decoupling controller
Ge (s). Therefore, as shown in Fig. 6, a harmonic compen-
sator is connected in parallel with G; ,, (s) to compensate the
current harmonics at 100 Hz

Kiph S
Crols) = THC 8% + (2wo)?
where 7 defines the time constant of the resonant integrator
of the controller.

The tuning of the parameters for the controllers of the
three-phase inverter is the same as that of the conventional
three-phase inverter [41]. The parameters of the controllers
are summarized in Table. II. The bode plots of the current
and voltage loops of the three-phase inverter are presented in
Fig. 12.
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(b) Voltage loop.
Fig. 12. Bode plots of the three-phase inverter.
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TABLE I as the conventional one to provide the imbalance loads with
PARAMETERS OF THE SIMULATTEISFQ’:SDEL AND THE EXPERIMENTAL neutral current. Differences between the improved neutral and
' conventional neutral legs can be observed from the waveforms
Parameter Value Parameter Value of neutral point voltage V- and dc bus current [4.. In Fig.
ACLﬁheEmdL“Ctor 2.5 mH Acgltegcapémor 20 uF 13a, after the imbalance condition occurs, the second-order
de b o bt ripples are transferred from the dc bus to the neutral capacitor
Neutral inductor L 2.5 mH Neutral capacitor C'+ 100 puF : : .
N ’ and C_ C_ through active decoupling control of the improved neutral
DC-bus voltage Ve | 750 V Output 9‘1/1386 voltage | 53 viimse leg. As a result, the second-order ripples in the dc bus current
- __abc are significantly reduced and second-order voltage ripple can
Maximum phase 5 Arms Maximum output 3 KW . X
current Iop s power Py be observed in Vo . The amplitude of the second-order voltage
Output frequency fo | 50 Hz SWItChm}% frequency 20 kHz ripple in V¢ is 40 V in simulation.
sSw
condition occurs
PARAMETERS OF CONTROLLERS FOR SIMULATION AND EXPERIMENT. 400 : : = .
Controller Parameter Value 2 .
K, 0.0465 o7°
Neutral Current controller G, (s) TiN 0.0042
i: al TriN 0.0042 350 : : ‘ ‘
8 Decoupling controller G g, (s) Tde 0.0042 400 T T T T
controller —~
Voltage controller G, () Kun 0.0260 =200 |
vN ToN 0.00980 < 0
_ Kiph 0.0465 ~ 000}
Phase Current controller Gpp, () o 0:00230 o / \ ‘ /
leg Harmonic compensator G ¢ () THC 0.00280 5 i i i i
controller j Koyph 0.0621 .
Voltage controller G'ypp, () Tuoh 0.000966 S .
é
5 . . . .
V. SIMULATION AND EXPERIMENTAL RESULTS 3 : : .
A. Simulation Results 2 2o " 094
240 ]
1) Transient Simulation: =
The capabilities of the improved neutral leg to pr(?vide % 0.05 o1 Q.‘15 0.2 0.95 0.3
neutral current and to reduce the second order current ripple Time (s)
in the dc bus were verified by transient simulation using (a) With conventional neutral leg.
PLECS. Performance was compared against that exhibited by e iond
a conventional leg. The simulation parameters are presented in " condition oceurs
Table 1. The parameters of the controllers presented in Section 400 ' ' ' p
IV and Fig. 6 are summarized in Table II. Simulation results S are
are presented in Fig. 13. O
Fig. 13a presents the simulated transient response of the 350 . . . —
conventional neutral leg when the load changes from balance 400 . . . .
condition (R, = R, = R, = 105() to imbalance condition < 1
(R, = Ry, =1059Q, R. =708) at 0.15 s. It can be observed K 0
in the simulation result that the three-phase load currents I, I
respond to the step change instantly and smoothly to provide '402 ' ' ' '
unbalance loads with neutral current. The three-phase voltages ~
. . . >
Vabe remain balance and the neutral point voltage V> remain ~ OW
constant at 375 V when the step change occurs. Due to the ~
imbalance load condition, second-order current ripple can be g ! ! ! !
observed in the dc bus current I,. after the imbalance load _ ' ' ' '
condition occurs. The amplitude of the second-order dc-bus 2 2 ]
current ripple in simulation is 0.9 A. ~1F 1
Fig. 13a presents the simulated transient response of the 0 - : : : :
. 0 0.05 0.1 0.15 02 025 03
improved neutral leg when the load changes from balance Time (s)
condition (R, = Ry, = R. = 105) to imbalance condition (b) With improved neutral leg.
(Ra = Ry = 1050, R. = 709) at 0.15 s. The transient Fig. 13. Simulation results of inverters with conventional and improved
responses of the three-phase currents I,;. and voltages Vi,  neutral legs.

are the same as those of the conventional neutral leg, which
proves that the improved neutral leg has the same capability

2) Verification of Capacitance Requirement:
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The capacitance requirements for the conventional and
improved neutral legs have been calculated by (11) and
(19), respectively. The equations are verified by simulation
in PLCES. The output power P, is set as 2 kW with an
imbalance factor of 0.5. The maximum dc bus voltage V.. is
set as 750 V. Three-phase load voltages are set as 230 Vrms.
The output frequency is 50 Hz. According to (11) and (19),
the minimum required total capacitance is 183 uF for the
conventional neutral leg and 85 pF for the improved neutral
leg under this scenario. The improved neutral leg requires
54% less capacitance. The calculated capacitance were used as
the simulation parameters for the conventional and improved
neutral legs in PLECS. The simulation results of the voltage
ripples on the neutral capacitors V¢, and Vo_ are presented
in Fig. 14. It is shown that both the conventional and improved
neutral legs reach the voltage boundary defined by (6), which
verified the effectiveness of the calculated capacitance require-
ment in (11) and (19). According to Fig. 14, it is relevant
to mention that the capacitor voltage Vi in the improved
neutral leg has larger second-order ripple compared to that
in the conventional neutral leg. The selection of the voltage
rating for the capacitors needs to consider enough safe margin
for the second-order ripple.

600 T T T
Boundary
400
S 200
g 750 V
g 0
S
-200
-400
Boundary
_600 1 1 1
0 0.01 0.02 0.03 0.04
Time (s)
(a) Conventional neutral leg.
600 T T T
Ve, Boundary
400p
~ 200
Z 750V
o
g 0
S
-200
-400
Ve Boundary
_600 1 1 1
0 0.01 0.02 0.03 0.04
Time (s)

(b) Improved neutral leg.

Fig. 14. Verification of capacitance requirement in Simulation.

TABLE III
SPECIFICATIONS OF NEUTRAL-LEG CAPACITORS.

Type Polypropylene capacitor
Part No. C4AQLBW6100A3MK
Manufacturer KEMET
Dimension (W x L x H, mm) 30 X 57.5 x 45
Capacitance 100 pF
Rated DC voltage 500 V

B. Experimental Results

The capabilities of the improved neutral leg to provide neu-
tral current and to reduce the second order current ripple in the
dc bus were experimentally verified using an 3-kW experimen-
tal platform. Performance was compared against that exhibited
by a conventional leg. The experimental setup is presented in
Fig. 15. The three-phase inverter with the improved neutral
leg was built with SiC MOSFETs (C2M0080120D) and SiC
Schottky diodes (C4D20120D). It was controlled by a DSP
(Xilinx Zynq 7030 SoC) with a switching frequency of 20
kHz. Parameters of the experimental test-rig are summarized
in Table I. The inverter was operated at autonomous mode to
supply three-phase balanced voltage to loads. The ac output
voltage was restricted to 230 Vrms at 50 Hz. Three resistors
were connected to the ac output terminals as the loads. The
maximum output power was 3 kW. The dc bus voltage is
supplied by a dc voltage source to ensure it is constant and
only the second order current ripple is exhibited on the dc
bus. As shown in Fig. 6 and Fig. 7, the three-phase four-
wire inverter with the improved neutral leg requires the same
number of sensors (5 voltage hall sensors [42] and 5 current
hall sensors [43]) as the inverter with the conventional neutral
leg. Therefore, the improved neutral leg does not increase the
cost of sensors. The voltage and current signals were measured
by hall sensors and sent to the ADC channel of DSP through
RJ45 cables.

Fig. 16 shows the capacitors used in the conventional and
improved neutral legs. In the conventional leg, two 100 pF
capacitors are connected in series while the improved leg only
requires one 100 pF capacitor. This is consistent with the
discussion in Section III, where it was shown that a 50%
reduction of capacitance can be afforded in the improved
configuration without compromising the capabilities to pro-
vide neutral current. The specifications of the capacitors are
summarised in Table III.

Although the capacitor used in the experiment is small for a
3-kW inverter, larger capacitors will be required for inverters
with a higher power rating and the significance of the improved
neutral leg for reducing capacitance will be more obvious. As
shown in Fig. 3, the volume of the dc capacitors accounts for
70% of the total volume of the main passive components in
the conventional neutral leg. In this case, the 50% reduction
of dc capacitors brought by the improved neutral leg have
a significant contribution to the total volume reduction. It is
shown in Fig. 3 that the improved neutral leg can reduce
the volume of the passive components by 34% for a 10-kW
inverter.

1) Steady-State Performance:
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Fig. 15. Experimental setup of the three-phase four-wire inverter.
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Fig. 16. Size comparison of the capacitors used in the conventional (left) and
improved (right) neutral legs.

Firstly, the steady-state waveforms of the three-phase four-
wire inverter with the conventional neutral leg were measured
and presented in Fig. 17a. The voltages and currents were
measured with a Tektronix MSOS58 oscilloscope. The load
condition is R, = 51, Ry = R. = 210£2. The imbalance
factor is 0.5 and output power is 1.5 kW. It is shown that, the
load voltages were balanced due to the close-loop control of
three-phase voltage. The load currents were unbalanced due to
unbalanced loads. The neutral current Iy was provided by the
neutral inductor Ly instead of the neutral capacitors because
there is no 50 Hz voltage ripple on Vo_. This is apparent from
the FFT spectrum in Fig. 18, which exhibits a negligible 50
Hz component in V. As shown in Fig. 17a and Fig. 19, the
dc source current Ip¢ features large second order harmonics
due to the unbalanced load currents.

Secondly, the steady-state waveforms of the three-phase
four-wire inverter with the improved neutral leg were mea-
sured and presented in Fig. 17b under the same load condition.
It is shown that the improved neutral leg can provide the
same functions as the conventional neutral leg: 1) the inverter
with the improved neutral leg can provide the same balanced
three-phase voltages and imbalance three-phase currents to the
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(a) Experimental results of the conventional neutral leg.
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(b) Experimental results of the improved neutral leg.

Fig. 17. Steady-state performance of three-phase four-wire inverters under
imbalance load condition (R, = 512, Ry = R. = 21012).

loads; 2) the neutral current is still provided by the improved
neutral leg instead of the neutral capacitor because there
is no 50 Hz voltage ripple on V_ as shown in the FFT
spectrum in Fig. 18. In addition to the above functions, the
improved neutral leg can provide a new function to reduce
the second-order ripples in the dc bus. It is shown that the dc
source current ripples in Fig. 17b were significantly reduced,
compared to waveforms in Fig. 17a. In turn, the FFT analysis
in Fig. 19 shows that the second order harmonics in the dc
source current are reduced by 86% when the improved neutral
leg is adopted. However, as a consequence, the capacitor
voltage V_ in the improved neutral leg contained second
order voltage ripples, as shown in Fig. 17b and Fig. 18.
Despite this shortcoming, the load voltages and currents were
not affected. As shown in Fig. 20, the total THD of the load
voltage of Phase C was 0.874% without power decoupling
control and 0.864% with power decoupling control.

2) Transient Performance:

Fig. 21 presents the transient response of the decoupling
controller in the improved neutral leg. The load condition is
R, = 51Q, Ry, = R. = 2109. The decoupling controller
is described is Fig. 6, which is responsible for the reduction
of second-order ripples in the dc bus. It is shown that before

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTE.2021.3138333, IEEE

Transactions on Transportation Electrification

40
35
S 35 m Conventional neutral leg
2 30 Bl Improved neutral leg
3
5 25
=9
€ 20
215
]
£ 10
é’ 22
0 . —
1 2 3 4 5 6 7 8 9 10 11 12
Harmonic order
Fig. 18. FFT analysis of capacitor voltage Vo _ .
35
=z 3 B Conventional neutral leg
g 25 ElImproved neutral leg
2
g 2 1.45
PRk
g
£ 1
T 05 0.203
0 -
01 2 3 4 5 6 7 8 9 1011 12

Harmonic order

sl
aa
—
©

. FFT analysis of I4..

1.00%

m Conventional neutral leg ---THD 0.874%

0.80% O Improved neutral leg---THD 0.864%

0.60%
0.40%

0.20%

Harmonics (% of fundamental)

0.00%
2 3 4 5 6 7 8 9 10 11 12

Harmonic order

Fig. 20. FFT analysis of load voltage V.

the decoupling controller is enabled, the improved neutral leg
works exactly as the conventional neutral leg, i.e., second-
order ripples can be observed in the dc bus current. After the
improved neutral leg is enabled, second-order ripple in the dc
bus current is significantly reduced and the three-phase output
voltages and currents are not affected. It is shown that the
transient response is very fast (within one fundamental cycle).

Fig. 22a presents the transient response of the conventional
neutral leg when the load changes from balance condition
(R, = Ry = R. = 1059) to imbalance condition (R, =
R, = 105Q, R. = 70Q) in experiment. The experimen-
tal performance is the same as the simulation performance
presented in Fig. 13a. Second-order current ripple can be
observed in the dc bus current I;. after the imbalance load
condition occurs. The amplitude of the second-order dc-bus

L Tac [5‘

| _controller | . time [40 ms/div]

>

Jdiv]

Fig. 21. Transient response of the decoupling controller in the improved
neutral leg.
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Fig. 22. Transient response of inverters with conventional and improved
neutral legs in experiment. Step load change from balance condition (R, =
Ry, = R. 105€) to imbalance condition (R, = Ry = 105,
R, =709Q).
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current ripple in experiment is 1.13 A. This is slightly higher
than the simulation result (0.9 A) in Fig. 13a. The difference
is caused by the noises and nonlinearity of the experimental
system.

Fig. 22b presents the transient response of the improved
neutral leg when the load changes from balance condition
(R, = Ry = R. = 105Q) to imbalance condition (R, =
Ry, = 1059, R, = 70Q) in experiment. The experimental
performance is the same as the simulation performance pre-
sented in Fig. 13b. Second-order ripple is transferred from the
dc bus to C_ by the active decoupling control of the improved
neutral leg. The amplitude of the second order voltage ripple
observed from C_ is 48.1 V. This is slightly higher than the
simulation result (40 V) in Fig. 13b. The difference is caused
by the noises and nonlinearity of the experimental system.

VI. COMPARISONS BETWEEN CONVENTIONAL AND
IMPROVED NEUTRAL LEGS

In this section, a comparative study is made between the im-
proved and the conventional neutral legs in terms of efficiency,
size of neutral inductors, and fault tolerance capabilities.

A. Efficiency

The improved neutral leg suffers higher current stress than
the conventional neutral leg due to the additional decoupling
current. As a consequence, the inverter efficiency will be
affected. However, as highlighted in the introduction, all active
decoupling methods inherently lead to more power losses
because of the additional semiconductors and current stress
[44] [45].

For comparison, the efficiencies were measured for three-
phase four-wire inverters with conventional and improved
neutral legs, respectively. The efficiencies were measured by
a Yokogawa WTI1806 power analyzer. Note that the power
losses of the digital controller, gate drivers and cooling fans
were not measured. In order to have a better representation
of the efficiency performance, three different scenarios are
considered as shown in Fig. 23.

Fig. 23a compares the efficiencies under balance condition,
which shows that the inverters with conventional and improved
neutral legs have almost the same efficiency. This is because
there are no second-order ripples under balance condition
and thus the improved neutral leg works the same as the
conventional neutral leg.

Fig. 23b compares the efficiencies with fixed output power
of 2 kW and different imbalance factors. It is shown that, as the
imbalance factor increases, efficiencies of inverters with both
conventional and improved neutral legs decrease. However, the
inverter with the improved neutral leg presents lower efficiency
than the inverter with the conventional neutral leg. As ex-
pected, the efficiency of the inverter with the improved neutral
leg is lower than that of the inverter with the conventional
neutral leg due to additional current stress induced by the
decoupling current. As the losses of the neutral leg cannot
be measured separately, they were simulated in PLECS. The
PLECS models of SiC MOSFETs (C2M0080120D) and SiC
diodes (C4D20120D) are provided by Wolfspeed [46]. The

simulation results are presented in Fig. 23c, which shows that
the improved neutral leg presents higher losses due to higher
current stress compared to the conventional neutral leg.

Fig. 23d compares the efficiencies under imbalance condi-
tion, with imbalance factor of 0.5. It is shown that the effi-
ciency drop increases with output power due to the increased
current stress of the improved neutral leg. However, thanks to
the adoption of SiC MOSFETS, the maximum efficiency drop
is only 0.6% with imbalance factor of 0.5 and output power
of 2 kW. Such a small efficiency drop can be compromised
by the benefit of significant capacitance reduction.

The decreased efficiency caused by the improved neutral
leg need to be considered for the thermal design of the
inverter, such as sizing of the heat sink. Therefore, system-
level optimization is required for the converter to achieve
optimal power density, efficiency and cost [47]. However, this
optimization aspect is out of the scope of the current paper
as the main focus of this paper is to prove the viability
of the proposed topology and its control strategy. Further
development will be focused on to improve the efficiency and
optimize the power density of the whole inverter.

B. Current Stresses of Switches and Inductor in the Neutral
Leg

The neutral leg switches and the neutral inductor have the
same current stress as they are connected in series. Therefore,
the current stress is compared in terms of switching ripples
and RMS value of neutral inductor current ¢y, .

For both the improved and the conventional neutral legs,
the ripple of ¢y, is given as

fsw @
where D is the duty cycle of the upper switch of the neutral
legs and f,, is the switching frequency. For the same value of
Ly and fg,, the current ripple of the improved leg is almost
the same as that of the conventional neutral leg.

In terms of RMS current, since the improved leg needs to
provide additional decoupling current ¢4, the RMS current in
the improved neutral leg is higher than that in the conventional
leg. Therefore, the improved neutral leg has higher current
stress. This is simulated and shown in Fig. 24 for different
imbalance factors. It is shown that the current stress gets higher
as the imbalance factor increases. When the imbalance factor
is 0.5, the improved leg has 1.2 times higher current stress
than the conventional one.

As a result, the neutral inductor in the improved leg should
be designed with a higher current rating. The size of the
neutral inductor will increase as a result and can be considered
proportional to the energy stored in the inductor [48]:

Sy o Lzys (45)

where S, represents the size of inductor. Since similar value
of neutral inductance is used in both neutral legs, the size
of the inductor is determined by the RMS value of the
inductor current. As shown in Fig. 24, the RMS value of
the inductor current in the improved leg is 1.2 times higher
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Fig. 23. Efficiency of three-phase four-wire inverters with conventional and improved neutral legs.
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Fig. 24. Current stress of the neutral legs (output power = 2 kW).

than that in the conventional one. Therefore, the size of the
neutral inductor in the improved leg should be 1.4 times
higher than in its conventional counterpart. However, with the
introduction of SiC MOSFETs in the neutral leg, the size of
the neutral inductor can be substantially reduced by increasing
the switching frequency. As shown in Fig. 3, the size of the
inductor is insignificant compared to that of the DC capacitors.
Therefore, despite the increased inductor size, the improved
leg would still feature a higher power density compared to the
conventional neutral leg by reducing the capacitance.

C. RMS Current of Neutral Capacitors

In the proposed neutral leg, second-order decoupling current
i4e 1s injected into the neutral capacitor to reduce the second-

order ripples on the dc bus. The amplitude of the capacitor
current I is equal to /4. and can be obtained from (16):

20P,

Io_ =14 = Voo

(40)

The RMS value of the capacitor current can be calculated as:

7 Ic.  V26P,

C_,RMS /3 Voo
As a result, the capacitor RMS current increases with the
output power and imbalance factor of the inverter.

In the conventional neutral leg, since there is no current
injected to the neutral capacitors and the neutral current is fully
provided by the neutral leg instead of capacitors, the capacitor
RMS current is zero if the switching ripples are ignored.

The current waveforms of the neutral capacitors in the
improved neutral leg and the conventional neutral leg are
measured and presented in Fig. 25 and Fig. 26, respectively.
To clearly observe the second-order ripple current injected by
the proposed neutral leg, a low pass filter (cutoff frequency =
5 kHz) is applied in the Oscilloscope to remove the switching
harmonics from the current waveform. The load condition
is R, = 520, R, = R, = 210Q). Therefore, the output
power and imbalance factor of the inverter are 1.5 kW and
0.5, respectively.

According to (47), the RMS current of the improved neutral
capacitor can be calculated as 1.414 A. As shown in Fig.
25, the measured RMS value of the capacitor current of the

(47)
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Fig. 26. Capacitor current waveform (C1) of the conventional neutral leg.

improved neutral leg is 1.517A. The measured results are close
to the theoretical result.

As a comparison, the current waveform of the neutral
capacitors in the conventional neutral leg is presented in Fig.
26. Because there is no current injected from the conventional
neutral leg, the RMS value of the capacitor current is only
0.074 A, which is almost zero. This result is consistent with
the theoretical analysis above.

D. Fault Tolerance

The most vulnerable components in neutral legs are the
two semiconductor switches [49]. Apart from degradation,
these switches mainly exhibit two serious failure modes: short-
circuit failure and open-circuit failure.

For a short-circuit failure, the three-phase four-wire inverter
with either types of neutral leg cannot operate because the neu-
tral point voltage will be clamped to either the positive or the
negative dc bus voltage. Fig. 27 shows the equivalent circuit
of the three-phase inverter with two neutral leg configurations
when a short-circuit failure occurs on the lower switch. In
this case, the neutral point is clamped to the negative dc bus
through the neutral inductor for either configuration and the
circuit breaker in the neutral wire needs to be immediately
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Fig. 27. Three-phase four-wire inverter with neutral legs in short-circuit
failure mode (lower switch).

disconnected. Afterwards, the inverters can still work for
balance loads.

For an open-circuit failure, both the conventional and im-
proved neutral legs are out of service and, thus, would not
be able to provide neutral currents. As shown in Fig. 28, the
inverter with the conventional neutral leg is equivalent to split-
link topology [8]. The voltage potential of the neutral point
can be inherently maintained by the series connection of the
neutral capacitors. Therefore, it can still work with balanced
loads. Under the presence of imbalanced loads, these neutral
capacitors are too small to provide sufficient neutral current
for unbalanced loads since they are not specially designed for
a split-link topology. On the other hand, when an open-circuit
failure occurs on the improved neutral leg, the neutral point
voltage cannot be maintained. Therefore, the circuit breaker in
the neutral wire should be disconnected and the inverter can
continue to work in balance condition.

Overall, both neutral legs have limited fault tolerance capa-
bility for imbalance operation. And the improved neutral leg
need further action of the circuit breaker when the open-circuit
failure occurs.

VII. CONCLUSIONS

This paper has presented an improved neutral leg, which
not only provides the neutral current as its conventional
counterpart, but also reduces the second order ripples and dc
capacitance on the dc bus. The dc capacitance requirements
of the conventional and improved neutral legs to mitigate the
dc bus ripples were analyzed and compared. It is shown that
due to the reduction of dc bus ripples, the improved neutral leg
can decrease by 50% the dc capacitance value compared to the
conventional one. Such a benefit is brought by the improved
neutral leg without adding any hardware components, so there
is no additional cost.
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Fig. 28. Three-phase four-wire inverter with neutral legs in open-circuit failure
mode.

The aforementioned functions of the improved neutral leg
were successfully achieved by two control loops, i.e., the
neutral current control loop and the power decoupling control
loop. Importantly, the improved neutral leg was controlled
independently from the three-phase inverter. The performance
of the improved neutral leg was verified by experiments.
The improved neutral leg was built with SiC MOSFETs and
adopted in a three-phase inverter. Both static and transient
performance were evaluated. The experimental results show
that the improved neutral leg can reduce the second order
current ripples on the dc bus effectively, while simultaneously
provides the neutral current.

Due to its satisfactory performance, the improved topology
represents a good alternative for EV charger configurations
that require operation in an autonomous mode to significantly
reduce the dc capacitance and thereby increase the power
density. The future work will focus on: i) prototypes with
higher power rating and various types of other loads to validate
the power density improvement; ii) improvement of efficiency;
iii) design optimization of the converter including the heat
sink; iv) control and operation strategy under various fault
conditions.

APPENDIX

The detailed calculation method of the component size in
Fig. 3 is presented in this appendix.

A. Selection of Switching Devices and Switching Frequency

A neutral leg has been designed for a three-phase inverter
rated at 10 kW. The output phase-to-neutral voltage is 230
Vrms. The phase current is about 15 A. The neutral leg is
designed to have the same current rating as the phase leg. To
meet these requirements, the devices shown in Table IV have
been adopted.

TABLE IV
DEVICES SELECTED FOR THE NEUTRAL LEG.
Voltage rating Current rating
(Te. = 100°C)
Si IGBT (IKW25N120H3) 1200 V 25 A
SiC MOSFET (C2M0080120D) 1200 V 24 A
TABLE V
DEVICE LOSSES UNDER MAXIMUM LOAD CURRENT.
Si IGBT SiC MOSFET
(IKW25N120H3) (C2M0080120D)
Switching frequency 20 kHz 200 kHz
Switching losses 53.59 W 4553 W
Conduction losses 1321 W 1235 W
Total losses 66.80 W 57.88 W
Junction temperature 111.2 °C 117.0 °C

The switching frequency of the selected Si IGBT is set as
20 kHz, which is normally used for Si IGBTs. The switching
frequency of the adopted SiC MOSFETs: is selected to achieve
the same power losses as the Si IGBT. The power loss model
provided by the manufacturers is used to quantify the losses of
the two devices under the maximum load current. Simulation
results are shown in Table V, which show that with the
same power losses, the SiC MOSFET can operate at 200
kHz switching frequency, which is 10 times the switching
frequency for the Si IGBT.

B. Calculation of Inductor Size

The calculation of inductor size is based on the inductance
value and current stress as in [50]. The inductance value
can be calculated according to (44). A 2.5 mH inductance
is selected for the Si-based neutral leg and a 0.25 mH
inductance is selected for the SiC-based neutral leg. According
to Section VI-B, conventional neutral legs with Si IGBT and
SiC MOSFETsSs have the same current stress on the inductor,
while the improved leg has around 1.2 times higher current
stress on the inductor.

C. Calculation of Capacitor Size

The capacitance of the conventional and the improved
neutral legs is calculated using (11) and (19), yielding 914 pF
and 426 uF, respectively. Therefore, ten 100 pF film capacitors
are used for the conventional and five 100 uF film capacitors
for the improved leg. The 100 pF film capacitor is shown in
Fig. 16. By measuring the volume of a single capacitor, the
total volume is calculated.

D. Selection of Heat Sink and Cooling Fan

The heat sink and cooling fan are selected considering the
power losses [51]. As shown in Table V, the power losses from
the neutral leg are approximately 120 W. A maximum ambient
temperature of 40 °C is considered. The case temperatures of
both Si IGBTs and SiC MOSFET are controlled to a value
lower than 80 °C. As similar power losses are exhibited in
simulations, a similar cooling system is adopted for both
neutral legs. The thermal resistance of the cooling system
required by the thermal dissipation is:

Ry, = (80°C — 40°C)/120W = 0.33K/W.  (48)
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A heat sink and cooling fan from DYNATRON (Part No.
G199) is selected to meet the above requirement and the
volume of the heat sink and cooling fan are obtained from
the datasheet [52].
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