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Abstract—Neutral point voltage unbalancing is a critical issue
in neutral-point-clamped three-level converters (TLCs) and Vi-
enna rectifiers (VRs), where the voltages of two series-connected
capacitors across the DC link become unequal. This imbalance
leads to line current distortion, increased device stress, and poten-
tial failure. The primary cause is the non-zero average neutral
point current, which depends on the modulation strategy. An
effective voltage balancing strategy must dynamically maintain
half of the total DC-bus voltage across each capacitor while
minimizing low-frequency voltage pulsations. The distribution
of dwell time among space-vector’s redundant switching states
influences the neutral point current. Existing literature leverages
this distribution factor for voltage balancing, but the associated
plant model is nonlinear. The small-signal linearized model varies
significantly across operating conditions, making compensator
design challenging. Additionally, the conventional practice of
maintaining the balancing loop bandwidth equal to that of the
outer DC-bus control in the rectifier limits the effectiveness of this
approach in mitigating triplen-harmonic voltage pulsations. This
paper proposes an alternative control strategy that transforms
the plant into a linear, exact, and large-signal valid system, sim-
plifying compensator design. The balancing action is structured
into a two-loop architecture: the DC offset correction operates at
the same speed as the outer DC-bus control loop, while a faster
loop mitigates third-harmonic voltage pulsations. Furthermore,
a carrier-comparison-based implementation incorporating the
proposed control is introduced. The effectiveness of the control
strategy and its implementation is validated through simulations
and experimental results on two hardware prototypes—one for
TLC and another for VR.

Index Terms—Nearest three space-vector PWM, Neutral-point
voltage balancing, Carrier-based implementation

I. INTRODUCTION

EUTRAL-point-clamped (NPC) three-phase (3¢) three-
level converter (TLC) is one of the most widely adopted
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multilevel topologies in modern industries, [2]-[4]. It finds ap-
plications in medium-voltage motor drives, grid-connected ac-
tive front-end rectifiers and inverters for renewable energy in-
tegration, EV chargers, uninterruptible power supplies (UPS),
and more. Since the introduction of the Vienna Rectifier (VR)
in 1994, it has gained popularity as a suitable candidate for
unidirectional power flow applications, such as power factor
correction (PFC) [1], [5] and telecom rectifiers [6]. Both the
TLC and VR offer significant advantages over conventional
two-level rectifiers, including reduced dv/dt stress, lower high-
frequency voltage ripple—allowing for smaller filters—and
higher voltage-handling capability, [2], [7]. However, a ma-
jor challenge in VR and NPC-TLC systems is neutral-point
voltage balancing, [7]-[10]. This paper addresses this issue by
proposing a novel closed-loop control scheme. Additionally, it
introduces a simplified carrier-comparison-based implementa-
tion method that incorporates the proposed feedback control
strategy.

The DC bus of an NPC-TLC or VR consists of two identical
series-connected capacitors, providing a split DC voltage out-
put relative to a neutral point. Any voltage mismatch between
these capacitors, known as neutral-point voltage unbalancing,
arises due to a nonzero average neutral-point current, which is
influenced by the modulation strategy of the TLC and VR.To
ensure proper operation, any voltage balancing strategy for
these converters must achieve two key objectives by con-
trolling the average neutral-point current flowing through the
capacitors: 1) Maintain the DC voltage across each capacitor at
half of the total DC source voltage, 2) Minimize low-frequency
ripple in these voltages.

Although the Vienna Rectifier (VR) has significantly fewer
switching states (8) compared to the three-level converter
(TLC) (27), both utilize the same set of voltage vectors under
a commonly used modulation strategy known as the Nearest
Three Vector (NTV) PWM scheme [11], [12]. In this approach,
the reference voltage vector is synthesized using three adjacent
vectors, one of which can be realized with two redundant
states. When dwell time is equally distributed between these
two states, it results in the Conventional NTV (CNTV)
scheme [13]. Although CNTV is simple to implement, it
causes nonzero average neutral-point current that introduces
significant voltage ripple across the capacitors, particularly
triplen harmonic components of the line frequency, with the
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third harmonic being the most dominant [14], [15]. The TLC,
with its higher number of switching states, addresses this
issue using Virtual Space-Vector PWM (VPWM) and Special
Three Space-Vector PWM (S3PWM) schemes [16]-[18]. In
VPWM schemes, virtual space vectors—formed by combining
multiple switching states—are used to synthesize the reference
voltage vector, ensuring that their combined effect on the
average neutral-point current remains zero. However, both
VPWM and S3PWM schemes result in higher total harmonic
distortion (THD) and increased switching frequency compared
to the NTV scheme [19]. Moreover, their implementation is
complex and infeasible for VR due to its limited number of
switching states.

Another NTV scheme, known as the General NTV (GNTV)
scheme, distributes the dwell time of an active vector un-
equally between its redundant states. This approach achieves
superior THD performance without exceeding the switching
frequency. As shown in [19], with an optimal selection of
the distribution factor, the scheme can maintain zero average
neutral-point current across most of the operating region. If the
modulation index, M7, is defined as the ratio of the peak line-
to-neutral voltage to the DC-bus voltage, the GNTV scheme
ensures zero average current over each switching cycle for
all M7 < 0.52 with a power factor above 0.98, while the
maximum attainable M; is 0.577. This power factor range is
particularly relevant for any grid-connected TLC and VR.

While it is possible to optimally distribute redundant states
to achieve zero average neutral-point current on a cycle-
by-cycle basis, this method cannot compensate for residual
voltage imbalance during startup or reference/load transients.
To address this limitation, a closed-loop control scheme was
proposed in [14], [20] to determine the dwell-time distribution
factor for the GNTV scheme. However, the plant model of
this factor in relation to capacitor voltage is nonlinear and
varies with operating conditions (M and power-factor). As the
operating point varies widely, a small-signal based controller
design becomes challenging. To ensure uniform bandwidth
over all operating points, therefore, [20] proposed an adaptive
compensator design which is complex to implement.

In typical hard-switched grid-tied active rectifiers, the
switching frequency is usually around 10 kHz. The bandwidths
of the inner current loop and the outer DC-bus voltage loop are
typically 1kHz and 100 Hz, respectively. A common practice
is to set the bandwidth of the neutral-point balancing loop
equal to that of the outer DC-bus control loop to ensure that
both split capacitors’ voltages change at the same rate. For
instance, in [20], the balancing control loop bandwidth is
50 Hz for a switching frequency of 5 kHz. However, to effec-
tively reject triplen harmonic ripples across the capacitors, the
balancing loop must have a bandwidth at least ten times that
of the third harmonic frequency, i.e., 1.5 kHz for 50 Hz grid
applications. Therefore, a balancing loop with a bandwidth
equal to that of the outer DC-bus control loop is insufficient
for eliminating triplen harmonic ripples. Notably, experimental
results from both [14], [20] indicate that while the triplen
harmonic ripple magnitude is reduced compared to CNTV
technique, significant voltage ripple remains. For example,
[14] reduced the peak-to-peak ripple from 40.5 V to 22.5 V

for M; = 0.45 with a power factor close to unity. However,
the analysis in [19] suggests that complete elimination of the
low-frequency ripple would have been possible.

In the above contexts, this paper makes the following
contributions.

1) The paper proposes an alternative control strategy where
it treats the neutral-point current as the actuating signal.
Therefore, the plant model, i.e., the average capacitor
voltage to the average neutral point current, becomes
linear, large-signal valid, and independent of operating
conditions.

2) The paper further shows that the relationship between
the average neutral point current and the dwell-time
distribution factor between redundant states follows an
algebraic relationship.

3) This relation changes for operation in six sectors over the
entire line-cycle, and this paper determines the sector-
independent expression. It helps in easy computation
of the dwell-time distribution factor from the reference
average neutral-point current provided by the feedback
controller.

4) Two separate control loops are proposed for balancing
the neutral point voltage: (i) a DC-offset correction loop
and (ii) a triplen harmonic ripple cancellation loop, each
operating at different bandwidths. This approach ensures
that while the DC-offset correction occurs at the same
speed as the outer DC-bus control loop, triplen harmonic
rejection is achieved through a higher-bandwidth control
loop.

5) Finally, a sector-independent carrier-comparison-based
implementation of the GNTV scheme coupled with the
proposed control strategy is provided.

As NPC-TLC and VR apply the same switching states under
GNTYV scheme, the proposed two-loop based control can be
equally applied to both of them.

The organization of rest of the paper is as follows- Section
I discusses the modeling of 3¢ TLC and VR and the GNTV
modulation strategy. Section III illustrates the neutral point
voltage unbalancing method and the proposed two-loop control
strategy. The operating region, where the average neutral-
point current can be made zero on a cycle-by-cycle basis,
is derived in section IV along with the capacitor design
for the proposed method. The carrier-based implementation
is provided in section V; section VI validates the proposed
control and implementation algorithm through both simulation
and experimental results. Finally, section VII concludes the

paper.

II. MODELING AND MODULATION OF THREE-LEVEL AND
VIENNA RECTIFIERS

A. Modeling Of General Three-level Converter

The structure of a general neutral point-clamped (NPC)
three-phase (3¢) three-level converter (TLC) is shown in Fig.
la. Cp and Cy are the two DC-link capacitors between
positive (D+) and negative (D—) DC-rails to the midpoint,
Z. Each leg of the TLC has 3 switches, .viz Sxp, Sxo,
Sxn, where X denotes the switching node of a leg and
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Fig. 1: 3¢ three-level grid-connected converter. (a) General 3¢ NPC TLC; (b) Diode-clamped, and (c) T-type realizations.
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Fig. 2: Voltage vectors of 27 switching states and the reference
voltage vector of TLC in «-f plane.

X € {A, B,C}. This TLC is connected to a three-phase AC
source with line-neutral voltages, vg4, vgp, and v4c, through
a inductive filter with inductance value L.

To provide continuous current path to the inductive port
and to avoid shorting of the capacitors, at least one and only
one of the three switches is ‘ON’ at any given instant of time
and others are ‘OFF’. Therefore, each leg of TLC has three
switching states which are denoted by ‘P’, ‘O’, and ‘N’ when
Sxp, Sxo, and Sxn is ‘ON’, respectively, and the remaining
switches are ‘OFF’. Ideally, total DC-bus voltage, V., should
be equally divided between Cp and C). Thus, the potential
vxz can have a magnitude of —1—% or 0 or —% when P
or O or N state is applied, respectively. As each of the three
legs has three states, the total number of possible switching
states of this converter is 3° = 27. Each of these states is
labeled by an ordered combination of {P, O, N} representing
the states of leg A, leg B, and leg C, respectively. For example,
PON switching state implies Sap, Spo and Scy are “on’
and therefore, v47 = —&—%, vpz = 0 and voz = —%.

Two most common switch realizations of NPC-TLC topol-
ogy .viz diode-clamped and T-Type, are shown in Fig. 1b and
Fig. lc, respectively. In both variants, P, O, and N states
can be realized by operating the switches of leg X as shown
in Table I. Observe that two pairs of switches, (Sxp and
S% p) and (Sxn and S% ) are switched in a complementary
manner. Thus, it is sufficient to generate only two switching
pulses corresponding to each leg, i.e., a total of six such pulses

TABLE I: Realization of Three Switching States of NPC-TLC

Switching State  Sxp Sk y  Skp  Sxn VX7
P ON ON OFF OFF 105V
o OFF ON ON OFF 0
N OFF OFF ON ON —05Vy

to operate the 3¢ TLC.
A 3¢ — 2¢ Clarke’s transformation is applied on the line-
neutral voltages, vx,, X € {A, B,C}, as below,

Vot s = 2(an +vmn % oo I F), ()

to model the 27 switching states of 3¢ TLC operating under
balanced condition. Fig. 2 shows the mapping of these states,
which results into a hexagonal structure, consisting of six
equivalent ‘sector’s (.viz, sector-I to VI). All the vector-lengths
in this diagram are scaled by ﬁ These 27 states give rise
to 18 distinct non-zero active voltage vectors and one zero
vector, as follows.

o Three states, .viz OOO, PPP and NN N, are mapped
into same zero-vector.

o Each of six large and six medium vectors of magnitudes
2?“ and Yd[‘ , respectively, are associated with one unique
state.

o Each of six small vectors of magnitude

redundant switching states.

% has two

B. Modeling Of Vienna Rectifier

Fig. 3 shows the circuit diagram of a 3¢ Vienna rectifier
(VR). Observe that each leg of VR is obtained from T-type
structure, Fig. 1c, after replacing the active switches Sx p and
Sxn with the diodes Dxp and Dxp, respectively, where
X € {A, B,C}. The only active switch each leg has is Sxo,
a four-quadrant device, which is implemented by connecting
S’ p and S’% 5 in anti-series fashion. The remaining circuit
configuration is same to that of TLC, Fig. la. Note that the
‘ON’ and ‘OFF’ state Sxo can be realized by turning-on and
turning-off both S’% p and S% , simultaneously, respectively.

Each controllable switch, Sx o, has two states, .viz, ‘ON’
(denoted by ‘1’) and ‘OFF’ (denoted by ‘0’). As there are three
such controlled switches in VR, the converter has 22 = 8
switching states. These states are denoted by three binary
numbers in succession, which denote the ‘ON’ or ‘OFF’
statuses of S0, Spo, and Sco, respectively. For example,
state 010 denotes S40, Sco are ‘OFF and Spo is ‘ON’.
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Fig. 3: 3¢ grid-connected VR circuit.

Fig. 4: Current sector diagram of VR.

The pole voltage, vy 7, of X*"-phase of VR depends upon
both state of Sxo and the current polarity of ix. If Sxo is
‘ON’, vxz = 0. When Sxp is ‘OFF’, either Dxp or Dxpn
comes in conduction based on the polarity of ¢x. Hence, vx 2
will be either +Y4=, or — ¥4 in nominal balanced condition.
The generalized pole voltage equation is given in (2), where

G x denotes the state of Sxo.

Ve .
Uxz = ; (1 —Gx)sign(ix) (2a)
si I‘l(' ) +1 iX > 0 1 SXO is ‘ON’
2 - =
R B Y *Z Y0 Syois ‘OFF
(2b) 2¢)

Therefore, the modeling of switching states of VR depends
upon the position of the reference current vector, Pre f, where
fre ¢ is obtained from the phase currents using Clarke’s A —
B — C to a — 8 transformation, as shown in (3).

3)

Zmzf a o +J7’ﬁ = g
3

Based on the directions of iy, ig, and ic, the @ — 3
plane can be divided into six regions, called as current sector
(CS). Fig. 4 shows these six sectors, CS-I to CS-VI, and
the corresponding current directions are mentioned in each
sector. For iy ¢ belongs to any given CS, one can find the
pole voltages, vxz, X € {A, B,C}, of the eight switching
states using (2), and thereafter determine the corresponding
voltage space-vectors using (1).

Let’s take an example, where ire ¢ belongs to CS-I (shown
in Fig. 4), hence, 14 > 0,75 < 0,ic < 0. The space-vectors
generated by the eight switching states in CS-I are indicated
in Fig. 5. Here, the vector lengths are scaled by i Observe
that these states generate zero vector and active voltage vectors
of three different magnitudes, which are same as TLC.

L . a2 . 4
<2A630+136J3”+zcej3”)

o State 111 gives the zero vector.

o The large (generated by 000) and medium (010 and
001) voltage vectors have magnitudes of QV% and ‘\//”%,
respectively, and are associated with one unique state.

« Four switching states (110, 101, 011, and 100) generate
small vectors of magnitude % Two of these states, .viz
011, and 100, give the same active vector, hence, there are

two redundant states corresponding to one active vector.

In a similar manner, one can map the space-vectors for all
six current sectors. These voltage vectors give eighteen distinct

-90°

Fig. 5: Space vectors of 8§
states for CS-I.

active vectors and one zero vector, which are same as the
vectors generated by a TLC.

C. Generalized Nearest Three Vector Based Modulation Strat-
egy

When Clarke’s transformation is applied on the average line-
neutral voltages, ¥a,, ¥Upn, and ¥c,, Which are desired to
be synthesized over one carrier cycle, the reference voltage
vector, Vre - is obtained as shown in (4a). Here T denotes the
switching-cycle average of x over a carrier period, 7%. ‘_/;"e g is

further normalized by Vy. in (4b) to make the analysis inde-
pendent of DC-bus voltage. Here, mx a %’UX e {A,B,C}

- V.
and My a ch
— A _ o 2 o 50 _ jgﬂ' _ jéﬂ—
‘/ref:Ua-F]’Ug:g[UANe +Upne’ 3T +Uonel 3T
(4a)
— 2 370 jzﬂ jiﬂ-
Mpef = g[mAe +mpe!3T 4+ meel 37| (4b)

As VR operates at unity power factor, the voltage and
current vectors are in same phase. Therefore, for 7,.5 ¢ belongs
to CS-I (spans —30° to 30° of a— 3 plane), the corresponding
My; Will also lie within the same angular span, as indicated
in Fig. 5. Whereas, the space-vector diagram of TLC doesn’t
depend upon the position of ire - In the subsequent discussion
of the modulation strategy, synthesis of m,.s within —30° to
30° is discussed, which coincides with sector-I of TLC (shaded
portion in Fig. 2) and CS-I of VR. Similar strategy can be
extended for other sectors in the o — 3 plane.

The nearest three vector (NTV) scheme is the most popular
modulation strategy for TLC and VR, [13], [14], [21], where
three distinct adjacent vectors are used to synthesize 1i,.y.
Let these nearest three vectors be mq, Mo, and ms. Let, dy,
ds, and ds are the dwell times of three vectors, respectively.
These dwell times can be determined after solving (5). After
solving (5) and substituting 17, ¢ from (4b), one can get d; 2 3
as functions of m4, mpg, mc.

Mypes = dimy + damig + d3mis

(5)
di+dy+ds =1

Based on the position of tip of 7i,.f, sector-I of TLC
or CS-I of VR can be divided in six subsectors, namely,
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TABLE II: Switching sequences in sector-I of TLC or CS-I of VR.

Sub-sector Switching Sequence of TLC Switching Sequence of VR
1p ONN — OON — OO0 — POO — 00O —OON —ONN | 100 —-110—-111-011 — 111 — 110 — 100
14 ONN — ONO — OO0 — POO — 00O —ONO —ONN | 100 —-101 —111 —-011 — 111 — 101 — 100
2y ONN — OON — PON — POO — PON —OON — ONN | 100 —-110 — 010 — 011 — 010 — 110 — 100
24 ONN —ONO — PNO — POO —-PNO —-ONO —-ONN | 100 —-101 —001 — 011 — 001 — 101 — 100
3p ONN — PNN — PON — POO — PON — PNN —ONN | 100 — 000 — 010 — 011 — 010 — 000 — 100
3q ONN — PNN — PNO — POO — PNO — PNN —ONN | 100 — 000 — 001 — 011 — 001 — 000 — 100

1,,14,25,24,3,, 34, where the set of three nearest vectors are
different. These subsectors are indicated in Fig. 2 and 5.

Note, the active vector %ejo is nearest to all six subsectors,
hence, is common to all subsectors. And, this particular vector
has two redundant states— 1) POO and ONN for TLC, 2)
011 and 100 for VR. Hence, 77t,..¢ in each subsector can be
synthesized using four switching states— two redundant states
corresponding to %ej 9 vector, and other two states for the other
two vectors. Using these four states, the switching sequence
in each subsector are designed to maintain the following two
rules.

o Transition from one-state to another is accompanied by
transition in one leg only.

o Pole voltage (vxz) waveform of each leg should be
unipolar within a period of T5.

Subsequently, these sequences for the six subsectors of both
TLC and VR are tabulated in Table II, which are mirror
symmetric with respect to half period, % In case of VR, the
non-zero pole voltage, vx z, is decided by the current direction
in a particular leg, which doesn’t change over a carrier cycle.
Therefore, the mentioned sequences in Table II result into
unipolar pole voltages of VR.

After determining the dwell times of each vector and the
sequence design, one needs to decide the dwell time distri-
bution of the active vector %ejo between its two redundant
states. In Conventional NTV (CNTV) scheme, the redundant
state is equally applied, [13], [22], [23]. But this distribution
impacts the neutral-point voltage balancing of the converter,
as discussed in the next section. The unequal distribution of
the total dwell time between redundant states is named as
generalized NTV (GNTV) scheme in this paper.

III. NEUTRAL POINT VOLTAGE UNBALANCING IN
THREE-LEVEL AND VIENNA RECTIFIERS AND THE
PROPOSED BALANCING STRATEGY

A. Neutral Point Voltage Unbalancing in Three-level and
Vienna Rectifiers

Both TLC and VR suffer from voltage mismatch problem
across the top and bottom DC-bus capacitors, Cp and Cl.
Ideally, the voltages across these capacitors should remain
at % But these voltages drift from their ideal values due
to non-zero neutral point current, ¢yp, Fig. la, 3. This
voltage mismatch results in line current distortion and a higher
voltage stress across the capacitors and devices. Therefore, this
mismatch needs to be corrected.

Let, vc, and v, are the voltages across Cp and Cy; ic,
and ic, are the currents flowing through these capacitors.
With a tightly regulated DC-bus voltage, Vg, iy p is related
to vo, as below.

( VoptUCNy = Vdc)
(6)
Although C'p and Cy are connected in series between DC-
bus positive and negative terminals (D+ and D—), iy p sees a
parallel combination of C'p and C'y with stiff DC-source V..
Using the above expressions, the dynamical equation between
switching-cycle averaged vc, and iyp, i.e., ¢, and iNp
is established and shown in (7). Leibniz’s integral formula is
used to determine differentiation under the integration.

inp =icy —icp = (Cp+Cn).

dvc, d (1 [T 1 T due,

at dt \ T, /0 vow(T)dr | =7 /O a7
= ot ([t ) = e O
T (CptC) \ T Jy NP ~ (Cp+Cn)

iNp
Equation (7) clearly shows that the rate of change of v,
is directly proportional to the ¢y p. Therefore, non-zero iy p

always results in V¢, to drift from its ideal value, i.e., Vé“.

B. Proposed Feedback Control Based Neutral Point Voltage
Balancing Strategy

Distribution of dwell time of the active vector between its
redundant states of GNTV scheme impacts inp of TLC and
VR, [1], [14], [24]. To explain this, let us consider an example
where 1M,y lies in subsector 3, of Fig. 2 or 5. The nearest
three vectors of subsector 3, are 2/20°(ry), %4300(77722),
£20°(ri3). TLC implements these vectors using the following
states— PNN (for my), PON (for ms), and the redundant
POO and ONN states (for mi3). Whereas, these vectors can
be implemented using— 000 (for mi1), 010 (for ), and the
redundant 011 and 100 states (for 13) of VR.

Let, d1,d>, ds are the dwell times of three vectors, respec-
tively. And, POO/011 and ONN/100 states are applied for
xds and (1 — z)ds, where z is a fraction between O and
1 and it denotes the dwell-time distribution factor between
the redundant states. Fig. 6 shows the pole voltage waveform
over one carrier cycle for 7.y lies in subsector 3,. inp
corresponding to each state for both TLC and VR can be found
from the following equation, where G'x is defined in (2c).

iNp = Z Gxix ®)
X=A,B,C

Table III lists ¢xp for the four switching states used to
synthesize 1i,.¢ in subsector 3,. Note, i4 + ip + ic = 0.
Observe that the both TLC and VR states corresponding to
each active vector resulted into same iy p. The average iyp
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Fig. 6: Pole voltages and bus currents over one carrier cycle
in sub-sector 3,, of sector I.

TABLE III: 75 p for each state of subsector 3,

State iNp
POO/011 —1A
ONN/100 A

State inp
PN N/000 0
PON/010 B

over T, iy p,for operation in subsector 3,, is given in (9). After
solving (5), dy and ds are obtained as dy = 2(mp — mc),
d3 = 2(m¢c — my + 1), which are substituted to get the final
expression of (9).

inp=0xd +ig x dQ—I-(—iA) X xds +ia X (1 —x)ds
= (1 — 21’)d3ZA + inB
=2(1—-2x)(mc —ma+1)ia+2(mp —me)ip
©)
From (9), one can determine the closed-form expression of
x as functions of modulation variables (m 4, mpg, and m¢),
phase currents (¢4, 5, and i¢), and inp, as below.
1 Q(mcme)Z‘B +{Np

1‘25— 4(1—(mA—mC))iA (10)

Similar exercise is performed for other subsectors of sector-
I of TLC or CS-I of VR; Table IV tabulates these expressions
for three subsectors in the upper-half.

TABLE IV: Expressions of = for three subsectors in upper-
half of sector-I of TLC or CS-I of VR.

Sub
sector r
1 1 2(mp —mc)ic +inp
P 2 4(my —mp)ia )
9 1 (1—-2(ma —mp))ic + (1 —2(ma —mc))ip +inp
? 2 2(1 —2(mp —mc))ia
3 1 2(m¢c —mp)ip +inp
" 2 41— (ma—ma))ia
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Conventional NTV (CNTV) scheme of TLC or VR uses
the redundant states for equal duration of time, i.e., x = 0.5.
But it causes non-zero iyp, which is evident from (9) and
Table IV. This non-zero switching cycle average results into
presence of triplen harmonics (predominantly third harmonic)
of the line frequency in ¢y p, and henceforth, in both vc,,
and v, [19]. To eliminate this voltage pulsation, therefore,
one needs to make iyp = 0 on a cycle-by-cycle basis. One
can not use * = 0.5 anymore. For the example subsector
3p, the mathematical expression of z to eliminate the voltage
pulsation of vc, and vc, is obtained when one substitutes
inp = 0 in (10), which gives the following.

l‘_l— 2(mc—m3)i3
2 4(1 — (mA — mc))iA

Y

Similarly, iy p = 0 is plugged in the expressions of Table
IV to obtain corresponding x for eliminating voltage pulsation
for all three subsectors in the upper-half of sector-I of TLC or
CS-I of VR. Similar to Table IV, section V derives Table V
for operation in any generalized sector. ixp = 0 is plugged
in the expressions of Table V to find the corresponding x for
eliminating voltage pulsation across vc, and v, .

As iyp can be varied using x, which in turn can change
Tey (7), [20] directly used « as the control input to maintain
Ve, and Ve, at V;C dynamically. But the large signal model of
Uc, to x is non-linear, [20]. Therefore, the non-linear plant is
linearized across an e(%uilibrium point to obtain a small-signal
transfer function vif(vs)s) = % Here, G, is function of the
load power factor and the magnitude of m,.;. This control
scheme reduced the magnitude of triplen harmonic voltage
ripple compared to conventional NTV scheme with x = 0.5,
[20], but couldn’t completely eliminate the ripple, which other-
wise possible theoretically by changing = on a cycle-by-cycle
basis [24], mainly because of the control strategy is designed
on the approximated non-linear plant. For a plant whose
model (G)) changes from one operating point to another, it
is also difficult to design the compensator and ensure uniform
bandwidth throughout the whole operating range. For instance,
the bandwidth of loop-gain transfer function in [9] varies in
the range of 100 Hz to 1 kHz for the load variation of 10% to
100% of the full power.

This paper solves the above problems by proposing an
alternative control architecture. Observe that the plant model
of Dcy to iyp is derived in (7) from where one can write the
large-signal transfer function as,

TVoy (S) _ 1 _ s
inr(s)  S(CriCn) L)

which is denoted as P(s).

Therefore, if iy p is used as control variable instead of z,
the plant model becomes linear, large-signal valid, exact and
operating point independent. One can design the neutral-point
voltage balancing controller based on this plant model, whose
objectives are as follows.

(12)

e Any DC offset in v, during start-up or transient should
be made zero so that DC component of v, , denoted as

Ve, can be maintained at Vgc.
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Fig. 7: Proposed two-loop feedback control strategy for neutral-point voltage balancing.

 The triplen harmonic ripple voltage appeared across vc,,
denoted by v¢,,, should also be made zero.

0

To eliminate the triplen harmonic ripple voltage, i.e., to ) Lp
make ¢, = 0, the controller bandwidth should be much AR Lr |1
higher than 150 Hz for line frequency of 50 Hz. But the control %; 2 \
bandwidth of DC voltage of v¢,, is normally kept same as the =
outer DC-bus voltage control of the rectifier. To illustrate it, & 301
let’s consider an example where the bandwidths of the inner = 10 ‘ ‘
current and outer DC-bus voltage controllers of grid-connected 10! 10? 10° 10*
converter are, suppose, 1kHz and 100 Hz, respectively. The Frequency (Hz)
conventional inner current and outer DC-bus voltage control 100 T T

loops of the rectifier are not shown here, but can be referred
from the literature, like [24]. Therefore, DC offset correction
loop of vc, has 100 Hz bandwidth, but the same loop can’t
be used to mitigate the triplen harmonic voltage ripple across
v, ocecurring at 150 Hz and its multiples.

To overcome the above problem, this paper proposes a -100 : . !
control architecture which has two loops with two different 10' 10; ) 10° 1ot

. Do . . ; requency (Hz)

closed-loop characteristics, as shown in Fig. 7. It is primarily
based on the theory of two degree-of-freedom control de- Fig. 8: Bode plots of Lp(s) and Lz(s).
sign, which achieves the aforementioned two objectives. The
compensator Cp(s) of the DC correcting loop, labeled as
Loop-1, is designed to match the bandwidth with the outer
DC-bus voltage controller of the rectifier (suppose, 100 Hz).

Phase angle (°)
[=}

The second loop, Loop-2 in Fig. 7, is designed to attenuate 40
the ripple at 150Hz and its multiples through design of g
-k . . ~
compensator Cr(s). The referenced iyp is the summation 2 20}
of the outputs of these two compensators. E
LT . . . . =
This i p is then applied by finding the corresponding % 0r
z* from the modulation strategy and implementing it. The = GM=65d
.t =6.
mapping from ¢ to * is denoted by function f in Fig. -20 . .
PpnS NE 4 / & 10! 10? 10 10*

7, which is algebraic in nature given the modulation variables

; ; Frequency (Hz)
(ma, mp, and m¢) are available from the rectifier control and i

phase currents (i4, ¢p, and ¢¢) are sensed. This function is — i

provided in Table IV for one sector. The next section illustrates :

this function for any generalized sector. As 0 < z* < 1, T%f 200

a saturation block is used to keep x* within its upper and % 00|

lower limits. Considering the computational delay and the 5

delay introduced by PWM modulator, a transportation delay 400 | |

of Ty is considered between referenced z* and implemented 10! 10? 10° 10
. Frequency (Hz)

1) Compensator Design: A design procedure of Cp(s) ' ' .
and Cg(s) is elaborated here. Let, the closed-loop transfer Fig. 9: Bode plot of loop-gain transfer function.
functions of the two loops be labeled as Lp(s) and Lg(s),
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respectively, they are given below without considering the
delay transfer function.

voy () _ Cp(3)P(s)
Ve (s) 1+ (Cp(s)+ Cr(s) P(s)

(1>

Lp(s) 13)

La(s) & Tesl) _ Cr(s)P(s)
Vo (s) 14+ (Cp(s)+ Cr(s))P(s)
If wpw,p (suppose, 100 Hz) is the desired bandwidth of

DC-correcting loop (Loop-1), therefore, the desired transfer
function of Lp(s) is given below.

(14)

_ 1
14 s—1L

WBW,D

Lp(s) 15)

The desired characteristics of Lg(s) are-1) it should have
very low gain for frequencies lower than wpw,p so that Loop-
2 doesn’t impact the DC correction, and 2) Lg(s) has a
gain close to unity between wp, (suppose, 150 Hz) and wp,
(suppose, 1.5 kHz), the range where the ripple correction needs
to be performed. To achieve that, let’s design Cg(s) as

- SKR
14520

WF‘Z

CR(S) (16)

With the assumption of wr, << wg,, K is chosen as (17)
to ensure 20 dB gain of Cr(s)P(s) at wp,.

Kr=10(Cp + Cy). (17)

One can substitute the above designed Cg(s) and the
desired Lp(s) of (15) in (13) to determine Cp(s), as below.

_ Lp(s) (1+ P(s)Cgr(s))
P(s)(1—Lp(s))
B wpw,p(Cp + Cn + KR) (1 + 8%)

Cp(s)

B 1+s1%
LUF2
(18)

Observe that both Cp(s) and Cg(s) are transfer functions
with one pole and one zero, which are simple to implement.
Fig. 8 shows the Bode plots of Lp(s) and Lg(s) with the
above design. As discussed, Lp(s) has unity gain at low
frequency with a bandwidth of 100 Hz. Whereas, Lg(s) has
low gain below 100 Hz and a gain closed to unity between
150 Hz and 1.5 kHz.

2) Stability Analysis: For the stability of both loops, one
needs to ensure that both Lp(s) and Lg(s) don’t have any
right-half plane pole. Observe that both the loops have same
denominator, (13) and (14). Therefore, one should consider
the following loop-gain transfer function, denoted by T'(s),
for the analysis of the relative stability.

T(s) = (Cp(s) + Cr(s)) P(s)e 514 (19)

Although the transportation delay was not shown in (13)
and (14), but they do play a vital role in stability analysis
and, henceforth, accounted in (19). Fig. 9 shows the Bode
plot of T'(s) with the aforementioned design of Cp(s) and

viii

0.6 T T T T

0.4}

0.3F

M,

0.2}

0.1}

0 0.2 0.4 0.6 0.8 1
Lagging PF
Fig. 10: Maximum feasible M; as function of PF of the
proposed scheme.

Cr(s). For a triangular carrier with one cycle computational
delay, T; = 3}'. Here, T, is sampling period and sampling
frequency is taken as 20 kHz in Fig. 9. The gain cross-over and
phase cross-over frequencies are 1.6 kHz and 3.4 kHz, and as
indicated in Fig. 9, the corresponding phase-margin (PM) and
gain-margin (GM) are 48.6° and 6.5 dB. The above margins
ensure robust stability of the designed control scheme.

IV. OPERATING REGIONS AND CAPACITOR SIZING WITH
PROPOSED CONTROL SCHEME

A. Determination of Operating Region With Proposed Scheme

The above proposed control strategy relies on the fact that
inp can be made zero on a cycle-by-cycle basis without
violating the limit of z € [0,1]. Because of this constraint
on z, this control scheme can be applied for a certain pair
of modulation index, M;, and load power factor (PF). In
this paper, modulation index (M) is defined as the ratio of
peak of the line-neutral voltage and V., and it can be shown
that M; € [0, %] To determine this pair, let’s consider the
following 3¢ voltages and currents for sinusoidal operation.
Here, w, is the fundamental frequency of operation, ¢; is the
load power factor angle, and I, is the peak of the fundamental
phase current.

2
mp = M cos (wot — g)
47
)

3

ma = My cosw,t,

me = M cos (wot —

2
ia =1I,cos (wot — ¢p), ip=1I,cos (wot—gbl—%)

ic = I, cos (wot — ¢y — 4%)

21

The operation is equivalent in every sector, and therefore,
it is sufficient to consider f% < wet < %, for which the
reference voltage vector, 17, ¢, lies in sector-I. For any given
pair of M; and ¢;, one should find z after plugging -1)
inp =0, 2) ma,mp, mc from (20), and 3) i4,ip,ic from
(21) and check whether x satisfies the inequality 0 < x < 1 for
all w,t € [~F, %]. For instance, one can use the expressions
in Table IV to determine x in the upper-half of sector-I
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(1p, 25, and 3,). Observe that = is independent of I, as it
appears as common in both numerator and denominator of
the expressions in Table IV. The same procedure is followed
for all possible M; and ¢; pairs between M; € [0, %] and
0<¢ < 3.

Fig. 10 shows the feasible region of operation as the shaded
portion in M;-PF plane, where iy p can be made zero on a
cycle-by-cycle basis. The PF is varied from 0.05 to unity. A
few important observations of this study are listed below.

1) At unity PF (UPF), the proposed control strategy can be
applied up to M; = 0.55, which is very close to the
maximum M7 (% = 0.577) attained by TLC or VR.
Note, VR always operates in UPF. M; = % line is
also indicated in Fig. 10. Therefore, the proposed control
strategy can be adopted in any grid-connected application.

2) At least M; = 0.3 can be attained for operation with any
lagging PF.

3) With operating lagging PF greater than 0.8 (most appli-
cations satisfy this condition), the proposed scheme can
attain the maximum feasible M as 0.45 and higher, as
shown in Fig. 10.

B. High-frequency Ripple Current and Capacitor Design

This section determines the ripple current experienced by
Cp and Cy under the adopted modulation and proposed
control scheme. It also outlines a design procedure of these
capacitors.

To determine the ripple currents in capacitors over a carrier
cycle, the instantaneous bus currents ¢p and iy of Fig. la or
Fig. 3 first need to be found. For example, Fig. 6 shows these
instantaneous 7p and ¢ for the switching sequence applied in
sub-sector 3, of sector I. The instantaneous currents flowing
through C'p and Cy are i¢, = ip — I4. and ic,, = in — Lgc.
Under the assumption that load current, I;., doesn’t contain
any ripple component, and ixp = 0 over every cycle, both
ic, and i¢, will have components at carrier frequency and
its multiples. The switching-cycle RMS values, denoted by
Ice sw and Icy s, are evaluated as,

1[5
Iok sw = 7/0 ig, (t)dt, K e {P,N}. (22)

For our example case of Fig. 6, these switching-cycle RMS
values are given below,

12 0 =131 = dap) + (ia — Lac)dap
1y s =13:.(1 = den) + (ia — Lac)*dpn
+ (—ic — lac)*(don — dBn),
where, dxp and dx are the duty-ratios of switches Sx p

and Sxy, respectively, and X € {A, B,C}. Moreover, one
can write the following from the power-balance equation,

Idc = gM]IO COS ¢l~ (23)

In the above switching-cycle RMS, one can substitute—1) .
from (23), 2) i to i¢ from (21), and 3) dxp and dxn from

the adopted modulation strategy. = is determined to ensure
inp = 0 over every cycle, which is attainable if M; and PF
pair belongs the shaded region in Fig. 10. Note that both the
switching-cycle RMS values are function of w,? which varies
over the line-cycle. Therefore, the total RMS over the line-
cycle, denoted by Ic, rvs and Ic, rars, respectively, are
determined after integrating the switching-cycle RMS values
as below.

2

ICK,RIMS = \/;TA Iékysw(wot)d(wot), K e {P, N}
(24)
The line-cycle ripple RMS values experienced by both
the capacitors are same, which is denoted by Ic rys, ie.,
Icp.rms = loy,rms = lorms. This Ic gpys can be
expressed as (25), which is function of both M; and PF
and directly proportional to I,. A two-degree polynomial

approximation of the function is also provided in (25).

Ic rms = 1o x f(My,cos ¢p)
f(M;,cos ¢p) = 0.03 + 1.68M; — 0.05 cos ¢, — 2.95M7
+0.2M7 cos ¢y + 0.19 cos? ¢
(25)
Ic.rms is maximum at M; = 0.31 and UPF, and the
maximum RMS value is 175} ¢ = 0.46 X I,. Assuming that
the entire I rass is concentrated at carrier frequency Fy, the
minimum capacitance value needed to limit the peak-to-peak
voltage ripple within AV;.(%) in worst-case is,

2V2I8 s
TFs Ve

100

CPZC X AVdC(%)

N = (26)

V. CARRIER-BASED IMPLEMENTATION OF PROPOSED
CONTROL STRATEGY

In section ITI-B, i p is shown to have an algebraic relation
with x in the first sector, Table IV. Similar expression can also
be found for operations in all other sectors of TLC or VR.
After determining this function for all sectors it was found
that the expressions in six sectors can be generalized in terms
of Mmaxs Mmids Mmin> a0 tmaxs tmid> tmin, aS given in Table V.
The definitions of these variables are given in (27) and (28).

A A .
Mmax = max(mAa mp, mC)7 Mmin = mln(mAa mp, mC)»
Mmid = *(mmax + mmin)-

27)

iA Mmax = MA iA Mmin = M A

(1>

. A . . .
lmax = § ?B  Mmax = MB 5 ’min 1B Mmin = MB ,

e Mpax = MC ic Mpin = Mg

Z-mid = *(imax + Z‘min>~
(28)
With the above sector-independent mapping between x and
inp, the carrier-comparison-based implementation of GNTV
technique coupled with our proposed voltage balancing strat-

egy is discussed below.
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TABLE V: Sector-independent generalized expressions of x.

Subsector x in Sector/CS- I, III, V x in Sector/CS- 11, IV, VI
1.1 1 (1 _ 2(mmid7mmin>7;min+iNP) 1 (1 + 2<mmax*mmid>i'maa:+iNP)
P> "4q 2 2(Mmax —Mmid)imaz _ 2 2(Mmid—Mmin) tmin _
2. 92 1 (1 _ (A=20mmax —munia)) i in (1 =2(Mmax =M min))imid TIN P 1 (1 + (1—2(mmid—mmin))imam-‘r(l—Q(mmax—mmin))imid+iNP)
P " 2 (172(mmld7mmin))lvpam 2 172(mmux7mmid))i'llmin
3 3 1 (1 _ 2(mmin—munia)tmid +iN P (14 2(Mmid—Mmax) tmid +iN P
P> -4 2 (2—2(mmax —Mmin))imazx 2 (2—2(mMmax —Mmin)) imin
Pma)fald Vo d U L (g gy
( )% 3 AEEEE 2T i( )% Ma, ME, MC
1 1 1 1
| | | | - Cy lEqn' (27)
1 i 1 1 d
! ! ! ! AP Mmax, Mmid, Mmin
1 1
! ! } Table VI
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dpN
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Fig. 11: Carrier-based implementation in subsector 3, of
sector-1.

As mentioned in section II-A, S% p and S% 5 of TLC are
switched in a complementary fashion to Sxp and Sxy, re-
spectively, where X € {A, B, C}. Therefore, implementation
of GNTV strategy for TLC requires generating the gating
pulses of Sxp and Sy, which are denoted by Gxp and
Gxn, respectively. The gating pulses of S%p and S% .
labeled as Gy p and G’y , are obtained after complementing
Gxp and Gxn with the incorporation of required dead time.
One can use these G’y p and G’y 5 signals to drive the S p
and S% 5 switches of the VR, X € {A, B, C'}. Therefore, the
following discussion illustrates the generation of Gxp and
G xn for all three phases using carrier-based method.

To generate Gxp and Gxp, the duty-ratios of switches
Sxp and Sxn, denoted by dx p and dx y, are compared with
two 180° phase-shifted triangular carrier-waves, labeled as C';.
and C_, respectively, [14]. The steps of determining these
duties are as follows.

1) Given the modulation signals (m4, mp, and m¢) from

rectifier control, determine Mm,x, Mmids Mmin USing (27).

2) Using the algorithm provided in Table VI, find the

odd/even sector and the corresponding subsector (1/2/3).
3) From the identified sector and subsector information, and
the given f}k\, p from the closed-loop control strategy of
Fig. 7, one can determine z* using Table V. Observe

dpp, dcp =0

Even/Odd Sector &
Subsector Identification

-k
INP
Balancing
Control

dXPZTIL} dxp =0
dXN:O dXN:—m}

| |
!

< Six duty cycles )

Fig. 12: Flowchart algorithm illustrating carrier-based imple-
mentation strategy.

TABLE VI: Algorithm for Even/Odd and Subsector Identifi-
cation

if/else Condition Sector Subsector
if Mmid — Mmin < Mmax Odd (1, 1I1, V)
else - Even (II, IV, VI)
if Mmax — Mmin < 0.5 1p/14
else if Mmax — Mmid > 0.5 3p/3q
else - 2p/24

that as the expressions remain unchanged in p and ¢
subsectors, a separate identification between them is not
required.

4) With the above z*, the common-mode signal, m.,,, of the
TLC or VR can be found using (29a), [24]. The required
definitions of Mxs, where X € {A, B,C}, and Mqz
and M,,;, are provided in (29¢) and (29b), respectively.

=27(0.5 = Mimae + Miin) — Myin ~ (292)

mcm

Mmaa: = maX(MA; M37 MC)7

A . (29b)
Mppin = min(My, Mg, M)
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Fig. 13: Experimental set-up. (a) Diode-clamped NPC three-
level converter. (b) Vienna Rectifier.

ymx >0

My = {mX VX € {A4,B,C)}

mx +0.5 ;mx <0
(29¢)
5) Finally, dxp and dx  can be determined as (30), which
uses the above mc,, signal. Due to unipolar nature of
vxz, €ither dxp or dxn will be zero.

my;m% >0 0;m% >0
dxp = . dxny= . :
0; Otherwise —mY; Otherwise

where, m% = 2(mx + Mem). (30)

Thereafter, dx p signals of all three legs are compared with
C, carrier signal to generate the gating signals of Sxp,
X € {A, B,C}. On the other hand, dx v signals are compared
with C_, 180° phase shifted with respect to C;, to generate
gating signals of Sx . Fig. 11 illustrates the switching signal
generation through carrier comparison for implementing the
sequence of subsector 3, of sector-I, shown in Fig. 6. The step-
by-step implementation algorithm of the modulation technique
with the proposed balancing strategy is shown in a flowchart
in Fig. 12. Observe that it doesn’t need to identify the six
sectors separately.

VI. RESULTS AND DISCUSSIONS

The proposed strategy is validated through experiments
performed on two hardware setups, one for each of TLC

xi

TABLE VII: Operating parameters for experiments of VR and
TLC.

Quantity Value Quantity Value
Vgas VgB, Ugc (VR) 110V RMS/ 50 Hz Ve 400V
Cp, Cn 20 uF Wo 1007 rad/sec
Fs 20kHz L (VR) 7mH
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Fig. 14: Experimental results of TLC with R =25Q and
L =2mH (PF=0.99), and = = 0.5 at M; = 045, Pyt =
2kW; Time scale: 4ms/div. (a) vaz, vz, vaB, and i4, (b)
VAZ, ’I~JCP, 1~}CN, and x = 0.5.

@ 0V
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and VR, as shown in Fig. 13a and 13b, respectively. The
TLC NPC legs are fabricated using C3M0016120D MOS-
FETs and C4D20120D diodes. The VR is made of 1200 V
discrete IGBT, IKW40N120H3, and its anti-parallel diodes
are used as Dxp and Dxy of Fig. 3. Texas Instrument’s
delfino series launchpad, TMS28379D, is used for digital
implementation, control, and sensing. A simulation model is
designed in MATLAB® Simulink to verify the functionality
of the proposed control.

The experimental validation is performed by operating TLC
as inverter with R — L load and VR as grid connected rectifier.
During experimenting VR, the grid voltage is kept as 110V
RMS, 50Hz and grid-side inductance is 7mH. The load
resistance, R, and the filter inductor, L, are varied for TLC
operation to attain different power-factors. The Cp and C'y are
designed based on the analysis provided in section IV-B. The
following considerations are made: I, = 10 A, Fs = 20kHz,
Vie = 400V, and allowable voltage ripple AVg.= 2.5%.
Therefore, the worst-case I %}, 5 = 4.6 A. After substituting
the above values in (26), Cp = Cy = 20.8 uF is obtained.
The experimental setup uses 20 uF. The operating conditions
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Fig. 15: Experimental results of TLC with R =252 and L =2mH (PF=0.99), and single loop control at M; = 0.45, P, =~
2kW; Time scale: 4 ms/div. Steady-state results of (a) vaz, vBz, vaBp, ¢4, and (b) vaz, Ucp, Ucy, ©; Dynamic results of
veo, for a step change in reference from (c) 150V to 200V, and (d) 200V to 150 V.

of the experiments for both VR and TLC are listed in Table
VIIL

A. Operation With x = 0.5 in Open-loop

Fig. 14 provides the experimental results obtained while
TLC is operating with R =25, L =2mH, and z = 0.5
at M; = 0.45. The output power, P,,:, in this condition is
close to 2kW. Fig. 14a shows two pole voltages, v4z and
vpyz, corresponding line-to-line voltage, v4p, and sinusoidal
A-phase current. The ripple voltages across Cp and C'n, U,
V¢, » are captured using AC-coupling of two channels in the
scope and shown in Fig. 14b. The constant z = 0.5 is observed
from the controller through digital-to-analog converter (DAC)
after proper biasing and scaling. Observe that v4p has five
different voltage levels and CNTV scheme results in uni-polar
vaz and vpz. A 30V triplen harmonic voltage pulsation in
v, and ve,, can be observed from Fig. 14b. These pulsations
are also visible in the envelops of vaz, vpz, and vap.

B. Steady-state and Dynamic Results With Single-loop Con-
trol:

Conventional single-loop control architecture with band-
width, wpw,p = 2wx 100rad/s, is designed and Fig. 15
shows the steady-state and dynamic results with this control
strategy under the same operating condition. Although the
shapes of v¢, and U¢, are changed, but, as expected, the
100 Hz bandwidth control could not reduce the magnitude of

the triplen harmonic voltage pulsations compared to x = 0.5
case.  shown in Fig. 15b is the controller output observed
through DAC after proper biasing and scaling. But the control
is able to track the DC reference value with desired speed, as
shown in Fig. 15c and 15d, for a step change of reference in
vo, from 150V to 200V, and 200V to 150 V, respectively.
The response resembles with first-order system and it settles
to its final value within five times of its time constant, i.e.,
8 ms. Observe that the 30V triplen harmonic voltage ripple
always overrides on top of the DC response.

C. Steady-state and Dynamic Results With Proposed Two-loop
Control:

Thereafter, the proposed two-loop control is implemented
following the design prescribed in section III-BI. Fig. 16
shows the steady-state and dynamic results with this control
method under the same operating condition for which open-
loop with = 0.5 and single-loop control results were
demonstrated. Observe that the low-frequency voltage ripple in
Uc, 18 reduced to 5V and of the same order as the switching
ripples, Fig. 16b. The dynamic response of vc, behaves as
a first-order system, as given in (15), under the step change
in DC reference values from 150V to 200V (Fig. 16¢) and
200V to 150V (Fig. 16d), respectively. The time constant
corresponding to wpw,p = 2mrx 100rad/s in (15) is 1.6 ms,
therefore, the closed-loop response of v, reaches its final
value within five time constants, 8 ms, as expected. From
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Fig. 16: Experimental results of TLC with R =25 and L =2mH (PF=0.99), and proposed two-loop control strategy at
M = 0.45, Py, =~ 2kW; Time scale: 4 ms/div. Steady-state results of (a) vaz, vz, vaB, ¢4, and (b) vaz, Vcp, Uy, 5
Dynamic results of v¢, for a step change in reference from (c) 150V to 200V, and (d) 200V to 150 V.
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Fig. 17: Experimental results with grid-connected VR to
illustrate the dc correction ability of the proposed control
strategy at P,,; ~ 1kW; Time scale: 20 ms/div. (a) CNTV
scheme, (b) Proposed balancing control.

the results of Fig. 15 and 16, one can conclude that the
proposed two-loop control enables the DC correction at the
same desired speed as single-loop but with enhanced triplen-
harmonic rejection ability, thus verifies the proposed control
strategy.

DC correcting ability of the proposed control scheme
is experimentally verified through grid connected VR with
rectifier control- inner current and outer DC-bus voltage—in
addition to the neutral point voltage balancing control; the
results are shown in Fig. 17. Fig. 17a shows v¢,, vc,, and
vz waveform under certain non-zero DC-offset of vc, and
vo, from % And, it was observed that CNTV scheme
with x = 0.5 couldn’t achieve neutral point DC-offset self
balancing. But there is no such DC-voltage unbalance with
the proposed balancing control strategy, Fig. 17b. Observe that
the drift in DC values of vc,, and vc, changes the voltage
levels of vaz in Fig. 17a, which resulted into the line-current
distortion.

The experimental results of Fig. 16 and 17 are performed
at a power factor close to unity. To show that the proposed
control strategy can be applied at power-factor other than
unity, Fig. 18a shows the steady-state v4z, vpz, vap, and
ia with R = 25Q,1.=90mH, i.e., at a power factor (PF) of
0.66 and M; = 0.3. The dynamic response of vc, for a step
change in reference from 150 V to 200 V is shown in Fig. 18b
for the same power factor. Similar steady-state and dynamic
results are also furnished in Fig. 19 for M; = 0.55, which
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Fig. 18: Experimental results of TLC with R =25 and
L =90mH (PF=0.66), at M; = 0.3, P,y ~ 370 W; Time
scale: 4ms/div. (a) vaz, vBz, vap, and i4, (b) vc, for a
step change in reference from 150V to 200 V.

is very close to the maximum attainable index supported by
the converter (0.577), with R =25, L =2mH and resulting
P, ~ 2.85kW.

D. Proposed Two-loop Control With Non-linear Load:

Effectiveness of the proposed control method is also verified
with non-linear load at M; = 0.45. To realize the non-linear
load, the AC port of a three-phase diode-bridge rectifier is
connected after the L filter of TLC, and a parallel combination
of 50 €2 resistor and 4.7 mF capacitor is connected across the
DC port of the diode-bridge rectifier. Fig. 20a and 20b show
the steady-state waveforms with the proposed control. Observe
that phase current ¢4 is non-sinusoidal, Fig. 20a. However,
even with non-linear load, the two-loop control method is
effective in mitigating the low-frequency triplen harmonic
voltage ripple across ve, (< 5V), Fig. 20b. The dynamic
response to step change in DC voltage reference of vc,
remains unaltered, which can be concluded after comparing
Fig. 20c (150 V to 200 V) and Fig. 20d (200 V to 150 V) with
Fig. 16c and Fig. 16d, respectively.

One important characteristic of the proposed balancing
control strategy is that the bandwidth is independent of the
operating conditions. This can be verified from the dynamic
results shown in Fig. 16, 18, 19 and 20. Under a wide variation
of load (linear or non-linear, variations in M7y, power factor,
and output power), the speed of dynamic response remains
unaltered.
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Fig. 19: Experimental results of TLC with R =25 and
L =2mH (PF=0.99), at M; = 0.55, P,,; =~ 2.85kW; Time
scale: 4ms/div. (a) vaz, vBz, vap, and i 4, (b) vc,, for a step
change in reference from 150V to 200V.

Efficacy of the proposed balancing control is further demon-
strated experimentally in Fig. 21 with the following three load
conditions.

e Linear R — L load with R =25, L =2mH, hence PF
of 0.99, at M7 = 0.45, P, =~ 2kW, Fig. 21a.

e Linear R — L load with R =25, L =90 mH, hence PF
of 0.66, at M7 = 0.3, P, ~ 370 W, Fig. 21b.

o Non-Linear load with diode-bridge and a parallel com-
bination of 100 resistor and 4.7 mF capacitor, as de-
scribed earlier, at M; = 0.45, Fig. 21c.

Two capacitor voltages, vc, and vc,, are shown along
the same horizontal axis. The line-neutral voltage and phase
current of A phase, v 4 and i 4, are also shown along the same
axis to highlight the power factor. During the experiments,
initially the proposed feedback control was active for which
both capacitor voltages vc, and vc, are balanced. Then the
control action was halted intentionally and open-loop x = 0
command was given. This causes v¢, and vc, to diverge
from their balanced value—v¢,, takes (or tends to take) the full
DC-bus voltage whereas v, becomes (or tends to become)
zero. Observe that the rate of divergence depends on the
loading condition. The proposed control is again resumed after
40 ms which brings both v¢, and vc,, back to their balanced
condition.
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Fig. 20: Experimental results of TLC with non-linear load, L

=2mH, and proposed two-loop control strategy at M; = 0.45;

Time scale: 4 ms/div. Steady-state results of (a) vaz, vBz, vaB, 14, and (b) vaz, Vcp, Uy, x; Dynamic results of ve, for
a step change in reference from (c) 150 V to 200V, and (d) 200V to 150 V.

Tekstep. Tekstop.

Tek Frevu

40 ms 40 ms 40 s
PR s v P e Y 1
150 V/div.) |/ o v, (150 Vydiv.) e \\ X P
R e = =
SORERERE NI
vey (150 V/div.) / 4 e, (150 V/div) \\\\ //‘;‘M/.
o M A A RN A A A A » B
JARREPA A} AV X
4 4 \ \ f
Vg \ ;T ’4 VW0 W ;’M'-'M.C-:«
/ / /
\/ v/ \./ \ \. van (300 V/div.)
o/ o
van (300 V/div.) ia (5 A/div.) van (300 V/div.) ia (1.75 A/div.) ia (5 A/div.)
R a e e O ) oar @ @ s e e O e @ Qs Jom oo Moy et
(@ (b) ©

Fig. 21: Experimental results demonstrating the balancing action of the proposed control, vc,, vcy, Van, and 74 waveform
are shown; Time scale: 10 ms/div. (a) R =25 and L =2mH (PF of 0.99) at M; = 0.45, P,,; ~ 2kW, (b) R =25¢) and

L =90mH (PF of 0.66) at M; = 0.3, Pyt = 370 W, and (c)

E. THD Comparison With Existing Techniques:

This section compares the voltage and current total har-
monic distortions (THDs) of the proposed method with the
existing balancing strategies in [7], [9], [25]. These three
works use one switching state higher than the NTV scheme
for voltage balancing. The additional switching state produces
a space vector far from the reference vector, thus resulting
into higher ripple voltage and current. The carrier-based
implementations presented in these papers indicate of using
the same common-mode voltage, resulting in application of
same switching sequences. The corresponding experimental
result with v4z, vBz, vap, and i4 waveform is illustrated in

Non-linear load with diode-bridge at M; = 0.45.

Fig. 22. Observe that v4z and vpz are not unipolar and the
modulation technique of [7], [9], [25] utilizes four switching
transitions (one transition consists of one turn-on and one turn-
off) per carrier cycle to generate non-unipolar pole voltages
as compared to three transitions in NTV scheme, Fig. 11.
Therefore, F;, =15kHz is used during experimenting the
modulation technique of [7], [9], [25] to maintain the same
switching frequency over the line-cycle.

Table VIII compares the fundamental components (peak
values) and THD present in the line-to-line voltage, v4p,
and phase currents, ¢4, corresponding to the results shown
in Fig. 16a (proposed method) and Fig. 22 (existing methods,
[7], [9], [25]). As can be seen, the proposed method offers
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TABLE VIII: Comparison of Fundamental components and
THD in v4p and 74 between proposed and existing methods,
(71, [9], [25].

Fundamental THD (%)
Existing  Proposed | Existing Proposed
VAB 307V 307.2V 51.4 39.3
1A 6.77 A 6.78 A 5 2.67

superior voltage and current THD performance as compared
to [7], [9], [25], although their fundamental components are
very close. As the harmonic distortion is predominantly due
to the switching ripples, Fig. 23 provides the spectra of v4p
and 74 of both modulation techniques in the range of 12kHz
to 50 kHz. One can compare the corresponding vertical scales
to comprehend the THD improvements.

F. Verification of the Proposed Implementation Strategy:

Finally, the proposed carrier-based implementation is ver-
ified through simulation and experiments, as shown in Fig.
24. Fig. 24a and 24b show the simulated and experimental
waveform, respectively, of m%, mep,, and vaz for £ = 0.5
and M; = 0.45. As m% and mg,, are the controller’s
internal signals, they are observed through DAC after proper
biasing and scaling. Note that 1.y = Me/*! at steady-
state. m* defines the duty ratios for all of the switches of
leg A, (30). The line-cycle variation of m.,, matches with
the same waveform shown in [13] for CNTV scheme. To
verify the correctness of switching cycle implementation, the
three pole voltage waveforms, i.e., vaz, vpz, and voyz, are
captured over one switching period of 100 y sec for M = 0.45
and wot = 7.5°, when the tip of 7. lies in subsector
3p of sector-I. Observe that the pole voltage waveform is
same as shown in Fig. 6. One can derive the switching
sequence from this pole voltage waveform which turns out to
be ONN—PNN—-PON—-POO—-PON—-PNN-ONN for
TLC. The dwell times of states ONN and POO are visibly
almost equal. This verifies the operation with x = 0.5, i.e.,
the redundant states are applied for equal duration of time. As
the implementation is accurate for x = 0.5, it is expected that
the proposed implementation strategy will be correct for other
x values.

xvi

VII. CONCLUSION

This paper proposes a closed-loop control strategy for
neutral-point voltage balancing in neutral-point-clamped three-
level converters and Vienna rectifiers, along with its carrier-
based implementation. A large-signal linear plant model is de-
rived to establish the relationship between the average neutral-
point current and one of the split capacitor voltages. Based on
this model, a closed-loop control strategy is developed using
two compensators: one compensator corrects the DC voltage
imbalance at the same speed as the outer DC-bus control
loop of the rectifier, while the other, a faster loop, eliminates
the triplen harmonic voltage ripple across the capacitors. The
detailed design of these compensators is provided in the
article. The required average neutral-point current, coming
from neutral point voltage balancing control, is achieved by
distributing the dwell time of an active vector—used in modu-
lation—unequally among its redundant switching states. Since
the modulation signals are known and the three-phase currents
are measured, this distribution factor follows an algebraic
relationship with the average neutral-point current. However,
this relationship varies across six sectors of the modulation
scheme over a line cycle. To address this, the paper derives a
sector-independent expression based on the maximum, middle,
and minimum values of the three-phase reference signals
and phase currents. This distribution factor is then used to
determine the common-mode signal, which is subsequently
employed to compute the duty ratios. These duty ratios are
compared with two 180° phase-shifted triangular carrier waves
to generate the switching pulses. The effectiveness of the
proposed balancing strategy and its implementation has been
validated through both simulation and experimentation—up to
2.85kW three-level converter prototype and a 1kW Vienna
rectifier prototype.
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