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An Improved Three-Level Neutral Point Clamped
Converter System With Full-Voltage Balancing
Capability for Bipolar Low-Voltage DC Grid
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Abstract—Bipolar low-voltage dc grids are an emerging and
promising solution for power distribution. As a natural candi-
date for the distribution converter, the three-level neutral-point-
clamped (3L-NPC) converter has inherent but limited capability in
balancing the dc voltages during asymmetrical operation. This ar-
ticle begins by investigating the voltage balancing limits of the con-
ventional 3L-NPC in detail. To overcome the identified limitations,
an improved 3L-NPC converter system with a zigzag transformer
and a neutral line is proposed. With the designed control strategy,
the proposed converter system can provide full bipolar voltage bal-
ancing capability without extra devices or penalties on component
ratings. The effectiveness and advantages of the proposed scheme
are verified by simulation and experimental results.

Index Terms—Asymmetrical operation, bipolar low-voltage dc
(LVdc) grid, bipolar voltage balancing capability, three-level
neutral point clamped (3L-NPC) converter.

I. INTRODUCTION

ENEFITING from the evolving power electronics tech-
B nology, as well as its inherent advantages, dc power is
being increasingly utilized at different voltage levels [1]. The
most recent emergence of dc is happening at low voltage level.
With a growing share of distributed energy resources (DERs)
and modern appliances relying on dc technology, low-voltage
dc (LVdc) distribution is becoming an attractive concept as it
requires fewer power conversion stages, leading to enhanced
efficiency and reliability [2], [3].

There are two types of LVdc grids: unipolar and bipolar
[4]. Compared with the simple two-wire unipolar configuration,
the three-wire bipolar configuration is more promising as it
provides two voltage levels, which leads to higher flexibility
and reliability [5]. A typical bipolar LVdc grid is depicted in
Fig. 1. A distribution transformer is used as an interface with
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Fig. 1. Structure of a typical bipolar LVdc grid.

the medium-voltage ac (MVac) grid. The distribution converter,
as a crucial power electronics device, is responsible for power
transfer between ac and dc sides as well as the construction of
the split-dc bus.

Asymmetrical operation is one of the main challenges for
bipolar LVdc grids’ applications. The asymmetry between dc
poles caused by unbalanced loads or DERs may result in the
problem of bipolar voltage imbalance, i.e., the dc voltages pro-
vided by two poles are unbalanced, which will deteriorate power
quality and grid safety [6], [7]. The distribution converter is
expected to accommodate this operational challenge. Therefore,
the requirements for a distribution converter are: 1) bidirectional
energy conversion, 2) split-dc bus structure, and 3) bipolar
voltage balancing capability.

With its widely acknowledged versatility, efficiency, and re-
liability, the two-level voltage source converter (2L-VSC) has
gained many applications for bipolar dc distribution. As Fig. 2(a)
shows, two cascaded 2L.-VSCs are used as the distribution con-
verter to create the split-dc bus structure. With the independent
control of two 2L-VSCs, the bipolar voltage balance can be
readily and fully achieved, but this scheme brings excess cost
and volume to the system. A single 2L-VSC lacks voltage
balancing capability; therefore, adding additional circuitry is an
option. A voltage balancer (VB) shown in Fig. 2(b) is deployed
as the fourth leg of the 2L-VSC [8], which not only realizes
the split-dc structure but also guarantees the voltage balance
through drawing or injecting the unbalanced current between
poles. Similarly, a dc current redistributor is proposed in [9],
which can regulate the pole currents and, thus, balance the pole
voltages.

As another common VSC with wide industry acceptance, the
three-level neutral point clamped converter (3L-NPC) has more
voltage levels, better harmonics performance, reduced voltage
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Fig. 2. Different schemes for bipolar LVdc grid. (a) Two cascaded 2L-VSCs
for independent pole control. (b) Single 2L-VSC with VB. (c¢) Single conven-
tional 3L-NPC converter. (d) Four-leg 3L-NPC converter. (e) Central 3L-NPC
with additional balancing stage. (f) Proposed 3L-NPC converter system.

rating, lower switching frequency, and less power loss than the
2L-VSC [10], [11], [12]. Moreover, as shown in Fig. 2(c), the
split-dc bus structure of 3L-NPC makes it a natural candidate
for the distribution converter of bipolar LVdc grids.

Unlike the 2L.-VSC, the 3L-NPC has inherent bipolar voltage
balancing capability when feeding unbalanced dc-side loads.
This capability has been studied extensively for the neutral
point voltage balancing problem of the 3L-NPC inverter [13],
[14], [15]. The corresponding methods are generally based on
the same concept, i.e., adding the zero sequence voltage to
the inverter output. This idea is realized by the injection of
zero sequence modulation signals when using carrier-based
pulsewidth modulation, or the manipulation of redundant small
vectors for space vector modulation (SVM) [13]. In the context
of bipolar LVdc grids, however, such control methods can only
handle some range of asymmetries and cannot ensure the voltage
balance under all the operating conditions. The voltage balance
limits of 3L-NPC are analyzed under the SVM algorithm in [16],
which indicates the limited voltage balance operation area of a
single 3L-NPC.

Two kinds of balancing strategies have been proposed to
extend the balanced operation area of the conventional 3L-NPC
[2]. One is to make all the balancing efforts with the additional
balancing circuit [16], which is also known as the four-leg
3L-NPC converter given in Fig. 2(d). The other is to adopt a
coordinated balancing strategy between the 3L-NPC and the
balancing stage [11], [17], [18]. As Fig. 2(e) shows, 3L dc—dc
converters are used for voltage balancing when unbalanced
power is out of the controllable area of the central NPC converter.
However, both strategies require additional circuits or stages,
which increase system costs, losses, or complexity.

Analysis carried out in Section II will show that the inher-
ent voltage balancing capability of Fig. 2(c) becomes severely
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limited for large values of modulation index. To overcome this
roadblock while preventing excessive cost, this article proposes
an improved 3L-NPC converter system, as depicted in Fig. 2(f).
Compared to Fig. 2(c) with a conventional grid-interfacing trans-
former, the proposed scheme gains full bipolar voltage balancing
capability by exploiting a zigzag transformer connection. In
contrast with Fig. 2(d) and (e), the proposed scheme does not
require the addition of any extra devices. It is important to note
that the grid-interfacing transformer is already an essential part
of the overall system, as depicted in Fig. 1. Therefore, the use of a
zigzag transformer does not impose any additional system-level
complexity. The contribution of this article is twofold.

1) A detailed analysis is carried out to derive the voltage
balance operation area of the conventional 3L-NPC under
sinusoidal pulsewidth modulation (SPWM) strategy, con-
sidering its popularity and wide application in the industry.
The limited bipolar voltage balancing capability of the
conventional 3L-NPC converter is elaborated.

2) An improved 3L-NPC converter system with a zigzag
transformer and a neutral line is proposed for bipolar
LVdc grid applications. Based on the idea of manipulating
the zero sequence current, the proposed converter system
acquires full bipolar voltage balancing capability without
adding any extra devices or having any penalty on com-
ponent ratings. The designed control strategy can ensure
the voltage balance under all the dc load conditions.

The rest of this article is organized as follows. Section II first
studies the midpoint current of 3L-NPC in detail. The required
current to keep the dc voltage balance is then analyzed, and
the voltage balance operation area of 3L-NPC is depicted to
clarify the limitation of the conventional scheme. In Section III,
a new scheme is proposed for a bipolar LVdc grid, whose
full-voltage balancing capability is explained by analysis results.
Then controllers are designed to regulate the dc-link voltage
and realize the voltage balancing. Simulation and experimental
results are presented in Section IV to verify the effectiveness
and advantages of the proposed scheme. Finally, Section V
concludes this article.

II. LIMITED BIPOLAR VOLTAGE BALANCING CAPABILITY OF
THE CONVENTIONAL 3L-NPC

A. Bipolar LVDC Grid Based on a Conventional 3L-NPC

The bipolar LVdc grid based on a conventional 3L-NPC
converter is presented in Fig. 3. A single 3L-NPC is interfaced to
the MVAC grid through a three-phase two-winding transformer
and an L filter. The split dc-link capacitors naturally form the
three-wire structure with two dc poles, i.e., the positive pole
(P) and the negative pole (N). The neutral point of 3L-NPC is
connected to the neutral terminal (O) of the LVdc grid, referred
to as the midpoint in this analysis.

It is known that the bipolar voltage imbalance can be solved
by properly controlling the current flowing through the midpoint
[9]. Hence, the midpoint current of 3L-NPC will be investigated
in detail. Then, with the analysis of the unbalanced dc side, the
limited bipolar voltage balancing capability of Fig. 3 will be
clarified.
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Fig. 3. Bipolar LVdc grid based on a conventional 3L-NPC converter.

B. Midpoint Current of 3L-NPC

For a three-phase 3L-NPC using the SPWM strategy, the
averaged ac terminal voltage of phase j (j = a, b, c) is

Vac

o (t) = my(t) 1)

where V. is the dc-link voltage, and m, () is the modulation
signal for phase j

m;(t) = M cos (wt + 0;) +mg 2)

where M is the modulation index; w and 6; are the angular
frequency and initial phases of modulation signals. 6; = [0,
-2n/3, 2w/3] for j = a, b, c. my is the injected zero sequence
modulation signal, which can be manipulated to provide inherent
bipolar voltage balancing capability for the 3L-NPC.

AC-side currents of the 3L-NPC are expressed as

©) 3

where I, is the peak amplitude of ac current, ¢ is the angle of
current lagging the voltage, and cosy is the power factor.

After applying the switching function and average operator
[19], the averaged current flowing into the midpoint from phase
Jj is derived as

ij(t) = I, cos (wt + 0; —

inpj () = (L= |m;(8)]) i (1) ©)
According to Fig. 3, the midpoint current i,,, is the sum of

inpj- Assuming the three-phase currents are balanced i.e., i,(f)
+ ip(f) + i.(t) = 0, then

inp(t) == D |my(0)]i; (). )
j=a,b,c

To further simplify i,,,, taking phase a as an example, let

fa(t) = Ima(t)]ia(t) = ma(t)ia(t)sgn(ma) (6)
where the function sgn(-) is defined as
1, x>0
sgn(z)=4¢ 0, =0 . @)
-1, <0

Based on (2) and (3), m(7)-i,(¢) can be written as the sum of
dc, fundamental, and double frequency components

ma(t)ia(t) =

MI,
5 oS + moly, cos (wt — @)

M21m cos (2wt — ). 8)
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Fig. 4. Tllustration of m,(¢) and sgn(ms,) for different mg.

Also, sgn(m,) can further be simplified depending on the
value of injected myg. For three cases of my, the corresponding
mg(f) and sgn(m,) are illustrated in Fig. 4.

When |mg| > M, sgn(im,,) is a constant

sgn(mg) = 1-sgn(my). 9)

Considering only the dc component of the midpoint current
can be used for bipolar voltage balancing, synthesize (6)—(9) and
denote F, as the dc component of f,(f)

I,
F,= %Msgn(mo).

The result shown in (10) also holds for phases b and c. Based
on (5), the dc component of the midpoint current is
*3I7n
% Msgn(my).

On the other hand, when |mg| < M, as shown in Fig. 4, sgn(m.,,)
is a periodic function, which can be expanded by using the
Fourier series

(0-3)+

where 6 = cos™ ! (-mo/M).

Let A = 2/7*(6-7/2). Note that A = 0 if mg = 0, which means
there is no dc component in sgn(m,) OF iyy,.

When substituting (6) into (8) and (12), the following rela-
tionship can be derived:

Ja() = far(8) + faa(t) + fas(t)

(10)

Inp = (11)

sgn(mg) = n (k6) cos (kwt) (12)

3w
=H~>

??'M—‘

13)

where
MI7YL
far(t) = 5 [A cos ¢ + A cos (2wt — )]

2MT,, 1
+ ——cosgp Z 7 sin (k) cos (kwt)

k=1

Ly

k=1

fa?

n (kf) cos [(k + 2)wt — ¢]

w\H
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n (k) cos [(k — 2)wt + ¢

ww—l

2 I
fas(t) Motm Z — sin (k0)

= moLA cos (wt —

x {cos[(k + 1)wt — @] + cos [(k — Dwt + ¢]}.

It can be seen that f,,(¢) is composed of dc and many frequency
components, which respectively correspond to the dc current and
harmonics of i,,p,.

By leaving out all the sinusoidal quantities of (13), the dc
component of f,(¢) can be calculated as

F,= L”‘:%f(mo) (14)
where f(mg) is defined as
B 0—m/2 .
f (mo) = <Sln(97'(‘/2) + Sln9> m (15)

Since iypq, inpb, and iy, have the same dc component, accord-
ing to (5), the resulting dc component of the 3L-NPC midpoint
current is

—31
Loy = m COS ©

f(mo).

For specific operating currents and power factors, /,,, relates
to the injected my. It is interesting to demonstrate this relation-
ship through the illustration of f(mg). As shown in Fig. 5(a),
for a large domain of myg, f(mp) shows an approximate linear
characteristic. It is very close to the line of y = 2my, especially
when |mg| is small. These are explained by plotting the slope of
flmyg), denoted as . When |mo/M| € [—0.4, 0.4], as the shaded
area of Fig. 5(b), the slope is approximately at its maximum, ~y
~ 2. When |mg| = M, the minimum slope v = 7/2.

To counteract the dc voltage drift under slightly unbalanced
loads, the required myg is very small relative to M, and the
relationship between /,,,, and my is usually treated as linear [19].
For more severe cases of bipolar voltage imbalance, where the

(16)

™
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Fig. 7. DC-side analysis circuit of a bipolar LVdc grid.

required my is large and the linear relationship no longer holds,
(15) and (16) can be used to obtain a more accurate value of my.

Based on the preceding analysis, the relationship between /,,,,
and injected m can be precisely obtained. For M = 0.4, I, =
10A, ¢ = 7/3, the simulated and calculated /,,,, under different
myg are presented in Fig. 6. An approximately negative linear
relationship can be observed for |mg| < M, whereas when |my|
> M, I,,,, will be fixed at the limit values. Moreover, it can be
seen that the calculated results based on equations are in good
agreement with simulation results, which verifies the correctness
of (11) and (16).

C. Voltage Balance Operation Area of 3L-NPC

For a bipolar LVdc grid, the analysis circuit used for the
dc-side asymmetrical operation is given in Fig. 7. For conve-
nience, the asymmetry between two dc poles is represented by
two unbalanced load resistors, i.e., R, and R,,.

Assume the unbalanced load condition is represented by

R, =¢R, 17
with unbalanced degree ¢ € (0, +00). Note that e = 1 represents
the balanced dc load condition.

The pole voltages are expressed as

Vo = IRy
Vo=1,R,.

(18)
19)

Assume the pole voltages could keep balanced after injecting
my, i.e., Vi, =V, = Vq./2. Then the pole currents satisfy

I, =el,. (20)



15796

1.0 I
o I
s 0.8 |
& |
- |
8 |
§0.4, :
3 I
5 0.2r [ Balanced
0 :IUnballanced
0 01 02 03 04 05 06 07 08 09 1.0

Modulation index: M
Fig. 8. Voltage balance operation area of 3L-NPC utilizing SPWM.

Similarly, the power consumed by the negative pole is pro-
portional to that of the positive pole

P, =cP,. @1
The total power demanded by the dc side is
Vie
Py = %Ip (14¢). (22)
The power transmitted from the ac side is
1 T
j=a,b,c
Substituting (1)—(3) into (23)
3
P = EMVchm Cos . 24)
Neglecting the converter losses, i.e., Py = Pqc, yields
3
I,=——-MI,, . 25
PT oMt mOY 25)

To maintain the voltage balance of the two poles, the required
unbalanced current from the neutral terminal is

Im=1Iy—I,=(e—1)1,. (26)

Let the midpoint current of 3L-NPC supply the required
current, i.e., I,,, = I,,. Then, substituting (16) into (25) and
(26), the final equation is expressed as

tl—e 0—m/2
21+¢e <sin(9—ﬂ'/2)

For any given M and ¢, the required mg can be decided by
(27). Considering the right-hand side of (27) is not in analytical
form, a numerical solution can be found using MATLAB. If
the obtained mg leads to overmodulation, i.e., mg + M > 1,
which means the demand of 1,,, exceeds the normal limit of 7,,,,,
the bipolar voltage balancing capability of 3L-NPC would be
regarded as insufficient to guarantee the voltage balance. Based
on this constraint and (27), the voltage balance limits of 3L-NPC
can be determined.

For ¢ € (0, 1], the voltage balance operation area of the
3L-NPC using SPWM is plotted in Fig. 8, where a distinct
relationship between £ and M can be observed. When M <
0.5, the available /,;, can reach the maximum required amount
without causing overmodulation; therefore, voltage balance can

+ sin 9) mo. 27)
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be theoretically realized even for a very small . However,
when M > 0.5, the allowable € for balanced operation gradually
decreases with increasing M. Fig. 8 shows that the inherent
bipolar voltage balancing capability of the 3L-NPC is dependent
on M and becomes very limited when M is large.

III. PROPOSED 3L-NPC CONVERTER SYSTEM AND CONTROL
STRATEGY FOR BIPOLAR LVDC GRID

A. Improved 3L-NPC Converter System

The analysis in Section II, culminating in the plot of Fig. 8§,
shows that the conventional 3L-NPC has very limited bipolar
voltage balancing capability for large modulation index values
(e.g., M > 0.85). To overcome this limitation, Fig. 9 proposes
an improved 3L-NPC converter system with full bipolar volt-
age balancing capability for bipolar LVdc grid applications.
This scheme still adopts a single 3L-NPC as the distribution
converter; however, instead of using additional devices, only a
neutral line is added between the neutral point of the transformer
and the midpoint of the dc side.

As previously mentioned, the inherent bipolar voltage bal-
ancing capability of 3L-NPC is based on adding zero sequence
voltage, which is realized by modifying modulation strategies,
e.g., injecting zero sequence modulation signals for SPWM. In
contrast, the proposed 3L-NPC converter system acquires full-
voltage balancing capability by adding zero sequence current.
Overall, this idea is realized by 1) using a zigzag transformer,
2) creating a current path, i.e., a neutral line, and 3) the proper
control of zero sequence current.

B. Features of Zigzag Transformer

As a key device, a zigzag transformer replaces the traditional
transformer as the distribution transformer of the bipolar LVdc
grid. The connection and phasor diagrams of a delta-zigzag
transformer are given in Fig. 10.

The primary-side windings are connected in delta to provide a
circulation path for third harmonic currents. The secondary-side
windings are in a zigzag connection to provide low impedance
to zero sequence currents. Specifically, when zero sequence
current exists in three phases, it will flow through two segmented
windings of each phase in opposite directions, then the zero
sequence magnetic flux will be canceled with each other in each
limb. Therefore, the zigzag connection on the secondary side
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can prevent the transformer saturation problem caused by the
zero sequence current.

C. Analysis of Full-Voltage Balancing Capability

Since the improved 3L-NPC converter in Fig. 9 is based on
the injection of zero sequence current rather than zero sequence
modulation signal, (2) and (3) are modified as

m;(t) = M cos (wt + 6,) (28)

(29)

where i is the zero sequence current flowing in each phase.

Only the zero sequence components of i;(f) can flow through
the neutral point of a zigzag transformer, so the neutral line
current is

Zj(t) = Im COS (wt =+ Gj — (p) —+ io

ini = —3i0. (30)

According to (4), the midpoint current for Fig. 9 is now

inp(t) = 3ig — D Imy(8)] - ;(1).

j=a,b,c

€1y

Take phase a as an example, the relationship in (6) still holds,
but the product of m(¢) and i,(f) becomes

MI,,
ma(t)ig(t) = 5 [cos ¢ + cos (2wt — ¢)] + Mg cos wt.

(32)
With mg = 0, sgn(m,) is derived from (12)
A1 . (kn
sgn(mg) = - ; 7 sin <2> cos (kwt) . (33)
Substituting (6) into (32) and (33)
fa(t) = fal(t) + fa2(t) + faB(t) (34)
where
2M I, 1 (kn
Jar(t) = —— oS kZ:l 7 sin <2> cos (kwt)
MI, =1 . [k
fa2(t) = - Z 7 sin (;) cos [(k + 2)wt — ¢]

MI, 1. [k
+ kz::l 7 sin (;) cos [(k — 2)wt + ]
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Only f,3(?) has a dc component when k= 1, so the dc compo-
nent of f,() is calculated as

2M .

F, = (35)
™

This result also holds for phases b and c. According to (31),
the dc component of the midpoint current iy, in Fig. 9 is

6M
I, = (3 — ) 10. (36)
7r
Applying KCL at the dc terminal in Fig. 9 yields
Ing + inp =iy 37

where iy; is the total current provided by the proposed 3L-NPC
converter system with a dc value
Iy, = ——1,. (38)
T
Here, only the dc component of i (i.e., Iy) is considered.
On the other hand, since the dc load condition does not change,
the required unbalanced current to keep dc voltage balance

remains as (26). Letting Iy, = I,,;,, based on (18), (26), and (38),
the final equation is obtained as

- Vac (1—¢).
12 RyM

0 (39)

For any given M and ¢, the required /; in Fig. 9 can be deter-
mined from (39) as long as V. and R, are known. For example,
assuming Vqc/R, = 1 A, the corresponding relationship between
M, ¢, and [ is illustrated in Fig. 11.

Considering that [y is technically unlimited, the improved
3L-NPC converter system in Fig. 9 is able to ensure balanced
dc-side voltages under all possible load conditions, i.e., having
full bipolar voltage balancing capability.
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D. Analysis of Component Ratings

This section analyzes the impact of injecting zero sequence dc
currents on the ratings needed for the semiconductor switches,
interface inductors, and transformer windings in Fig. 9. It will be
shown that these components do not experience any increased
current stresses in comparison to the conventional system given
by Fig. 3.

From (18), (22), and (24), neglecting the converter losses and
assuming the unity power factor and unity modulation index, the
ac current peak amplitude is expressed as

~ Ve (1 +¢)
3Rp
Considering the dc component of injected current given by

(39), the peak current and RMS current flowing through the
inductors and converter-side windings are calculated as

I (40)

Ipeak =In,+1o 41
Ipms = /12, /2 + 13, (42)

To further analyze the component ratings, the maximum val-
ues of I,cak and Iryvis can be determined from (41) and (42) as
long as Vg, and R, are known. Assuming Vq./R, = 1 A, the
graphs based on (22) and (39)—(42) are depicted in Fig. 12.

It should be noted that P4, will exceed 1.0 per unit when ¢
> 1, as shown in Fig. 12(a). That is, if ¢ > 1, the dc loading
becomes excessive such that the required Py, will exceed the
designed capacity of the system. Therefore, to avoid this un-
wanted scenario, the unbalanced degree is limited to € € (0, 1]
for the subsequent analysis. Recall that € = 1 denotes a balanced
load condition, as given by (17).

When the dc-side loads become unbalanced, the required dc
balancing current increases but the ac terminal current decreases
compared to the balanced situation due to the reduced total
dc-side power [20], [21]. This point is well demonstrated in
Fig. 12(b), where I increases but /,,, decreases for reduced ¢ and
Pgc. As a result, Fig. 12(c) and (d) validate that the maximum
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Comparison of I,eak and Ig for given € and M (¢ € (0, 1], M€ [0.1,

TABLE I
COMPARISON OF SCHEMES FOR BIPOLAR DC DISTRIBUTION

Conventional VB-based Proposed
scheme [see Fig. 2(c)] scheme [see Fig. 2(d)] scheme [see Fig. 2(f)]

Capital cost Low High Medium
Losses Low High Low
Control complexity Low High Low
Full bipolar voltage No Yes Yes

balancing capability

peak and RMS currents occur at the balanced condition (¢ = 1),
which are also the maximum values for the conventional scheme
in Fig. 3.

Based on the above analysis, even though the proposed con-
verter system in Fig. 9 introduces a zero sequence dc current that
flows through the switches, interface inductors, and transformer
converter-side windings, the ratings of these components can
still be designed the same as the conventional scheme. In other
words, there is no penalty in terms of increased component
ratings for the proposed scheme.

A comparison of Ij,cax and Iy is illustrated in Fig. 13. Observe
the injected dc current is relatively small compared to the overall
peak current for the proposed scheme. This implies that there is
little concern about inductor saturation in practice.

To further clarify the advantages of the proposed scheme in
Fig. 2(f) to the conventional scheme [see Fig. 2(c)] and VB-
based scheme [e.g., Fig. 2(d)], a basic qualitative comparison is
summarized in Table I. Since there is no penalty for increased
current stress after the injection of zero sequence current, as
well as the elimination of zero sequence voltage, the losses
of the proposed scheme are considered to be low. The capital
cost will increase a little because the manufacturing cost of the
zigzag transformer would be higher than that of the conventional
transformer due to its more complicated winding connection
[20]. However, it can enable a full bipolar voltage balancing
capability of a single 3L-NPC without adding extra devices to
the previous system, which makes sure that the proposed scheme
has lower cost, losses, and control complexity compared to the
VB-based scheme.

E. Controller Design

A control strategy is designed for the proposed 3L-NPC
converter system of Fig. 9, and its block diagram is shown in
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Fig. 14.  Block diagram of the designed control strategy for the proposed 3L-

NPC converter system.

Fig. 14. v, and v,, are the measured pole voltages, while vq. and
vai represent the corresponding sum and difference quantities.

There are two main control objectives. The first is to regulate
Vde at its reference vycrer. A classic double-loop controller built
in the dg-frame is used as the dc-link voltage controller. The
second objective is achieving dc-side voltage balancing accord-
ing to the mechanism described in Section III-C. Unlike the
voltage-mode controller for solving the neutral point voltage bal-
ancing problem of the conventional 3L-NPC inverter [15], [19],
the proposed voltage balancing controller adopts current-mode
control due to its superior dynamic performance and higher
control precision [22].

As shown in Fig. 14, the voltage balancing controller has two
control loops. The outer loop compares vq;¢ With its reference
(Vaift_ref = 0) and outputs a command for neutral line current
(inl_ref), Which is divided by 3 to obtain the reference value for
zero sequence current (igyef). The inner loop compares i With
ip and outputs a zero sequence control signal (vy). Both loops
are implemented by PI controllers. Zero sequence modulation
signal my is generated to regulate iy. However, the required my
is very small. The dynamics of i are described by

dig 1 Vae
— = —my— 43
it L; 072 )
where Ly is the ac-side filter inductance in Fig. 9.
At a steady state, mg becomes a constant
Vi
]ORpara = mOﬁ (44)

2
where Ry, represents the total parasitic resistance of the induc-
tors and switches. The dc voltage drop caused by Ry, is very
small compared to V.; therefore, the required my is practically
negligible, i.e., my ~ 0.

IV. VERIFICATION STUDIES

A. Simulation Results

1) Comparison of Conventional and Proposed Schemes: To
verify the effectiveness and advantages of the proposed scheme,
the 3L-NPC converters in Figs. 3 and 9 are modeled in MAT-
LAB/Simulink. For convenience, they are named scheme 1 and
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TABLE II
SIMULATION PARAMETERS
Parameter Value Parameter Value
Grid RMS line voltage 5 kV DC-link voltage 800 V
Grid frequency 60 Hz  Switching frequency 5kHz
. 20:1or 20 and 50 Q
Transformer turns ratio DC loads (R, & R,
125:1 Ry ) or 50 Q and o
L filter inductance 6mH  Capacitance per pole 4 mF
A A 7 [V — VW  — Ve |
800
%ﬁo“ o= V=400V %500 o= Va =400V
400 400
Lo = —m@ ——m ] Lo L=l = —m0 ]
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Fig. 15.  Simulation waveforms to compare two 3L-NPC schemes. (a) Low
modulation index (M = 0.45). (b) High modulation index (M = 0.76).

scheme 2, respectively. Both schemes are simulated based on
the parameters in Table II.

The dc-side voltage balancing mechanisms of the two
schemes are demonstrated first. The dc load condition is set as
R, =20Q, R, =50 (¢ =0.4). As shown in Fig. 15(a), when
the system operates under a low modulation index (M = 0.45),
both schemes can realize the balanced pole voltages. Scheme
1 is based on the injection of zero sequence modulation signal
(mg = 0.152), while scheme 2 is based on the injection of zero
sequence current (Ip = 14.16 A).

However, when the modulation index is high (M = 0.76), as
shown in Fig. 15(b), scheme 1 can no longer keep the voltage
balance between the two poles. This is because the required
my for voltage balancing is larger with a higher M, as dictated
by (27). Consequently, the injected my is insufficient to realize
bipolar voltage balance due to the risk of overmodulation. This
is the drawback of traditional scheme 1.

In contrast, scheme 2 can maintain voltage balancing as the
injected [y is technically unlimited. The required [ is inversely
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Fig. 16. Simulation waveforms to verify full-voltage balancing capability.
(a) DC-side voltages, modulation signals, and ac-side currents. (b) Current
waveforms. (c¢) Dynamic performance of the controller.

AC otage
Source

Fig. 17.

Experimental setup.

proportional to M, as implied by (39), and the simulated values
of Iy are in good agreement with the theoretical values. Besides,
it is noticed that scheme 2 has a lower ac current quality than
scheme 1. This is because the injection of iy also brings common
mode switching harmonics besides [, which can be suppressed
through improved modulation strategies, but are not the focus
of this article.
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2) Full Bipolar Voltage Balancing Capability: The proposed
scheme has full bipolar voltage balancing capability due to its
zero sequence current injection mechanism. This capability is
reflected not only in the avoidance of limitations on M but also in
arbitrary load conditions, i.e., it can balance pole voltages even
for completely unbalanced dc loads.

The proposed system in Fig. 9 is first simulated under bal-
anced loads (R, = R,, = 50 €2, € = 1), and then the load on the
negative pole is removed att = 0.3 s. It means R, = o and € =
0, which is the most serious imbalance. As shown in Fig. 16(a),
vp, and v, are still balanced after R), is removed, which verifies
the full-voltage balancing capability of the proposed scheme.
Besides, the modulation signals are basically unchanged. Zero
sequence current (I[p = 5.25 A) is injected into the ac side
currents, while the amplitude of the latter is halved at half load.

Current waveforms are presented in Fig. 16(b). When R,
is disconnected, the negative pole current decreases to zero
instantly, and the required unbalanced current becomes /,,,, =
-I,. Fig. 16(b) confirms it is the sum of neutral line current i,
and midpoint current i,,, that provides the required current, and
their steady-state values are well matched with KCL in (37).

The dynamic performance of the proposed control strategy
is demonstrated in Fig. 16(c). Through the designed voltage
balancing controller, vq;g is controlled to zero in less than 0.06 s,
with an overshoot of less than 10 V (2.5%). The inner current
loop for iy also has fast tracking with its reference. As the final
output of the controller, m(y only has a very slight fluctuation
during the transient. Moreover, the steady-state value of my is
around zero, hence negligible effect on the modulation signals
as expected. All of the above complies with the analysis results
in Section III-E.

B. Experimental Results

The feasibility and effectiveness of the improved 3L-NPC
converter system are also verified by the experimental setup in
Fig. 17. A three-phase programmable ac voltage source is used
as an ac grid. The zigzag transformer is formed by connecting
three single-phase transformers in the way shown in Fig. 10(a).
A simple wire is used as the neutral line, which connects the
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Fig.19.  Experimental waveforms of scenario 2. (a) DC-side voltages and AC-
side currents. (b) Current waveforms. (¢) Dynamic performance of the controller.

neutral point of a transformer to the midpoint of the dc side.
The experimental system is controlled by dSPACE DS1202.
Experimental parameters are given in Table III.

Scenario 1 demonstrates that the proposed scheme can bal-
ance the pole voltages under a high modulation index (M = 0.8).
Unbalanced loads (R, = 14.4 Q, R, = 28.8 €), e = 0.5) are con-
nected across dc poles from the very start. As shown in Fig. 18,
vdce 1s controlled at its reference value by the dc-link voltage
controller. But v, and v,, cannot be balanced by only relying on
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TABLE III
EXPERIMENTAL PARAMETERS

Parameter Value Parameter Value
Grid RMS line voltage 125V DC-link voltage 200 V
Grid frequency 60 Hz  Switching frequency 5kHz

. . 14.4 and 28.8Q

Transformer turns ratio  1.25:1  DC loads (R, and R,) or 28.8 O and oo
L filter inductance SmH Capacitance per pole 2 mF

the inherent voltage balancing capability of 3L-NPC. When the
voltage balancing controller is enabled, a zero sequence current
(Ip = 2.3 A) is added into three-phase currents and the pole
voltages are quickly balanced.

Scenario 2 demonstrates that the proposed scheme has voltage
balancing capability even under the most extreme unbalanced
load condition. The dc loads are balanced (R, = R,, = 28.8 {2, ¢
= 1) initially. Both controllers are enabled from the beginning.
In this case, as shown in Fig. 19(a), v;, and v,, are balanced and
vqe 18 kept at 200 V. The injected Iy is zero. Then, the negative
load is disconnected suddenly (R, = 28.8 €2, R, = ®©, ¢ =
0). With the proposed control strategy, all the voltages reach a
steady state after slight fluctuations. Note the current waveforms
of i, are lifted due to the injection of /y, which is a key feature
of the proposed voltage balancing scheme.

The currents in the dc side and neutral line are captured and
presented in Fig. 19(b). All current waveforms are in good agree-
ment with those in Fig. 16(b), which validates the correctness
of theoretical analysis and simulation results.

To verify the dynamic performance of the proposed scheme,
the waveforms of v4;¢ and the sum of zero sequence currents
31, are captured and shown in Fig. 19(c). It is observed that vq;g
fluctuates with a magnitude less than 5 V (5%) and returns to a
steady state in less than 0.05 s, which validates the fast dynamic
characteristic of the designed controller.

V. CONCLUSION

This article presents an improved 3L-NPC converter system
for guaranteeing a stable asymmetrical operation of bipolar
LVdc grids. Unlike the conventional scheme in Fig. 3, which
is based on the injection of zero sequence voltage, the proposed
scheme in Fig. 9 is based on the manipulation of zero sequence
current. To realize this idea: 1) a zigzag transformer is exploited
to prevent the core flux saturation problem; 2) a neutral line
is created as the zero sequence current path; 3) controllers
are designed to regulate the dc-link voltage and zero sequence
current. Since there is no technical limitation for zero sequence
current injection, the proposed scheme can ensure voltage bal-
ance between dc poles under all the operating conditions.

To verify the proposed converter system and control strategy,
simulations are implemented in MATLAB/Simulink. The results
validate that the proposed scheme can realize the voltage balance
under high modulation index cases and completely unbalanced
load conditions. Experimental results obtained from a lab proto-
type also show good agreement with theoretical and simulation
results. Compared with existing schemes, the proposed scheme
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not only offers full bipolar voltage balancing capability but also
does not require any extra devices or suffer any penalty on
component ratings.
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