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Abstract—Nine-switch converter (NSC) has been developed as
a compact solution for dual-output applications, but its switch-
sharing architecture introduces inherent coupling problems
between output ports that poses modulation difficulties. This
paper establishes a decoupled space vector modulation (SVM)
model for NSC to address this fundamental challenge. Through
analytical reconstruction of the conventional SVM model and
decomposition of reference vectors, the proposed modeling
method achieves decoupled modulation and independent port
control while reducing the complexity of SVM algorithm. Based
on the proposed decoupled model, a comprehensive mathematical
analysis of the maximum modulation index is derived and the
analytical expression formula is obtained, explicitly revealing the
phase-dependent linear modulation range of NSC. The
performance of the proposed SVM method is validated through
simulation and a 400 V, 3 kW experimental prototype and the
experiment results exhibit strong agreement with the theoretical
analysis of maximum modulation indices.

Index Terms—Space vector modulation (SVM), nine-switch
converter (NSC), modulation index

|. INTRODUCTION

HE nine-switch converter (NSC), as illustrated in Fig.
1, is developed from the back-to-back converter
through the reuse of the three middle switches [1].
Compared to traditional back-to-back converters, the NSC
achieves independent voltage regulation of two three-phase
ports with only 9 switches, which enables lower hardware
costs and simpler structure [2]. For NSC, there are mainly two
types of modulation strategies: carrier-based pulsewidth
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Fig. 1. Topology of NSC.

TABLE |
SWITCHING STATES PER PHASE OF NSC
Switching state Sy i Sim S
j=A BorC
0 OFF ON ON
1 ON OFF ON
2 ON ON | OFF

modulation [3]-[6] and space vector modulation (SVM) [6],
[7], both of which are capable of controlling the dual output
ports in either common frequency (CF) or different frequency
(DF) operation modes. Between these two methods, carrier-
based modulation offers simpler implementation, while SVM
enables superior DC bus voltage utilization. Currently, the
NSC has been implemented in various applications, including
uninterruptible power supplies [8], [9], motor drive systems
[10]-[13], electric vehicles [14], power conditioners [15]-[17]
and renewable energy systems [18], [19].

As the tradeoff for using fewer switching components, the
NSC suffers from the functional coupling of its middle
switches [20]: As shown in Table I, NSC has only three
switching states per phase (dead time is not considered); in
reference to the ground, the output potential of the upper port
in each phase cannot be lower than that of the lower port.
These constraints limit the switching scheme of NSC and lead
to a restricted modulation index [21]. In SVM, the coupling
problem of NSC primarily manifests as interference between
voltage vectors, where the vector selection of one output port
inherently constrains the available vectors combinations for
the other [22]. This limits vector independence, especially
under different frequency conditions. Among all 27 voltage
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vectors of the NSC (Fig. 2, Table Il), the outer-layer voltage
vectors can simultaneously influence the synthesis of both port
reference vectors [23], while zero-active vectors Urx (x=1-6)
inevitably introduces the V7 zero vector to Port 1, generating
inherent coupling effects in modulation [24]. This structural
coupling not only undermines efficient DC bus utilization,
requiring higher DC-link voltage than back-to-back converters
for equivalent output performance [25], but also complicates
the development of effective modulation strategies [26].

In order to address the challenges in modulation, several
mathematical models and SVM strategies for NSC have been
proposed. The SVM model for the DF mode of NSC was first
introduced in [23]. Nevertheless, only 15 out of the total 27
space vectors of NSC are utilized, limiting the sum of the port
modulation indices to a maximum of 1.15, which would result
in low DC voltage utilization. Fewer optional vectors also
leads to less control flexibility, which could bring about higher
total harmonic distortion (THD). Subsequent advancements in
[25] proposed a modular SVM approach applicable to both CF
and DF modes based on two conventional six-switch converter
(SSC) modules, achieving full vector utilization and improved
modulation index. However, due to the coupling between two
AC ports, additional vector placement schemes are required to
avoid invalid switching states, which has not been explicitly
addressed in the article. Based on the traditional SVM model
of SSC, a novel SVM scheme was proposed in [24]. This
method simplifies the NSC space vector diagram by
decomposing it into a combination of multiple SSC space
vector diagrams, thereby eliminating XOR operations in the
modulation process. Yet the mathematical model exhibits
considerable complexity, and enumeration is required in the
switching sequence arrangement. [28] developed an NSC
model based on the decoupling of virtual legs of the two AC
ports, revealing the equivalent mechanism between NSC and
dual-constrained SSC. This model enables vector sequence
selection to be realized without enumeration while achieving
reduced switching loss. However, the decoupling of two AC
terminals is achieved through the selection of voltage vectors
in Fig. 2 rather than fundamentally decoupling the SVM
model of NSC, maintaining algorithmic complexity. The SVM
method in [29] achieves switching frequency reduction via
restricted vector selection, but simultaneously limits the
achievable modulation index of NSC. Overall, current SVM
models of NSC predominantly rely on the space vector
diagram shown in Fig. 2, yet a research gap remains in
developing decoupled mathematical models for NSC.

Due to the switch-multiplexing architecture, the NSC
demonstrates modulation index constraints that vary with the
inter-port phase difference, resulting in an increased risk of
overmodulation [30]. Therefore, the computation of maximum
modulation index is essential for determining the safe
operating range of NSC. However, only a limited number of
studies have analyzed the maximum modulation index.
Authors in [27] utilized a simple limited derivation to provide
the analytical expressions of the maximum modulation index
for identical modulation indices of the dual ports. However,
for varying modulation indices they only presented a graphical
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Fig. 2. Space vector diagram of NSC.

TABLE Il
SWITCHING VECTORS OF NSC
Switching states Equivalent SSC
Vector Type vectors
LegA | LegB | LegC Portl | Port2

U o 0 0 0 Vy Vo
U 1 1 1 Zero \ Vo
U 2 2 2 vV, V;
U 0 0 1 vV,

Uy 0 1 0 V,

U3 0 1 1 Active- V3 v
U 1 0 0 zero V, 0
Us 1 0 1 Vs

Ugo 1 1 0 Ve

Un 1 1 2 V,
Uy, 1 2 1 V,
U 1 2 2 Zero- Vv V3
U 2 1 1 active ? v,
Uz 2 1 2 Vs
U 2 2 1 Ve
Uy 0 0 2 V, V,
Uy 0 2 0 V, V,
U3 0 2 2 Identical- Vs V,
Uy 2 0 0 active V, V,
Uss 2 0 2 Vs Vs
Ugs 2 2 0 Ve Vg
Ug 0 1 2 V, V,
Us, 0 2 1 V, V,
Us, 1 0 2 Different- | Vs Vi
Us, 2 0 1 active Vs V,
Ue 1 2 0 Vg V,
Uga 2 1 0 Vg V,

result without any mathematical derivation. In [24], the
analysis of the maximum modulation index is only done using
a fitting equation derived from numerical calculations by
genetic algorithm, failing to establish a precise analytical
expression. Thus, the analysis of the maximum modulation
index remains incomplete and requires further investigation.
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In this article, a decoupled SVM model is established by
proposing a matrix-based decomposition of the NSC
modulation framework. The proposed model achieves
complete analytical decoupled modulation for NSC, enabling
the simplification for the SVM algorithm. Based on the
proposed model, the mathematical expression of the maximum
modulation index is derived, which explicitly reveals the
boundary conditions for overmodulation.

The structure of this paper is as follows: Section Il presents
the derivation of the decoupled SVM mathematical model.
Section 11l details the SVM method based on the decoupled
model. Section IV analyzes the maximum modulation index of
NSC. Section V validates the effectiveness of the proposed
SVM method and maximum modulation index analysis
through MATLAB/Simulink simulations and experimental
results. Finally, Section VI summarizes the conclusions and
contributions of this research.

Il. DEcouPLED SVM MODEL FOR NSC

As shown in Fig. 1, the NSC has two output ports,
designated as Port 1 (upper) and Port 2 (lower) in this
research. The output states of the NSC can be systematically
characterized as a 2>3 matrix, herein defined as the output
voltage matrix (OVM). The OVM can be expressed as

vV, V, V
\/OUt — |:V1a Vlb Vlc :| (l)
2a 2b 2c

where each matrix element refers to the output voltage of the
respective output node. For example, V,, represents the output

voltage of phase A at Port 1.

There are three distinct output states per phase in the NSC:
[Ubc, Unc]", [Unc, 0]" and [0, 0]", corresponding to both ports
active, upper-only active, and both ports off states,
respectively. The combinations of these output states form
3%=27 unique output states and their corresponding OVMs.
The six OVMs listed in Table 111 are defined as basic matrices.
The OVMs corresponding to the state of single-phase output at
Port 1 are classified as upper-active basic matrices, while
those representing the state of single-phase output at both Port
1 and Port 2 are defined as dual-active basic matrices. Based
on the superposition theorem, all remaining 20 OVMs
(excluding basic matrices and the zero matrix) can be
represented as the linear superpositions of these six basic
matrices.

Therefore, the reference OVM V,; can be represented by

the OVMs corresponding to the 27 output states, which can be
ultimately equivalent to the linear combination of the six basic
matrices and the zero matrix:

vV Vref la Vref 1b Vref 1c Vrefl
ref = =
Vref 2a Vref 2b Vref 2c Vref2

=0y, Vg + 0y, -Voo + 0y Vg 2
+0155 *Vag +iop “Vop +dip Vg

3
TABLE Il
BAsiC MATRICES OF NSC
Port 1 Only Port 1 and 2
Output (Upper-active) (Dual-active)
_UDC O 0_ _UDC o 0_
\Y Y
Phase A © 0 0 o “|Upe 0 0]
[0 Upe O] [0 Upe O]
Phase B \Y Y,
ase 20 0 0f 2|0 Upe 0
[0 0 Upc | [0 0 Upc]
Phase C \Y Vv
ase 0lg 0 0 | 110 0 Upe

where the coefficients before the basic matrices refer to the
duty ratios of the respective switching states; V. and Vg,

are the reference voltage vectors of Port 1 and Port 2
respectively.

It is worth noting that only dual-active basic matrices are
capable of generating voltage output at Port 2, which means
voltage reference V4, must be synthesized exclusively by

dual-active matrices. However, due to the inherent property of
NSC, voltage output at Port 2 necessarily results in the same
voltage output at Port 1. Consequently, when V, g, is

synthesized at Port 2, an identical
simultaneously generated at Port 1:

Vref2
Vietoo = {V =0pq Vag + 0y Voo +dipc Vi, (3)
ref2

voltage vector is

To achieve decoupled control for both AC ports, the
reference OVM is decomposed as follows:

Viett “Viez | | Vrer2
Viet =Vren—2 +Vierz :|: " 0 o+ v (4)
ref2

From (4), a reference OVM only composed of upper-active
basic matrices can be obtained, which forms the remaining
components of the upper-port reference vector:

Veer1 ~Viet2
Vier1-2 ={ * 0 = Uia Vi + 0y Voo +dic Vg (5)

Thus, the reference OVM V,,; is decomposed into two

independent reference OVMs, where V g _, is only

synthesized by upper-active basic matrices and V., is

exclusively synthesized by dual-active basic matrices. Based
on (3) to (5), a decoupled SVM model for NSC can be
derived, which simplifies the NSC space vector diagram into
two SSC-like space vector diagrams, as depicted in Fig. 3. The
left and right halves of Fig. 3 represent the space vector
diagrams derived from (3) and (5), respectively. The
distinction from the traditional SVM model of SSC is that the
basic wvectors in both space vector diagrams actually
correspond to the basic matrices listed in Table I11.
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By extracting the first row of (5) and the second row of (3),
the result can be concluded as
Viett ~Vierz =01a Vg + 0y -V, +dyc -V (6)
Vierz = 12 *Vy +0igp -Va +0ip -V )
V,=[Upc 0 0] , V,=[0 Upc 0] and
V,;=[0 0 Uy |
Since the two rows in (3) are identical and the second row
of (5) is zero, the extracted equations (6) and (7) contain all
the essential information required for vector decomposition.
Through this transformation, (3) and (5) are reformulated into
one-dimensional vector forms consistent with the SVM model
of SSC. As a result, the conventional SVM method of SSC can
be applied to determine the duty ratio coefficient for each
basic matrix.
The aforementioned process demonstrates port-based
decomposition of the reference OVM V Alternatively,

where

ref °

V¢ Can also be decomposed in a phase-oriented way as

follows:
Vref la Vref]b Vref 1c
Viet = =|Vieta Vier Vrec | (8)
re I:Vref 2a Vref 2b Vref 2c |: e ' ' Cj|
where the reference phase vectors V., , Vieq, and V . are
defined by
_Vrefla
Vrefa = Vv = dla : S1 + d12a : SZ
| Vref2a |
_Vref 1b ]
Vieto = v =0y, - Sy +dypp - S, 9)
| Vref2b |
_Vref 1c ]
Vrefc = i = dlc : S1 + dlZc ’ SZ
L ref Zc_
The basic phase vectors Siand Sz are defined by
T
S, =|U 0
1 [ DC J (10)

T
SZZ[UDC UDC]

Vector Sz indicates the switching state where Upc is
simultaneously delivered at both ports, while vector S:
represents the state where Port 1 outputs Upc and Port 2 is
grounded. Therefore, the reference OVM V,; can be

separated into three phase vectors, each formed by the
weighted combination of two basic phase vectors according to
their respective duty ratio coefficients. According to (8)-(10),
once the duty ratio coefficients are determined, the required
reference voltages for both ports can be synthesized through
arranging the switching sequences for each phase. Since the
basic phase vectors are linearly independent and the three
phases are mutually independent, this synthesis method
effectively avoids the coupling problem.

I11. DECOUPLED SVM METHOD FOR NSC
To realize independent port control for NSC, a decoupled

(b)
Fig. 3. Decoupled SVM model for NSC, (a) the synthesis of
Ve 5 (0) the synthesis of V ¢, .

SVM strategy is developed based on the established
mathematical model. Fig. 4(a) presents the flowchart of the
proposed SVM method, which can be described in the
following steps:

Step 1: Generate the reference voltage vectors. According to
(6) and (7), two reference vectors Vg, and Vg —Viep are

required for vector decomposition. Based on the reference
voltages of both ports, the reference vectors V,; and V4, in

the complex plane are generated via Clarke transformation.
The vector subtraction of these two vectors yields reference
vector Vg —Viep -

ref;

Step 2: Determine the sectors of the two reference vectors
Vier, @Nd Vi oy —V,ep, - Decompose them onto the three-phase

axes and calculate the duty ratios according to (6) and (7). For
example, as illustrated in Fig. 5, consider the case where the
reference vector V ., is located in sector bc and Vg —Viep

is located in sector ab within the space vector diagram. It
should be noted that the SVM diagrams corresponding to (6)
and (7) are depicted in the same figure here. The required duty
ratios can be calculated as follows:

Reference Input

Reference Input
Vrefl & VrefZ

Vrefl'VrefZ & Vref2

v
* Sector Judgement (6 Sectors)
&

Sector Judgement (3 Sectors)
Duty Ratio Calculation

Duty Ratio Calculation v
* ‘ Vector Position Determination ‘
same _+ neighbor } far
Vector Sequence Arrangement B ==
for Each Phase
(3 Vectors per Phase)

v

Switching Signal Generation

I

: Vector Selection (27 Vectors)
. v
|

|

|

|

|
|
|
Vector Sequence Arrangement :
|
|

(Multiple Vectors)

‘ Switching Signal Generation ‘
@) (b)

Fig. 4. Flow chart of the proposed and traditional SVM

method for NSC, (a) proposed decoupled SVM method and

(b) traditional SVM method [27], [28].
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Fig. 5. SVM diagrams when V 4 —Viep and V4, are in

different sectors.
d —ﬁm -sin 2—”—05
12b 2 2 3
3 .
dyoe =7m2 -sina

\/§ . (2
dia =7m172 -sin ?—IB

3 .
dyp = gmlz -sin g

(11)

where mp and my, are the modulation indices of V,, and
Viet1 —Viepy Tespectively; a refers to the angle between Vg,
and b axis, while B denotes the angle between V g —Viep

and a-axis in the case depicted in Fig. 5. The modulation
indices are expressed as

m _2'|Vref2|
2 Vdc

(12)
2 Ivrefl 'Vref2|
Vdc

Note that the duty ratio of zero vectors do should be
calculated to prevent overmodulation.
do =1—max{(dla +0124), (dyp +d2p), (e +d12c)} (13)
Step 3: To avoid coupling issues and simplify the
modulation algorithm, the three-phase switching sequences are
generated by arranging the basic phase vectors for all phases
in parallel, departing from the port-based vector sequencing of
conventional SVM methods. As mentioned in step 2, the duty
ratio coefficients are obtained using (11), and then using the
phase decomposition in (9), the duty ratios corresponding to
the basic phase vectors Si1 and Sz in each phase can be
obtained. In the proposed SVM method, the switching
sequence is organized as shown in Fig. 6, where phase vectors
Sz, S1 and the zero vector are symmetrically distributed from

m_, =

the center of the switching cycle. To reduce THD, the
dwelling time of vector Sz, can be simultaneously increased in
all three phases, which is equivalent to inserting zero vector
U~z in conventional schemes.

Step 4: According to the vector sequences, generate the
switching signals for each phase.

Fig. 4(b) shows the flowchart of the traditional SVM
process. In conventional methods, the selectable vectors differ
depending on whether the reference vectors of the two ports
are in same sectors, neighbor sectors or far sectors. Therefore,
the vector selection and sequencing scheme must be
specifically designed for each of the three scenarios, each of
which involves multiple vector combinations, resulting in
relatively high complexity.

However, as illustrated in Fig. 4, the proposed SVM method
achieves algorithmic simplification compared to the traditional
approaches. By achieving the decoupling of the SVM model,
the proposed scheme is applicable to all operating conditions,
which eliminates the necessity to determine vector positions
and design the corresponding vector selection strategies. Also,
as illustrated clearly in Fig. 6, the proposed method only
requires arranging only three vectors per phase, while the
conventional methods require more. Thus, the complexity of
vector sequencing algorithm is reduced relative to traditional
methods.

1IV. MAXIMUM MODULATION INDEX ANALYSIS

Overmodulation occurs when the modulation index exceeds
its maximum allowable value, which could lead to higher
THD and system instability. However, in NSC, due to the
multiplexing of switching devices, the achievable modulation
index range varies when the reference voltages of dual ports
have different phases. Thus, precise calculation of maximum
modulation index is crucial for feasibility assessment. In order
to avoid overmodulation, the duty ratios are subject to
conditional constraints:

dip +d, <1 (x=a,b,c) (14)
Proposizd SVM
Ao SIS o |
8| o] s | s, | s | o |
c | 0 [ s | 0 |
Conventi(:)nal SVM

Portl ‘ Vo ‘ Va Ve ‘ \% ‘ Ve ‘ Va| Vo ‘
Port2 ‘ Vo ‘ Vo | Vs \;7 ‘ Vs | Vs Vo ‘
NSC ‘ Uo | Uxn| Uso | Usz | Uss U.77 Uzs| Ugz | Uso | Ug| Uy ‘

Fig. 6. Switching sequences of proposed SVM method (TOP
to BOTTOM): Three phase vector sequences of proposed
SVM method; Corresponding SSC vector sequences of dual
ports and corresponding NSC vector sequences in the
conventional SVM method [27], [28].
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Therefore, the modulation indices of NSC are bounded by
an upper limit. Here, using the proposed decoupled SVM
model, the maximum modulation indices are derived. Let m;
denote the modulation index of Port 2 and m; represent the
modulation index of Port 1.

A. Identical Modulation Indices for Two Ports (m;=m,=m)
For the case where V., and V 4 —V 4, are positioned in

different sectors, the calculation is performed taking Fig. 5 as
an example. Other scenarios can be derived through symmetry.
Equation (11) can be reformulated as

\/§ . (2rx
d,,, =—m-sin| ——
12b 2 3 o

3
Oyoc =7m~sma

dla:£m~25ing-sin[2—ﬂ—ﬂ (15)
2 3

dy, =——m-2sin—-sin g

f=a——+—
V2 VZ

Vrefl'vrefz

Vrefl'vrefz

Vrnfl
Vrefz

@ (b)

Vrefl‘VrefZ

\2

@

Vrefl'VrefZ

c c
V1 Vl

© (d)
Fig. 7. SVM diagrams for different cases: (a) mi=mz, V ¢,

and Vg —Viero in the same sector; (b) mi#me, V4, and
Viet1 —Vyerp In different sectors; (c) mi>mz, V4, and

Viet1 —Vierp N the same sector; (d) mi<m,.

where 0 is the angle between V4, and V4, . The duty ratio

constraints can be concluded as

B3

—m-sina <1
2

B3

—m~25ing~sin 2—”—/3 <1
2 2 3

3 3

—m-sin 2—7[—(1 +—m-2sin§-sinﬁs1
2 3 2 2

(16)

By applying the sine theorem, cosine theorem, and
trigonometric transformations, (16) can be simplified to

3

—m-Sina <1
2

B3

—m~25ing~cos a_ﬁ <1
2 2 2

ﬁm-Zsin Q+£ -COS|
2 2 6

17)

- . 2
Since o can take any value within the interval (ij , the

cosine terms in (17) can always reach the maximum of 1, so
that only the sine terms need to be compared. The range of m
can be ultimately expressed as follows:

mS;, OSQSS—”
. (0 6
J3sin St
L . (18)
m< ., Zo<x
J3sin~ 6

Then consider the condition shown in Fig. 7(a), where V
and V¢ —V e, are positioned in the same sector. In this case,
the duty ratio expressions should be reconstructed as

\/§ . (27
di,, =—m-sin| ——
12b 5 3 o

Oy9c :gm-sina

3

.0 . (4Arx
d,, = —m-2sin—-sin| ——
» = om-2sing-sinf 4 p|

\/§ .0 . 2r
d,. =—m-2sin—-sin| B ——
1c 2 2 ﬂ 3

(19)

The range of m can be calculated as

NG

—m-Ccos a_g_f <1
2 2

NG

(20)
T

—m-cos| a—0—— |<1

2 ( 6)
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Note that the value of 0-0 is limited. It can be derived that
cos| a—0-2 | <cos| a-0-2 | <1< 2sin §+Z (21)
6 2 2 6

Under such conditions, the range of m exceeds that in (18),
so the maximum modulation index is still determined by (18).

B. Different Modulation Indices for Two Ports
(m1=k ‘mz=k m)
Let m =k-m,=k-m Define the amplitude of

Viet1 —Vierz as A times that of V4, and the sum of

modulation indices of both ports as the total modulation index
¥m = (1+k)-m. Consider the scenario illustrated in Fig. 7(b)

where Vi, and Vg —V 4, are located in different sectors.
Equation (11) are now re-expressed under the asymmetric case

as follows:
\/§ . (2rx
d;o, =—m-sin| — -«
12b 2 3

3
Oyoc =7m-sma

Ve

Oy :Tﬂ-m-sin(%—ﬂj (22)

dyp =§/1-m~sinﬂ

7T
=q+0——
d 3

where 9 is an interior angle of the triangle formed by V,, ,
Vierz @Nd Vi1 —Viero » @8 shown in Fig. 7(b). With different

modulation indices, the previous isosceles triangle-based
analytical approach is no longer applicable. Therefore, factor A
and angle & are introduced to facilitate computations.
Applying trigonometric formulas, constraints (14) can be

simplified to
NR)

—m-sina <1
2

gm-{k-sin(a—0+%j+sina}sl (23)
3 . _
—m-|k-sin(@—-a)+sina | <1
S [k-sin(0-a) rsina]
It can be further simplified as follows:
?m-sinasl
§m~A3in(a+¢l)s1 (24)

Ve

7moBsin(a+go2)sl

where

A=\/1+k2+2kcos(e—%”j

B =1+k?—2kcos@
Then consider the condition shown in Fig. 7(c), where V ,
and Vi —V,

properties, the constraint on the b axis is equivalent to that on
the c axis. Thus, only the duty ratio constraint on the ¢ axis is
calculated, which can be expressed as

B B

dypc + 0y =7m-sina+7/1-m-sinysl

(25)

ez are in the same sector. Due to symmetrical

(26)
y=a+0-rx

where v is the angle between V, ; —V ., and b axis. (26) can

be simplified to

NG
2
Through synthesizing (24) and (27), the range of the total
modulation index ¥m can be concluded as
Emsi-(1+k)~min(l,l,l,£j
3 k A'B
Fig. 7(d) shows the case of k<1, the calculation process and
results are consistent with the steps above. The analysis of (28)
reveals that the maximum range of the total modulation index
calculated for both cases of k = x and k = 1/x (x>0) are
mathematically identical. In conclusion, the maximum total
modulation index can be expressed as

m-[k-sin(a-0)]<1 (27)

(28)

2 ky+1
r— ’ 0S9<
Bk ’
k +1
Moy = % mA+ , p<0<=r (29)
i.km+1, Eﬂ'<0<ﬂ'
J3 B
where
kmzmax(ﬂ,&J
m, m
go—z—sinl( L J
6 oS (30)

A= \/1+ KenZ + 2K, cos(&—%)

B= \/1+ Ky, — 2k, COS 6
Fig. 8 presents the maximum Xm curves with respect to km
and 0. The characteristics of XMmax are summarized as follows:
1) The curves for m =k,-m and m, =Kk, -m are
identical (k,, >1).
2) Each curve is divided into three distinct sections, where
the first section vanishes exactly when m;=m; (k, =1).
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3) When 0<¢ , the maximum total modulation index
2 kp+1

Bk

2
4) When 9:?7[ or #=x , the maximum total

reaches its maximum value Xm,, =

modulation index reaches its minimum value

2
Y3

Note that the present analysis assumes an ideal DC bus
voltage. When considering actual DC bus voltage fluctuations,
the SVM model should adopt the minimum bus voltage as the
design basis, which will inevitably lead to a decrease in the
maximum achievable modulation index.

Consequently, a comprehensive analysis of the maximum
modulation index is performed using the proposed SVM
model, and the complete analytical results for all operating
conditions are presented in (29) and (30). This analysis reveals
the theoretical boundaries of the linear modulation region for
NSC. Using the derived equations, overmodulation risks can
be precisely evaluated.

ZMyay =

max

V. SIMULATION AND EXPERIMENT RESULTS

In this section, MATLAB/Simulink simulations and
experiments are performed to prove the validity of the
proposed SVM method and maximum modulation index
analysis. A 400 V, 3 kW laboratory prototype of the NSC is
implemented  using MSG40T65HNCO  switches and
TMS320F28377D digital signal processor (DSP), as shown in
Fig. 9. The proposed SVM algorithm is executed in the DSP's
CPU core, which subsequently generates the required gate
drive signals through nine enhanced PWM (ePWM) modules.
For both simulation and experimental verification, the dual
output ports of NSC are connected to two same sets of three-
phase resistive loads with LC filters. The simulation and
experiment parameters are provided in Table IV. The four test
cases encompass both common and different frequency modes,
as well as modulation index asymmetry and validation of the
modulation index boundaries.

Case 1: The NSC is operated in CF mode. The reference
voltage vectors of both output ports have the same amplitude
and a 30°phase difference. In this case, the modulation index
of each port is 0.778 while the maximum modulation index is
0.816 according to (18). The phase voltages and currents of
both ports are shown in Fig. 10, where the current THD serves
as a metric for modulation performance. The experimental
results demonstrate that the phase currents achieve THD of
1.269% at Port 1 and 1.168% at Port 2, closely approximating
ideal sinusoidal waves. Due to the structural constraint of NSC,
the upper switch must remain conducting when outputting
positive voltage. Hence, at least one upper switch must
maintain active throughout the entire switching period when
overmodulation occurs. As shown in Fig. 10, the gate signal
waveform exhibits no continuous high-level states, which
confirms that overmodulation does not happen in this case.

_ —_ —_ o )
IS o % o o ~
T T

Maximum total modultiaon index ¥m
<

—_k =
m
N\ x6 B ]
\ Y 2.07846 —km71.25

__'\ K= |
m
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Fig. 8. Maximum total modulation indices for various Km.
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TABLE IV
SIMULATION AND EXPERIMENT PARAMETERS
Port 1 Port2
Case 1 Reference Vims1=110V Vims2=110V
voltages f1=50Hz f,=50Hz
0,=0° 0,=30°
m;=0.778 m,=0.778
Case 2 Reference Vims1=110V Vims2=55V
voltages f1=50Hz f,=50Hz
0,=0° 0,=90°
m;=0.778 m,=0.389
Case 3 Reference Vims1=80V Vims2=80V
voltages f1=50Hz f,=25Hz
m;=0.566 m,=0.566
Case 4 Reference Vims1=159V Vims2=15.9V
voltages f1=50Hz f,=50Hz
0,=0° 0,=60°
m1=1.124 m2=0.112
Input DC voltage Upc=400V
Switching frequency faw=10KkHz
Dead time To=1ps
Output load Ri0ad=24Q; Li=4mH; Ci=18uF
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TABLE V
COMPUTATION TIME COMPARISON IN DSP IMPLEMENTATION
Procedure in proposed Time Procedure in conventional Time Ontimization
SVM method (clock cycle) SVM method [28] (clock cycle) P
Referer.me ¢ alculation 981 Section judgement 1345 27.1%
& section judgement
Duty ratio calculation 2545 Duty ratio calculation 2855 10.9%
Vector sequencing 604 Vector selec_tlon & 2705 77.7%
sequencing
Total 4130 Total 6905 40.2%

Case 2: The NSC is operated in CF mode. The amplitudes
of the two reference voltage vectors are different and the
phase difference is set to 90< At this operating point, the total
modulation index is 1.167 while ¥mma equals to 1.191.
Considering the discrepancies between theory and practice,
the total modulation index is close to the maximum achievable
value under the specified conditions. As shown in Fig. 11, the
THDs of the phase currents are 1.547% and 1.806%,
respectively. And the gate switching patterns reveal no
evidence of overmodulation behavior.

Case 3: The NSC is operated in DF mode where the
frequencies of the two ports are set to 50Hz and 25Hz
respectively. The reference voltages of both output ports have
the same amplitude. The modulation index of each port is
0.566 while the maximum modulation index is 0.577
according to (18). The phase voltages and sine-wave phase
currents of the two ports are shown in Fig. 12. Experimental
results demonstrate that the proposed SVM method achieves
high-quality sinusoidal outputs in DF mode, with measured
THD values of 1.240% at Port 1 and 1.039% at Port 2.
Similarly, the gate drive signal waveform of the upper switch
indicates that the NSC operates within the linear modulation
range. The results of case 1 to case 3 validate the effectiveness
of the proposed SVM method in both CF and DF modes.

Case 4: The system enters overmodulation under this
specified operating condition. The total modulation index is
set to 1.236, which surpasses the theoretical maximum limit of
1.206. The waveforms under overmodulation conditions are
presented in Fig. 13. It is evident that the gate voltage of the
upper switch remains high for multiple consecutive switching
cycles, while the phase current waveform of Port 2 exhibits
significant distortion with a measured THD of 4.29% in
simulation and 9.216% in experiment. The discrepancy
between simulated and experimental THD results primarily
stems from the dead-time and duty cycle limits in the practical
implementation. Both simulation and experiment results
confirm that the implemented total modulation index (1.236)
already exceeds the maximum allowable value. Although [27]
also provides a valuable theoretical analysis of the maximum
modulation index (Emmax=1.27 in this case), the experimental
results suggest a lower upper limit under the comparable
conditions, which aligns more closely with the theoretical
predictions presented in this work.

Table V demonstrates the computation time of the proposed
SVM method and conventional SVM method [28] in DSP
implementation. Notably, the proposed SVM method achieves
significant optimization in vector sequencing, reducing the
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Fig. 10. Simulation and experiment waveforms for Case 1.
(a) Simulation results. (b) Experiment results.
(TOP to BOTTOM): Gate signal of the upper switch, phase
voltage of Port 1, phase current of Port 1, phase voltage of
Port 2, phase current of Port 2.

computation time from 2705 to 604 clock cycles. The total
computation time is reduced by 40.2%, confirming that the
SVM algorithm is effectively simplified.
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Fig. 11. Simulation and experiment waveforms for Case 2.

(a) Simulation results. (b) Experiment results.

(TOP to BOTTOM): Gate signal of the upper switch, phase
voltage of Port 1, phase current of Port 1, phase voltage of
Port 2, phase current of Port 2.
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Fig. 12. Simulation and experiment waveforms for Case 3.
(a) Simulation results. (b) Experiment results.

(TOP to BOTTOM): Gate signal of the upper switch, phase
voltage of Port 1, phase current of Port 1, phase voltage of
Port 2, phase current of Port 2.
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Fig. 13. Simulation and experiment waveforms for Case 4.
(a) Simulation results. (b) Experiment results.

(TOP to BOTTOM): Gate signal of the upper switch, phase
voltage of Port 1, phase current of Port 1, phase voltage of
Port 2, phase current of Port 2.
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Fig. 14. Simulation and experiment results for maximum
total modulation index verification.

The simulation and experiment results presented in Fig. 14
validate the maximum modulation index analysis discussed in
Section IV. In simulations, the criterion for overmodulation is
that the duty ratio of any phase exceeds 1, while in
experiments the standard is defined as three continuous
conductive switching cycles of the upper switch. The
maximum modulation index curves derived from simulations
exhibit exact correspondence with the theoretical counterparts
presented in Fig. 8. As evidenced in Fig. 14, all
experimentally measured maximum modulation index points
cluster within #1.5% of the theoretical values. Although minor
errors exist due to dead-time and overmodulation judgement
criteria, the experiment results maintain strong agreement with
the theoretical model.

VI. CONCLUSION

In this article, a decoupled SVM model for NSC is
established to overcome the intrinsic coupling caused by
switch sharing. Based on the model, a simplified SVM method
is proposed to enable independent port control. Furthermore, a
complete mathematical analysis of the maximum modulation
index is performed, with analytical expressions derived using
the proposed model. The validity of the presented SVM
method and maximum modulation index analysis is verified
by simulations and experiments. Experiment results indicate
that the THDs of the phase current are less than 2%, and the
proposed SVM algorithm cuts the computation time by 40.2%
compared to the traditional method. Additionally, the
measured modulation index range demonstrates excellent
agreement with theoretical analysis, with deviations less than
1.5%. Table VI presents a comparative analysis between the
proposed method and existing solutions, with the main
contributions of this article summarized as follows:

1) Decoupled SVM Model: A decoupled mathematical
SVM model for NSC is proposed. The model-based
modulation decoupling is achieved via innovative
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TABLE VI
COMPARISON ANALYSIS WITH THE EXISTING SOLUTIONS
Secoustin Vector selection Maximum modulation |n§§; analty5|s
SVM methods [ SVM Model methpo d 91 & sequencing Identical o Id elretin A
method modulation indices odu'atio
indices
Method in [27] Simple Enumeratlon.& Simple (_jerlvatlon & Inapcurate
Through |complex algorithm| analytical results | numerical curves
. vector Enumeration & | Fitting formula & | Incomplete fitting
Method in [24] | - Complex selection | complex algorithm curve formula &curve
methods
Method in[28] | Medium Complex Not mentioned
algorithm
Proposed Simple & Model- | Simple algorithm Comprehensive derivation &
method decoupled based 40% optimization analytical results

decomposition of the space vector diagram and the
reference vectors

2) Optimized SVM Algorithm: Building upon the
decoupled model, a simplified SVM algorithm is
developed that reduces the computational time by 40%
compared to traditional SVM methods, achieved through
significant simplification in algorithm complexity.

3) Comprehensive Modulation Index Analysis: Complete
analytical derivation of the modulation index range is
achieved, establishing precise linear modulation
boundaries that extend prior researches by fully
addressing cases of asymmetric dual-port reference
voltage amplitudes.
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