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Abstract—The multisource inverter (MSI) is a promising topol-
ogy for hybrid electric vehicles due to its advanced merits of single-
stage power conversion from each source to the motor without
dc–dc converters. However, it is challenging to design a modulation
scheme for the MSI since it not only determines the output voltage
on the ac side, but also the power distribution between the sources
on the dc side. Furthermore, the computation burden for the MSI is
heavy due to its unsymmetrical distributed voltage vectors. Given
this, this article proposes a dual discontinuous pulsewidth modula-
tion (D2PWM) scheme to simultaneously realize power distribution
and motor drive control for the MSI. In the proposed D2PWM,
the MSI is decomposed into two independent subinverters, and
modulation schemes of each subinverter can be implemented in
symmetric space-vector diagrams, which avoids heavy computa-
tional burden under the unsymmetrical voltage vector diagram.
Besides, the total switching times of 3 in the proposed D2PWM
are realized by assigning the desired voltage vector for one of the
subinverters aligned with the basic voltage vectors, which reduces
the switching losses in this decomposed model and improves the
current quality of the MSI. Comparative experimental results
confirm the effectiveness of the proposed D2PWM.

Index Terms—Discontinuous pulsewidth modulation (DPWM),
hybrid electric vehicle, multisource inverter, permanent-magnet
synchronous motor (PMSM), single-stage conversion.
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I. INTRODUCTION

E LETRIC vehicles (EVs) are considered a viable solu-
tion to deal with fossil fuel depletion and environmental

problems [1]. As a mature technology, Li-ion batteries have
been widely used as primary energy storage systems of com-
mercially available EVs. However, Li-ion batteries have lim-
itations, such as limited power density, low charge/discharge
lifespan, and poor operation in cold temperatures. Energy source
hybridization-based hybrid EVs (HEVs) combining the power
output of two or more energy sources with complementary
characteristics becomes a preferred choice due to their advanced
features in terms of initial investment, efficiency, source lifespan,
reliability, and system redundancy [2], [3], [4], [5].

The multisource inverter (MSI) is an attractive solution for
integrating multiple energy sources in the HEV applications [6],
[7], [8], [9], [10]. Its essential purpose is to connect several dc
sources to the same ac output using a single conversion stage.
Fig. 1 depicts the topology with ideal switches. As shown, the
MSI provides two dc terminals and one ac terminal, where
two dc sources, namely vL and vH , are connected to two dc
terminals, while the motor is connected to the ac terminal. This
type of inverter enables direct power delivery between the motor
and the energy sources without employing dc–dc converters,
featuring advanced merits of single-stage power conversion,
simple configuration, low cost, and easy implementation [11].
Besides, due to the removal of dc–dc converters with their bulky
passive filters and capacitors, the power density of the whole
system is also substantially increased [12].

Although the above merits of MSI are presented, it is also
challenging to design controllers to achieve satisfactory perfor-
mance for this inverter because the dc port voltages are variable
with the state of charge (SoC) of the energy source [13], and the
power distribution control should be achieved simultaneously
in addition to stator current control. In recent years, substantial
research efforts have been conducted regarding the controller
design for the MSI. A control scheme beyond the specific PWM
modulation [14] was proposed for the power distribution of the
MSI. An extra proportional integer (PI) loop is introduced to
manage the power distribution between the dc sources. Precise
models between port power and zero-sequence component were
built in [15], [16], and [17], and direct model-based controllers
were proposed for the power distribution between the dc sources.
An additional proportional-integral controller was employed
for power flow control in the MSI by regulating the injected
zero-sequence component to achieve power distribution of the
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Fig. 1. Configuration of MSI circuit with ideal switches.

sources [18]. The power distribution model, together with active
and reactive power control models, was built as a multiobjective
control issue in [19], and a model predictive control scheme was
presented to achieve these control objectives. In [20], the MSI
was modeled as three distinct modes by conducting parts of the
semiconductors. The power distribution between the sources is
achieved by selecting the operation modes. In [21], a modulated
model predictive control strategy was proposed to address the
nonlinear and multiobjective characteristics of power distribu-
tion in MSI. Although these strategies can realize the power
distribution between the sources to some extent, introducing
the extra control loops generally has complex structures, slow
dynamic response, and complicated control parameter tuning
processes.

In view of this, several research efforts were conducted by
designing specific modulation schemes to deal with the variable
dc-link voltage and the power distribution between the sources
in the MSIs. A pulsewidth modulation (PWM) scheme was
investigated in [22] by calculating the voltage-second balance
equations to generate high-quality output voltage and maximize
the linear modulation range. To suppress the common-mode
voltage and achieve superior output current quality, a carrier-
based modulation scheme is introduced for MSI under unbal-
anced neutral-point voltage conditions [23]. A hybrid PWM
strategy composed of carried-based PWM and discontinuous
PWM is proposed to generate high-quality ac voltage [24]. A
modified space-vector modulation with coordination projection
under the unbalanced dc-link was proposed to optimize the
system efficiency [25]. A two-stage modulation scheme was
adopted in [26] to maximize the output power of one port through
zero-sequence minimization. A dynamic-space-vector DPWM
was introduced for addressing unbalanced neutral point voltage
with high efficiency and low current THD [27]. To suppress
output harmonic and maximize the linear modulation region, a
discontinuous SVPWM is investigated in [28]. Although these
methods effectively guarantee the output voltage quality under
the unbalanced dc-link voltage and achieve power distribution in
some fixed operation points, flexible power distribution between
the dc sources was unavailable in these works.

Regarding the flexible power distribution control of the MSI,
several modulation schemes have been developed recently. A
virtual space-vector PWM-based flexible power control was
proposed in [29], where power distribution between each port
was regulated by adjusting the proportion of the positive and
negative small vectors. However, the magnitude of positive and

negative small vectors was not equal under unbalanced dc-link
voltage, and adjusting the proportion of these vectors would af-
fect the active voltage vector synthesis and deteriorate the motor
drive control performance. A vector space decomposition-based
modulation scheme was proposed to avoid the heavy computa-
tional burden under unsymmetrical space vector diagram [30].
However, this simplification introduced extra switching losses
with increased switching times in each control period. Multiple
carriers modulation-based PWM scheme was proposed in [31],
where the power distribution range could be extended somewhat
at the expense of the switching losses. It should be noted that
these methods achieve power distribution control of the MSI by
indirectly regulating the proportion of redundant voltage vectors
or zero-sequence components, which are complicated and not
intuitive and bring challenges for power distribution capability
analysis and maximum power distribution exploration of the
MSI in variable operation points.

In view of this, this article proposes a dual discontinuous
PWM (D2PWM) scheme to simultaneously realize power dis-
tribution and motor drive control for the MSI. In the proposed
D2PWM scheme, the MSI is modeled as two independent subin-
verters, and modulation schemes of each subinverter can be
implemented in symmetric space-vector diagrams. As a result,
the complicated sector identification and dwell time calcula-
tion under the unevenly distributed voltage vector diagram are
avoided, and the switching losses can be reduced due to the
employment of the discontinuous PWM scheme. Besides, the
total switching times of 3 are realized by assigning the desired
voltage vector for one of the subinverters aligned with the
basic voltage vectors, which reduces the switching losses in
this decomposed model and improves the current quality of
the MSI. The implementation details of the proposed D2PWM
scheme are analytically presented in this article. A direct power
model for the power distribution of MSI is proposed to achieve
fast power distribution control and ease the power distribution
capability analysis. Experimental tests verify the effectiveness
of the proposed scheme.

The rest of the article is organized as follows. Section II
presents the system topology and system modeling of the MSI.
The D2PWM-based power distribution control of the MSI is pro-
posed in Section III. The effectiveness of the proposed scheme
is experimentally evaluated in Section IV. Finally, Section V
concludes the article.

II. MATHEMATICAL MODEL OF MSI-FED MOTOR DRIVE

This section introduces the topology of the MSI first. Then, the
decomposition model and the constraints for the high-efficiency
modulation scheme design of the MSI are presented.

A. Topology of MSI

Fig. 2 illustrates a typical topology for the MSI-based HEVs.
For simplicity, a mature topology known as a neutral-point-
clamped (NPC) inverter is adopted as an MSI by connecting
energy sources to the dc ports directly [14]. The high-voltage
port is connected to the primary source, and the low-voltage
port is connected to the secondary source. Unlike a traditional



ZHOU et al.: DUAL DISCONTINUOUS PWM-BASED POWER DISTRIBUTION CONTROL OF MULTISOURCE INVERTERS 11411

Fig. 2. Topology of an MSI.

Fig. 3. Current path of MSI.

NPC inverter, there is no neutral point in the MSI. Therefore,
the modulation and control schemes cannot be transplanted
directly from the NPC inverter. Both sources are connected to
the motor directly, enabling single-stage power conversion from
sources to the motor. The permanent-magnet synchronous motor
(PMSM), mainly used in EVs because of its high efficiency and
compactness, is employed for the MSI investigation.

In each phase of the MSI, it consists of four active switches
Sx1, Sx2, S̄x1, and S̄x2, (x ∈ {a, b, c}) and two diodes, where
S̄x1 and S̄x2 are complementary switching states of Sx1, Sx2,
respectively. It means that when Sx1 turn ON, S̄x1 must be
turned OFF, and when Sx2 turn ON, S̄x2 must be turned OFF,
which can prevent shoot through within the inverter circuit [9].
The power flow paths among the primary source, secondary
source, and motor are determined by the switching states of
Sx1, Sx2. As shown in Fig. 3, there are three different current
paths corresponding to three different switching states. When
Sx1 andSx2 turn ON, S̄x1 and S̄x2 turn OFF, the power that drives
the motor is supplied by the primary source and the inverter
phase output voltage is vH . When S̄x1 and Sx2 turn ON, Sx1 and
S̄x2 turn OFF, the power that drives the motor is supplied by the
secondary source and the inverter phase output voltage is vL.
When S̄x1 and S̄x2 turn ON, Sx1 and Sx2 turn OFF, no power is
supplied by the sources and the inverter phase output voltage is
0. Their corresponding three switching states in each phase are
defined as Sx ∈ {0, 1, 2}. The gating signals, output voltages,
switching states, and power source that supplies the motor are
listed in Table I.

TABLE I
SWITCHING STATES OF MSI

Fig. 4. Topology and space vector diagram decomposition.

As shown, the switching state not only determines the output
voltage but also the power source that supplies the motor.

B. Decomposition of MSI

The space vector diagram of the MSI is unsymmetrical be-
cause the dc port voltages are variable with the SoC of the energy
sources. The desired voltage vector synthesis or power distribu-
tion control in this unsymmetrical SVD leads to many triangle
function calculations. To reduce the computational burden, a
three-level converter has conversed into a two-level one through
the coordinate transformation in [32] and [33]. Based on the
vector-shifted method, the three-level NPC can be simplified as
a two-level converter in [34]. However, these existing methods
are only based on the mathematical transformation in SVD [32],
[33], [34]. On the contrary, this scheme shows clearly physical
meaning. This article decomposes the MSI into subinverters I
and II to avoid this complicated computation process. The idea is
illustrated in Fig. 4. Subinverter I comprises two complementary
active switches Sx1, S̄x1 in each phase and its dc-link voltage
equals vH − vL. On the other hand, subinverter II comprises two
complementary active switches Sx2, S̄x2 in each phase and its
dc-link voltage equals vL.

With the circuitry decomposition, the unsymmetrical space
vector diagram of the MSI can be decomposed into subspace-
vector diagram I and II, shown in Fig. 4(b). In this way, compli-
cated sector identification and vector synthesis calculation under
the unsymmetrical space vector diagram are avoided. Thus, the
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Fig. 5. Overall control diagram of the MSI.

computation burden of the modulation design for the MSI is
reduced significantly.

Although the merits of space vector diagram decomposition
are presented above, the constraints of switching state in each
subinverter should not only meet the constraint of preventing
shoot-through within the inverter circuit but also guarantee the
satisfactory performance of the MSI in the subspace-vector
diagram. These constraints can be summarized as follows:

1) First constraint: some switching states are not allowed in
this inverter. Namely, the gating signals of (Sx1, Sx2) are
not allowed to be equal to (1,0) because the current path
is uncontrollable at this switching state;

2) Second constraint: the switching time of MSI in each
control period should not be increased considering the
system efficiency, i.e., the total switching times should
not be higher than 3.

III. D2PWM-BASED POWER DISTRIBUTION CONTROL

The overall control scheme of the D2PWM-based power
distribution scheme for the MSI is depicted in Fig. 5. It com-
prises four parts: motor drive control managed by classical
field-oriented control, power flow control achieved by instanta-
neous power theory under the decomposed vector space frame,
power management for each source regulated by a frequency
splitter, and dwell time calculation for the sub inverters. Detailed
descriptions of each part are given in the following text.

A. Motor Drive Control

As for the motor control, an outer speed loop is adopted to
guarantee the speed reference tracking and generate i∗q . The
field-oriented control is adopted for PMSM current control. The
control algorithm is implemented on the synchronous reference
frame. The output of the motor controller is the voltage vector
reference v∗. As long as the voltage-second value for the active
voltage vector remains unchanged, the motor drive control is
achieved, which means the sum of the output voltage vectors of
subinverter I and II equal v∗

v∗ = v∗
1 + v∗

2 (1)

where v∗
1,v

∗
2 are the desired voltage vector for subinverters I

and II, respectively.

B. Power Distribution Control With D2PWM

In this article, discontinuous PWM (DPWM), which is well-
known for its merits of reduced switching times and high effi-
ciency [35], [36], [37], is employed to generate the pulse train
for each subinverter. The PWM design for the subinverters is not
independent because it must meet the two constraints mentioned
in Section II. To meet the first constraint that the duty cycle
of subinverter I is always smaller than that of subinverter II in
each phase, the zero voltage vector for desired voltage vector
synthesis of subinverter I is V 0 (000) while the zero voltage
vector for desired voltage vector synthesis of subinverter II is
V 7 (111).

In each control period, the current vectors of subinverters I
and II are the same because subinverters share the ac ports. The
output power of each subinverter can be calculated as

Psub1 =
3

2
Re

(̄
iv∗

1

)
(2)

Psub2 =
3

2
Re

(̄
iv∗

2

)
(3)

where ī denotes the conjugate of current vector i.
Then, the modulation scheme design for an MSI is translated

into the modulation scheme design of v∗
1 and v∗

2 while meeting
the two constraints. Voltage vector synthesis in Sector I is
employed as an example to clarify the proposed D2PWM scheme
and the expression for voltage vector synthesis in Sector I can
be denoted as

v∗ =
V 1t1 + V 2t2

Ts
(4)

where V 1 (100) and V 2 (110) are the basic voltage vectors,

which indicates the voltage amplitudes are
2vH
3

. t1 and t2 are

the duration time for V 1 and V 2, respectively, and Ts is the
sampling period.

To reduce the switching times and improve the efficiency
of the MSI, the switching times should not be higher than 3,
which means the switching times of one subinverter should not
be higher than 1, and those of the other subinverter should
not be higher than 2. It should be noted that the switching
times of the DPWM are equal to 1 when the desired voltage
vector is aligned with the basic voltage vectors and are equal
to 2 in the rest conditions. Namely, one of the desired voltage
vector syntheses for subinverters has to be aligned with the basic
voltage vectors to meet the constraint. Based on the desired
voltage vector decomposition for each subinverter, the scenarios
can be categorized into two cases. Illustrations of the two cases
are clarified below.

1) Desired Vector Decomposition Case I: In vector decom-
position case I, the switching times of subinverter I are 2, and
that of subinverter II is 1. The switching time of subinverter II
is 1, indicating the desired voltage vector of subinverter II has
to be aligned with one of the six basic vectors.
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Fig. 6. Vector decomposition case I. (a) Desired voltage vector for the MSI. (b) Voltage vector decomposition in two subspace-vector diagrams. (c) DPWM in
each subspace-vector diagram. (d) Synthesized pulse train for the MSI.

Fig. 7. Vector decomposition case II. (a) Desired voltage vector for the MSI. (b) Voltage vector decomposition in two subspace-vector diagrams. (c) DPWM in
each subspace-vector diagram. (d) Synthesized pulse train for the MSI.

Besides, regarding the employment of zero voltage vector
(111) to meet the first constraint for subinverter II, the basic
vectors for the desired vector synthesis of subinverter II are only
(110) in Sector I. On the other hand, the phase and amplitude
of the desired voltage vector in subinverter I is arbitrary, which
provides degrees of freedom to meet (1). The implementation
process of the proposed D2PWM in case I is presented in
Fig. 6.

Considering the desired voltage vector of subinverter II v∗
2 is

aligned with V 2 (110), the desired voltage vectors v∗
1 and v∗

2

can be represented as

v∗
1 =

V 1t1 + (1− k2)V 2t2
Ts

(5)

v∗
2 =

k2V 2t2
Ts

(6)

where k2 ∈ [0, 1] is the proportional factor available to adjust the
power distribution between dc ports. The desired voltage vector
decomposition process is presented in Fig. 6(a) and (b). It can
also be noted that the switching time for subinverter II is only
1, and that of subinverter I is 2, as shown in Fig. 6(c). Hence,
the total switching time for the MSI of the proposed D2PWM
is 3, whose pulse train is shown as shown in Fig. 6(d). As v∗

2

is aligned with the basic vector V 2 with fixed phase, the power
distribution range of subinverter II is limited, and the detailed
analysis is given in Section III-E.

2) Desired Vector Decomposition Case II: In vector decom-
position case II, the switching times of subinverter I are 1,
and that of subinverter II is 2. In this case, the switching time
of subinverter I is 1, indicating the desired voltage vector of
subinverter I has to be aligned with one of the six basic voltage
vectors. Besides, regarding the employment of zero voltage
vector (000) to meet the first constraint for subinverter I, the
basic voltage vectors for desired voltage vector synthesis in
subinverter I are only (001) in Sector I. The implementation
process of the proposed D2PWM in case II is presented in Fig. 7.

Considering the desired voltage vector of subinverter I v∗
1 is

aligned with V 1 (100), the desired voltage vectors v∗
1 and v∗

2

can be represented as

v∗
1 =

(1− k1)V 1t1
Ts

(7)

v∗
2 =

k1V 1t1 + V 2t2
Ts

(8)

where k1 ∈ [0, 1] is the proportional factor available to adjust the
power distribution between dc ports. The desired voltage vector
decomposition process is presented in Fig. 7(a) and (b). It can
also be noted that the switching time for subinverter II is only 2,
and that of subinverter I is 1, as shown in Fig. 7(c). Hence, the
total switching time for the MSI of the proposed D2PWM is 3,
whose pulse train is shown in Fig. 7(d). As v∗

1 is aligned with the
basic vector V 1 with fixed phase, the power distribution range
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of subinverter I is limited, and the detailed analysis is also given
in Section III-E.

It should be noted that there is only one coefficient in each
case, and this coefficient can be solved to meet the desired power
distribution control. Therefore, the power distribution of the
MSI with the proposed D2PWM is realized by regulating the
coefficients k1, k2.

C. Power Distribution Control Scheme

To fully explore the potential of the different energy sources,
the power management scheme is inevitable in HEVs [38], [39],
[40]. In this article, a simple frequency splitter is employed
for power management, where the load power demand is split
into low- and high-frequency components. The load demand
frequency decoupling is achieved through a high-pass filter [41].
The high-frequency component is fed into the fast-acting power
sources (secondary source in this paper), noted asP ∗

s , such as the
supercapacitor, and the rest of the components are fed into the
slow-acting sources (primary source in this article), noted asP ∗

p ,
such as fuel cells and batteries. To realize the power management
scheme, the power distribution control of the MSI is mandatory.
The power distribution control is achieved by regulating the
coefficients k1, k2.

Combining (3), (6), the output power of subinverter II can be
rewritten as

Psub2 =
3

2
Re

(
ī
k2V 2t2

Ts

)
(9)

The output power of subinverter II is exactly the output power
of the low-voltage port. By setting the output power of the
secondary source to the subinverter II, namely, P ∗

s = Psub2, the
coefficient k2 can be obtained. If the obtained k2 is within [0,1],
then the desired voltage vectors v∗

1 and v∗
2 for subinverter I and

II can be calculated.
Otherwise, the feasible solution for the power distribution

control is in vector decomposition case II. In this case, k2 is set
to 0. Equations (3) and (8) are combined to calculate the value
of k1. The resulting equation can be rewritten as

Psub2 =
3

2
Re

(
ī
k1V 1t1 + V 2t2

Ts

)
. (10)

If k1 is within [0,1], the desired voltage vectors v∗
1 and v∗

2 for
subinverters I and II can be obtained. Otherwise, no feasible
solution is available for the power distribution control, which
indicates the desired power distribution range is beyond the
power distribution capability of the MSI. In this case, k1 and
k2 are set to 0 to protect the MSI.

D. Dwell Time Calculation of the Subinverters

In the last step, the desired voltage vectors v∗
1 and v∗

2 for
subinverters are obtained by solving k1 and k2. The dwell time
calculation in Sector I is illustrated as an example to show
the implementation process of the dwell time calculation in
subinverters.

The dwell time of subinverter I can be obtained by

t′1 =
(1− k1)V 1t1

V ′
1

=
(1− k1)t1

1− ξ
(11)

t′2 =
(1− k2)V 2t2

V ′
2

=
(1− k2)t2

1− ξ
(12)

whereV ′
1 andV ′

2 are the basic voltage vectors for subinverter I in
Sector I. t′1 and t′2 are the dwell time of V ′

1 and V ′
2 , respectively.

ξ = vL

vH
is the voltage ratio of the sources.

The dwell time of subinverter II can be obtained by

t′′1 =
k1V 1t1
V ′′
1

=
k1t1
ξ

(13)

t′′2 =
k2V 2t2
V ′′
2

=
k2t2
ξ

(14)

where V ′′
1 and V ′′

2 are the basic voltage vectors for subinverter
II in Sector I. t′′1 and t′′2 are the dwell time of V ′′

1 and V ′′
2 ,

respectively.
The gating signals of (Sx1, Sx2) are not allowed to be equal

to (1,0) in the MSI because the current path is not controllable at
this switching state. To meet this constraint, the zero vector for
voltage vector synthesis in subinverter I is V 0(000), and that in
subinverter II is V 7(111).

Taking Sector I as an example, the desired voltage vectors of
v∗
1 and v∗

2 are synthesized by active voltage vector V 1(100),
V 2(110). The dwell time for inverter I can be calculated as⎧⎨

⎩
ta1 = t′1 + t′2
tb1 = t′2
tc1 = 0

(15)

where tx1 ∈ [0, Ts], x ∈ {a, b, c}.
The duration time for inverter II can be calculated as⎧⎨

⎩
ta2 = t′′1 + t′′2 + t′′0
tb2 = t′′2 + t′′0
tc2 = t′′0

(16)

where t′′0 = Ts − t′′1 − t′′2 > 0. dx2 ∈ [0, Ts], x ∈ {a, b, c}. Ac-
cording to (15) and (16), it is obvious that da2 ≥ da1, db2 ≥ db1,
and dc2 ≥ dc1. The constraint is satisfied.

E. Power Distribution Range Analysis

With the proposed D2PWM scheme, the MSI can regulate the
output power between the dc source. Combined with (2) and (3),
the output power of each port is determined by the load current i
and the output vector of each port. The power distribution range
η, defined as the power of secondary source Psub2 divided by the
total output power P , can be expressed as

η =
Psub2

P
= ξ

|v∗
2|

|v∗| . (17)

According to (1), the synthesis of v∗ can be expressed in
scalar form as

v∗ = |v∗
1||v∗

2|cosθ (18)

where θ is the angle between v∗
1 and v∗

2, and 0o ≤ θ ≤ 60o in
sector I. If the motor only operates in the liner modulation range,
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Fig. 8. Curve of the power regulation ratio at rated torque and speed.

the ranges of v∗
1, v∗

2 and v∗ can be calculated as

0 ≤ |v∗
1| ≤

vH − vL√
3

(19)

0 ≤ |v∗
2| ≤

vL√
3

(20)

0 ≤ |v∗| ≤ vH√
3
. (21)

In case I, when v∗
2 is aligned with the basic voltage vector

V 2, |v∗
2| reaches the maximum value vL√

3
, and 00 ≤ θ ≤ 600.

So the power distribution range η can be written as
√
3ξ|v∗|
vL

≤ η ≤ 2
√
3ξ|v∗|
vL

. (22)

Similarly, when the synthesized voltage vector decomposition
corresponds to case II, v∗

1 of the subinverter I is aligned with
the basic voltage vector V 1, |v∗

1| reaches the maximum value
vH−vL√

3
, and the power distribution range η can be calculated as

√
3ξ|v∗|

vH − vL
≤ η ≤ 2

√
3ξ|v∗|

vH − vL
. (23)

Combining (22) and (23), the theoretical power distribution
range can be calculated as{√

3ξ|v∗|
vL

,

√
3ξ|v∗|

vH − vL

}
min

≤η≤
{
2
√
3ξ|v∗|
vL

,
2
√
3ξ|v∗|

vH − vL

}
max
(24)

where |v∗| is determined by the modulation index, while ξ is
determined by the voltage ratios. Based on the above analysis,
it can be inferred that the power distribution range can reach the
maximum value when the voltage ratio 0.52 ≤ ξ ≤ 0.61 under
the rated working conditions. The power distribution range is
given, and the relationship between η and k is illustrated in
Fig. 8.

IV. EXPERIMENTAL RESULTS

The experimental test rig of the MSI-fed PMSM drive was
built in the laboratory to verify the effectiveness of the proposed

Fig. 9. Experimental test rig.

TABLE II
SYSTEM PARAMETERS

D2PWM, as shown in Fig. 9, whose detailed experimental
parameters are listed in Table II. In this article, the voltage
of the primary source is set to 300 V, and the voltage of the
secondary source is set to 125–175 V to emulate the source
voltage variations in practical applications. Two programmable
dc sources are employed as the hybrid energy sources, where the
primary source emulates a slow-acting source, and the secondary
source emulates a fast-acting source. A dSPACE MicroLabBox
DS1202 was adopted to implement the digital control, and a
slave Xilinx was applied to generate the gate signals for each
switch. A 5000 pulse incremental encoder is equipped to obtain
the rotor speed and position. A commercial software-driven in-
duction motor, which was connected to the PMSM, was utilized
as a load machine. The load machine can operate in the torque
mode to generate the desired load torque.

A. Steady-State Performance

In the following, the steady-state performance of the MSI with
the proposed scheme is investigated.

1) Results Under Variable Port Voltage: Considering the dc
source voltage variations in practical applications, the proposed
scheme under different voltage ratios is tested first. Fig. 10
presents the steady-state performance to verify the effectiveness
of the proposed D2PWM scheme at different voltage ratios,
where VH is set to 300 V and VL is set to 125, 150, and 175 V,
respectively. The experimental results are conducted at rated
torque and rated speed. It is seen that the proposed scheme
presents satisfactory control performance under different volt-
age ratios. As shown, the sinusoidal waveform of the stator
current can be observed in all scenarios. Although the input
voltages are unbalanced, the tracking of d- and q-axes current
reference is not affected, indicating the proposed scheme is
effective under variable dc-link voltage.

2) Results Under Different Power Flow Modes: To verify the
effectiveness of D2PWM in power distribution and the capability
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Fig. 10. Steady-state performance of unbalanced dc links at the rated speed with the rated load torque. (a) vH = 300 V, vL = 125 V. (b) vH = 300 V,
vL = 150 V. (c) vH = 300 V, vL = 175 V. From top to bottom, the waveform is rotor speed ωr , q-axis current iq , d-axis current id, phase a voltage vaN and
phase a current ia, respectively.

Fig. 11. Steady-state performance of three power flow modes with the rated speed and rated load torque. (a) P ∗
sub1 = 800 W. (b) P ∗

sub1 = 1000 W. (c) P ∗
sub1 =

1200 W. From top to bottom, the waveform is output power of primary and secondary sources Psub1 and Psub2, the modulation signals da1 and da2, power
coefficients k1 and k2, phase voltage vaN , vbN , vcN , respectively.

of total switching times being 3, Fig. 11 shows the proposed
strategy under different power flow modes with the switching
status of every phase. As shown in Fig. 11(a), 800 W is supplied
by the primary source while the secondary source supplies the
secondary one. The desired power P ∗ is set to 1000 W, and the
motor operates the rated speed and rated load torque to verify the
performance in scenario 1. As shown in Fig. 11(b), the primary
source supplies all the power, P ∗ is set to 1000 W, and the

motor operates the rated speed and rated load torque to verify the
performance in scenario 2. The primary source solely supplies
the desired power. As shown in Fig. 11(c), 1200 W is supplied by
the primary source while the secondary source absorbs 200 W
power. The motor can operate in different modes by setting
P ∗

sub1. In scenarios 1-3, the MSI operates in the seven-segment
pulsewidth modulation. It can be observed that the MSI has been
decoupled into two two-level inverters successfully from the
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Fig. 12. (a) Dynamic performance of speed change from 500 to 1000 r/min
at rated torque. (b) Dynamic performance of load torque step change from 5 to
8 N · m at rated speed. From top to bottom, the waveform is speed, d- and q-
axes current, the output power of the primary and secondary source, and phase
a current.

modulation signal da1 and da2. Moreover, it can be concluded
that both subinverters employ the DPWM strategy by observing
the coefficient k1 and k2, and the total number of switching times
is reduced to 3 with the switching status in a control period.

As the power management scheme decouples the power
demand into high- and low-frequency components, the power
reference for the primary source is set to constant. As shown
in the above three scenarios, the instantaneous output power
of the primary source operates at a constant value, while the
secondary source tracks the high-frequency component of the
power demand.

B. Dynamic Performance

Apart from the steady-state performance, the dynamic per-
formance is also investigated to show the effectiveness of the
proposed scheme. The dynamic response of the stepped change
in the speed reference and load torque is illustrated in Fig. 12,
respectively. Fig. 12(a) presents the performance of the stepped
change in the speed reference response from half to the full
rated speed of 1000 r/min. It is seen that the motor presents fast
speed dynamics with maximum torque acceleration. During the
process, the output power of the primary source is controlled
at 800 W, and the output power of the secondary source varies
with the speed-changing process. The dynamic response of the
stepped change in the load torque with the proposed method
is presented in Fig. 12(b). In the test, the rotor runs at the rated
speed of 1000 r/min, and then, an external load torque is stepped
change using a load machine from 5 to 8 N · m. During the step
change of operation point, the system remains stable with id
and iq , and machine speed is well regulated while the output
power of the slow-active source remains unchanged and that of
the fast-acting source varies with the operating point changing,
indicating the effectiveness of the proposed power distribution
scheme for energy management during the speed/torque varia-
tion process.

Besides, the step change of source output power is also inves-
tigated to show the dynamic performance in power distribution
control. The dynamic response of stepped change in the primary
source output power reference with the proposed scheme is
presented in Fig. 13. In the test, the motor runs at rated speed

Fig. 13. Dynamic performance of port power distribution stepped change with
P ∗ reference stepped from 800 to 1400 W then stepped back to 800 W. From
top to bottom, the waveform is speed, d- and q- axes current, the output power
of primary and secondary sources, and phase a current.

Fig. 14. Curve of the experiment verification about the power distribution
range η under different voltage ratios ξ.

and rated torque, and the reference power of the primary source
is first set to 800 W, then changed to 1400 W, and finally stepped
back to 800 W. From the zoomed-in figure, it should be noted that
the output power of the primary source changes very fast in the
control period, and the motor drive control is not affected during
the source output power stepped change process, indicating the
fast power distribution control can be achieved by the proposed
D2PWM scheme.

C. Power Distribution Range Verification

The power distribution capability of the MSI under different
voltage ratios ξ was also experimentally tested in Fig. 14. As
shown in Fig. 14, it can be concluded that the experimental
curve matches the theoretical curve well. When the voltage ratio
ξ varies from 0.40 to 0.95, the power distribution capability is
from −1.03 to 1.00. With the increase of the voltage ratio ξ,
the power distribution range of the MSI first expands to the
maximum range and then decreases. When ξ reaches 0.53, the
maximum value of η equals 1, meaning the secondary source
can provide the load power without using the primary source. To
obtain a larger power distribution range for the MSI, the voltage
ratio ξ should be set to an appropriate value. The experimental
results, which are consistent with the theoretical results, verify
the analysis in Section III.
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Fig. 15. Efficiency comparison of the proposed D2PWM scheme and the
conventional linear vector space decomposition method [30] under different
voltage ratios at full speed range with rated load. (a) ξ = 0.4. (b) ξ = 0.5.
(c) ξ = 0.6.

D. Comparison With the Existing Scheme

The comparative study between the proposed method and
the previous methods [30] in terms of the power conversion
efficiency, THD of the current, and computational burden are
presented in this part.

1) Power Conversion Efficiency: The power conversion effi-
ciency of the proposed method and the previous method [30]
under different voltage ratios is tested using YOKOGWA
WT1803E Precision Power Analyzer, and presented in Fig. 15.
As shown, the proposed scheme demonstrates an improvement
in power conversion efficiency even when the port voltage is
unbalanced. Besides, when the port voltage is balanced, the
proposed method shows a more significant improvement com-
pared to the unbalanced state at full speed range with rated
load. On the other hand, the efficiency curves are tested at
different speeds, varying from 200 to 1000 r/min. Due to the
reduction of switching losses, the power conversion efficiency of
the MSI has increased by an average of 1.17%. When the speed is
below the rated operating conditions, the improvement in power
conversion efficiency is more significant, reaching a maximum
of 1.89% and a minimum of 0.59% at the rated speed. Therefore,
the D2PWM strategy has a greater advantage in terms of power
conversion efficiency compared to the previous method [30].

2) THD of the Current: The current FFT analysis of the
proposed method and the previous method [30] is tested, and
the harmonics spectrum is presented in Fig. 16. The data are
acquired from an oscilloscope at 1 MHz sampling frequency
and analyzed in MATLAB. As shown, the current THD of the
previous method [30] and the proposed method is 4.81% and
3.75%, respectively. Therefore, it is evident that the D2PWM
scheme can improve the quality of the output current.

3) Computational Burden: The execution time of the pro-
posed method and the previous one [30] is tested using dSpace
profiler 3.8, and presented in Fig. 17. As shown, it costs 15.45μs
to implement A/D and other calculation processes in the hard-
ware layer, 9.56 μs to implement algorithms of the modulation
and power control in [30] while 8.10μs to implement algorithms
of the modulation and power control in the proposed method.
Based on these results, it can be obtained that the 15.3% com-
putational burden reduction (except the calculation of A/D and

Fig. 16. Current FFT results. (a) The proposed method. (b) The previous
method [30]. From top to bottom, the waveform is the phase a current and
its spectrum.

Fig. 17. Tested execution time of the proposed method and the previous
method [30].

TABLE III
COMPARISON WITH THE EXISTING SCHEMES

others) is achieved by the proposed method in comparison with
the previous one [30], which indicates that the proposed method
has a higher computing efficiency with the decoupled power
distribution model.

4) Theoretical Comparisons: As shown in Table III, we com-
pared the existing methods of power distribution strategy on
power conversion efficiency, computational burden, and electric-
ity quality. In [11], [26], [42], [43], the flexible power distribution
is achieved by introducing extra dc–dc converters and PI loops,
which leads to lower power conversion efficiency and a heavy
computational burden. On the other hand, the power distribution
strategies [15], [29], [30] are designed without the help of dc–dc
converter. In [29], an outer control loop and inner modulation
strategy are applied to achieve high power conversion efficiency,
but it is not worth the cost of computational burden and electric-
ity quality. Although the computational burden and electricity
quality are reduced in [15] and [30], these methods present
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medium power conversion efficiency due to the high switching
losses in nine-segment pulsewidth modulation. By contrast, the
proposed D2PWM-based power distribution control scheme can
realize flexible power distribution without employing dc–dc con-
verters, presenting high-efficiency features with total switching
times of 3. Besides, the computational burden of the proposed
method can also be reduced with direct power distribution
modeling and decoupled modulation processes without affecting
motor drive control.

V. CONCLUSION

To simplify the modulation design and reduce the switching
losses of the MSI, this article proposes a D2PWM-based power
distribution control scheme, where the MSI is decomposed
into two-level subinverters to avoid the heavy computational
burden in the unsymmetrical space-vector diagram. A D2PWM
scheme, which guarantees the total switching times of 3, is
further analyzed and developed to reduce the switching losses.
An intuitive decoupled power flow control for each port without
affecting the motor drive control can be easily developed with
the proposed D2PWM model. Experiments were conducted to
verify the effectiveness of the proposed scheme. Compared with
that of the linear vector space decomposition method [30], the
advantages of the proposed D2PWM scheme can be concluded
as:

1) The power conversion efficiency of the proposed scheme
is improved by around 1.17%.

2) The THD of the output current is improved by 1.06%.
3) The computational burden is reduced by 15.27%.
However, it should be noted that there is no extra control

freedom degree in the proposed method to suppress the common
mode voltage of the motor, and it remains to be future work.
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